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Background. Angiostrongylus cantonensis (Ac), or the rat lungworm, is a major cause of eosinophilic meningitis. Humans are
infected by ingesting the 3rd stage larvae from primary hosts, snails, and slugs, or paratenic hosts. The currently used molecular test
is a qPCR assay targeting the ITS1 rDNA region (ITS1) of Ac.

Methods. In silico design of a more sensitive qPCR assay was performed based on tandem repeats predicted to be the most
abundant by the RepeatExplorer algorithm. Genomic DNA (gDNA) of Ac were used to determine the analytical sensitivity and spec-
ificity of the best primer/probe combination. This assay was then applied to clinical and environmental samples.

Results.  The limit of detection of the best performing assay, AcanR3990, was 1 fg (the DNA equivalent of 1/100 000 dilution of
a single 3rd stage larvae). Out of 127 CDC archived CSF samples from varied geographic locations, the AcanR3990 qPCR detected
the presence of Ac in 49/49 ITS1 confirmed angiostrongyliasis patients, along with 15/73 samples previously negative by ITS1 qPCR
despite strong clinical suspicion for angiostrongyliasis. Intermediate hosts (gastropods) and an accidental host, a symptomatic horse,
were also tested with similar improvement in detection observed. AcanR3990 qPCR did not cross-react in 5 CSF from patients with
proven neurocysticercosis, toxocariasis, gnathostomiasis, and baylisascariasis. AcanR3990 qPCR failed to amplify genomic DNA
from the other related Angiostrongylus species tested except for Angiostrongylus mackerrasae (Am), a neurotropic species limited to

Australia that would be expected to present with a clinical syndrome indistinguishable from Ac.

Conclusion.
One Health detection method for Ac and Am.
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These results suggest AcanR3990 qPCR assay is highly sensitive and specific with potential wide applicability as a

The nematode Angiostrongylus cantonensis (Ac) is a major
etiologic agent of eosinophilic meningitis in both humans
and animals occurring autochthonously on all inhabited con-
tinents [1-11]. Disease occurs following transmission of Ac
larvae from an intermediate host, a slug or snail, or from one
of the many possible paratenic hosts, to an accidental host [10,
12-16]. The developing larvae attempt to mimic the migra-
tion pathway in the primary host, the rat, wherein they invade
the central nervous system (CNS) leading, most commonly, to
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meningitis with an eosinophilic predominant pleocytosis [13,
17]. Acute symptoms range in severity from mild headache to
coma, but the infection has been generally thought to be a be-
nign, self-resolving process [18, 19]. Recently, there has been
renewed interest in understanding the natural history and en-
vironmental epidemiology of this parasitic infection because of
the increasing evidence of related severe sequelae (eg, cognitive
deficits and death) [20-22].

Molecular techniques have been employed to improve both
clinical diagnosis and environmental sampling. Currently, the
most widely used and sensitive molecular assay is a quantitative
polymerase chain reaction (qQPCR) using primers and a probe
designed to detect a portion of the internal transcribed spacer
region 1 (ITS1) of Ac [23]. Even with this improved diagnostic
method, samples from patients with clinical histories highly
suspicious for Ac meningitis have been found to be negative
by the ITS1 assay. Also, many positive tests by ITS1 qPCR had
cycle numbers near the limit of detection. Thus, there appears
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to be a need for assays with improved analytical and clinical
sensitivity.

RepeatExplorer is a bioinformatic tool previously shown to
identify highly repetitive genomic DNA targets that, when used
as the basis for qPCR assays, has provided improved clinical
sensitivity and specificity as well as analytical sensitivity in a
number of helminth infections [24-26]. Herein, we describe the
development and initial performance evaluation of AcanR3990,
a bioinformatically-informed highly sensitive and specific
target for the identification of Ac DNA in relevant clinical and
environmental samples.

METHODS

In Silico Assay Design

Sequence Read Archivefiles from BioProjects PRINA533181 and
PRJNA350391 were downloaded and fed into a bioinformatic
pipeline to trim, clean, and pair the reads. Then RepeatExplorer1
algorithm was utilized to detect the most often repeated contigs.
[24] The top 13 contigs were analyzed and primer/probe com-
binations were identified using PrimerQuest (Integrated DNA
Technologies Iowa). (Supplementary Table 1) Further eval-
uation focused on 1 primer/probe combination, AcanR3990
(Forward primer: 5-AAACTGTTGCTTTCGAAGCTATG-3’;
reverse primer: 5-GCGCAAATCTGACGTTCTTG-3’; Probe:
5 6-FAM/ACA TGA AAC /ZEN/ACC TCA AAT GTG CTT
CGA /3’ IABKFQ/).

qPCR Performed at the National Institutes of Health (NIH)

AcanR3990 qPCR was performed in a 10 pL reaction using
primers and a probe at the final concentrations of 500 nM and
250 nM, respectively, 1 X TagMan Fast Advanced Master Mix
(ThermoFisher Scientific, Waltham, MA) and 1 pL of extracted
template DNA. A subset of the samples was tested by the NIH
using 5 uL of unaltered CSF as template. Thermocycling (40
cycles) was performed on an ABI Viia 7 with the following cy-
cling conditions: 95 °C for 20 sec followed by 40 °C for 1 sec
and 60 °C for 20 sec. The ITS1 qPCR assay used the previously
described primer/probe combination and reaction conditions
[23].

AcanR3990 qPCR Validation at NIH

Archived Angiostrongylus cantonensis helminths were provided
by the Centers for Disease Control and Prevention (CDC) to
the NIH for use in initial validation studies as were samples pre-
viously tested at the CDC reference laboratory. The set of CSF
samples used for initial validation at NIH included 16 samples
(initially 17 samples, but 1 had degraded in storage). Eight of
these had tested positive by the ITS1 qPCR at CDC, while 5 had
tested negative by the same assay. Three were specificity controls:
1 each from patients with cysticercosis (confirmed by serology),
toxocariasis (confirmed by serology), and gnathostomiasis
(parasitologically confirmed).

Transfer of AcanR3990 qPCR to Laboratories Around the World

In addition to NIH, 4 institutions contributed to this study by
testing the AcanR3990 qPCR on samples at their disposal: CDC
on human CSF samples (n = 111); University of Hawaii on Ac
3rd stage larvae, tissue from 3 gastropods, and various samples
from an equine veterinary case; and University of Sydney and
University of Veterinary and Pharmacaeutical Sciences Brno
on adult worms of 5 other Angiostrongylus species. Because of
the use of different equipment, the 4 laboratories adapted the
AcanR3990 primers and probes to their previously established
methods. DNA extraction techniques and qPCR reaction con-
ditions can be found in Supplementary Table 2.

Analytical Sensitivity Testing

Genomic DNA was extracted from an Ac adult worm isolated
from the pulmonary arteries of a wild rat captured on Hawaii
Island in 2009. The concentration of DNA in the initial ex-
traction was measured by Qubit fluorometry (ThermoFisher
Scientific) and serially 10-fold diluted down to 1 ag/uL. The
AcanR3990 qPCR was performed on descending dilutions to
find the lowest concentration of DNA that was reliably de-
tected. Isolation and quantification of 3rd stage larvae from
P. martensii was performed via previously published protocol.
[27] Genomic DNA was extracted using the Qiagen Dneasy an-
imal tissue protocol, per manufacturer’s instructions. Final elu-

tion volume was 100 uL.

Statistical Analyses

For the purpose of conveniently comparing the performance
of ITS1 qPCR vs AcanR3990 qPCR, an agreement table was
created in which ITS1 qPCR was assumed to be the gold
standard. Under this assumption, the relative sensitivity was
calculated as the number of samples amplified by both ITSI
qPCR and AcanR3990 qPCR divided by the number amplified
by ITS1 qPCR alone. The relative specificity was calculated as
the number of samples not amplified by both ITS1 qPCR and
AcanR3990 qPCR divided by the number not amplified by ITS1
qPCR alone.

RESULTS

The RepeatExplorer algorithm performed on Sequence Read
Archive (SRA) data from genomic sequencing of Ac provided
information on repetitive sequences within the Ac genome of
which the 13 most repeated sequences were chosen to eval-
uate for assay design (Figure 1A, Supplementary Table 1) with
the readout for contig 3990 depicted in Figure 1B. AcanR3990
comes from a region of satellite DNA predicted to be highly re-
petitive, although the exact nature and location of the repetitive
element cannot be determined from the current Ac genome as-
sembly. As can be seen, within this 584 bp contig, there are 2
exact repeats of 107 bases separated by an additional target re-
gion. Thus, based on the primer/probe system in the context of
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Figure 1. AcanR3990 design and initial evaluation. RepeatExplorer algorithm used on National Center for Biotechnology Information Sequence Read Archive files from the

Angiostrongylus cantonensis (Ac) genomes (Panel A) identified highly repeated target sequences. Panel B shows the repetitive sequence contig 3990 with the primer/probe
sequences highlighted. Limits of detection of qPCR assay based on AcanR3990 (red) and ITS1 (blue) (Panel C). gPCR data from increasing numbers of Ac 3rd stage larvae
in head to head comparison of AcanR3990 (red) and ITS1 (blue) (Panel D). Nonstandard Abbreviations: A. cantonensis, Angiostrongylus cantonensis; Ac, Angiostrongylus
cantonensis; CDC, Centers for Disease Control and Prevnetion; Ct, cycle threshold; gDNA, genomic DNA; ITS1, internal transcribed spacer region 1; NGS, next generation

sequencing; qPCR, quantitative polymerase chain reaction.

the above repeats, detection is further augmented by multimer
amplification. Moreover, the AcanR3990 repeat sequence was
only found in Ac and not in other related Angiostrongylus sp.
available in either GenBank or in Wormbase Parasite.

The initial primer/probe screen suggested the assay targeting
contig 3990 (thus AcanR3990 qPCR) would perform the best
with an analytical sensitivity of ~1 fg. In comparison, ITS1
qPCR had an analytical sensitivity of ~100 fg, making the
AcanR3990 qPCR ~100 times more sensitive when assessed by
Ac genomic DNA dilution series (Figure 1C). At any given Ac
gDNA dilution, the AcanR3990 qPCR detected a specific gDNA
concentration at consistently lower Ct values than did ITS1
qPCR. A similar increase in sensitivity afforded by AcanR3990
could be seen when the assay was used to detect increasing
numbers of Ac 3rd stage larvae. For any given number of larvae
there was a Ct difference of ~10 between the Ct for the target of
AcanR3990 and that of ITS1 (~1000-fold increase in sensitivity
by cycle time as calculated by 2(C1TS!-CtAanRI%0); Bigyre 1D),

The analytical specificity of AcanR3990 was next evalu-
ated. Using genomic DNA from Angiostrongylus chabaudi,
Angiostrongylus  costaricensis, Angiostrongylus daskalovi, and
Angiostrongylus vasorum (see Supplementary Table 2), there
was no amplification of any of these closely related species using

AcanR3990. When gDNA of Angiostrongylus mackerrasae
(Am) was tested by qPCR, both AcanR3990- and ITS1-based
assays were positive for this species. Archived human CSF sam-
ples from patients known to be infected by Gnathostoma sp.,
Toxocara sp., Taenia solium, and Baylisascaris sp. were all neg-
ative by the AcanR3990 qPCR (Figure 2) as well as by the ITS1
qPCR. Thus, the relative specificity for AcanR3990 was 100%.
To test the utility of the AcanR3990 qPCR in detection
of Ac DNA in human CSF samples, 127 archived CSF sam-
ples previously sent to the CDC for diagnostic evaluation
of eosinophilic meningitis were assessed using AcanR3990.
Previously, 49/127 were found to be positive using the
ITS1 qPCR. The AcanR3990 qPCR yielded positive re-
sults in each of the 49 cases previously identified, resulting
in a relative sensitivity of 100%. In line with the improved
analytical sensitivity, the AcanR3990 qPCR found 15 ad-
ditional samples positive (Table 1). The 15 additional pos-
itive samples were collected from 14 patients, of which at
least 12 had clinical and epidemiologic histories consistent
with angiostrongyliasis. Interestingly, CSF from 3 patients
(2000-1, 2010-5, and 2010-6) were found to be positive for
AcanR3990 at first lumbar puncture (4-10 days after onset of
symptoms), whereas those samples were negative for ITSI.
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Figure 2. Assessment for cross-reactivity of AcanR3990. Ct values are shown as obtained by AcanR3990 against genomic DNA from other Angiostrongylus species and
cerebrospinal fluid samples from cerebral infections caused by other parasites. Angiostrongylus mackerasae and Angiostrongylus cantonensis genomic DNA were tested by

both AcanR3990 and ITS1 for comparison. Abbreviations: Ct, cycle threshold; sp, species.

The AcanR3990 qPCR yielded positive results on all CSF col-
lected throughout the illness from these 3 patients as well as
from patient 2000-2, whereas ITS1 qPCR results were only
intermittently positive (Table 1). Additionally, on a smaller
subset of the above samples, testing unprocessed CSF and
DNA extracted from CSF by the AcanR3990 qPCR returned
similar results. (Supplementary Figure 1).

Testing of Ac-infected gastropods by both ITS1 and
AcanR3990 qPCR showed a ~10-fold improvement in Ct values,
respectively, as seen for 2 samples from Parmarion martensi and
1 from Achatina fulica (Figure 3A).

Tissue and blood samples from a Hawaiian horse with clin-
ical disease consistent with Ac infection were tested for the
presence of Ac DNA (Figure 3B). While the ITS1-based qPCR

failed to amplify Ac DNA in each of the listed samples except
cerebellum, AcanR3990 qPCR successfully identified Ac DNA
in CSE, cerebellum, cerebrum, and blood (Figure 3B).

DISCUSSION

The expansion of high-quality genomic next generation
sequencing (NGS) data available for analysis has greatly bene-
fited the field of molecular diagnostics by allowing a priori
selection of potentially highly sensitive assay targets based
on an understanding of the intrinsic properties of gPCR. The
study presented herein adds to the accumulating evidence
of the robustness of using highly repetitive sequences de-
rived from NGS data to develop bioinformatically informed
qPCR assays.
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Figure 3. Ct values of gastropod and veterinary samples tested by AcanR3990 and ITS1. Panel A shows Ct values from field-collected gastropod tissue as part of
environmental sampling for Ac tested by AcanR3990 (red) and ITS1(blue) gPCR. Panel B shows results of testing various samples from a horse suspected of having

neuroangiostrongyliasis by AcanR3990 (red) and ITS1(blue) gPCR.

The AcanR3990 repeated sequence appears largely to be
tandemly arrayed within the genome. While it is impossible to
determine with accuracy the number of times this contig is re-
peated due to the fundamentals of the RepeatExplorer algorithm,
the abundance can be estimated at 1.3% of the Ac genome by
considering the contig length, depth of coverage, and total size of
Ac genome. The AcanR3990 qPCR described here provides im-
proved diagnostic sensitivity when compared to the ITS1 gPCR
without any loss of species-specificity. The predicted improve-
ment in sensitivity was supported by a screen of CSF samples
from patients with suspected angiostrongyliasis wherein 21% of
CSF samples reported as negative by ITS1 qPCR were found to be
positive by AcanR3990 qPCR. The CSF results also suggest that
AcanR3990 qPCR will become positive sooner and remain more
consistently positive during the course of infection [28]. A no-
table result is the CSF sample positive by AcanR3990 qPCR from
patient A that is the first documented autochthonous human
case of Ac in Florida, confirming the risk of human infection
suggested by previous environmental studies of Ac transmission
in primary hosts[2, 8] and in a clinical case in a zoo-kept primate
[29]. The collected clinical data also suggest that AcanR3990 can
be positive in the absence of CSF eosinophilia (Table 1, patient
2000-1), which highlights absence of CSF eosinophilia is not suf-
ficiently sensitive to exclude angiostrongyliasis given the appro-
priate clinical presentation and exposure history [28].

These data suggest that AcanR3990 qPCR is a method potentially
well suited to One Health approaches given the improved sensitivity
for detection of Ac infection. Epidemiologic and environmental
surveys could benefit from improved molecular assays (Figure 3)
wherein the scale of intermediate and accidental host involvement
might have been underestimated previously. Examples of improved
understanding of the epidemiology of a helminth infection brought

about by a RepeatExplorer-based qPCR design exist in the litera-
ture already for soil-transmitted helminthes [25, 30]. Furthermore,
drawing on the veterinary data, the positive blood sample from the
infected horse (Figure 3B) suggests that it may be possible to detect
DNA in the blood of Ac-infected individuals. Thus, the potential for
a laboratory diagnosis of angiostrongyliasis without the need for a
lumbar puncture warrants further investigation. Indeed, laboratory
infection of wild caught rats has shown that Ac DNA can be detected
in the blood by PCR at specific times during the infection cycle, in-
cluding at stages prior to the migration of adult worms to the pulmo-
nary vasculature [31]. Also, the AcanR3990 qPCR performed equally
well using unprocessed CSF (ie, no DNA extraction; Supplemental
Figure 1) in comparison to standard DNA extraction techniques.
These data suggest that faster processing and therefore shorter turna-
round time may be achievable.

This study is limited by the relatively small number of human
and veterinary clinical cases. Also, the full clinical history of
each case tested for ITS1 and AcanR3990 is unknown, and so
we are unable to independently assess the clinical likelihood of
Ac infection. Thus, the diagnostic sensitivity of the AcanR3990
could not be determined in this study. The diagnostic specificity
is likely to be high since no cross-reactivity was detected, with
the exception of Am. The fact that Am was detected by both
AcanR3990 qPCR and ITS1 qPCR suggests that these 2 species
are phylogenetically similar; the genomic characterization of
Am is ongoing and will be required to understand the interre-
lationship between Ac and Am [32]. Most recently, the analysis
of the mitochondrial genome suggests Am is a species distinct
from Ac [32]. Regardless of the relationship between the 2 spe-
cies, differentiation of Ac and Am would not be likely to lead to
differences in clinical management of human or animal cases
(although Am has never been proven as a cause of human
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infection). Epidemiological surveys would be affected only in
the narrow geographic range of Am (Australia). Additional spe-
cies such as Angiostrongylus malaysiensis (another neurotropic
Angiostrongylus sp.) should be further evaluated.

Despite these limitations, the data suggest that AcanR3990 is
a highly specific and sensitive assay for diagnosis of Ac infection
(and Am where the geographic range overlaps). The successful
application of the assay using various reaction conditions in the
different laboratories participating in this study indicates that the
assay is robust and transferable to the laboratories around the
world interested in Ac infection.

Supplementary Data

Supplementary materials are available at Clinical Infectious Diseases on-
line. Consisting of data provided by the authors to benefit the reader,
the posted materials are not copyedited and are the sole responsibility
of the authors, so questions or comments should be addressed to the
corresponding author.
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