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Summary
Background Alveolar echinococcosis (AE), which is caused by larval Echinococcus multilocularis, is one of the world's
most dangerous neglected diseases. Currently, no fully effective treatments are available to cure this disease.

Methods In vitro protoscolicidal assay along with in vivo murine models was applied in repurposing drugs against
AE. Genome-wide identification and homology-based modeling were used for predicting drug targets. RNAi,
enzyme assay, and RNA-Seq analyses were utilized for investigating the roles in parasite survival and validations for
the drug target.

Findings We identified nelfinavir as the most effective HIV protease inhibitor against larval E. multilocularis. Once-
daily oral administration of nelfinavir for 28 days resulted in a remarkable reduction in parasite infection in either
immune-competent or immunocompromised mice. E. multilocularis DNA damage-inducible 1 protein (EmuDdi1) is
predicted as a target candidate for nelfinavir. We proved that EmuDdi1 is essential for parasite survival and protein
excretion and acts as a functionally active protease for this helminth. We found nelfinavir is able to inhibit the pro-
teolytic activity of recombinant EmuDdi1 and block the EmuDdi1-related pathways for protein export. With other evi-
dence of drug efficacy comparison, our results suggest that inhibition of EmuDdi1 is a mechanism by which this
HIV proteinase inhibitor mediates its antiparasitic action on echinococcosis.

Interpretation This study demonstrates that nelfinavir is a promising candidate for treating echinococcosis. This
drug repurposing study proves that the widely prescribed drug for AIDS treatment is potent in combating E. multilo-
cularis infection and thus provides valuable insights into the development of single-drug therapy for highly prevalent
co-infection between HIV and helminth diseases.
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Introduction
Alveolar echinococcosis (AE) is a globally distributed zoo-
nosis caused by the larval stage of the Echinococcus multilo-
cularis tapeworm. As the second most important food-
*Corresponding author.

E-mail address: wangshuai@caas.cn (S. Wang).
1 These authors contributed equally to this work.

www.thelancet.com Vol 82 Month , 2022
borne parasitic disease at the global level,1,2 it is amongst
the world's most dangerous neglected diseases. Transmis-
sion of AE to humans is by consumption of the tapeworm
eggs which are excreted in the feces of the definitive hosts
(foxes or other canids). E. multilocularis has a wide distribu-
tion in the Northern Hemisphere, including extensive
endemic regions in Asia, North America, and Europe.3,4

AE causes 18,235 new cases per annum globally, with the
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Research in context

Evidence before this study

Alveolar echinococcosis is one (2nd) of the most impor-
tant global, neglected, food-borne diseases. If left
untreated, it invariably is fatal. However, only albenda-
zole is currently licensed for the treatment of this dis-
ease. The current albendazole chemotherapy is far from
optimal. Novel alternative drugs are urgently needed.

Added value of this study

In this study, we repurposed the HIV protease inhibitor nel-
finavir as an effective candidate against the causative path-
ogen E. multilocularis in both immunocompetent and
compromised hosts. Importantly, we proved for the first
time that the Ddi1 protein in Platyhelminthes, which is
conserved across parasitic helminths, is a functional
aspartic protease and is essential for parasite survival. We
also proved that this protein is the most likely drug target
mediating the antiparasitic effect of nelfinavir.

Implications of all the available evidence

Nelfinavir and its derivatives are incorporated in first-line
highly active antiretroviral therapy (HAART) for AIDS. They
are also implicated in the development for treating multi-
ple infectious diseases, even cancers. This study is the first
to report nelfinavir as a promising effective drug against
helminth. Helminths infect one-third of the world popula-
tion and their prevalence in patients with AIDS is high.
Therefore, the repurposing of the HIV protease inhibitor in
this study would also provide valuable insights for the
development of single-drug therapy for treating co-infec-
tions between helminth and HIV.
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disease burden reaching 666,433 disability-adjusted life
years.5 In many countries, AE has recently become an
emerging disease with rising incidence or populations at a
higher risk.5,6

AE is characterized by the slow development of a pri-
mary tumor-like lesion (also known as “parasitic can-
cer”), which is usually located in the liver and causes
immunosuppression during chronic infection.7

Infected people will be experiencing significantly
reduced quality of life and eventually death if left
untreated. The case fatality of untreated or inadequately
treated human AE patients is 90% within 10�15 years
of diagnosis. However, treatment of this disease
remains a challenge and is often expensive.8 There are
very limited options for the treatment of echinococcosis.
It mainly relies on surgery and drug intervention.7 A
single drug, albendazole, is currently licensed for this
disease. However, the current albendazole chemother-
apy is far from optimal and is required continuously
for many years.9 In addition, given the emerging che-
moradiotherapy resistance, identification of other alter-
natives for drugs against AE is critical.
The repurposing of established drugs is evolving as a
cost- and time-saving approach for antiparasitic drug
development. HIV protease inhibitors (HIVPIs) are cor-
nerstone agents widely prescribed for highly active antire-
troviral therapy (HAART). These compounds inhibit the
activity of the retroviral aspartate protease by competitively
binding the active site.10 Interestingly, a marked reduction
in both the incidence and prevalence of important bacte-
rial, fungal and parasitic co-infections was observed after
HIVPI treatment on AIDS, implying broad-spectrum che-
motherapeutic properties for these compounds.11 Indeed,
for example, the HIVPI nelfinavir has been reported to be
effective in anti-cancers,12 anti-viruses (e.g., SARS-COV-
2),13 and anti-parasites (e.g., Trypanosoma).14 In this sense,
the repurposing of these approved drugs appears as an
interesting and viable strategy for developing intervention
tools against other pathogens.

We previously reported the presence of retroviral-like
aspartic protease in flatworms utilizing a whole-genome
screening. This indicates that these anti-HIV agents
might also be inhibitors for this protease and thus
might be effective against Platyhelminthes.15,16 How-
ever, their efficacies against helminths have not yet
been experimentally investigated. Over one-third of peo-
ple worldwide are currently infected with parasitic
worms. In addition, as co-occurrence between HIV and
helminth is highly frequent due to the coexisting immu-
nosuppressive conditions caused by both pathogens,
drug repurposing of HIVPIs is of high interest for
developing HAART-based methods for treating such co-
infection. In this study, we screened all approved HIV-
PIs and demonstrated that nelfinavir could effectively
block the Ddi1-like enzyme in E. multilocularis that is
vital for parasite survival and induces a protoscolicidal
effect in either a normal or deficient immune state.
Hence, this compound is a valuable candidate drug for
treating alveolar echinococcosis and exerts potential for
combating co-infection between helminths and HIV.
Methods

Ethics statement
All animals were handled in accordance with the guide-
lines specified by the Administration of Affairs Con-
cerning Experimental Animals at Lanzhou Veterinary
Research Institute. All animal experimental procedures
were approved by the Institutional Animal Care and
Use Committee of Lanzhou Veterinary Research Insti-
tute (Reference No. LVRIAEC-2020-019).
Parasite preparation
The E. multilocularis strain,17 which was isolated from
Qinghai in China, was used in this study. The protoscole-
ces collection was carried out as previously described.18

Briefly, parasite tissues were aseptically recovered from
www.thelancet.com Vol 82 Month , 2022
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the peritoneal cavity of gerbils (Meriones unguiculatus) that
had been intraperitoneally inoculated with protoscoleces
for 3 months. The metacestode tissue was cut into thin sli-
ces and strained through a tea strainer. The collected
PSCs were washed five times with sterile phosphate-buff-
ered saline (PBS) and then cultured in DMEM medium
(Gibco) at 37°C in 5% CO2. The medium was supple-
mented with 25% FBS (Gibco), 50 units/ml penicillin G,
50 mg/ml streptomycin, Gibco, 0.45% yeast extract
(OXOID), and 0.4% glucose. The vitality and mortality of
PSCs were evaluated after staining the parasite with fluo-
rescein diacetate (FDA) and propidium iodide (PI) for
15 min.19 The initial vitality of PSCs used in this study was
over 98%. In this study, animals and parasites were ran-
domly assigned into each experimental group unless oth-
erwise specified.
In vitro drug screening against E. multilocularis PSCs
HIV protease inhibitors (HIVPIs), including nelfinavir
(NFV, CAS NO. 159989-64-7), lopinavir (LPV, CAS
NO. 192725-17-0), indinavir (IDV, CAS NO.180686-37-
8), darunavir (DRV, CAS NO. 206361-99-1), fosampre-
navir (FAPV, CAS NO. 226700-79-4), ritonavir (RTV,
CAS NO. 176655-55-3), tipranavir (TPV, CAS NO.
174484-41-4), atazanavir (ATV, CAS NO. 198904-31-3),
saquinavir (SQV, CAS NO. 149845-06-7), and amprena-
vir (APV, CAS NO. 161814-49-9), were purchased from
Macklin (Shanghai, China). Albendazole (ABZ, CAS
NO. 54965-21-8) was purchased from Solarbio (Beijing,
China).

To investigate the effects of HIVPIs on the viability
of E. multilocularis PSCs, they were equally divided into
48-well plates (»400 PSCs per well in triplicate) and
treated with either HIVPIs, Albendazole, or DMSO at a
concentration of 40 mM. The viability of PSCs was
assessed every 24 h until 72 h using FDA/PI fluores-
cence staining method. For estimating the half-maximal
effective concentration (EC50), PSCs were cultured in
48-well plates with different concentrations (ranging
from 0.1 mM to 640 mM) of nelfinavir, ritonavir, and
albendazole (DMSO as vehicle control). The EC50 was
calculated using a nonlinear regression equation. The
damage induced was quantitatively assessed by measur-
ing the release of Phosphoglucose isomerase (PGI)20

into the supernatant medium using a Phosphoglucose
Isomerase Colorimetric Assay Kit (Sigma, USA). PSCs
were fixed in 3% glutaraldehyde/osmium tetroxide and
embedded in epoxy resin to prepare ultra-thin tissue
sections for transmission electron microscopy (TEM).
Protoscolicidal effect of nelfinavir
To confirm the protoscolicidal effect of nelfinavir on
PSCs, specific pathogen-free (SPF) BALB/c mice
(female, 7-9 weeks) were infected with 2,000 PSCs that
www.thelancet.com Vol 82 Month , 2022
had been pre-treated with 40 mM nelfinavir or DMSO
control in vitro for 48 h. The testing of viability by injec-
tion of tissue into rodents (in vivo viability test) is an
established procedure.21 The mice were euthanized and
necropsied 60 days post-infection. The cysts collected
from each mouse were weighed and stored in 4% buff-
ered formalin (pH = 7.2) for hematoxylin and eosin
(H&E) analysis.
RNA-Seq analysis of nelfinavir treatment
PSCs were treated with 40 mM nelfinavir or DMSO as
vehicle control for 12 h in the culturing medium and
then collected by centrifuge (£1,000 rpm). No signifi-
cant difference in mortality of PSCs was observed
between the nelfinavir treatment and control. Total
mRNA was extracted using TRIzol Reagent (Invitrogen,
Thermo Fisher Scientific, USA) according to the man-
ufacturer’s instructions. RNA integrity was assessed
using the Bioanalyzer 2100 system (Agilent Technolo-
gies, CA, USA). The library was constructed using
NEBNext� UltraTM Directional RNA Library Prep Kit
for Illumina� according to the manufacturer’s instruc-
tions and then sequenced on the Illumina Hiseq X plat-
form. Adapters and low-quality reads were filtered from
the raw reads. Hisat2 (v2.0.5)22 was used to align the
clean pair-end reads onto the reference genome of E.
multilocularis (ENA accession: GCA_000469725.3).
DESeq2 (v1.20.0)23 was used for differential analysis
between groups. Differentially expressed genes (DEGs)
were defined by P < 0.05. Gene set enrichment analysis
(GSEA) was done for the ranked gene list by GSEA
software.24
In vitro efficacy study on metacestode vesicles
Metacestode cysts were aseptically recovered from the
peritoneal cavity of gerbils (M. unguiculatus) that were
intraperitoneally inoculated with protoscoleces for 3
months. The collected cysts tissues were washed five
times with PBS and then cultured using the protocol
described above for PSCs. After 6 h and 12 h of incuba-
tion, the fluid of metacestode cysts was collected for
detection of nelfinavir. The concentrations of nelfinavir
in the cyst fluid were quantitatively measured by Agilent
1290 Infinity UHPLC System under the manufacturer’s
instructions using a standard curve-based method. On
day 3 and day 7, PSCs were collected from the cultured
cysts and their viability was assessed using the method
described above.
In vivo efficacy study in BALB/c mice
SPF BALB/c mice (female, 7-9 weeks) were purchased
from Lanzhou veterinary research institute, CAAS and
housed in a SPF facility. No criteria were used to
exclude animals. Mice were intraperitoneally infected
3
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with 2,000 PSCs following a previously described
method.18 After 35 days post-infection, the mice ran-
domly assigned into each experimental group and were
subject to the following treatments: (1) For oral adminis-
tration study, nelfinavir, ritonavir, and albendazole were
prepared as a stock solution in DMSO and diluted with
0.5% carboxymethyl cellulose (CMC) in saline solution.
The mice were gavaged with 0.2 mL of corresponding
drug solution (50 mg/kg body weight for each mouse)
once a day for a period of 28 days. Unmedicated control
mice received 0.2 mL of CMC solution (vehicle control).
(2) For the intraperitoneal administration study, nelfina-
vir was dissolved with 10% DMSO, 40% PEG-300, 5%
Tween-80, and 45% saline. The infected mice were
intraperitoneally injected with 0.1 mL of corresponding
drug solution (50 mg/kg body weight for each mouse)
or with vehicle solution once a day for 28 days. 14 days
after the treatments, all mice were euthanized, and nec-
ropsy was carried out. Blood samples were collected
immediately, and sera were separated with centrifuga-
tion at 2,000 g for 15 min at 4°C. The naive mice and
infected mice with a clear presence of cysts tissues in
the liver were selected for the detection of total protein
loss in sera. Levels of total serum protein were mea-
sured by biuret protein assay kit (Zybio) using an AU
analyzer system (AU5800, Beckman Coulter) according
to the manufacturer’s instructions. Cysts, liver, and
spleen collected from each mouse were weighed and
manually inspected by microscopy.
In vivo efficacy study in immunocompromised mice
SPF Nude-BALB/c mice (female, 7�9 weeks) were pur-
chased from Cavensbiogle (Suzhou, China) and housed
in a SPF facility. No criteria were used to exclude ani-
mals. Mice were intraperitoneally infected with 2,000
PSCs 28 days before treatments. The mice were ran-
domly divided into groups. The drugs were prepared
with the protocol mentioned above. The mice were gav-
aged with nelfinavir (50 mg/kg body weight for each
mouse), albendazole (50 mg/kg body weight for each
mouse), or vehicle solution once a day for 28 days,
respectively. The mice were euthanized 14 days after the
treatments.
Cloning and sequence analysis of the EmuDdi1
Total RNA of E. multilocularis PSC tissues was extracted
using TRIzol Reagent (Invitrogen, Thermo Fisher Sci-
entific, USA). cDNA synthesis was done with the
PrimeScriptTM RT reagent Kit with gDNA Eraser
(TaKaRa, Chian). Using the above-synthesized cDNA,
the full-length coding sequence of EmuDdi1 (WormBase
ID: EmuJ_000898400.1) was amplified by PCR
using a pair of specific primers: EmuDdi1F: 5’-
ATGAGGCTTTCTTTCGTTCTTCCC-3’ and EmuDdi1R:
5’-CTAGGGGAGACTGCTCATGT-3’. The reactions
were denatured at 95°C for 5 min, followed by 30 cycles
of denaturation at 94°C for 40s, annealing at 58°C for
1 min and extension at 72°C for 1 min, and final exten-
sion at 72°C for 10 min. Validation of the Ddi1 in
T. solium was done with RACE method (S1 File).

Genome-wide identification of A28 proteases was
done with the Blast search server (e-value < 1e�5) in
Wormbase ParaSite (https://parasite.wormbase.org/
index.html). The sequence analysis of motifs was done
with MOTIF Search (http://www.genome.jp/tools/
motif/). The 3D structure was predicted by the SWISS-
MODEL server (https://www.swissmodel.expasy.org/)
based on the best hit template (PDB ID: 5ys4.1.A; iden-
tity: 52.31%; QSQE: 0.55). The predicted 3D structure
for EmuDdi1 and crystal structure for the HIV protease
(PDB ID: 1pro) were displayed with PyMoL (v1.20).25

Sequence alignment for the Ddi1-like orthologs was per-
formed with Clustal Omega (https://www.ebi.ac.uk/
Tools/msa/clustalo/). All these analyses were done with
default settings.
Inference of the function of EmuDdi1 by RNAi
The Cy5-labeled siRNAs that specifically target the
EmuDdi1 gene (siEmuDdi1: CCGACTGATGGTTTC-
TATT) and a Cy5-labeled negative control siRNA (NC-
siRNA: Cat. No. siN0000001-1-10) were designed and
synthesized by RIBOBIO (Guangzhou, China). The
availability of NC-siRNA was validated by searching the
E. multilocularis genome (EMULTI002). Approximately
5,000 PSCs were resuspended in 200 mL Gene Pulser
Electroporation Buffer (BIO-RAD) and the siRNAs were
added into the buffer at a final concentration of
2.5 mM.26,27 Transformations were done in a 4-mm
electroporation cuvette at 200 V-100 mF using an expo-
nential decay pulse (Bio-Rad). After incubation at 37°C
for 30 min, 1mL DMEM medium was added to each
electroporation cuvette and then transferred into 24-
well culture plates. After 2 h of incubation, siRNA trans-
fection efficiency was estimated with Laser Scanning
Confocal Microscope (LSCM). At 6 h, 12 h, 24 h, 48 h,
and 72 h post electroporation, the culture supernatants
and PSCs were collected. The total protein concentra-
tion of the culture medium was examined with the BCA
Protein Assay Kit (Beyotime, China). The release of PGI
in the culture supernatant was measured with the Phos-
phoglucose Isomerase Colorimetric Assay Kit (Sigma,
USA). The survival rate of PSCs based on the FDA/PI
staining method was assessed by fluorescence micros-
copy (ZEISS).
Real-time quantitative PCR (RT-qPCR)
Total RNA was extracted from the PSCs treated with the
RNAi described above. The first-strand cDNA was syn-
thesized and the resulting cDNA was diluted 5-fold with
nuclease-free ddH2O. Each reaction was assembled in a
www.thelancet.com Vol 82 Month , 2022
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total volume of 20 mL containing 10 mL of 2 £ master
mix (Promega, China), 2 mL of cDNA, 2 mL of each
primer (2 mM, Table S1), and 4 mL of ddH2O. The reac-
tion mixtures were run using the 7500 Real-Time PCR
System (Applied Biosystems) under the following condi-
tions: 95°C for 10 min, followed by 40 cycles of 95°C for
15 s, and 60°C for 1 min. The b-actin gene of E. multilo-
cularis (WormBase ID: EmuJ_000061200) was selected
as an endogenous reference gene. The relative expres-
sion levels were calculated using the 2�DDCt method.
Expression and purification of recombinant EmuDdi1
protein
To express the recombinant EmuDdi1 protein, a pair of
specific primers containing Sal I and Xho I restriction
sites (EmuDdi1-F: CGAGCTCATGAGGCTTTCTTT
CGTTC and EmuDdi1-R: CCCTCGAGACTAGGGGAG
A CTGCTCATG) were designed and synthesized. The
EmuDdi1 coding sequence was amplified and cloned
into the expression vector pET-28a (+). Expression was
induced by 1mM IPTG at 28°C. The recombinant
EmuDdi1 protein was purified by affinity chromatogra-
phy on a HiTrapTM column (GE), and then dialyzed
against PBS at 4°C for 12 h. The purified protein was
analyzed on 12.5% SDS-polyacrylamide gels and stained
with Coomassie Brilliant Blue (Solarbio, China). Non-
denaturing PAGE (NativePAGETM Gel system, Thermo-
Fisher) was used to analyze the dimer of the recombi-
nant EmuDdi1. The concentration of recombinant
EmuDdi1 protein was determined with the BCA protein
assay kit (ThermoFisher) and was stored at �80°C until
used.
Aspartyl protease assays
To detect the functional enzyme activity of the purified
recombinant EmuDdi1 protein, a fluorogenic substrate
DABCYL-GABA-SQNYPIVQ-EDANS (Apeptide,
Shanghai, China), which is a substrate for HIV protease
and can also be degraded by Leishmania Ddi1,28 was syn-
thesized. The reaction mixture contained 0.5 mM of the
recombinant protein and 2 mM of substrate solution in
100 mM sodium acetate buffer (pH ranging from 5 to
9) in a volume of 200 mL and incubated at 37°C for 2 h.
The optimum pH (pH = 7.2) for the reaction system
was determined. The Michaelis constant (Km) and cata-
lytic number (Kcat) of recombinant EmuDdi1 protein
were determined with increasing concentrations of the
fluorogenic substrate (0.03 mM to 32 mM). The initial
velocity was calculated from the slope of the linear range
of the fluorescence versus the time curve. The Km and
Kcat values were recorded with their standard errors
derived from three replicates. For the inhibition assay,
the recombinant EmuDdi1 protein (0.5 mM) was pre-
incubated with each HIVPI (0-160 mM) and control
(DMSO) in sodium acetate buffer (pH = 7.2) for 2h at
www.thelancet.com Vol 82 Month , 2022
37°C. Then 2 mM of the fluorescence substrate was
added to the reaction mixture for 2h incubation at 37°C.
The cleavage of the fluorogenic substrate was measured
using a SYNERGY H1 microplate reader (BioTek) at an
excitation wavelength of excitation of 340 nm and an
emission wavelength of 490 nm.29
Statistics
Statistical analyses were performed using GraphPad
Prism (v5.0). No animals or data points were excluded
from analyses. Figures for RNA-seq data were plotted
using R (v4.1.0). Nonlinear regression analysis was
used to determine the enzyme kinetic constants (Km
and Kcat). Pearson correlation coefficient (R) was calcu-
lated for the correlation analysis. The comparisons of
results for in vitro or in vivo experiments were conducted
with either the Student's-t-test (two-sided; confidence
level of 0.95) or the Wilcoxon-rank sum test (two-sided;
confidence level of 0.95). The p values for the multiple
hypothesis tests were corrected by Benjamini-Hochberg
(B&H) method unless otherwise noted. Values of
P<0.05 or corrected P < 0.05 were considered statisti-
cally significant.
Role of funders
The funders had no role in the conceptualization, study
design, data collection, analysis, interpretation of data,
in writing the paper, or in the decision to submit the
paper for publication.
Results

HIV protease inhibitor nelfinavir inhibits the viability
of E. multilocularis protoscoleces
We evaluated the efficacies of 10 structurally distinct
FDA-approved antiretroviral HIV protease inhibitors
(HIVPIs) against E. multilocularis protoscoleces (PSCs)
in vitro to test whether they have the anti-PSC activity.
The screening results revealed that HIVPIs have effec-
tive and diverse anti-PSCs activities (Figure 1a). At con-
centrations of 40 mM, the most potent inhibitor in this
screening system was the widely prescribed drug in
HAART, nelfinavir (Figure 1b). A phenotypic screening
revealed that nelfinavir has a protoscolicidal effect
against E. multilocularis PSCs (Figure 1c). It remarkably
increased mortality and reduced viability in terms of
activity and motility. In comparison with the control
group (DMSO treated), nelfinavir caused a dose-depen-
dent efficacy of mortality in PSCs with a half-
maximal effective concentration (EC50) of 28.84 (95%
CI: 23.76 to 34.65) mM for the treatment of 72 h. This is
approximately 2-fold more effective than albendazole
EC50 = 63.17 (95% CI: 57.99 to 68.84) µM under such a
condition (Figure 1d). This result confirmed previous
findings that albendazole is not effective at a short
5



Figure 1. Nelfinavir effectively inhibits E. multilocularis protoscoleces (PSCs). (a) In vitro screening of HIVPIs on E. multilocularis
PSCs. Albendazole (ABZ) and vehicle (Veh) were set up as positive and negative controls, respectively (n = 3). The inhibition rate rep-
resents the inhibition of viability. (b) The molecular formula of nelfinavir (NFV). (c) Staining of propidium iodide (PI) on PSCs treated
with different concentrations of nelfinavir. The PSCs were stained with fluorescein diacetate (FDA) and PI for 15 min. (d) Half-
maximal effective concentration (EC50) of nelfinavir and albendazole in the screening condition (n = 3). The EC50 of nelfinavir (28.84
[95% CI: 23.76 to 34.65] mM) is significantly lower than that of albendazole (63.17 [95% CI: 57.99 to 68.84] mM) or that of ritonavir
(388.80 [95% CI: 332.30 to 466.40] mM). (e) Leakage of phosphoglucose isomerase (PGI) activity into the medium supernatant after
nelfinavir (40mM) treatment for 48 h (n = 3). (f) Representative of transmission electron microscopy (TEM) image for the PSCs treated
with nelfinavir. The PSCs were treated with 40 mM nelfinavir for 48 h. The damages of microtriches (red arrow) and surfaces were
observed. The yellow arrow indicates the ‘tegument’ of the parasite. (g) Evaluation of protoscolicidal effect on PSCs for nelfinavir
(n = 6). The PSCs (n=2000) treated with 40 mM nelfinavir for 48 h were injected into BALB/c mice. Cysts were weighed after two
months. The results shown are representative of two or more independent experiments. Data shown are represented as mean §
SD. *P< 0.05, **P< 0.01, ***P< 0.001 using the two-sided Student’s-t test.
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incubation period.20 The leakage of phosphoglucose
isomerase (PGI) activity into the medium supernatant
was measured as an indicator for the compound efficacy
in destroying metacestode tissues.20 After treatment of
48 h, the PGI activity for the nelfinavir-treated group
was significantly higher than that for the control
(Figure 1e). This indicates a disruption effect on the par-
asite body from nelfinavir.

Incubation of PSCs in the presence of nelfinavir
resulted in dramatic morphological changes. After a 48
h incubation period, PSCs treated with nelfinavir
showed a complete disruption with reduced turgidity,
diminished microthrix border, and irregular surfaces
(Figure 1f). To further confirm the protoscolicidal effect
of nelfinavir on PSCs, we infected BALB/c mice with
the PSCs that had been pre-treated with or without nelfi-
navir in vitro. The mice were then euthanized 60 days
after the infection for measuring the parasite burden.
Weights of cysts were remarkably reduced in the mice
infected with nelfinavir-treated PSCs (Figure 1g), indi-
cating potent killing activity for nelfinavir on PSCs. Col-
lectively, these results indicate that the HIVPI nelfinavir
is effective in inhibiting the viability of E. multilocularis
PSCs in vitro.
Figure 2. Nelfinavir effectively inhibits E. multilocularis metaces
gerbils that had been infected with PSCs for 3 months, were treate
The nelfinavir treatment reduced fluid within cysts, shrunk laminate
3 (b) or day 7 (c), the viability of PSCs within the cysts was significa
are representative of two independent experiments. Data shown a
using the two-sided Student's t-test.
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Nelfinavir inhibits the viability of E. multilocularis
metacestode vesicles
In order to test the efficacy of nelfinavir on metacestode
vesicles, we collected cysts isolated from the gerbils that
had been infected with E. multilocularis for 3 months
and in vitro cultured them with or without the presence
of nelfinavir. The liquid chromatography analysis
revealed that a time-dependent accumulation of nelfina-
vir occurred in the vesicle fluid of the cysts after treat-
ment (6 h and 12 h) (Figure S1), indicating that
nelfinavir is able to effectively penetrate the metacestode
vesicles. Furthermore, incubation of metacestode
vesicles in the presence of nelfinavir for 3 days or 7 days
resulted in dramatic morphological changes, in which
shrank surfaces and reduced fluid were observed
(Figure 2a). In particular, the “budding” of vesicles
from metacestode tissues was obviously blocked after
the nelfinavir exposure, whereas the E. multilocularis
metacestode tissue cultures exposed to the DMSO sol-
vent control budded off vesicles apparently (Figure 2a).
More importantly, nelfinavir treatment resulted in a sig-
nificantly increased mortality of the PSCs within the
cysts in comparison with the control at either day 3 or
day 7 (Figure 2b and c). Together, these data suggest
tode vesicles. The metacestode cysts, which were isolated from
d with nelfinavir (at 40 mM and 80 mM) DMSO control (Veh). (a)
d layer surfaces, and blocked the ‘budding’ of the cysts. On day
ntly inhibited by the treatment of nelfinavir. The results shown
re represented as mean § SD (n = 3). **P< 0.01, ***P< 0.001
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Figure 3. Nelfinavir has potent activity against larval E. multilocularis in immunocompetent mice. BALB/c mice were infected
with 2000 E. multilocularis PSCs (a). A once-daily dose of nelfinavir (NFV) or albendazole (ABZ) (50 mg/kg/day) was gavaged for
28 days (n = 8�9). The mice were euthanized after 14 days at the end of treatment. The nelfinavir treatment markedly reduced the
weights of cysts (b-c). Spleen size (d), weight change (e) and total protein (f) (n = 5) in serum were also evaluated. Treatment of nelfi-
navir administered via intraperitoneal injection was accessed and no apparent efficacy was observed (g) (n = 6). The results shown
are representative of two or more independent experiments. Data shown are represented as mean § SD. *P< 0.05, **P< 0.01,
***P< 0.001 using the two-sided Student’s-t test.
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that nelfinavir is effective in inhibiting the growth of
metacestode vesicles.
Nelfinavir blocks the growth of parasite cysts in
E. multilocularis infected mice
The in vivo impact of treatment on parasite load was
investigated in a mouse model (E. multilocularis PSC-
infected BALB/c mice) (Figure 3a). After a period of
28 days of daily oral application (50 mg/kg/day), nelfi-
navir greatly reduced parasite burden (weight of cysts)
in comparison with mice in a vehicle-treated control
group. Albendazole showed slightly lower efficacy
(Figure 3b and c). After necropsy, the liver, spleen,
heart, and kidneys of each mouse were weighed and
carefully examined. Splenomegaly is a hallmark of
the inflammation induced by helminth infections30

(Figure 3d). Neither nelfinavir nor albendazole treat-
ment resulted in a significant reduction of spleen
weights (Figure 3d). All the mice tolerated nelfinavir
treatment without compound-related abnormalities
in terms of body weights (Figure 3e), liver and heart
(data not shown), and physical activity. Furthermore,
mice with oral nelfinavir treatment suffered less loss
of total serum protein (indicated by albumin and glob-
ulin) (Figure 3f). This indicates that nelfinavir proba-
bly protects the liver function, which was typically
damaged in liver echinococcosis. A combination of
nelfinavir (50 mg/kg/day) and albendazole (50 mg/
kg/day) did not show a synergistic effect against cysts
in terms of cyst weight. However, it showed an appar-
ent reduction of cyst sizes was observed (Figure 3b
and c). Of note, the combination of the two drugs
resulted in reduced spleen weights compared to vehi-
cle-treated mice, indicative of the potential in control-
ling the development of splenomegaly (Figure 3d).
We also tested the administration of nelfinavir
via an intraperitoneal injection route, but no
www.thelancet.com Vol 82 Month , 2022



Figure 4. Nelfinavir is effective against larval E. multilocularis in immunocompromised mice. The nude-BALB/c mice were
infected with 2000 E. multilocularis PSCs (a) and treated with nelfinavir (NFV) or albendazole (ABZ) (50 mg/kg/day) for 28 days.
Weight of cysts (b-c) and spleen size (splenomegaly) were measured. The results shown are representative of two or more indepen-
dent experiments. Data shown are represented as mean § SD (n = 6 for Naïve, n = 12 for Veh, n = 13 for NFV, and n = 9 for ABZ).
*P< 0.05 using the two-sided Student’s-t test.
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significant reduction of parasite load was observed
(Figure 3g). These data clearly show that oral admin-
istration of nelfinavir is effective against echinococco-
sis in vivo.

Nelfinavir is effective in immunocompromised mice
Co-incidence between helminth infections and immu-
nosuppression conditions (e.g., AIDS.) occurs fre-
quently worldwide.31 Recent studies have reported that
host immunity is associated with the degree of efficacy
of anti-AE treatment using Albendazole.32 Patients with
echinococcosis and low CD4 counts showed poor
response to Albendazole treatment.33 In order to assess
whether nelfinavir could serve as an alternative medi-
cine against echinococcosis in immunocompromised
status, we tested the effectiveness of nelfinavir in immu-
nodeficient mice (Figure 4a). For athymic nude mice
infected with E. multilocularis PSCs, nelfinavir treat-
ment (50 mg/kg/day) showed a significant reduction of
parasite mass compared to the vehicle-treated group
(Figure 4b and c). Consistent with the situation in wild-
type mice, E. multilocularis infection in immunocompro-
mised mice typically enlarged the spleen (Figure 4d).
The group treated with nelfinavir exerted reduced
spleen sizes, in comparison with the albendazole-
treated group (Figure 4d). These results suggest that
nelfinavir still keeps effective during the immunodefi-
ciency state and thus is a candidate for treating co-infec-
tion between HIV and echinococcosis.
www.thelancet.com Vol 82 Month , 2022
E. multilocularis Ddi1-like protein is a retroviral-type
target candidate for nelfinavir
Next, we attempted to identify the potential target for
nelfinavir. As an inhibitor for HIV protease, nelfinavir
is speculated to interact with the homologs from the ret-
roviral-like aspartyl protease family (Peptidase A28).
Utilizing a genome-wide search, our previous study has
proved the presence of the single-copy Ddi1-like homo-
logue (Ddi1) from this family in parasitic flatworms.16

Herein, we further verified the open reading frame of
the Ddi1-like gene in the tapeworms E. multilocularis
(EmuDdi1) and T. solium by genome-wide search of ret-
roviral-like protease, PCR, and rapid amplification of
cDNA ends (RACE) (Figure 5a). RNA-seq data mining
revealed that EmuDdi1 is constitutively expressed in all
the studied survival conditions or developmental stages
for E. multilocularis (Figure S2). Sequence alignment
indicates that Ddi1-like proteins are conserved among
the cestodes and trematodes (Figure 5b) in having an N-
terminal ubiquitin-like domain (UBL, PF00240), the
central retroviral-type aspartic proteinase (RVP,
PF09668) domain and a UBA-like domain at C-termi-
nal (UBA, PF14555) (Figure 5c). HIVPIs can block pro-
tein function by competitively fitting the active site of
HIV aspartic protease. The protein homology-modeling
analysis revealed that the predicted tertiary structure of
EmuDdi1 highly resembled that of HIV protease at
the active site cavity in having the flexible flaps, and the
dimer interface (Figure S3). These data suggest that
9



Figure 5. Identification of DNA damage-inducible 1 protein (Ddi1) gene in Platyhelminthes. The Ddi1 genes in E. multilocularis
and Taenia solium were validated by PCR (left) or RACE (right; lanes 2�3 indicate the product of 5’-RACE and 3’-RACE, respectively)
amplification (a). The alignment of protein sequences of Ddi1 in flatworms indicates that Ddi1 is highly conserved in these species
(b). Ddi1 of E. multilocularis (EmuDdi1) consists of an Ubiquitin-like domain at N-terminal, a central retrovirus-like aspartic protease,
and a UBA-like domain at C-terminal (c).

Articles

10
EmuDdi1 might be a candidate target as the HIV prote-
ase inhibitor.
Ddi1 gene is essential for parasite survival and inhibits
protein excretion
To determine whether EmuDdi1 might serve as a target
for intervention against echinococcosis, we investigated
the role of this protein in parasite survival. To this end,
we suppress the gene expression of EmuDdi1 in PSCs
via RNA interference (RNAi) (Figure 6a: transfection of
siRNA into PSCs). After siRNA introduction by electro-
poration, the mRNA level was significantly reduced as
compared to irrelevant negative siRNA (NC)
(Figure 6b). The survival rate of dsRNA-treated PSCs
after 48 h and 72 h was decreased to 77% and 60%.
This is significantly lower than that of the NC control
group (85% and 74%) (Figure 6c). The PGI activity in
the supernatant medium was significantly increased
after RNAi for 48 h and 72 h. This indicates that the
suppression of EmuDdi1 was effective to lead to the dis-
ruption of metacestode tissues (Figure 6d). Accordingly,
histological analysis showed RNAi treatment resulting
in a significant cytocidal effect in the PSC, featured by
apparent morphological alterations and disruption with
irregular and fissured surfaces (Figure 6e). RNAi of
EmuDdi1 for 12 h significantly promoted protein secre-
tion of PSCs into the culture medium (Figure 6f). This
is in accordance with the reported roles of its orthologs
in the inhibition of protein export, involving protein
degradation in the proteasome for non-helminth spe-
cies.34�36 These results suggest that EmuDdi1 is essen-
tial for parasite survival and could potentially provide
effective therapeutic treatments.
Nelfinavir inhibits the actively functional enzyme
EmuDdi1
Next, we investigated whether EmuDdi1 could be inhib-
ited by retroviral aspartyl protease inhibitors. As the
roles of Ddi1 in flatworms are almost unknown, we
wondered whether EmuDdi1 is an actively functional
enzyme. Recombinant EmuDdi1 protein was expressed
in a prokaryotic expression system. Electrophoretic
analysis revealed that this protein was assembled into
a form of homodimer (Figure 7a). The proteolytic activ-
ity of the E. multilocularis recombinant Ddi1-like
enzyme was analyzed against a synthetic substrate for
HIV proteinase. In accordance with the functions of its
orthologs in several protozoan parasites, we observed sub-
strate hydrolysis capability on the retropepsin substrate for
the recombinant EmuDdi1 in vitro. In contrast to the other
protozoan Ddi1-like enzymes with the optimal pH at an
acidic condition, EmuDdi1 has its optimum at pH7-7.5
(Figure S4). EmuDdi1 hydrolyzed the peptide with a Km of
1.28 (95% CI: 0.80 to 2.02) mM and a Kcat of 0.36 s-1
www.thelancet.com Vol 82 Month , 2022



Figure 6. RNAi on E. multilocularis Ddi1 (EmuDdi1) gene reduces the parasite’s survival. Transformations of siEmuDdi1 or nega-
tive control were performed on PSCs with high efficiency (a), as indicated by the mRNA level of EmuDdi1 after 2 h measured by qRT-
PCR (b). The inhibition rate of PSC viability (c) and PGI into the culture medium supernatant (d) were gradually increased across the
duration of RNAi (n = 3). The morphology and integrity of the parasite body were changed (e). Total protein in the serum-free
medium was increased at 12 h post-treatment (f), at which the parasite body had not been disrupted by RNAi. The results shown
are representative of two or more independent experiments. Data shown are represented as mean § SD. *P< 0.05, **P< 0.01,
***P< 0.001 using the two-sided Student’s t-test.
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(Figure 7b). This is the first direct evidence that the
flatworm Ddi1-like protein is capable of proteolytic
activity.

To test whether HIVPIs inhibit the activity of
EmuDdi1, we tested all the 10 HIVPIs against the
recombinant Ddi1-like aspartyl proteinase activity.
Thereto, we detected the hydrolysis of aspartyl pro-
teinase substrates in triple replicates (Figure 7c). Sim-
ilar to the screening of HIVPIs against PSCs
(Figure 1a), nelfinavir and saquinavir outcompeted
others with the highest efficacy against EmuDdi1. The
observed inhibition rate was nearly 40% against the
Ddi1 ortholog in E. multilocularis (Figure 7c). The
half-maximal inhibitory concentration (IC50) of nelfi-
navir on the recombinant EmuDdi1 was 45.95 mM
(95% CI: 38.47-54.68) (Figure 7d). These data show
that nelfinavir is an inhibitor of the actively functional
enzyme EmuDdi1.
www.thelancet.com Vol 82 Month , 2022
Antiparasitic action of nelfinavir is tightly linked with
blocking EmuDdi1 enzymatic activity
The above evidence suggests that the protoscolicidal
activity of nelfinavir might be mediated by inhibiting
the Ddi1 function. When we measured diverse HIVPI
analogs against EmuDdi1 enzymatic activity and PSCs
growth in vitro, we found a tight correlation (R = 0.86,
P < 0.05) (Figure 8a), which indicates that the anti-Emu
activity is directly mediated by EmuDdi1 inhibition. Fur-
ther genetic and structural insights are needed to unam-
biguously establish EmuDdi1 as the target. However, we
noted that the HIV protease inhibitor ritonavir was inac-
tive against E. multilocularis PSCs in vitro and cysts in
mice, and did not inhibit EmuDdi1 enzymatic activity
(Figure 8b).

Although the roles of the Ddi1-like gene in hel-
minths remain to be determined, it has previously been
reported that functions of the gene orthologs in several
11



Figure 7. Nelfinavir inhibits the proteolysis activity of recombinant EmuDdi1. EmuDdi1 was expressed in an E. coli system.
Based on the amino acid compositions, this molecular weight of the recombinant protein was predicted to be appropriately 45 KD
in the monomer (left) and 90 KD in the dimer (right) (a). At an optimum pH of 7.2, the recombinant EmuDdi1 was able to hydrolyze
the retro-pepsin substrate with a Km = 1.28 (95% CI: 0.80 to 2.02) mM and a Kcat = 0.36 s�1 (b). The HIVPIs, including lopinavir (LPV),
indinavir (IDV), darunavir (DRV), fosamprenavir (FAPV), ritonavir (RTV), tipranavir (TPV), atazanavir (ATV), amprenavir (APV), nelfinavir
(NFV) and saquinavir (SQV) were tested (n = 3). The enzyme activity of this recombinant protein (at 0.5 mM) could be apparently
blocked by nelfinavir (NFV) and saquinavir (SQV) (40 mM) (c). The half-maximal inhibitory concentration (IC50) of nelfinavir on the
recombinant EmuDdi1 was 45.95 mM (d). The results shown are representative of two or more independent experiments. Data
shown are represented as mean § SD.
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species are conserved. It usually serves as a shuttling
factor in the ubiquitin-proteasome system and inhibits
protein export in yeast and mammals.36,37 To clarify the
links between nelfinavir and Ddi1, we profiled the gene
expressions of PSCs after 12 h of treatment with nelfina-
vir using RNA-Seq. As indicated by the principal coordi-
nate analysis (PCA) (Figure 8c), the nelfinavir treatment
markedly altered the gene expression patterns with 337
genes up-regulated and 183 genes down-regulated
(Figure 8d). The genes involved in protein export were
significantly up-regulated (Table S2). Gene set enrichment
analysis (GSEA) revealed that processes of protein excre-
tion, such as ‘UBIQUITIN-DEPENDENT_PROTEIN_
CATABOLIC_PROCESS’, ‘GOLGI_VESICLE_TRAN
SPORT’, and ‘PROTEIN_FOLDING’ were significantly
enriched in the group with nelfinavir treatment
(Figure 8e) (Table S3). This suggests that nelfinavir treat-
ment is probably involved in damaging the function of
Ddi1. It also supports the inhibition of Emu-Ddi1 as the
mechanism of action for nelfinavir. Taken together, our
data suggest that nelfinavir is a drug candidate for echino-
coccosis by directly inhibiting EmuDdi1 enzymatic activity.
Discussion
Echinococcosis is one of the most important food-borne
diseases worldwide. Nevertheless, effective treatment
for this important infectious disease is lacking. This
study reports a repurposing effort for the HIV protease
inhibitor nelfinavir, with well-known antimicrobial
mechanisms, to treat this severe zoonotic disease.
Among all HIV protease inhibitors, nelfinavir stood out
as a potent E. multilocularis inhibitor. This drug candi-
date exerts high efficacy in either immune normal and
immunocompromised mice, in line with the efficacy of
the only clinically available drug-albendazole in reduc-
ing the parasite mass. As indicated by spleen enlarge-
ment in nude mice, nelfinavir might be more effective
than albendazole in controlling the inflammation
caused by the chronic infection. Consistent with this
notion, previous studies already reported the anti-
inflammation effects of nelfinavir.38 For example, this
compound is capable of activating PP2 and inhibiting
MAPK signaling in macrophages to reduce inflamma-
tory responses.38 If this can be confirmed, nelfinavir
may offer additional beneficial effects independent of
www.thelancet.com Vol 82 Month , 2022



Figure 8. Antiparasitic action of nelfinavir is associated with blocking EmuDdi1 enzymatic activity. The inhibition efficacy of
HIVPIs on PSCs in vitro is significantly correlated with the inhibition efficacy of HIVPIs (40 mM) on the recombinant EmuDdi1 (Pearson
R = 0.86, P < 0.05) (a). In contrast to nelfinavir (NFV), ritonavir (RTV) is ineffective in enzyme activity and exerts no efficacy on inhibit-
ing PSCs in vitro (n = 3) and cysts in vivo (n = 8 for RTV; n = 9 for NFV) (b) (40 mM), further supporting the antiparasitic action of HIVPIs
is mediated by blocking the functions of EmuDdi1. RNA-Seq analysis (n = 3 for biological replicates) reveals that nelfinavir treatment
could change the gene expression patterns, as indicated by the Principle component analysis (PCA) (c). Differentially expressed
genes (DEGs) for both up-regulated (n = 337) and down-regulated (n = 183) were identified. Gene Set Enrichment Analysis (GSEA)
showed that biological processes pertaining to protein export and proteolysis are up-regulated after nelfinavir treatment (|NES| > 1
and NOM P < 0.01). The results shown are representative of two or more independent experiments for panels a and b. Data shown
are represented as mean § SD. **P< 0.01, ***P< 0.001 using the two-sided Student's t-test.
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antiparasitic activity by reducing the severity of chronic
immune activation in helminth infection. Such an
effect is not known for albendazole and was not
observed in this study. Nelfinavir is originally designed
as a competitive inhibitor targeting the activity core of
HIV aspartic protease. However, nelfinavir and its deriv-
atives are now implicated in development for treating
multiple infectious or non-infectious diseases, like
SARS-COV-2,13 malaria,11 and even cancers.12 Herein,
we, for the first time, report that this drug has the poten-
tial to combat a helminth infection. As immunosup-
pression can be caused by both HIV infection and
chronic helminth infections, a high prevalence of co-
infection between these two diseases is observed.31,39

Therefore, screening and treatment of helminths have
been considered as part of the management of HIV and
www.thelancet.com Vol 82 Month , 2022
AIDS in primary health care.40 In this regard, the repur-
posing of nelfinavir would be of great value for treating
co-infections. However, the efficacy of this drug in treat-
ing other helminthiasis remains determined.

Nelfinavir exerts high efficiency in inhibiting both
PSCs and metacestode vesicles in a dose-dependent
manner. Previous pharmacokinetics and pharmacody-
namics studies have shown that lower plasma concen-
trations and high variations were found in some
patients medicated with this drug at different doses and
regimens.41 In this study, the EC50 (»29 uM) results on
protoscoleces in vitro and IC50 (»45 uM) on the recom-
binant enzyme indicate that the inhibiting efficiency of
nelfinavir on this parasite is dose-dependent and thus
the lower concentration of the drug might cause
reduced efficacy. Accordingly, the dose and
13
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pharmacodynamics are important factors that need to
be taken into account if nelfinavir would be used in
treating echinococcosis. In addition, this study utilized
a secondary infection model with PSCs in BALB/c mice
for evaluating the effects of nelfinavir on metacestode
vesicles in vivo, for which the developments of cysts
might not be synchronous.42 As a limitation in this
study, the in vivo efficacy of nelfinavir treatment at dif-
ferent developmental stages of the parasite needs fur-
ther investigation.

Our results suggest that nelfinavir is effective in the
immunodeficient host. As co-infection between HIV
and helminth is common,43 this finding would provide
insights for future development of single-drug therapy
for the co-infection. A previous study reported that ABZ
is less efficacious in athymic nude mice than in wild-
type mice.32 In contrast, we observed a significant
reduction of cyst mass after ABZ treatment in athymic
nude mice. The differences in the methods of secondary
intraperitoneal infection and in the ways for drug
administration might account for this inconsistency of
the observed results between the studies. In addition, it
is noteworthy that the nelfinavir treatment in this study
was unable to reduce parasite growth to the same abso-
lute level found in immunocompetent mice. Relatedly,
we also note that the absolute value of parasite mass in
vehicle-treated nude mice is also higher than that in
vehicle-treated immunocompetent mice. This phenom-
enon of increased parasite growth might be reasonably
interpreted by the fact that nude mice partially lose the
ability to kill parasites, whereas only a small proportion
of PSCs injected could survive in immunocompetent
mice.44,45 In this study, nelfinavir treatment could cause
a similar fold-change (»0.5) of cyst weights comparable
in either immunocompetent or immunodeficient mice.

The presence of a single copy gene encoding aspartic
protease in the flatworm genomes provided us an
opportunity to validate the likely drug target for nelfina-
vir. Our results revealed that the DNA damage-inducible
(Ddi1) protein exists in all the flatworms and is essential
for parasite survival, although its roles in these species
are still unknown. Ddi1-like proteins in helminths are
conserved and have an N-terminal ubiquitin-like
domain and a central retroviral-type aspartic proteinase
domain. The ubiquitin-like domain of Ddi1 in yeast and
mammals is involved in binding proteasomes and in
protein export.35,37,46 Our analyses suggest that this
function is still conserved in E. multilocularis, as knock-
down of this gene resulted in a significant increase of
protein excretion in PSCs. Further, the recombinant
EmuDdi1 protein is capable of proteolytic activity in
detectable enzyme activity from the prokaryotic expres-
sion system. This activity is probably mediated by the
retroviral-type proteinase domain. This is the first direct
evidence for a Ddi1-like protein from flatworms acting
as an active enzyme that requires a still unknown activa-
tion mechanism. In contrast to the orthologs in
protozoan parasites,29,35 which have an optimum acidic
pH, EmuDdi1 is more effective at a neutral to near-alka-
line pH (7-7.5), indicative of unique characteristics for
this worm ortholog. Notably, Saccharomyces cerevisiae
Ddi1 is also active at physiological (neutral pH) condi-
tions (pH 7.4), although it is only capable of hydrolyzing
polyubiquitinated substrates.37 In this study, we did not
test whether EmuDdi1 had the ability to degrade polyu-
biquitinated proteins/substrates. According to a recent
study,29 the recombinant Plasmodium Ddi1 is able to
hydrolyze both ubiquitinated proteasome substrates
and the retropepsin substrate at pH 5.0. Thus, it is pos-
sible that EmuDdi1 also has the capability to hydrolyze
polyubiquitinated substrates. We also provide compre-
hensive target validations for nelfinavir as an echinococ-
cosis drug. The inhibition of nelfinavir on Ddi1 protein
has also been proved in multiple protozoan parasites,
including Leishmania and Plasmodium.29,35 Therefore,
the antiparasitic activity of HIVPIs might be conserved
in these parasites. RNA-Seq analysis of the parasites
treated with nelfinavir provides more evidence for its
inhibition action of nelfinavir being directly (at least par-
tially) mediated by blocking the protein export and the
proteasome-related functions of EmuDdi1.37 In accor-
dance with this hypothesis, significant reductions in the
prevalence of ascariasis, trichuriasis, hookworm infec-
tion, and strongyloidiasis have also been reported after
starting a highly active antiretroviral therapy
(HAART),47 although the association can be alterna-
tively interpreted by the reconstitution of cellular immu-
nity after HAART. As Ddi1 is conserved among species,
nelfinavir possibly also blocks the activity of the homo-
logs in hosts. Indeed, studies have revealed that nelfina-
vir is able to inhibit the function of Ddi1 proteins in
mammals.48,49 However, the binding capabilities of nel-
finavir to Ddi1 presumably differ between parasites and
hosts, since many differences in sequences still exist. In
accordance with this notion, a previous study found that
the Ddi1 protein in Leishmania is more sensitive to nelfi-
navir than in humans.29 Moreover, it is unclear whether
nelfinavir could be metabolized by parasites but it has
been definitely determined that nelfinavir can be metab-
olized by systems, e.g., the cytochrome P450, in mam-
mals.50 This difference of metabolism may also
potentially account for the observed high tolerability for
the host in treating echinococcosis using nelfinavir in
this study. However, further genetic and structural
insights are needed to unambiguously validate Ddi1 as
the target for nelfinavir against echinococcosis. In addi-
tion, since the HIV-protease inhibitor has shown broad
activity in treating various infectious or non-infectious
diseases, even cancers, it possibly involves multiple
drug targets against the helminth.

In conclusion, our study presents the HIV protease
inhibitor nelfinavir as a promising drug candidate
against the helminth disease echinococcosis. Nelfinavir
demonstrated in vivo efficacy in either normal or
www.thelancet.com Vol 82 Month , 2022
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immunocompromised mice and thus has the potential
to be a dual-therapeutic drug for co-infections between
HIV and Echinococcus. The EmuDdi1 gene is essential
in parasite survival and participates in the process of
protein excretion for the parasite. Inhibition of
the EmuDdi1 ortholog might be the mechanism by
which the HIV proteinase inhibitor therapy mediates its
antiparasitic effect on echinococcosis. Further pharma-
cological preclinical evaluations are needed to support
the initiation of animal or human clinical trials.
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