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Angiostrongylus cantonensis, the main causative agent of human neuroangiostrongyliasis, is a food-
borne parasitic zoonosis, particularly in Southeast Asia and Mainland China. Angiostrongylus
malaysiensis, a cryptic species, has not been unequivocally identified as a causative agent for
human angiostrongyliasis. Here, we investigated a local incidence of human angiostrongyliasis in
Kalasin Province, northeastern part of Thailand. Field and laboratory investigations, clinical
symptoms, and treatment of the disease are also discussed. Five sera and three cerebrospinal fluid
samples were taken from each patient who displayed clinical symptoms of mild or severe
headache without neck stiffness after ingesting a local dish containing Pila virescens. With mo-
lecular evidence using PCR and DNA sequencing approaches, we confirmed the presence of
A. malaysiensis and A. cantonensis DNA in the patient samples. In addition, P. virescens and
Pomacea canaliculata collected in the vicinity were also examined for the existence of angis-
trongylid larvae. The rate of infection in the snail population was 33.3% (18 infection out of 54
examined), with A. cantonensis as the predominant species. Notably, two snails were found to be
co-infected with both A. malaysiensis and A. cantonensis. This discovery comes after several years
of suspicion that it could be a zoonotic pathogen. Therefore, our findings are important for public
health and clinical diagnosis since clinicians are not aware of the zoonotic potential of
A. malaysiensis in humans.

Abbreviations: ELISA, Enzyme-linked immunosorbent assay; SYBR green qPCR, SYBR green quantitative real-time polymerase chain reaction; Cq,
quantification cycle in qPCR; CSF, cerebrospinal fluid; Cytb, cytochrome b; rpm, round per minute.
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1. Introduction

Human neuroangiostrongyliasis is a food-borne parasitic zoonosis distributed worldwide, particularly in East Asia and Southeast
Asia. This includes Thailand, where has been recognized as one of the highest incidence areas of angiostrongyliasis with eosinophilic
meningoencephalitis (Wang et al., 2008), particularly in the northeastern region of the country (Punyagupta et al., 1970; Pipitgool
etal., 1997; Eamsobhana, 2013). Human Angiostrongylus infection generally causes central nervous system disorders with eosinophilia
pleocytosis, i.e. eosinophilic meningitis, meningoencephalitis, and occasionally ocular angiostrongyliasis (Ketsuwan and Pra-
datsundarasar, 1966; Malhotra et al., 2006; Sinawat et al., 2008; Ansdell and Wattanagoon, 2018). Larval stage of the nematode
Angiostrongylus cantonensis, commonly known as rat lungworm is the prime causative agent (Cross, 1979a, 1979b; Wang et al., 2008).
Humans get infected via ingestion of raw molluscan intermediate hosts, harboring the infective third-stage larvae (L3) of the nematode
(Eamsobhana et al., 2010a, 2010b).

Over twenty Angiostrongyulus spp. are described so far, mainly in rodents and other wildlife as definitive hosts, while terrestrial and
aquatic snails serve as intermediate hosts (Spratt, 2015; Cowie, 2019; Almeida et al., 2020). Only two species, A. cantonensis and
A. costaricensis, are documented as human pathogens, causing neurological and abdominal angiostrongyliasis, respectively (Bhaibu-
laya, 1991; Kramer et al., 1998). Since the parasitic stages are rarely detected in clinical samples, i.e. blood and cerebrospinal fluid
(CSF), immunodiagnostic assays have been developed for diagnosing presumptive infection rather than methods for parasitic worm
detection (Kuberski et al., 1979). Consequently, questions remain as to whether humans can be exposed to and potentially be infected
by other angiostrongylid species in endemic areas, such as Thailand.

Angiostrongylus malaysiensis formally recognized as the Malaysian strain of A. cantonensis (Bhaibulaya and Cross, 1971), is one of
angiostrongylid parasites occurring in Southeast Asia. In terms of morphological and genetic information, A. cantonensis and
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Fig. 1. Geographic distribution of A. malaysiensis and A. cantonensis in Thailand and neighboring countries. The outbreak area in Kalasin Province,
Northeast Thailand, is highlighted in a yellow star. (Data was derived from the following publications: Eamsobhana et al., 2010; Yong et al., 2015;
Rodpai et al., 2016; Yong et al., 2016; Vitta et al., 2016a; Vitta et al., 2016b; Dusitsittipon et al., 2017; Eamsobhana et al., 2018; Lv et al., 2018;
Chaisiri et al., 2019; Dumidae et al., 2019; Eamsobhana et al., 2019; Valentyne et al., 2020). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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A. malaysiensis are closely related (Bhaibulaya, 1979; Eamsobhana et al., 2015; Chan et al., 2020), and the two cryptic species can
utilize the same definitive and intermediate host species (Bhaibulaya and Techasoponmani, 1972). Additionally, mixed infections of
A. cantonensis and A. malaysiensis in freshwater snails (intermediate hosts) and rodents (definitive hosts) have been widely recorded
(Lim and Heyneman, 1965; Stafford et al., 1976; Lim et al., 1977; Jakkul et al., 2021). Given the close morphological and genetic
relationship between A. cantonensis and A. malaysiensis, coupled with the ability to complete their life-cycle using similar hosts, and
having been found coexisting in the same geographical localities, an underestimation of the prevalence of A. malaysiensis in the region
could have occurred. Although there has yet to be any clear evidence of whether A. malaysiensis can infect humans, these compelling
factors led us to hypothesize that A. malaysiensis has the potential to.

In Thailand, aquatic apple snails (i.e. Pila spp. and Pomacea spp.) have been recognized as one of the important intermediate hosts of
Angiostrongylus spp., leading cause of human neuroangiostrongyliasis, occurring through the consumption of uncooked snail meat in a
traditional dish called “Koi-hoi” (Punyagupta et al., 1970; Pipitgool et al., 1997; Eamsobhana et al., 2009). Here, we investigate a
recent sporadic outbreak of neuroangiostrongyliasis at a local community of Kalasin Province, northeastern Thailand. Our specific
objective is to explore the potential co-occurrence of A. cantonensis and A. malaysiensis in human cases and Pila snails collected from an
endemic area in the community. Additionally, we also revealed the first incidence of A. cantonensis and A. malaysiensis co-infection in
humans from the five patients who had a history of consuming the snail dish Koi-hoi (from Pila).

2. Materials and methods
2.1. Study site

From February to June 2019, field parasitological and human angiostrongyliasis investigations took place at Ban Na Kham Village,
Sam Kha Subdistrict, Kuchinaria District, Kalasin Province, Thailand (Latitude: 16.504501, Longitude: 103.937461), (Fig. 1). This
study investigated human angiostrongyliasis incidence carried out by parasitologists from the Department of Helminthology, Faculty
of Tropical Medicine, Mahidol University (TMHM-MU); staffs from Kuchinarai District Health Office, and the Crown Prince Kuchinarai
Hospital, Kalasin Province. Parasitological data, human angiostrongyliasis cases’ history, and biological specimens were collected in
collaboration with various representatives, including the parasitologists from TMHM-MU, local public health officers, responsible
physicians, primary health care units (PHCU), village chiefs, and local health volunteers. A detailed description of the study timeline is
summarized in Fig. 2. This study was approved by the Human Ethics Committee of the Faculty of Tropical Medicine, Mahidol Uni-
versity (Ethical Clearance No. MUTM 2019-028-01) and the Faculty of Tropical Medicine — Animal Care and Use Committee, Mahidol

22nd-23rd FEB, 2019

* Case investigation by the 13th MAR, 2019
surveillance and Rapid * Confirmatory diagnosis
12th-18th FEB, 2019 Response Team (SRRT). (serology and molecular)
* Patients started to * All patients were of eosinophilic meningitis
develop symptoms of discharged from the from Angiostrongylus sp.
eosinophilic meningitis. hospital. infection.
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* Patients consumed * All patients admitted at * 54 snails were collected * In-depth history taking
suspicious meal the provincial hospital. from the outbreak area and case follow-up by
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Fig. 2. Timeline of the sporadic incidence of human eosinophilic meningitis by Angiostrongylus in a local village of Kuchinarai District, Kalasin
Province, Thailand.
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University (Certification No. FTM-ACUC 010/2019E).
2.2. Sera and CSF samples from human angiostrongyliasis cases

Five sera and three cerebrospinal fluid (CSF) from human angiostrongyliasis cases were collected by the Crown Prince Kuchinarai
Hospital and sent to the Department of Helminthology, Faculty of Tropical Medicine, Mahidol University for laboratory investigation.
These include serological and molecular diagnoses with immunoblotting assay and SYBR green quantitative real-time PCR, respec-
tively (details and procedures are given in the following sections).

2.3. Western blot analysis for human angiostrongyliasis confirmation

Antibodies against Angiostrongylus spp. in the patients’ sera were detected using an in-house western blot protocol targeting the
31kDa antigenic protein (Nuamtanong, 1996; Eamsobhana and Yong, 2009). Crude somatic antigens were prepared from
A. cantonensis adult worms harvested from experimentally infected rats, R. norvegicus. The parasites were ground in a mortar and pestle
containing distilled water and aluminum powder (Sigma, US) under cold condition (4 °C). The parasite suspension was homogenized
with an Ultrasonic Processor XL 2020 (Misonix, Farmingdale, US) for 10 min at 1 min intervals, and centrifuged at 13,000 rpm (x
9447 g) for 45 min at 4 °C. The supernatant was collected and kept at —80 °C until used. The protein concentration was quantified by
Coomassie Plus Protein Assay Reagent Kit (Pierce, US). Briefly, membrane strips were incubated with 1 ml of a 1:50 mixture of in-
dividual patient serum in PBST (1 x phosphate buffer solution +0.05% Tween) containing 0.02% NaN3 overnight. After three washes
with PBST, each strip was incubated with anti-human IgG conjugated with horseradish peroxidase (Southern Biotech) at 1:1000
dilution in PBST for 2 h. Three additional washes with PBST were performed. After washing, each strip was arranged on a flat plate and
covered with freshly prepared substrate solution (C;2H7NCl>05 in PBS containing H205) for 2 min. The reaction was stopped by adding
distilled water until the water became clear.

2.4. Investigation of Angiostrongylus larvae from snail intermediate hosts

Aquatic snails were collected by the local health volunteers, as per traditional snail collection methods from natural water sources
in the village. The method was similar to that used by local villagers to gather snails for food consumption. GPS coordinates were
recorded at the points where snails were collected.

Snails were examined and identified to species level based on morphological characteristics following Brandt (1974) and Ng et al.
(2020). Snails were euthanized at 0 °C for 20 min and had their shells removed. The foot and mantle parts of each snail were removed
and cut into smaller pieces and incubated in artificial tissue digesting solution: 1% HCI-1% Pepsin (1:10,000; equivalent to 10,000 FCC
units/mg; VWR International, UK) at 37 °C for an hour. The digestive suspension was stirred every 15 min during the digestion period.
Tissue debris and suspension were filtered through an aluminum sieve (No. 25, mesh size 700 um) and left to sediment for at least
20 min in a small glass bowl (10 cm diameter). Approximately two-thirds of the supernatant was then decanted, and the remaining
sediment was microscopically examined for the presence of L3 Angiostrongylus spp. Third stage Angiostrongylus larvae (L3) were
morphologically identified using the following characteristics: the presence of subterminal caudal constriction (pointed tail tip), a pair
of cephalic chitinous rods, and body length of 480-520 pm (Lim and Ramachandran, 1979; Moreira et al., 2013). The Angiostrongylus
larvae were counted and pooled per snail and preserved in 70% ethanol at —20 °C for subsequent molecular identification. The rate of
parasitic infection, mean abundance (mean number of parasites found in all hosts in the population), mean intensity (mean number of
parasites found in individual infected hosts), and the range of L3 Angiostrongylus infection in the snails were estimated using Quan-
titative Parasitology version 3.0 (Reiczigel et al., 2019).

2.5. DNA extraction from CSF specimens and L3 Angiostrongylus larvae from snails

Human CSF samples, adult males of A. cantonensis and A. malaysiensis (from archived specimens at the Department of Helmin-
thology) for use as positive controls in SYBR green quantitative real-time PCR, and Angiostrongylus L3 isolated from the snails were
subjected for DNA extractions. As per standard lab procedure, the human CSF samples were centrifuged at 10,000 rpm (x 5590 g) for
30 min at 4 °C (Eppendorf, USA) to completely separate sediment from the fluid. The sediment of each sample was subsequently used
for DNA extraction. Due to the very small size of the Angiostrongylus L3 larvae (450-500 um) obtained from snails, using traditional
tissue disruption methods (e.g. tissue grinding with plastic pestle) may risk tissue loss, and subsequently yield poor results. To facilitate
efficient tissue homogenization and cell disruption, a bead-beating method was used on pooled larvae by employing 20 mg of 0.1 mm
silica beads in 200 pl of lysis buffer in Tissue Lyser LT (Qiagen, Germany) at 50 Hz for 30 s (Jakkul et al., 2021). Three rounds of
homogenization were performed for each sample, with an instant cooling step on ice before each round to prevent DNA degradation
from excess heat. Finally, DNA extraction was processed by the Genomic DNA Mini Kit (Geneaid, Taipei, Taiwan) for DNA. The
manufacturer’s standard protocol was followed for DNA extraction, and the recovered product was stored at —20 °C for subsequent
molecular investigation.

2.6. SYBR green quantitative real-time PCR for quantification and identification of Angiostrongylus spp

Genomic DNA isolated from human CSF and Angiostrongylus larvae were amplified targeting the mitochondrial Cytb gene using
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SYBR green quantitative real-time PCR (qPCR). Two pairs of species-specific primers were applied to discriminate between
A. cantonensis and A. malaysiensis, following Jakkul et al. (2021). The primers: AC4_cytb_F: 5AAT GTT TGT TGA GGC AGA TC 3’ and
AC5_cytb_R: 5’ GCT ACA ACA CCC ATA ACC T 3’ were used to amplify A. cantonensis DNA (amplicon size 117 bp), whereas the primers:
AM3_cytb_F: 5° CGA GAT ATT TAT TGA GGC TG 3’ and AM4_cytb_R: 5’GAC AAA ACC CTC ATC AAT AA 3’ were used to amplify
A. malaysiensis DNA (amplicon size 141 bp). For positive controls, the gDNA obtained from the adult males were serially diluted (ten-
fold dilution ranging from 1 to 1 x 10~ ng/pl) to construct qPCR standard curves for each species. All qPCR reactions were conducted
following the protocol described by Jakkul et al. (2021). The qPCR products were checked band size of the species-specific amplicon on
1.5% agarose gel at 50 V for 40 min. All gPCR amplicons were then subjected to DNA Sanger sequencing with the PCR species-specific
primers by Macrogen, an external biotechnology company (Seoul, South Korea). The obtained nucleotide sequences were compared
with the other Cytb sequences of A. cantonensis and A. malaysiensis available in Genbank (NCBI databases via standard nucleotide
BLAST) for species confirmation.

3. Results
3.1. Patients’ profiles and clinical features

The ages of the five Angiostrongylus-infected patients (four males and one female) ranged from 26 to 51 years old. Their chief
complaint was headache (100%) without neurological defects (Table 1). All patients were admitted to the hospital after presenting
with headache and they indicated ingesting “koi-hoi” (a form of sour and spicy traditional salad dish) with aquatic snail meat. The
patients revealed that they had “koi-hoi” for several meals (3-7 times), with more than 10 snails ingested per meal. In terms of clinical
laboratory assessment, complete blood count (CBC) showed a high white blood cell count with 18-52% eosinophils. Slight cloudiness
with elevated CSF protein was observed in all samples. The CSF profiles showed normal sugar levels (30-53 mg/dL) but increased
protein (81.8-226.5 mg/dL) with significantly elevated eosinophil number (35-77%), (see more details in Table 1).

3.2. Laboratory investigations on human samples

Confirmatory serological diagnosis performed with immunoblotting showed an angiostrongyliasis-specific reactive band at 31 kDa
in all the five infected patients from whom sera had been obtained (Data not shown).

Molecular detection of Angistrongylus was performed by qPCR on three CSF samples. Both A. cantonensis and A. malaysiensis DNA
were detected in the CSF samples, as evidenced by the species-specific PCR bands on the gel along with the DNA sequences after Sanger
sequencing (Fig. 3, Fig. 4, and Supplementary Fig. 1). These results confirm that both A. cantonensis and A. malaysiensis DNA were
present in the same CSF. In addition, qPCR results showed that the DNA concentration of A. cantonensis was relatively higher than
A. malaysiensis; a relative ratio of A. cantonensis: A. malaysiensis in CSF-A, CSF-B, and CSF-C were 95.5: 4.5, 70.5: 29.5 and 89.7: 10.3,
respectively (Table 2). The presence of non-specific PCR products from the heterogeneous DNA (primer-dimer) also confirmed that
amplification occurred without cross-reaction. Primer-dimer usually occurs when a reaction has a low concentration of template, and it
was easily separated from the expected product due to their lower melting temperature.

3.3. Therapeutic approach

The onset of the disease was sudden, and the duration of the disease was short. The patients received lumbar puncture (LP) or spinal

Table 1
Profiles of infected patients with chief complaints and initially laboratory investigations.
Genders/Ages Chief complaints Sera CSF
WBC count Eosinophils Sugar Protein WBC count Eosinophils
(cell x 10%) (%) (mg/dL) (mg/dL) (cell x 10%) (%)
Male Severe headache, weakness 18,120 28 47.0 118.9 720 52
26 years™
b
Male 34 years Weakness, loss of appetite 13,120 39 53.0 116.0 660 40
b
Male Headache with muscle pain and hot 21,000 52 30.0 226.5 1720 77
49 years™ sensation in periorbital areas
b
Male 51 years Headache 14,200 35 50 115.0 600 35
b
Female Headache radiated to neck stiffness, 11,200 18 44 81.8 1440 56
40 years™ weakness
b

@ Patients’ CSF specimens were investigated.
b Ppatients’ sera were investigated.
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Fig. 3. PCR amplicons of CSF samples from the patients. (A) 100 bp ladder marker, (B) positive control - 0.1 ng gDNA of A. cantonensis, (C) positive
control - 0.1 ng gDNA of A. malaysiensis, (D—F) A. cantonensis specific amplicon of CSF-A, CSF-B and CSF-C, (G-I) A. malaysiensis specific amplicon of
CSF-A, CSF-B and CSF-C, (J and K) negative controls.

tap to release intracranial pressure, followed by supportive treatment (Punyagupta, 1979). Of the five patients involved, three received
spinal tap, and CSF samples were collected for laboratory confirmation, whereas the other two showed no intense headache. According
to the treatment plan and due to medical ethics, the physician did not conduct a spinal tap on the latter two patients. The medication
administered was albendazole (200 mg) 2 tablets b.i.d. (after meals in the morning and afternoon) for 10 days with prednisolone
(5mg) 4 tablets t.i.d. (after breakfast, lunch, and dinner) for 2 days. All patients were relieved of their persistent headache after one to
two days of treatment, and subsequently discharged from the hospital after a few days.

3.4. Prevalence and species identification of Angiostrongylus L3 from snails

A total of 54 aquatic snails were collected from different natural water bodies located in the study area. Of them, 48 were
morphologically identified as Pila virescens (formerly referred to Pila polita as a synonym) (Ng et al., 2020), while six were Pomacea
canaliculata.

Microscopic examination revealed that 18 of 54 (33.3%) snails were infected with Angiostrongylus larvae. Angiostrongylus L3 were
found only in P. virescens, while no P. canaliculata was infected (Table 3). Molecular identification of the larvae to the species level
based on qPCR revealed that 16 snails were infected by A. cantonensis (Cq ranges from 25.01-34.0) and two snails harbored both
A. cantonensis (Cq=25.74 and 29.86) and A. malaysiensis (Cq=32.74 and 33.16). The findings indicate a higher prevalence of
A. cantonensis in the snail population as compared to A. malaysiensis, with prevalence of infection at 33.3% and 3.7% respectively.
Additionally, the mitochondrial Ctyb sequences of A. cantonensis and A. malaysiensis derived from the infected-snails were consistent
with the same haplotypes of both parasite species found in the patient CSF samples (Fig. 4).

4. Discussion

This study reports incidence of human eosinophilic meningitis caused by Angiostrongylus spp. in a local village in Kuchinarai
District, Kalasin Province, Northeastern Thailand. Interestingly, our molecular laboratory investigations revealed evidence of co-
occurrence between A. cantonensis and A. malaysiensis in CSF samples of the patients. People in this region like to consume a tradi-
tional dish called “koi-hoi” containing improperly cooked snails. The consumption of snails containing infective Angiostrongylus L3
larvae is a likely cause of human angiostrongyliasis (Eamsobhana et al., 2009). Alternatively, infection in humans might also be ac-
quired through drinking water or consuming vegetables contaminated with the parasite (Heyneman and Lim, 1967; Tsai et al., 2004;
Howe et al., 2019).

In humans, the common clinical manifestations of neuroangiostrongyliasis are severe headache, nuchal stiffness, nausea, vomiting,
and paresthesia involving the head, body, or extremities (Chotmongkol and Sawanyawisuth, 2002; Wang et al., 2008). In our study,
three of five patients showed DNA evidence of A. cantonensis and A. malaysiensis co-occurrence. The patients developed only few
clinical symptoms, encountering mild to severe headache for a couple of days without nausea, vomiting, or other neurological signs.
Specifically, neurological disorders of nuchal stiffness, convulsion, paresthesia, blurred vision, and squint were absent. However, the
severity of angiostrongyliasis symptoms can depend on the intensity and location of infection, parasite species or strains, and a per-
son’s tolerance level of their immune response (Punyagupta, 1979; Murphy and Johnson, 2013). In Taiwan, the Hualien strain of
A. cantonensis showed lower infectivity; delayed fecundity and poor development in rats, and caused milder pathology and lower
mortality in mice than the Pingtung strain (Lee et al., 2014). Studies have revealed that the lethal effects seen in hosts caused by
A. cantonensis might be reduced due to co-infection with A. malaysiensis via an undefined interaction and pathway. Cross et al. (1979)
showed that the lethal effects due to heavy infection of A. cantonesis (10,000 larvae) were reduced in monkeys that were previously
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Fig. 4. Aligned mitochondrial Cytb sequences of the CSF samples (CSFA_AC, CSFB_AC, CSFC_AC for A. cantonensis, CSFA_AM, CSFB_AM, CSFC_AM
for A. malaysiensis), the L3 isolated from snails (AC_L3 for A. cantonensis and AM_L3 for A. malaysiensis) and NCBI Genbank reference sequences of
haplotypes existed in Thailand (see Dusitsittipon et al., 2017), showing the fixed nucleotide positions.

Table 2
The starting quantity (SQ) of the parasites DNA in CSF samples. Relative ratio is proportion between A. cantonensis (Ac) and A. malaysiensis (Am) in a
CSF sample.

Samples Starting quantity (SQ) in ng/ul Relative ratio of SQa. (%) Relative ratio of SQam (%)
A. cantonensis (SQac) A. malaysiensis (SQam)
CSF-A 3.684 x 1073 1.701 x 1074 95.5 4.5
CSF-B 1.403 x 10°* 5.853 x 107> 70.5 29.5
CSF-C 1.105 x 1072 1.267 x 1073 89.7 10.3
Table 3

Prevalence (%), mean intensity (MI), mean abundance (MA) and range of Angiostrongylus infection (L3) in aquatic snails collected from the outbreak
area in Kalasin Province, Thailand. Data on individual parasite burden is reported in Supplementary Table 1.

Snail species (n) No. of infected snail (%) Prevalence [95% CI] MI [95% CI] MA [95% CI] Range
Pila virescens (48) 18 37.5 [24.8-52.1] 14.8 [6.06-33.3] 5.5 [2.1-13.2] 1 to >100
Pomacea canaliculata (6) - - - _ _

Total (N =54) 18 33.3 [22.1-47.2] 14.8 [5.7-32.4] 4.9 [1.7-11.7] 1 to> 100

exposed to A. malaysiensis, suggesting that A. malaysiensis infection was able to immunize monkeys against the lethal effect of
A. cantonensis challenge. Additionally, low infectivity of definitive hosts and mild pathogenic symptoms in non-permissive hosts have
been observed in A. malaysiensis infection (Lim et al., 1977). Accordingly, we hypothesize that coinfection between A. cantonensis and
A. malaysiensis might lead to a neutral interaction resulting in less severe symptoms, as shown by the three patients that we found with
evidence of both A. cantonensis and A. malaysiensis. Nonetheless, further studies are needed to address whether A. malaysiensis do
indeed cause milder pathology and reduced mortality in humans. Here, our findings present the first evidence of A. malaysiensis
infection in humans, despite many years of suspicion that it could be a zoonotic pathogen.

In our study, a probable diagnosis of human neuroangiostrongyliasis caused by A. cantonensis was based on a combination of a
history of ingesting undercooked aquatic snails and headache as the chief complaint. Laboratory findings detected increased eosin-
ophil numbers in peripheral blood, and CSF helped to confirm the diagnosis. Basic CBC showed a high WBC count with eosinophilia in
the peripheral blood associated with eosinophilic pleocytosis in all CSF specimens. Our results corroborate earlier reports from the
northeastern and central parts of Thailand, showing an average cell count in CSF ranging from 90 to 3244 x 10° cell/pl, eosinophil
count ranging from 10% to 98%, and peripheral blood eosinophils ranging from normal to 42% (Tangwanicharoen et al., 2001;
Kittimongkolma et al., 2007).

Generally, Angiostrongylus spp. larvae are rarely detected in the blood or CSF samples of patients during microscopic examination
(Kuberski et al., 1979). In rare cases, however, Rai et al. (2014) detected larvae in CSF samples. From our qPCR detection assay, we
were able to detect Angiostrongylus DNA in CSF samples, although no larva was recovered in the CSF. Our assay also allowed for the
simultaneous detection of A. cantonensis and A. malaysiensis in all three CSF specimens. The difference in PCR amplicon size was used to
discriminate between the two Angiostrongylus spp. through comparison with positive controls (Fig. 3). The concentration of
A. cantonensis with respect to A. malaysiensis in the CSF and snails was also relatively higher based on our qPCR results. Moreover, our
result showing complete alignment of mitochondrial Cytb sequences (Fig. 4) also clearly indicates that the haplotypes of A. cantonensis
and A. malaysiensis isolated from both patient CFS samples and the infected snails belong to the haplotypes that previously existed in
Thailand (Dusitsittipon et al., 2017).

Our result showed the same specific reactive bands at 31 kDa in all five sera in terms of immunoblot diagnosis. This might reflect
conserved antigens derived from the crude somatic extract of A. cantonensis adults, containing a large complexity of protein com-
ponents present in the “31 kDa band” as 2D-electrophoresis demonstrated earlier (Morassutti et al., 2012). Alternatively, this could
represent cross-reaction against A. malaysiensis antibodies from the co-infections as the two species are closely related in morpho-
logical and genetic aspects (Bhaibulaya, 1979; Eamsobhana et al., 2015; Chan et al., 2020). Further research on developing serological
diagnosis to differentiate between the two Angiostrongylus spp., and assessing potential co-infection will vastly aid in understanding the
epidemiology and clinical manifestations of neuroangiostrongyliasis, particularly in endemic regions.

The prevalence of A. malaysiensis infection in the snails was lower than that of A. cantonensis. Notably, co-infection of the two
Angistrongylus spp. occurred in snails that carried high parasitic abundance (i.e. 65 and > 100 larvae), whereas snails harboring only
A. cantonensis had lower parasitic abundance (1-51 larvae) (Supplementary Table 1). We infer that the A. malaysiensis population in
the study area might be less successful than A. cantonensis, either due to a suitable and more conducive environmental niche for
A. cantonensis or potential competition between the two species. Congruent with our inference, Sawabe and Makiya (1995) discovered
that the infectivity and survival capacities of A. malaysiensis larvae were much lower than A. cantonensis in Biomphalaria glabrata snails.
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Additionally, A. malaysiensis appeared to be more susceptible to environmental extrinsic and host intrinsic factors such as temperature,
desiccation, pH, and proteases in the snail body compared to A. cantonensis (Sawabe and Makiya, 1995). These could potentially
explain the lower prevalence of A. malaysiensis in the snail intermediate hosts from the study area. Recently, Jakkul et al. (2021)
reported an opposite trend from a survey of terrestrial snails in urban public parks of Bangkok, i.e. A. malaysiensis was the dominant
species over A. cantonensis. This may due to differences in geographical distribution and environmental niche between the two places
(peri-domestic habitat with agricultural practices in Kalasin versus urban setting in Bangkok). In addition, different snail intermediate
hosts were investigated in the two studies, i.e. fresh water snails P. virescens (local species) in Kalasin and terrestrial snails Achatina
fulica (invasive species) in Bangkok. Interestingly, this raises further research questions on the potential influence of host species
(either intermediate or definitive hosts) and the role of invasive species on the distribution of A. malaysiensis and A. cantonensis, in the
context of parasite ecology.

5. Conclusions

A. cantonensis and A. malaysiensis are closely related, sharing similarities in morphological characteristics, genetic information, and
life cycle. Despite these similarities, the evidence for zoonotic infection by A. malaysiensis has not yet been clearly revealed. Although
the parasite infection rate in the snails was relatively low for A. malaysiensis compared with A. cantonensis, the importance of zoonotic
A. malaysiensis infection in humans should not be overlooked. The mechanism underlying the occurrence observed is unknown and
more investigations in both intermediate and definitive hosts are needed. In particular, the paucity of information on clinical mani-
festations in patients infected with A. malaysiensis warrants additional data. This study provides the first evidence of A. malaysiensis in
humans and supports the potential of coinfection with both A. cantonensis and A. malaysiensis. This breaking evidence follows many
years of speculation that A. malaysiensis could be a zoonotic pathogen.

Supplementary data to this article can be found online at https://doi.org/10.1016/j.fawpar.2021.e00128.
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