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Transgenic hookworm secretes anti-
tetrodotoxin human single chain antibody

Kumar Sachin Singh1,14, Suman Bharti 1,14, Bruce A. Rosa 1,14,
Mahdiyeh Bigham1, Samuel C. Uzoechi1, Young-Jun Choi1, John C. Martin1,
Danielle Kemper2, Slavica Pavlovic Djuranovic2,3, Darren A. Pickering 4,
Rachael Ryan 4, Bethany K. Bracken5, Maria Elena Bottazzi 6, Eric C. Carnes7,
Wannaporn Ittiprasert8, Matthew Moyle4, Paul J. Brindley 8, Alex Loukas4,9,
Sergej Djuranovic 2,10,11 & Makedonka Mitreva 1,12,13

Biologics, protein- and peptide-based drugs derived from living organisms or
cell lines have emerged as effective therapies across a broad range of indica-
tions. However, parenteral administration and the need for frequent dosing
increase costs and limit compliance, creating an urgent need for innovative
platforms capable of continuously, safely, and efficiently delivering sustained
biologics in situ within the host. Here, we describe a bioengineered hookworm
platform to manufacture and deliver biologic therapeutics in vivo. As proof of
concept, we engineer the Ancylostoma ceylanicum secretome by inserting a
human single-chain variable fragment antibody (s16-HuScFv) into its genome.
Transgene expression does not perturb surrounding gene expression, and
heritable transgenesis is confirmed. The s16-HuScFv transgene product is
secreted into host circulation and partially neutralizes tetrodotoxin. Given the
availability of controlled human infections, our disease-agnostic bioengineered
hookworm platform offers a next-generation approach to address a suite of
chronic human diseases, and with a single-dose administration, could poten-
tially produce and deliver biologic medicines within the human host for years.

Parenteral administration delivers medications and biologics directly
into the body, bypassing the gastrointestinal (GI) tract to ensure rapid
and effective absorption. Conventional methods (such as intravenous,
subcutaneous, intramuscular, and intradermal injections) are used for
therapies requiring precise dosing or fast onset. However, novel

delivery systems are being developed to improve the efficiency, sta-
bility, and targeting of biologics, with growing interest in biological
organisms, e.g., parasite-based delivery of genes and proteins to
neurons1. Similarly, hookworms can be explored as an innovative
pharmaceutical biofactory platform for both drug production and
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direct delivery to the human gut2. Hookworms have evolved to survive
for years within the human host while minimally disrupting host
homeostasis3, and controlled human infections with hookworms are
safe and well-tolerated in clinical settings4–6, bolstering their potential
for utility as pharmaceutical biofactories2. This opens an alternative
approach for in vivo constitutive hookworm-based therapeutic deliv-
ery, and given that different helminths occupy diverse tissue niches,
defined helminth species can deliver transgene-derived products to
specific organs and tissues.

The development of tools for functional genomics in parasitic
nematodes has faced significant challenges. RNA interference (RNAi),
one of the primary tools for gene knockdown, has shown variable
efficacy and is limited to only a few parasitic nematode species7,8.
Clustered Regularly Interspaced Short Palindromic Repeats/ CRISPR-
associated proteins (CRISPR/Cas9), a revolutionary technology for
genome editing, has been adapted for use in a small number of para-
sitic nematodes, prominently Strongyloides stercoralis and S. ratti (e.g.,
ref. 9). In such cases, microinjection protocols developed for the free-
living Caenorhabditis elegans were used due to the ability of these
parasitic nematode species to complete the whole life cycle outside of
the mammalian host9. A single report used a piggyBac-mediated
transfection system for CRISPR-based insertion and resulted in a ~3%
transfection rate for the microfilariae stage of Brugia malayi, making
screening of transgenic adults difficult after completing the life cycle10.
This approach may also lead to multi-copy insertions. Because of the
complexities of the life cycles of parasitic nematodes, coupled with
their large, complex, and poorly annotated and characterized gen-
omes, CRISPR/Cas-based programmed knock-out (KO) and knock-in
(KI) transgenesis has not been achieved in many species. Significant
hurdles include a lack of identified genomic safe harbors (GSHs, spe-
cific loci in the genomewhere introducedDNA can be insertedwithout
disrupting vital genes or regulatory elements11) that can facilitate tar-
geted transgene insertion, which is challenging given the lack of data
on the availability and accessibility of chromatin in these organisms.
Moreover, due to the thick cuticle of parasitic nematodes (compared
to C. elegans), which protects the worm from the host’s immune sys-
tem and environmental stress, more effective delivery methods to
facilitate transfection need to be identified to evaluate CRISPR/
Cas9 systems that can function reliably in a variety of nematode
species12. Additional obstacles for pharmaceutical biofactory devel-
opment include limited germ-line access forheritable transgenesis and
the substantial knowledge gap around parasitic nematode secretion
systems. As a first step towards developing hookworms as living
pharmaceutical factories capable of producing and delivering ther-
apeutic proteins directly inside the host, a gain-of-function transgen-
esis protocol must be established to enable stable expression of
therapeutic transgenes within the hookworm’s genome.

Here, we report on methodological, technical, and conceptual
advances, demonstrating successful bioengineering of a human
hookworm, Ancylostoma ceylanicum, to produce and secrete a human
single-chain antibody, s16-HuScFv, that neutralizes tetrodotoxin
(TTX)13. We first identify and prioritize two GSHs and confirm suc-
cessful chromosomal cleavage at CRISPR-targeted sites in the hook-
worm genome using next-generation sequencing. Next, we perform
CRISPR-programmed knock-in of the s16-HuScFv transgene into one of
the GSHs in the genome of the egg stage of A. ceylanicum. To confirm
successful transgenesis, a lack of disruption in surrounding gene
expression, and transmission through the life cycle, we present results
from genomic sequencing, qRT-PCR, and RNA-seq analysis. Finally, we
demonstrate TTXneutralizationmediatedby circulating s16-HuScFv in
the blood of hamsters infected with the transgenic hookworms. This
advancement represents a critical step towards the development of a
transgenic human hookworm pharmaceutical biofactory platform
with the potential to continuously, safely, and effectively deliver bio-
logics in situ within patients2.

Results
Identification, prioritization, and experimental validation of
Genome Safe Harbor (GSH) regions
At the outset, we identified GSH regions and prioritized two (GSH1 and
GSH2) for insertion of the s16-HuScFv transgene cassette and other
corresponding construct elements (Figs. 1a, b) in the hookworm gen-
ome, based on results from a multi-omics driven approach utilizing
available A. ceylanicum data (see Methods). Putative 5’ upstream pro-
moter sequences associated with genes highly expressed across the A.
ceylanicum life cycle (19 RNA-seq datasets14,15) were identified using
STREME16. This analysis utilized a database of functional annotations,
RNAseq based gene expression14,15 and mass spectrometry-derived
excretory/secretory protein (ESP) proteomics data17 for all 18,776
genes encoded in the A. ceylanicum genome (Supplementary Data 1;
Supplementary Fig. 1). Twogeneswere identifiedwith high expression,
evidence of protein secretion, and putative promoter sequences
associated with the top 1% (GSH1) or the top 2% (GSH2) of expressed
genes, as detailed below. This approach was utilized to identify genes
that are consistently accessible across the life cycle, associated with
upstream promoter sequences resulting in high gene expression and
putatively secreted from secretory tissues contributing to ESPs.

For the first putative GSH, we identified an enriched sequence
motif among the 5’ upstream regions of the top 1% of all expressed A.
ceylanicum genes across the life cycle (CACTCGTAA; P =0.0016;
STREME16 binomial distribution test; Supplementary Data 2),
annotated18 as a ceh-22 binding motif (P = 0.0026). Among genes with
this motif, we prioritized ACEY_000382, a protein disulfide-isomerase
that is more highly expressed than 99.83% of all A. ceylanicum genes,
contains a signal peptide for secretion19, is orthologous to a highly
abundant ESP in A. caninum and Necator americanus hookworms20,21,
and was detected in the ESPs of male (25 peptides) and female (21
peptides) adult A. ceylanicum17. A protein disulfide-isomerase was also
among the most abundant proteins in the secretomes of Schistosoma
mansoni22 and S. japonicum23, and in the root knot nematode Meloi-
dogyne graminicola24, one is secreted from the esophageal gland,
where it likely interacts with host extracellular matrix components22.
ACEY_000382 isflankedby several other highly expressed genes across
the life cycle, with the running average of expression level for five
consecutive genes being the second highest in the genome (Supple-
mentary Fig. 2a). The first prioritized genomic sequence for gRNA
design was the intergenic region more than 1,346 bp upstream of
ACEY_000382, to avoid potentially interrupting any putative promoter
regions. We termed this region “GSH1”.

The same approachwas used for the secondGSHusing the top 2%
of all expressed genes, identifying a 62 bp palindromicmotif sequence
associated with the top-enriched16 fkh-2 motif18,25 (GGTAAACGTGTT-
TACGCCCGTGTTAACGATGGGTAAATTTGTGTGGTGTAAACACGT-
TTACC; Supplementary Fig. 1a; See methods). Among the genes with
this upstream motif, we prioritized ACEY_002225 (Immunogenic pro-
tein 3) which is expressed more highly than 97.8% of all A. ceylanicum
genes (Fig. 1c), contains a signal peptide for secretion, is an ortholog of
an ESP inA. caninum, andwasdetected in the ESPs ofmale (6 peptides)
and female (8 peptides) adult A. ceylanicum17 (Supplementary Fig. 1b).
ACEY_002225, on contig13, is surrounded by several other highly
expressed genes (with the highest running average on the contig;
Supplementary Fig. 2b). The second prioritized genomic sequence
used to design gRNA sequences was the intergenic region more than
1591 bp upstream of ACEY_002225 (Fig. 1d; Supplementary Fig. 1c). We
avoided the first 1591 bp, aiming not to interrupt any of the putative
enrichedpromoter sequences (provided in SupplementaryData 3).We
termed this region “GSH2”.

BothGSH regions, surroundedbyhighly expressedgenes over the
life cycle, offer advantages for targeted gene insertion. These regions
exhibit high transcriptional activity, which reduces the risk of trans-
gene silencing, ensuring that transgenes remain active and express
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their cargo proteins consistently over time and that surrounding
chromatin is open and accessible for efficient transgene integration.
For each set of five genes per GSH in A. ceylanicum (two upstream, the
GSH target gene, two downstream), the human hookworm N.

americanus orthologs were all reciprocal BLAST hits (i.e., the same
protein pair was identified when searching from A. ceylanicum to N.
americanus, and from N. americanus to A. ceylanicum), and they were
also in sequential order on the N. americanus genome assembly, with
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Fig. 1 | Graphical representation of the double stranded donor construct and
the genome safe harbor (GSH2) region. GSH2 was identified upstream of the
prioritized target gene maker-ANCCEYDFT_Contig13-pred_gff_snap-gene-4.9 /
ACEY_002225. a Structural domains of the s16-HuScFv protein, as defined in Chu-
lanetra et al, 201213. Individual immunoglobulin frameworks (FRs) and
complementarity-determining regions (CDRs) are indicated for the Variable Heavy
(VH) and Variable Light (VL) components of s16-HuScFv, bound by a linker
sequence. b The genetic components of the double-stranded donor construct and
its insertion into the A. ceylanicum genome at the GSH region of the
“ANCCEYDFT_contig13” contig. The construct was engineered by cloning the human
single-chain antibody fragment (s16-HuScFv) into pCDNA3.1(+) backbone (at NotI
restriction site), with a CMVpromoter, a polyhistidine (HIS) tag, and bovine growth
hormone polyadenylation termination sequence (bGH/poly(A)). The donor con-
struct was flanked at its termini with homology arms of ~600bp each (HA). The
positions of the s16-HuScFv Variable Heavy (VH) and Variable Light (VL) chain

regions and the linker sequence are shown ingreen. The left homology arm (LHA) is
situated at the position of two overlapping single guide RNAs (sgRNAs), sgRNA 1
(ranked 5th by CHOPCHOP) and sgRNA 2 (ranked 13th). The terminal residues of
sgRNA sequences are the CGG protospacer adjacent motif. c The average gene
expression level of ACEY_002225 (log-scale FPKM) across the A. ceylanicum life
cycle, including larval (L3, L4) and adult stages. The dashed red line indicates the
average expression level of all genes across all stages. d The gene expression levels
of genes across the GSH region on the ANCCEYDFT_Contig13 contig of the genome
assembly. X-axis positions indicate gene coordinates, and Y-axis values represent
gene expression levels. The prioritized target gene ACEY_002225 is indicated in
blue; the dashed red line indicates the average expression level of all genes across
all stages. The purple shaded area running vertically up the plot indicates the target
“GSH2” region. There is 12,966 bp of sequence preceding the target gene on the
genome assembly. Source data are provided as a Source Data file.
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the same strand orientations relative to the GSH target gene ortholog.
The orthologs of the two target genes are also highly abundant in the
adult N. americanus ESP proteome26, suggesting utility across hook-
worm species. The orthologous GSH2 sequence from the N. amer-
icanus genome assembly (PRJNA72135.WBPS18) is provided in
Supplementary Note 1, and all BLAST results for all genes are provided
in Supplementary Data 1.

For both GSH1 and GSH2, CRISPR/Cas9 chromosomal cleavage
was compared using combinations of two and three overlapping
gRNAs, with ribonuclear protein-sgRNA complexes (RNPs) delivered
by electroporation (Bio-RadGene Pulser) or by lipofection. The gRNAs
were identified using CHOPCHOP27; two or more overlapping gRNAs
were used, based on previous success with overlapping gRNAs per-
forming better compared to a single gRNA in other helminth species,
including Schistosoma mansoni28,29. Sequences of the four sets of
overlapping gRNAs are provided in Supplementary Note 2, and their
positions in the GSH sequences are detailed in Supplementary Note 3.
A targeted amplicon sequencing approach was used to quantify pro-
grammed CRISPR/Cas9 chromosomal cleavage, i.e., sequence mod-
ification events at the predicted cleavage position (primer sequences
provided in Supplementary Note 4). We estimated the editing effi-
ciencies by comparing the rate of deletions between the treatment and
the control group. Following electroporation of the 12,934,578
hookworm-derived reads from GSH1, 0.04332% showed GSH1 dele-
tions, compared to 0.00371% for control hookworms, representing an
11.7-fold increase in deletion rate. Likewise, for GSH2, of the 20,913,410
reads sequenced from electroporated hookworms, 0.09598% showed
GSH2 deletions, compared to 0.00683% of the 6,487,031 reads from
control, representing a 14.1-fold increase in the deletion rate compared
to control and a 2.2-fold increase compared to GSH1. The distribution
of deletion lengths and sequence alignments showed one consistent
56 bp deletion spanning 34 bp upstream and 22bp of the GSH1 clea-
vage site, flanked by nucleotides ATT (Supplementary Fig. 3a; Sup-
plementary Note 5a), indicative of possible CRISPR-induced
microhomology-mediated end joining (MMEJ)30. In contrast, target-
ing of GSH2 induced a range of small deletions ranging from 1–13 bp as
expected following programmed CRISPR cleavage and resolution of
the chromosomal lesion by non-homologous end joining. Notably, a
consistent 35 bp deletion represented ~15% of all indels observed that
spanned the programmed cleavage site (Supplementary Fig. 3b; Sup-
plementary Note 5b).

Accordingly, in the downstream investigation, we targeted GSH2
(rather than GSH1) with our RNPs, based on the increased number of
deletions and the conformity of CRISPR indel size distribution. To
target GSH2 in A. ceylanicum adults, we used lipofection-based trans-
fection based on a protocol for lipofection of larval Brugia malayi
(lymphatic filarial worm31; see Methods). Lipofection encapsulates the
RNP complex, so we considered that it may protect the RNP complex
from secreted hydrolases, while providing all the CRISPR components
together to the localized cells. However, of the 7,504,603 reads
sequenced from the transfected adult A. ceylanicum, only 0.00556%
showed GSH2 deletions, which was not an improvement compared to
the control.

Collectively, these data validated that (1) the GSH2 locus as a
highly accessible region for CRISPR-mediated editing in A. ceylanicum,
and (2) electroporation outperformed lipofection in the delivery of
RNP mediated CRISPR gene editing at GSH2.

Recombinant s16-HuScFv mixed with hookworm ESPs
neutralizes TTX
Hookworms evolved a sophisticated secretory system that delivers
>800 proteins17. To assess feasibility of the approach, we first eval-
uated potentially negative impacts of native ESP, which includes
numerousproteases17, on recombinant anti-tetrodotoxin humansingle
chain antibody fragment (s16-HuScFv13; purity of 95% by SDS-page;

Supplementary Fig. 4). This assessment used a nerve cell based assay
where osmotic cell lysis is used to quantify TTX binding to ion
channels13 (see Methods and schematic for all testing in Supplemen-
tary Fig. 5). As shown in Fig. 2, the recombinant s16-HuScFv, when
incubated with 200 nMTTX before in vitro exposure to Neura-2a cells,
significantly neutralizes TTX in a dose-dependentmanner (P = 1.0 × 10-3

for neutralization difference between 700 nM and 3500 nM of s16-
HuScFv; ANOVAwith TukeyHSDpost-hoc comparisons). Thepresence
of 0.5 µg/ml hookworm ESPs (see Methods) at both s16-HuScFv con-
centrations did not significantly reduce s16-HuScFv neutralization
activity at either concentration (P =0.90 at 700 nM and P = 1.0 at
3500 nM), and the dose-dependence of s16-HuScFv activity was
maintained in the presence of the hookworm ESPs (P = 3.2 × 10-4).
Additionally, fluorescence signals did not change after as little as
6 hours, up to 72 hours (Supplementary Fig. 6). Overall, these results
demonstrated that the presence of hookworm ESPs did not interfere
with the ability of s16-HuScFv to neutralize TTX in a dose-dependent
manner, even over an extended period.

Engineering and delivery of transgene construct encoding s16-
HuScFv
Our goal was to bioengineer a hookworm to produce and secrete a
model antibody, anti-tetrodotoxin human single-chain variable frag-
ment antibody s16-HuScFv13. The s16-HuScFv transgene had VH and VL
sequences linked into DNA sequences coding for human single-chain
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Fig. 2 | In vitro neutralization of TTX by recombinant s16-HuScFv antibody
fragments in the presence of hookworm excreted/secreted products (ESPs).
TTX neutralization was measured by osmotic lysis of Neura-2a cells by the ion-
channel mediators veratridine (V; 0.2mM) and ouabain (O; 0.4mM) using the
PromegaCellToxGreen Cytotoxicity Assay for up to 72 hours. TTX neutralization is
quantified between 0% (V+O+TTX, with no ScFv, red) and 100% (V+O, with no
TTX, grey) based on relative fluorescence units, adjusted for dilution factors. Bars
represent the standard deviation of themeanbased on three replicates per sample.
Samples included s16-HuScFv at 700nM and 3,500 nM (green), with and without
0.5 µg/mL hookworm excretory/secretory proteins (ESPs; yellow) in the reaction. A
one-way ANOVA was performed to compare the s16-HuScFv groups (n = 3 per
group, degrees of freedom=3 between and 6 within; F-statistic=17.5, P = 2.7 × 10-5,
effect size=0.766, Cohen’s f = 1.81), with Tukey’s HSD applied for post-hoc com-
parisons. The two technical control samples defining 0% and 100% neutralization
for the assaywere excluded from the ANOVA. Source data are provided as a Source
Data file.

Article https://doi.org/10.1038/s41467-026-73447-9

Nature Communications |         (2026) 17:4691 4

www.nature.com/naturecommunications


variable fragments (HuScFv) using a polynucleotide linker (G4S)3 and a
C-terminal hexa-histidinemotif (Fig. 1a, b). The assemblyof thedouble-
stranded donor construct was based on reports of successful use of
individual components in previous studies and on new empirical data.
To ensure s16-HuScFv secretion from the hookworm to its environ-
ment, we identified signal peptides for secretion to be tested, based on
seven prioritized genes (Supplementary Fig. 7a): (i) Ancylostoma
caninum ASP-2, a highly secreted protein from hookworms A.
caninum32 andN. americanus33 in the literature, (ii) proteins with signal
peptides that were among the top 25%most abundant ESPs in adult A.
ceylanicum17, the top 10% most highly expressed across the A. ceyla-
nicum life cycle14, and those without detectable expression in the
intestine of adult male A. ceylanicum34. This last criterion ensured that
secretion is not primarily into the worm’s intestine, where digestion of
the host blood meal occurs, but rather directly outside of the worm
into the host milieu. The five signal peptide sequences that were
selected for experimental evaluation included: An ASP-1 ortholog
(ACEY_09708-1), and AP-1 (ACEY_09599-1), an anti-coagulant protein
that targets host coagulation factors35; and (iii) the signal peptides
from the proteins corresponding to the twoGSH target genes from the
analysis presented above. Experimental validation was performed by
western blot detection of transgenic GFP protein in HEK 293 T cell
supernatant and adult hookworm ESPs (Supplementary Fig. 7b; see
Methods). The ASP-1 signal peptide resulted in the highest transgenic
protein detection in both HEK 293 T cell supernatant and in ESP col-
lected fromelectroporated adultA. ceylanicumworms. Based on these
results, the ASP-1 signal peptide sequence was used to direct the
antibody into the hookworm secretory pathway. Furthermore, to
facilitate optimal protein synthesis of the transgene-encoded anti-
body, we modified the translation initiation site by insertion of two
extra residues (Lys-Ile) at amino positions 3 and 4 of the signal peptide
sequence (MVKITYNIAFFVLLAASSSVVT), amodificationdemonstrated
to improve protein synthesis36. This transgene expression cassette
(NH2-ASP1 Signal-s16VH-(G4S)3 Linker-s16VL-HisTag-COOH; Fig. 1b)
was included in the configurable chassis for CRISPR/Cas catalyzed
insertion into the germline of A. ceylanicum.

The synthetic plasmid transgene construct also included the
commonly-used human cytomegalovirus (CMV) promoter sequence
that has been shown to produce robust gene expression and protein
production in other helminths, including the model nematode
organism C. elegans37, the tapeworm Taenia crassiceps38 and the blood
fluke S. mansoni39. In the absence of a well-annotated and experi-
mentally validated endogenousA. ceylanicumpromoter, weplaced the
CMV promoter sequence before the s16-HuScFv to drive the transgene
expression. Likewise, the commonly used bGH/poly(A)40 terminator
sequence was also placed after the transgene to terminate transcrip-
tion. Finally, the construct also included 600bp left homology and
right homology arms (HAs) that are specific for homology-directed
repair following programmed CRISPR cleavage at GSH2. Complete A.
ceylanicumGSH2 genomic sequences, including indications of HA and
guide RNA sequences, are provided in Supplementary Note 3. The
transgene chassis (i.e., donor DNA template, Fig. 1b) was delivered as
linearized, double-stranded DNA, 3.2 kb in length (Supplementary
Fig. 8). Linearized DNA (as opposed to circular plasmid DNA) and long
600bp HAs were used based on our CRISPR-based transgene KI in S.
mansoni28,29.

Since transgenesis has yet to be reported in hookworms12, to
identify optimal electroporation-based transgene delivery to the gen-
ome of A. ceylanicum eggs, we compared the performance of 24 dif-
ferent preprogrammed protocols of the Neon electroporation
system41. The evaluated electroporation conditions for the integration
of DNA into in vitro-laid A. ceylanicum eggs included varying pulse
number, pulse voltage, and pulse width (time in milliseconds)41.
Transgene integration was confirmed by PCR using a transgenic for-
ward primer and downstream genomic reverse primer, and yielded

amplicons of the expected size of ~350 bp for conditions 12, 13, 14, 17
and 18 (Supplementary Fig. 9a). These results were confirmed with a
duplicate round of validation for conditions 12-14 and 17-18 (Supple-
mentary Fig. 9b), after which conditions 12 and 13 were further vali-
dated by PCR using two different sets of primers (Supplementary
Fig. 9c; Supplementary Note 6), resulting in the amplicons of the
expected size targets of 850 and 550bp for protocol 13 (seeMethods)
Accordingly, we deployed protocol 13 for transgene delivery in
downstream studies.

Our findings demonstrated that successful and robust transgene
delivery in immature eggs of A. ceylanicum was achieved with elec-
troporation and Neon protocol 13 (1100 volts, 20 milliseconds, 2 pul-
ses); confirmed through PCR validation and repeatable amplification
of target sequences.While we used in vitro laid eggs from adult female
worms in culture medium for identification of the Neon electropora-
tion protocol 13 for delivery of the transgene construct, these imma-
ture eggs are collected in low numbers and are more fragile and less
likely to develop into infective larvae. Therefore, mature eggs recov-
ered from hamster feces were used for all other subsequent experi-
ments, as many survive and develop rapidly into infective L3s. For
visualization of A. ceylanicum egg development progression, we iso-
lated immature eggs from the hamster intestine to observe the early
stages of embryogenesis (Supplementary Fig. 10a, b), relative to the
mature eggs collected from the feces (Supplementary Fig. 10c and d).

Transgenesis and vertical transmission of s16-HuScFv in
hookworms
F0 wild-type mature eggs were transfected (Fig. 3a) using the Neon
electroporation protocol 13 with Cas9/RNP1/RNP2/s16-HuScFv con-
struct donor DNA deployed with two overlapping gRNAs targeting
GSH2 for programmed CRISPR/Cas knock-in. Each egg pool (three
distinct biological replicates) was divided into two groups for sub-
sequent analysis; genomic DNA (gDNA) was extracted from one group
of ~50 pooled eggs and evaluated for the presence of transgene, and a
second groupof ~200eggswas culturedon nematode growthmedium
(NGM) plates to obtain the infective third-stage larvae (iL3). Three
hamsters were infected with these iL3 with the aim of establishing
adult transgenic parental F0 hookworms and sexual reproduction to
release F1 generation eggs. Feces from these hamsters were sampled
on 18,19 and 20 days post infection (dpi) to recover putatively trans-
genic F1 eggs. The WT and transgenic F1 eggs were split into two
groups: one evaluated for the presence of the s16-HuScFv transgene
following targeted KI into the genome, and the second to evaluate
their subsequent progression through early larval development. Fol-
lowing euthanasia, these hamsters were necropsied, the resulting F0
adult hookworms were retrieved from the small intestine, and geno-
mic DNA from these adult hookworms were evaluated for the trans-
gene integration at GSH2.

The programmed CRISPR-directed KI (i.e., the s16-HuScFv trans-
gene integration into the GSH2 genomic locus; Fig. 3b–d), was asses-
sed by PCR primers designed to flank the junction between the
endogenous genomic DNA and the donor sequence (schematic in
Fig. 3e). Forward primers were annealing to the genomic region
upstream of the 5’ homology arm (LHA), while reverse primers tar-
geted either the CMV promoter or a specific s16-HuScFv sequence
within the donor construct. These primer pairs were intended to
amplify the segment spanning the genomic donor junction, thereby
confirming successful transgene integration. The resulting PCR
amplicons were subsequently analyzed by Oxford Nanopore Tech-
nology (ONT) sequencing to further validate precise insertion of the
s16-HuScFv transgene at the targeted genomic site. All primer
sequences are provided in Supplementary Note 6. We used a forward
primer specific for the genomic DNA upstreamof the 5’ homology arm
(5’up F3), paired with a reverse primer specific for the CMV promoter
sequence (CMV R1) or s16-HuScFv transgene sequences (s16 R). In the
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F0 transgenic eggs, PCR amplicons of the expected sizes of 1061,
respectively, were observed (Fig. 3b; upper and middle panel). This
band was not observed in the control groups, which included mock
treatment (electroporated eggs without donor and RNPs complexes)
and donor only (electroporated eggs with donor DNA but without
RNPs complexes) groups, while amplicons specific for the constitutive
Rab11a/b gene were observed in all samples (Fig. 3b, lower panel).

To evaluate the vertical transmission of s16-HuScFv in the hook-
worm, transgenesis of s16-HuScFv into the genome of 9 of the 11 F0
adults was confirmed by PCR using 5’ upstream F3 and CMV R1 pri-
mers, yielding an amplicon 1,061 bp in length. The gDNA integrity was
validated by PCR targeting the Rab11a/b constitutive gene (expected
size, 1000 bp; Fig. 3c). Likewise, vertical transgene transmission was
validated by obtaining PCR amplicons of the expected size (1061 bp)
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Fig. 3 | Targeted knock-in of s16-HuScFv in hookworm eggs and evidence for
germ line transgenesis. a Schematic of A. ceylanicum programmed CRISPR-Cas
knock-in (KI) approach using the hamster infection model. b Targeted KI of
transgene confirmed in F0 eggs (n = 3) by PCR using primers 5’up F3 & CMV R1
(expected 1061 bp amplicon). Controls included electroporation without donor
DNA or ribonucleoprotein (RNP) complex (n = 3), and electroporation with donor
DNA but without RNP complex (n = 3). The integrity of the DNA was confirmed by
PCR amplification of the Rab11a/b constitutive gene (“Control PCR”, expected
1000bp amplicon). c Targeted KI of the transgene confirmed in F0 adults recov-
ered from intestines of hamsters (n = 3) by genomic DNA PCR, using 5’up F3 and
CMV R1 primers (expected 1061 bp amplicon). The integrity of the DNA was con-
firmed by PCR amplification of the Rab11a/b constitutive gene (“Control PCR”,

expected 1000bp amplicon). d Targeted transgene KI confirmed in F1 eggs from 3
hamster hosts by PCR (eggs collected on day 18, 19, and 20 of infection) using 5’up
F3 and CMVR1 primers (expected 1,061 bp amplicon). The integrity of the DNAwas
confirmed by PCR amplification of the Rab11/b constitutive gene (“Control PCR”,
expected 350 bp amplicon). e Verification of transgene knock-in by sequencing of
the targeted genomic region usingONTsequencing. Sequencingwas performedon
F0 transgenic eggs (pool of eggs, dark green; 5’up F3 and s16 R primers; (b)); F0
adults (single worms, blue; 5’up F3 and CMV R1 primers; (c)) and F1 transgenic eggs
(pool of eggs, light green; 5’upF3 andCMVR1primers (d)). The transgene construct
is shown in the A. ceylanicum genome, with additional primers used for testing also
shown. All ONT sequencing reads exactly matched the expected transgenic geno-
mic sequences. Source data are provided as a Source Data file.
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from F1 eggs pooled from three hamsters at 18, 19, and 20 days post-
infection (Fig. 3d; control confirmationusing theRab11a/b constitutive
gene, expected size, 350bp). The F1 eggs hatched and developed to
the infective L3 stage. For each of the three sample groups, visible PCR
bands at the expected sizes were eluted from the gels and were
sequenced by ONT sequencing, to provide validation for successful
transgene KI at the GSH2 locus. Each of the sequenced reads spanning
the 5’ upstream genomic sequence and into either the CMV promoter
or the s16-HuScFv gene sequence exactly matched the expected
sequence at every base position (Fig. 3e; Supplementary Note 7),
validating the PCR results indicating both targeted transgenesis and
vertical transmission of the transgene.

The results confirmed the successful integration of the s16-HuScFv
transgene into the hookworm genome at the GSH2 target site.
Through PCR amplification, transgenesis was confirmed in F0 eggs,
both the adult male and female F0, and F1 generation of eggs, with
amplicons of the expected sizes consistently observed in transgenic
(TG) samples but absent in controls. The ONT sequencing results
confirmed precise transgene insertion at the targeted genomic locus,
confirmed by sequence alignment with the expected donor DNA
sequences (Supplementary Note 7d). To reiterate, transgenesis and
vertical transmission of the transgene were established, as shown by
the presence of the s16-HuScFv gene in both F0 adults and F1 eggs,
respectively, collected from infected hamsters.

s16-HuScFv expression did not disrupt surrounding gene
expression
Given that hookworm transgenesis had not been reported, we pro-
ceeded to thoroughly evaluate the effects of transgene KI at GSH2. To
quantify the transcription of s16-HuScFv and evaluate its targeted KI
effect on the expression of the surrounding genes, four individual
experiments (four biological replicates) were performed. Approxi-
mately 20,000 mature eggs per experiment were electroporated with
the s16-HuScFv-encoding construct, along with four pools of eggs that
underwent electroporation without any donor DNA (mock transgen-
esis;wild type,WT). PCR confirmed construct insertion in the cohortof
transgenic eggswith twodiscrete primer sets, andwithout detection in
WT; Rab11a/b constitutive gene detection confirmed intact A. ceyla-
nicumDNA in all samples (Fig. 4a). qRT-PCR analysis using three of the
biological replicates with the best QC values each confirmed gene
expression of s16-HuScFv in the transgenic eggs, with no detection in
theWTsamples, relative to the referencegene,Rab11A. The expression
levels of surrounding genes, ACEY_002221 (upstream of the GSH
insertion site) and ACEY_002225 (downstream), were unaffected
(P = 0.40 and 0.43, respectively) in the TG eggs compared to the WT
eggs, as well as that of a second reference gene, benA (P =0.40;
Fig. 4b). qRT-PCR was also performed with the same approach on two
pools of four adult worms each, which confirmed detection of s16-
HuScFv in TG adults but not WT adult worms (at a lower expression
level than in eggs), and without significant impact on expression levels
of neighboring genes or benA (Supplementary Fig. 11). The PCR and
qRT-PCR primer sequences are listed in Supplementary Note 6.

Next, bulkRNA-seq analysis of gene expressionwasperformed for
WT and TG hookworm (n = 3 biological replicates per group from each
of the qRT-PCR sample sets; n = 6 total), generating an average of 60.3
million read pairs per sample with detection of an average of 84.4% of
all 18,776 protein-coding genes in the hookworm genome. Gene
expression levels for all genes correlated very strongly between theWT
and TG sample groups (Pearson correlation=0.998 on natural scale,
and 0.985 on log scale; Fig. 4c). Differential gene expression analysis
with DESeq242 identified only six genes with significantly different
expression levels between theWT and TG samples (out of 16,066 total
detected genes; minimum 2-fold expression difference and FDR-
adjusted P value ≤0.05), including s16-HuScFv (no detection in WT,
expressed higher than 41% of other genes in the three TG biological

replicates; P = 1.0 × 10−9) and five other genes with low average
expression values (all expressed lower than at least 60% of all genes;
Fig. 4d), all of which are on genomic contigs separate from that of
GSH2 insertion region and do not appear to be critical for survival
based on deduced functional annotations. These include dual
oxidase/bli-3, which generates reactive oxygen species as an innate
immune mechanism43, battenin/cln-3.2 (involved in aging44), arylester-
ase/poml-3 (functions unknown in nematodes), and two genes without
functional annotation (an ortholog of F26A1.8 and an A. ceylanicum-
specific protein). No significant changes in expression of genes
immediately surrounding theGSH2 region (Fig. 4e) or across the entire
contig containing the GSH (Fig. 4f) were observed, with expression
patterns remaining consistent across the groups. Supplementary
Data 4 includes the read count metadata and NCBI SRA accessions
(BioProject PRJNA1328670) while Supplementary Data 1 lists all read
counts, normalized expression values and differential expression
statistics.

Together, the gene expression analysis results confirmed rela-
tively high gene expression level of the s16-HuScFv in the TG samples,
and absence from WT samples, without impact on expression of the
surrounding genes, and therefore no expected changes to worm fit-
ness as a result of KI of the transgene into the GSH2 target site.

TTX neutralization by hookworm-produced s16-HuScFv in
hamster serum
We assessed production, secretion and activity of s16-HuScFv by
transgenic hookworm into the venous bloodstream by collecting
serum from hamsters infected with L3s developed from electro-
porated TG and WT eggs, at 22 days post-infection (n = 4 biological
replicates per group; see Methods). First, mass spectrometry pro-
teomics using the Spectronaut45 directDIA approach was utilized to
detect serum protein abundance, including s16-HuScFv and a back-
ground of allA. ceylanicumproteins and all host hamster proteins. This
approach detects peptides in every sample at each mass range,
resulting in very high sensitivity, and some expected background
detection noise46. Two of the four s16-HuScFv transgenic hookworm-
infected replicates had substantially higher detection of s16-HuScFv
than the WT background controls (3.3-fold and 6.4-fold higher
detection). Differential expression using limma47 using these two
samples and the four WT controls yielded a 4.71-fold increase in s16-
HuScFv in the transgenic samples (P = 2.6 × 10−3), with none of the
other 27 detected A. ceylanicum proteins being identified as sig-
nificantly more abundant in the transgenic samples. Two of these 27
proteins were previously detected in adult ESPs using mass
spectrometry17, and 7 of the 27 were orthologous to Haemonchus
contortus extracellular vesicle (EV) proteins48 (26.9%, vs 4.4% expected
by random chance; P = 1.1 × 10−5 for enrichment, binomial distribution
test). This included fructose-bisphosphate aldolase (ACEY_14462-1),
whichwas also an ortholog of one of the 81 EV proteins detected in the
rodent hookwormNippostrongylus brasiliensis49. This protein and heat
shock protein 90 (ACEY_06074-1) were also among five EV proteins
conserved across cestodes, nematodes, and trematodes identified in
an evolutionary conservation analysis50. These results suggest that A.
ceylanicum EV protein promoters, signal peptides for secretion, and
GSH regions may be useful for optimizing secretion into the host.
Detection level details and a complete list of all hookworm and host
proteins detected in each sample are provided in Supplementary
Data 5, and raw proteomics data are accessible on iProX (accession
IPX0014753001).

Next, we measured TTX neutralization by hookworm-produced
s16-HuScFv circulating in hamster blood using the neuronal cell
osmotic cell lysis assay (schematics shown in Supplementary Fig. 5).
Sera collected from hamsters infected with wildtype iL3 or s16-HuScFv
transgenic iL3 at 22 dpi (Fig. 5a) were evaluated, and showed that sera
from hamsters infected with transgenic iL3 were capable of
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neutralizing approximately 16.3% of TTX (P = 9.1 × 10−5, FDR-corrected
one-tailed t-test; Fig. 5b; t =−10.4909, 95% confidence interval = -
2.015:∞, effect size=8.01, n = 3 controls and n = 4 TG samples,
degrees of freedom = 5), while sera fromwildtype hookworm controls
showed zero neutralization (P =0.5, FDR-corrected one-tailed t test,

t = 6.6 × 10-17, 95% confidence interval = −2.1318:∞, effect size=5.4 ×
10−17, n = 3 per sample group, degrees of freedom = 4). ELISA-based
quantification of s16-HuScFv was attempted for WT and transgenic
adult A. ceylanicum ESP and for sera from hamsters infected with both
groups of worms, using anti-HIS capture antibody and ab-Goat Anti-
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expression, and constitutive gene benA expression is shown as an additional vali-
dation. c RNA-seq-based average relative gene expression levels (log FPKM) for all
17,333A. ceylanicum genes in the three WT samples and the s16-HuScFv transgenic
samples. ND=Not detected. d Volcano plot depicting log2 fold change values and
-log values of FDR-corrected P values for significant differential gene expression
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e Relative gene expression levels of genes surrounding the GSH region, in WT eggs
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Data file.
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Human IgG detection antibody (F(ab)2-fragment specific; seeMethods
for complete details). Based on analysis of the standard curve using
recombinant s16-HuScFv, the ELISAhada limit of detectionof ~79.2 nM
(using the regression-based approach; LOD= 3.3 ×σ / slope) and a limit
of quantification of ~239.8 nM (LOQ= 10 × σ/slope). Our results sug-
gest that the s16-HuScFv concentration in the hamster serum is below
the LOD (Supplementary Fig. 12); nonetheless, we demonstrated
functional humanantibody in the circulation of hamsters infectedwith
transgenic L3s based on the results from the TTX neutralization assay.

Our findings confirmed that transgenic hookworms successfully
produce and secrete s16-HuScFv into hamster circulation, resulting in
a partial neutralization of TTX, while WT hookworms show no neu-
tralization, thus demonstrating the functional activity of the
hookworm-produced s16-HuScFv antibody.

Discussion
Here, we report the genetic modification of the human hookworm
Ancylostoma ceylanicum, into a living biofactory capable of producing
and delivering a functionally active human single-chain variable

fragment antibody (s16-HuScFv) via bioengineered secretomes. The
antibody, s16-HuScFv, originated in a human ScFv phage display
library, and has been reported to neutralize tetrodotoxin (TTX) and to
rescue intoxicated mice from TTX-mediated lethality13. TTX and its
potent neurotoxin analogs are weaponizable agents that block
voltage-gated sodium ion channel activity in nerve cells51, resulting in
organ paralysis and death, with no commercial antidote available52.
Our goal was to engineer hookworms capable of producing and deli-
vering, into the host circulation, a functionally active human antibody
that is able to neutralize TTX. Given that adult hookworms secrete
many hundreds of ESPs17, we first demonstrated that s16-HuScFv is
stable and retains neutralization activity in the presence of these ESPs.
Thiswas an essentialfirst step thatprovided the feasibility of the study.

While gene-editing technologies have revolutionized biomedical
science, progress in the field of helminthology has been far more
restrained and, for human hookworms, essentially nonexistent12. This
study identifies and showcases the utility of GSH2 as a safe genomic
locus in the A. ceylanicum genome for transgene KI and that electro-
poration, as a mode of transgene delivery, outperforms lipofection.
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Fig. 5 | NeutralizationofTTXby the serumofhamsters infectedwith transgenic
hookworms. a Schematic of programmed CRISPR-Cas knock-in using a hamster
model for human A. ceylanicum infection. Serum was collected from hamsters
infected with WT hookworms and from hamsters with TG hookworms.
b Neutralization of TTX by serum from hamsters infected with wildtype and
transgenic A. ceylanicum iL3. TTX neutralization was measured by osmotic lysis of
Neura-2a cells by the ion-channel mediators veratridine (V; 0.2mM) and ouabain
(O; 0.4mM) using the Promega CellTox Green Cytotoxicity Assay for up to
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based on three technical replicates for the technical controls, and the standard
deviation of the mean for distinct biological replicates for the serum samples from
hamsters infected with WT A. ceylanicum (n = 3, yellow) and electroporated trans-
genic A. ceylanicum expressing s16-HuScFv (n = 4, green). FDR-corrected P values
are shown for one-tailed t-tests comparing each experimental group to the V +
O+TTX neutralization controls (red). Significance was observed for V +O control
(FDR-adjusted P = 3.2 × 10−7, t = −85.3, t 95% confidence interval = [−2.132: ∞], effect
size = 69.67, degrees of freedom = 5) and for s16-HuScFv transgenic serum (FDR-
adjustedP = 9.1 × 10-5, t = −10.67, t95%confidence interval = [−2.015:∞], effect size=
8.15, degrees of freedom = 5). Source data are provided as a Source Data file.
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The ASP-1 signal peptide selected for secretion of the transgene
resulted in detectable secretion, and the ASP-1 gene wasmore recently
found to be one of the 53 single-cell transcriptomic marker genes for
the pharyngeal gland in both adult female and male A. ceylanicum53,
(17.3-fold and 24.8-fold higher compared to cells from other tissues,
respectively), increasing the likelihood that most of the s16-HuScFv
protein is directed into a secretory pathway rather than remaining in
the worm. In addition to revealing no detectable effects on sur-
rounding or global gene expression, our experimental results show
that iL3 derived from transgenic eggs are fit and able to complete the
full life cycle in the hamster, which represents the ultimate assessment
of the biological impact of transgene expression on worm fitness. The
motility of F0 transgenic adult worms was comparable to that of wild-
type adult worms. Transgenic F0 females laid eggs in vitro, and these
F1 eggs were confirmed to be transgenic by PCR and ONT sequencing
and progressed through development to iL3 larvae, demonstrating
vertical transmission in hookworms.

Our results, when considered in the context of the extensive
knowledge of hookworm biology, life cycle, and co-evolution of these
parasites with their mammalian hosts, demonstrate that engineered
hookworms can serve as a sustained, slow-releasedrugproduction and
delivery platform. Hookworms have coexisted with mammalian hosts,
potentially since vertebrates first colonized the land and became vul-
nerable to parasitic nematodes 350 million years ago54, which has
enabled their long-term survival, often for years, within the human
host. Moreover, numerous studies have shown that controlled hook-
worm infections are safe and well tolerated (e.g., refs. 4–6) and can
confer therapeutic benefits, particularly in patients with chronic
inflammatory diseases, by restoring homeostasis within the gut
microenvironment5,55,56, and without negatively altering the gut
microbiota57. Collectively, these results highlight the promise of
hookworms as an emerging biofactory for the production and delivery
of pharmaceuticals, creating a foundation for the delivery of not only
therapeutics but also other protein products, such as desensitizing
allergens for food allergy and celiac disease58.

Here we present some level of optimization to increase efficiency
of transgenesis as well as optimization of the transgene cassette and
the configurable chassis that could result in producing and secreting
more therapeutic protein, including selection of GSH, signal peptide
for secretion, and modification of the translational site36. In other
parasitic nematode species, further codon optimization may be con-
sidered, however, codon bias in A. ceylanicum has been shown to
closely resemble human codon bias, with a preference for GC-ending
codons, particularly C-ending codons59, consistent with the codon
usage in this study. Nevertheless, further improvements could be
made by choosing inducible/stronger promoters, more efficient
secretion signals, increased serum half-life of biologics, or through
engineered selections for transgenic hookworms to obtain more
homogenous populations. Quantification of the produced secreted
therapeutics following these optimizations will be critical for evaluat-
ing their efficiency. Clinically relevant serum concentrations of some
therapeutic molecules might be beyond the capability of the helminth
when administered at tolerable doses, but the hookworm systemmay
produce substantially higher concentrations of target proteins in the
gastrointestinal (GI) tract, where the adult hookworms reside, posi-
tioning it as an ideal system for targetingGI conditions. Additionally, as
research progresses, it will be essential to ensure that these transgenic
organisms do not have unintended ecological or human health
impacts, maintaining a balance between innovation and safety.
Hookwormsdo not reproducewithin an infected host, since eggs need
to embryonate and hatch outside, and the larvae molt to the L3 stage
before becoming infective60, so once transgenic product secretion
rates are carefully quantified in an optimized system, the dosage of
product can be controlled and calibrated by limiting the number of
larvae used for the infection. Subsequent infection can be prevented

through proper hygiene, and clearance of infection is simple and
anodyne using an oral medication (e.g., albendazole 400mg once56).
Future studies can also address biocontainment of the genetically
modified organism (GMO) by engineering suicide genes and/or indu-
cible promoters into the transgene.

This study demonstrates CRISPR-assisted establishment of a
transgenic hookworm and vertical transmission of the transgene from
the parental (P0/F0) to the F1 generation. However, an A. ceylanicum
s16-HuScFv transgenic line warrants detailed multi-generation mon-
itoring and analysis, whichwill require substantial researchbeyond the
scope of this report. Stable vertical transmission of transgenes has
been reported in Strongyloides ratti and S. stercoralis61,62. This is not
unexpected, given the difficulty in insertion into the germ line in
parasitic nematodes other than the Strongyloides spp clade, since
Strongyloides spp can uniquely complete the life cycle without a host,
and they anatomically resemble C. elegans, with intragonadal micro-
injection facilitating transgene delivery directly to the gametes and
germ cells. By contrast, establishing stable transgenic parental and F1
progeny in hookworms presents a far more formidable challenge.
Once established, further studies can be undertaken to demonstrate
host protection against challenge with TTX in vivo.

Several essential components have converged to support the
development of transgenic hookworms as a next-generation plat-
form for drug production and delivery with practical clinical appli-
cation. Building on the foundation that experimental human
hookworm infection has been shown to be safe and well tolerated,
here we present technological, methodological, and conceptual
advances that have enabled the establishment of a genetically
modified and tractable model system that can produce and deliver
biologics. These advances include improved prediction and valida-
tion of target insertion sites, the use of overlapping gRNAs targeting
the GSH2 region, demonstrating the GSH2 to be safe without
affecting transcription of neighboring protein-coding genes, and
successful production and delivery of the KI transgene expression
product into the host circulation, resulting in a partial neutralization
of TTX. Moreover, Good Manufacturing Practice (GMP) compliant
methods for the preparation, production, storage, and administra-
tion of cryopreserved human hookworm are available63. While
genetic modification of the human microbiota has attracted con-
siderable interest as a novel drug delivery strategy, the inability of
most introduced bacterial species to persist long-term in the gut
remains a significant limitation. In contrast, human hookworms
readily establish following experimental infection and are excep-
tionally long-lived, making them a stable and persistent pharma-
ceutical biofactory for the production and delivery of therapeutics of
interest.

Taken together, this transgenic human hookworm platform
highlights a promising approach in biotechnology that has the
potential to significantly advance how we conceptualize disease
treatment and prevention. Technologically, it also constitutes a nota-
ble advance in functional genomics for hookworms and helminths
more broadly.

Methods
Ethical statement
Studies using Syriangoldenhamsterswere carriedout under protocols
approved by Washington University School of Medicine (WUSM; 20-
0323) Institutional Animal Care and Use Committees (IACUC). All
housing and care of laboratory animals conformed to the National
Institutes of Health (NIH) Guide for the Care and Use of Laboratory
Animals in Research (see 18-F22) and all requirements and all regula-
tions issued by the United States Department of Agriculture (USDA),
including regulations implementing the Animal Welfare Act (P.L.
89–544) as amended (see 18-F23). Roles and responsibilities were
agreed upon amongst collaborators ahead of the research. All unique
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materials are readily available from the authors or from standard
commercial sources as detailed below.

Computational identification of Genomic Safe Harbors (GSHs)
A bioinformatic analysis utilizing available gene expression and
genomic annotation data for A. ceylanicum was carried out to identify
optimal genome safe harbor (GSH) regions11. The analysis was carried
out to identify genomic regions that i) contain putative promoter
sequences associated with very high gene expression levels in bulk
RNA-seq data, increasing the likelihood that existing promoter and
enhancer sequences in the region will facilitate the high expression of
target genes, ii) are upstream of genes with high gene expression
across the life cycle, which reduces the probability of the genomic
region being unavailable for transcription due to histone binding and
iii) have sufficiently long intergenic regions ( > 2 kb) to facilitate
transgenesis without disrupting native gene expression, iv) the
sequence to be unique in the genome, v) to contain a terminal
protospacer adjacent motif (PAM) necessary for targeting by the
sgRNA-Cas9 ribonucleoprotein complex (RNP), and vi) are situated
>2 kb from the nearest predicted coding region, following previously
established guidelines28. An available A. ceylanicum genome
assembly64 (PRJNA72583) and annotation65 were downloaded from
WormBase Parasite66. For the bioinformatic analysis, shorter gene IDs
were assigned to replace the existing long gene IDs, to facilitate input
into bioinformatic software (original and assigned gene IDs are pro-
vided in SupplementaryData 1). Specifically, the cumbersome gene IDs
in the A. ceylanicum annotation used (e.g., “ANCCEYDFT_Contig1-
pred_gff_fgenesh-gene-5.2-mRNA-1”65) have here been replaced with
shorter IDs starting with “ACEY_” and numbered with six digits after
sorting the original gene IDs alphabetically (e.g., “ACEY_000382”). In a
newer A. ceylanicum annotation17, produced since our GSH molecular
analysis was performed for this study, “ACEY_” gene IDswith five digits,
a dash, and an isoform number are used (e.g., ACEY_11814-1). To iden-
tify intergenic sequence motifs associated with highly expressed
genes, up to 2000 bp of the 5’ sequence upstream of the 5’ untrans-
lated region (UTR) or the first coding exon (if no UTR was annotated)
was extracted for each gene. Less than 2000 bp of upstream sequence
was extracted for genes when either (i) the genomic sequence contig
that the gene was on ended before 2000 bp, or (ii) another gene on
either strand overlapped the upstream sequence, at which point the
upstream sequence was terminated. Using this approach, 2000bp
sequenceswere retrieved for 79.4%of genes, and at least 1000bpwere
retrieved for 87.1% of genes. Transcriptomic RNA-seq reads collected
across the A. ceylanicum life cycle were retrieved from a previous
report14, trimmed of adapters using Trimmomatic v0.3667, and map-
ped to the hookworm genome using the STAR aligner68 (v2.7.10a;
2-passmode, basic). These included eight L3 stage larvae samples (one
0-hour, two 24-hour, two 48-hour and three 72-hour distinct biological
replicates), three L4 larvae samples (one 72-hour, one 8-day female,
and one 8-day distinct male biological replicate), and eight adult
samples (four 16-day male and four 16-day female distinct biological
replicates). One adult male intestine RNA-seq sample34 was also map-
ped and quantified for the prioritization of signal peptide sequences.
Read fragment counts per gene per sample were quantified using
featureCounts v1.5.169, and relative gene expression levels (fragments
per kilobase per million reads mapped; FPKM) were calculated. The
average expression level for each gene across the A. ceylanicum life
cycle was calculated and ranked based on the average of the log10
expression values. A. ceylanicum proteins were assigned functional
annotations using results from InterProScan v5.4270 and GhostKOALA
v2.271. Potentially secreted proteins were identified using SignalP v5.019

for signal peptides and transmembrane domains. Also, reciprocal best-
hit BLAST matches between A. ceylanicum, A. caninum and Necator
americanuswere identified, to determinematches to genes confirmed
by proteomics of ESPs in those hookworms17,21.

Motif enrichment and expression analysis to prioritize GSH
sequences
The motif enrichment tool STREME16 was used to identify enriched
sequences among the 5’ upstream sequences (maximum 2000 bp)
from the top 1% (GSH1) and the top 2% (GSH2) of expressed genes
across the life cycle, compared to the bottom 50% lowest-expressed
genes. The motif annotation tool TOMTOM18 was used to match the
top-enriched motifs to putative transcription factors from the JASPAR
database25. FIMO72 wasused to identify all instances of themotifs in the
5’ upstream regions of all genes (P ≤ 10−5 threshold for a match,
according to FIMO72 output), and then STREME16 was rerun on the
genes containing the target motifs, to identify enriched “secondary”
motifs significantly associated with the primary target motifs. In the
target GSH regions, these secondary motifs were used to define
potential promoter boundaries to be avoided for transgene insertion.
The genes downstream of the target motifs were prioritized based on
(i) high levels of gene expression across the life cycle, ii) presence of a
signal peptide for secretion19, (iii) detection in A. ceylanicum adult E/S
products17 and (iv) having more than 3000bp of available 5’ upstream
sequence, facilitating targeting the insertion of transgenes while
minimizing the potential for disruption of promoter regions. Supple-
mentary Fig. 1 summarizes the overall procedure for target gene
identification and prioritization, while Supplementary Data 2 and 3 for
GSH1 and GSH2, respectively, provide all motif sequences and posi-
tional nucleotide frequencies.

For GSH1, the gene identified as ACEY_000382 was namedmaker-
ANCCEYDFT_Contig1-pred_gff_fgenesh-gene-5.2 in the version of the
annotation used65, and ACEY_11814-1 in the most recent A. ceylanicum
annotation17. There were 9,078 bp of sequence preceding
ACEY_000382 on the genome assembly and annotation used for the
GSH prioritization analysis, but themost recent annotation17 identified
an additional highly expressed gene in the upstream intergenic region
(ACEY_11813-1), shrinking the upstream GSH region to 3221 bp.

For GSH2, the gene identified as ACEY_002225 was namedmaker-
ANCCEYDFT_Contig13-pred_gff_snap-gene-4.9 in the version of the
annotation used65, and ACEY_09100-1 in the most recent A. ceylanicum
annotation17. There were 12,966 bp of sequence upstream of
ACEY_002225 on the genome assembly/annotation used for the ana-
lysis, with the updated annotation17 identifying a previously unan-
notated gene (ACEY_09099-1) 4,134 bp upstream of the gene.

Guide RNA and homology arm identification
The top two genome safe harbor regions (GSH1 and GSH2) were con-
sidered sites for CRISPR-catalyzed KI of the gene of interest and its
regulatory elements. The sequences lacking repeats, low complexity,
primary motif, secondary motif, and low-confidence sequences asso-
ciated with the primary motif of the GSH region were considered for
generating gRNA. Within these regions, we used the online tool
CHOPCHOP27 to identify sets of prioritized guide RNA (gRNA)
sequences with protospacer adjustment motifs (PAMs; “NGG”
sequences) among the upstream sequences for both ACEY_000382
(GSH1: unidirectional two overlapping gRNAs: (2 and 7, numbered
based on the rank in CHOPCHOP) and ACEY_002225 (GSH2: unidirec-
tional two overlapping gRNAs, 5 and 13; Supplementary Note 2 indi-
cates the gRNA sequences and Supplementary Note 3 indicates
genomic positions of the gRNAs). The donor sequences also included
600bp of homology arms complementary to the genomic DNA of
either side across the programmed cleavage site of overlapping
gRNAs. The homologous sequences were considered after leaving
12 bp sequence from the cut site on either side. All gRNA sequences
were ordered from Integrated DNA Technologies (IDT).

Hamster infection with infective-stage A. ceylanicum larvae
Syrian Golden Hamsters (Mesocricetus auratus; Inotiv, HsdHan®:AURA
strain) are sourced from a colony established in 1994 with stock
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originating from Zentralinstitut fur Versuchstiere, producing an aver-
age litter size of 9.0 and (Hannover, Germany). The “Han®” strain is a
registered trademark of Inotiv. Hamsters were healthy and weighed
50-60 grams upon arrival. Hamsters were housed in cages individually
at ambient room temperature (68-72 °F) and humidity (range 30-70%),
and fed LabDiet 5053 (PicoLab® Rodent Diet 20, irradiated). Only male
hamsters were used for all experiments, since female hamsters are ~5-
fold less susceptible to A. ceylanicum infection73. Hamsters were ran-
domly selected for experimentation, and for each experiment, the
minimum number of hamsters required to produce the necessary
samples (eggs, worms, or serum) was used.

Male Syrian hamsters (Mesocricetus auratus), 21 to 28 days old,
were infected with infective third-stage larvae (iL3) ofA. ceylanicum by
oral gavage17 and in accordance with the recommendations in the
Guide for the Care and Use of Laboratory Animals of the National
Institutes of Health (NIH). Freshly isolated iL3s were counted and dis-
tributed in individual Eppendorf tubes, and 80 to 100 iL3s were
resuspendedper tube in 200 µl PBS17. A curved 18Gneedlewas used to
gavage the hamsters. Hamsters were manually restrained by grasping
the loose skin at the scruff of the neckwith the thumband forefinger to
immobilize the head and torso. Using the needle held next to the
animal, the distance from the tip of the nose to the last rib on the left
side was measured. Holding the animal with the nose pointing up, the
gavage needle was inserted into the mouth over the tongue and
directed toward the esophagus on the left side of the throat, gently
pressing the needle on the back of the mouth and allowing the needle
to slowly advance to themeasureddistance into the stomach.Once the
needle was properly positioned, the plunger was gently depressed to
dispense ~200 µl of resuspended iL3s into the lumen of the stomach.
After delivery of the inoculum, the gavage needle was slowly with-
drawn, and the hamster returned to its cage. After the gavage, ham-
sters were observed for any difficulty breathing or for bleeding from
the mouth or nose for at least 5minutes before returning them to the
vivarium.

Maintenance of the A. ceylanicum life cycle in golden Syrian
hamsters
At 14 days post-infection, hamsters were placed on a wire at the bot-
tom of cages lined with moist cardboard to facilitate fecal collection.
Mature eggs were extracted from these feces and processed for
hatching to the iL3 stage using the Baermann funnel technique74 for
subsequent rounds of infection. Alternate egg isolation methods for
Neon protocol optimization and transfection experiments are detailed
below in another section. Hamsters were euthanized at 20 to 22 days
after infection by CO2 asphyxiation using compressed CO2 gas as a
source of carbon dioxide, allowing for the controlled inflow of gas to
the induction chamber. Hamsters to be euthanized were placed in a
clean transparent chamber, and 100% CO2 was introduced at a fill rate
of 70% of the chamber volume per minute, to achieve a balanced gas
mixture with the existing air in the chamber to fulfill the objective of
rapid unconsciousness with minimal distress to the animals17. The
expected time to unconsciousness was usually within 3 to 5minutes.
Each hamster was monitored for lack of respiration and faded eye
color. CO2 was maintained for a minimum of 1minute after observing
these signs to avoid unintended recovery upon exposure to natural
CO2 concentrations. Upon completion of the procedure, death was
confirmed by ascertaining cardiac and respiratory arrest and noting
the animal’s fixed and dilated pupils. Following euthanasia, the small
intestine was removed and opened longitudinally and placed in
incomplete RPMI 1640 medium (Gibco) in 100mm petri dishes at
room temperature (RT) for 1–2 hours. During this incubation, adult
worms actively migrated out of the intestinal tissue into the medium.
The intestinal tissuewas then removed, and the remainingwormswere
gently detached from the mucosal lining using a fine nail brush. The
collected worms were washed three to five times with 1× PBS

containing 5× Antibiotic-antimycotic to avoid contamination. Worms
were then transferred to complete RPMI 1640 medium supplemented
with 10% heat-inactivated fetal bovine serum (Gibco, Cat #16140-071),
25mM HEPES (Corning, Cat #25-060-CI), 8.9mM sodium bicarbonate
(Corning, Cat #25-035-CI), and 1× Antibiotic-Antimycotic. Worms were
maintained at 37 °C in a 5% CO₂ humidified incubator. Worms were
kept in sterile petri dishes and used for experiments on the same day
or kept overnight for next-day experiments. For experimental treat-
ments, worms were distributed into 24-well tissue culture plates with
1ml of supplemented RPMI medium per well. Following electropora-
tion (when applicable), worms were incubated in the same complete
RPMI medium at 37 °C in a CO₂ incubator for 24 hours for recovery.
The following day, the medium was replaced with serum-free RPMI
containing 25mM HEPES, 8.9mM NaHCO₃, and 1× Antibiotic-
antimycotic (no FBS), and worms were maintained in this serum-free
medium for up to 3–4 days. Non-responsive to touch (likely dead)
worms were removed daily. For evaluations, worms were washed
thoroughly in 1× PBS and transferred into 1.5mlmicrocentrifuge tubes.
Depending ondownstreamapplications, wormswere either processed
immediately for DNA or RNA isolation or flash-frozen and stored
at −80 °C.

Excretory-Secretory Protein (ESPs) collection
ESPs were collected for WT and transgenic hookworms, following
established protocls17. Adult worms were harvested from the small
intestine of hamsters 18–22 dpi with wild-type and transgenic iL3s,
using the method described above. The worms were washed three
times in 1× PBS containing 5× antibiotic-antimycotic. They were cul-
tured in complete RPMImedia in triplicate at a density of 20wormsper
well in 24-well plates and incubated at 37 °C with 5% CO₂ for 4 hours.
After this pre-incubation, the media were discarded to eliminate con-
tamination from eggs, dead worms, and hamster tissue debris. The
worms were gently rinsed twice in PBS with antibiotics before transfer
to 2ml of serum-free RPMI medium containing 2% antibiotic-
antimycotic and incubated again at 37 °C and 5% CO₂. Over the next
3 days, 1.5ml of culture supernatant was carefully removed every
24 hourswithout disturbing theworms and replacedwith fresh serum-
free medium. The plates were returned to the incubator after each
change. Collectedmedia were centrifuged at 4000 × g for 30min, 4 °C
to minimize the contamination from eggs and dead worms, super-
natant collected and stored at −80 °C. After 72 hours, the worms did
not exhibit visible damage or loss of motility, indicating that the ESPs
collected reflected normal physiological activity of otherwise healthy
worms. At the end of the 72-hour collection period, the stored ESP-
containing supernatant was slowly thawed on wet ice and con-
centrated using a centrifugal device with a 3 kDa molecular weight
cutoff membrane (Pall Corporation, Cat #25-035-CI). These con-
centrated ESPs were buffer exchanged by dialysis against PBS, protein
content quantified using the BCA kit (ThermoFisher, Cat #23227), and
stored at −80 °C.

Chromosomal cleavage of the CRISPR targeted site (GSHs)
The efficacy of overlapping gRNAs (IDT), delivery method (Bio-Rad
Electroporation vs Lipofection), and comparison of two GSH regions
was analyzed by comparing editing efficiencies with CRISPResso275.
The hookworms were washed with serum-containing medium + 2x
Antibiotic-Antimycotic after 3–4 hours of isolation and were again
resuspended in the complete RPMI medium and kept at 37 °C with 5%
CO2 overnight. The next day, 120min before electroporation or lipo-
fection, the worms were transferred into incomplete RPMI medium.
After 120min, nutritional deprivation and worms more actively ingest
the CRISPR reagents in the complete RPMI containing RNP complexes.

The genome editing efficiency experiment was planned in three
groups of adult worms (n = 10 per group) for each of the two GSH
regions (GSH1 andGSH2).Groupone (control)was not treatedwith the
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CRISPRRNP complex,while the secondgroupwas treatedwith the two
unidirectional overlapping gRNAs-Cas9 RNPs. The RNP complexes
were prepared by incubating each gRNA of the respective set with the
Cas9 (IDT, Cat #10007807) in equimolar concentration (1 µM: 1 µM) for
15min in 20 µl Opti-MEM medium (Gibco, Cat #31985-062), and then
the overlapping gRNA-Cas9 complex was pooled and mixed gently
(RNP complex) without the formation of any bubbles, up to a total
volumeof 100 µl withOpti-MEMMedium. The RNP complex (100 µl) of
overlapping gRNAs was mixed gently with the 10 adult A. ceylanicum
worms re-suspended in 100 µl of Gene Pulser buffer (Bio-Rad, Cat
#1652676). The adult A. ceylanicum worms were incubated with RNP
complex and Gene Pulser buffer for 30minutes and then were elec-
troporated using the Bio-Rad electroporator under optimized A. cey-
lanicum adult survival parameters (Time Constant, 125 V, 20
milliseconds, and with two pulses). Post electroporation, worms were
kept at 37 °C in a CO2 incubator for 72 hours. Worms remained
immobile for approximately 20–24 hours. After electroporation,
motility gradually resumed. They were further maintained for an
additional 48 hours. to allow stabilization of gene incorporation. Fol-
lowing incubation, adult worms were washed thrice with 2ml of PBS
before genomic DNA was isolated. Genomic DNA was isolated using
the DNeasy tissue and blood DNA isolation kit (Qiagen, Cat #69504)
and was stored at -20 °C. The genomic DNA used for the PCR ampli-
fication of the targeted region using a different set of primers
depending upon the GSH (Supplementary Note 4). After performing
the experiment, the PCR amplicon of the target region of a specific size
was purified using a PCR cleanup kit (Invitrogen, Cat #01318547). The
purified product was used as a template for PCR using the UDI index
primer for Illumina sequencing. The amplicon of the expected size was
gel eluted andquantifiedusingNanodrop spectrometry and submitted
for Illumina sequencing. All primers were ordered from Integrated
DNA Technologies (IDT).

Lipofection
Micelles were prepared by diluting 9 µl RNAiMAX reagent (Invitrogen,
Cat #13-778-100) in 150 µl Opti-MEM medium and incubating for
10minutes at room temperature. Then, 100 µl of the RNP complex
made exactly the same way as the adult A. ceylanicum electroporation
protocol was combined with 150 µl of the diluted RNAiMAX micelles
and was incubated for 20min at room temperature (RT). Freshly iso-
lated adult A. ceylanicum worms were transferred to incomplete RPMI
medium for 2-3 hours before lipofection with RNP complex micelles.
After 2–3 hours, the worms were transferred into complete RMPI
medium and treated with the RNP complexmicelles andmixed gently.
The lipofected adult worms were maintained at 37 °C, 5% CO2 for
72 hours. At the end of the experiment, the adult worms were washed
thrice with 2ml of PBS, and the genomic DNA was isolated and
sequenced as described above for electroporation.

Sequencing and analysis of chromosomal cleavage targeted
site (GSHs)
Amplicon libraries were sequenced on Illumina’s NovaSeq 6000 S4,
targeting 15million read pairs per library. Paired-end sequencing reads
(2 × 150 bp) were adapter/quality trimmed using trimmomatic v0.3967

and then merged using FLASH v1.2.1176. The resulting amplicon
sequences were analyzed for genome editing events using CRIS-
PResso2 v2.2.1275. A reference amplicon sequence corresponding to
the targeted genomic locus in GSHs and the sgRNA sequences
(excluding the PAM sequence) used in each experimentwere provided
to CRISPResso2 to infer the predicted position of editing activity. The
preprocessed amplicon reads were aligned to the reference sequence
with the Needleman-Wunsch algorithm, a global sequence alignment
algorithm, and sequence modifications such as insertions, mutations,
and deletions were quantified using the default quantification window
size of 1 bp (i.e., 1 bpon each side of the predicted cleavageposition for

a total length of 2 bp). Finally, genome editing outcomes and effi-
ciencies were estimated using CRISPRessoCompare by comparing the
rate of sequence modifications in the experimental and the control
groups.

Plasmid transformation and ESP collection for signal peptide
testing
A pcDNA3.1 plasmid containing an A. caninum signal peptide (Acan-
Asp2) before a transgene was generously provided by Dr. Mark Pear-
sonof the Australian Institute of TropicalHealth andMedicine77,78. This
original plasmid DNA was cloned into pcDNA5/FRT/TO, a 5.1 kb indu-
cible expression vector designed to express and secrete recombinant
proteins in mammalian cells, which included a CMV (human cytome-
galovirus) promoter and an enhanced green fluorescent protein
(EGFP) tag antibody engineered onto the C-terminus of the transgene.
Signal peptide protein sequences for four other A. ceylanicum target
genes of interest (as shown in Supplementary Fig. 7) were identified
using SignalP v5.019, and their corresponding coding sequences
replaced the Acan-Asp2 SP32 in the expression vector using restriction
sites strategically placed at the ends of the insert DNA fragments and
within the restriction sites of the vectors. E. coli DH5α competent cells
were transformed with the recombinant plasmids by heat shock.
Briefly, 50 µl of E. coli DH5 competent cells were added to the ligation
mixture, and the mixture was incubated on wet ice for 25min, then
placed in a 42 °C heat block for 30 sec. Following ~5min on ice, 200 µl
of SOC recovery media (Invitrogen, Cat #15544034) was added to the
tubes, and the cells were allowed to recover at 37 °C with shaking at
900 rpm for 30min. Cells were plated on LB-agar plates containing
100 µM carbenicillin and incubated at 37 °C overnight. Plasmid DNAs
were purified from 5ml E. coli DH5α overnight culture using the Invi-
trogen PureLink HiPure Plasmid Isolation Kit (Invitrogen, Cat
#K210002). Sanger DNA sequencing (Genewiz, South Plainfield, NJ)
confirmed the identity of the inserted genes in the plasmids.

The adherently growing human embryonic kidney cell line79 (HEK
293T, Thermo Fisher Cat #R71007; derived from human female
embryonic kidney tissue) was seeded in 6-well plates at a density of
~2.67 × 105 cells per ml and cultured in a basic medium: Dulbecco’s
modified Eagle’s medium (DMEM; Gibco, Cat #11965-084) supple-
mented with 10% (v/v) heat activated fetal bovine serum (HI-FBS,
Gibco, Cat #16140-071), 2mM glutamine, 1x penicillin-streptomycin
and 1x non-essential amino acids at 37 °C with 5% CO2. After 24 hours,
the cells showed 85% confluency and were transfected with 2 µg of
plasmids using X-tremeGENE HP DNA transfection reagent (Millipore-
Sigma, Cat #XTGHP-ROG) according to the manufacturer’s instruc-
tions. Plasmids were diluted with 200 µl of opti-MEM (ThermoFisher
Scientific, USA, #31985070), and a 3:1 ratio of reagent to DNAwas used
to determine the amount of X-tremeGENE reagent to add. HEK
293T cells were not authenticated or tested for mycoplasma con-
tamination. After 4 hours of incubation of HEK 293 T cells with the
transfection reagent andDNAcomplex, 1 µl of 1mg/ml doxycyclinewas
added. The supernatant was collected every 16 hours, and freshmedia
was added at each collection. Cells and culture media from 72 hours
post-transfection cells were collected for subsequent experiments. All
produced DNA constructs are available for reuse upon request to the
corresponding author.

Isolation of adult hookworms from hamsters was performed fol-
lowing established protocols20. Freshly recovered synchronized adult
A. ceylanicum were cultured in FBS-rich media: RPMI-1640 media
(Gibco, Cat #21870-076) supplemented with 25mM HEPES (Corning,
Cat #25-060-C1), 25mM NaHCO3 (Corning, Cat #25-035-C1), 1x
penicillin-streptomycin (ThermoFisher Scientific, Cat #15140122), and
10% (v/v) FBS (Gibco# A4766801) at 37 °Cwith 5%CO2. After 20 hours,
the worms were gently washed in 1x PBS (Corning, Cat #21-040-CMR)
containing 5x Antibiotics/Antimycotics (Sigma Aldrich, Cat #A5955)
and starved for 4 hours (to facilitate the ingestion of the plasmids into
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their gastrointestinal system before electroporation) in FBS-free
media: RPMI 1640 Media (Gibco, Cat #21870-076), 1x Glutamax
(Gibco, Cat #35050), 1x Streptomycin-Penicillin (ThermoFisher Scien-
tific, Cat #15140122) at 37 °C with 5%CO2. Afterward, 30worms in each
condition were incubated in an electroporation complex containing
80 µl Gene Pulser Electroporation Buffer (Bio-Rad, Cat #1652676).
Wormswere electroporatedwithorwithout 10 µgof plasmidconstruct
at 125 V for 20ms (x2) usingGene Pulser Xcell Electroporation Systems
(Bio-Rad, Cat #1652660). Following electroporation, the worms and
electroporation complex were transferred to 24-well plates, and 2ml
FBS-rich media was added to each condition. Every 24 hours, over
3 days, at least 1.8ml of culture supernatant was aspirated from each
well withminimal disturbance to the hookworm. Following established
protocol20, each well was replaced with fresh serum-rich media and
transferred to the incubator. At the end of 72 hours of culturemedium
collection, the wormswere gently washed in 1x PBS with 5x Antibiotic/
Antimycotic, and the culture supernatant containing ESPs was gradu-
ally thawed in ice. Approximately 5.4ml of culture supernatant was
recovered from 72 hours of media collection per condition. The crude
ESP supernatant was centrifuged at 7000 × g at 4 °C for 30min before
concentration and transferring to a new tube. Using this technique
prevented laid eggs and remaining tissue from hamsters or dead
worms from clogging the centrifugal filter. The ESP supernatant was
concentrated using 20ml Pall Macrosep Advance Centrifugal Devices
with a defined 3 kDa cutoff membrane (Pall Life Sciences, Cat
#MAP003C37). Briefly, 13ml of culture supernatant was placed into
the concentrator sample chamber and capped. The concentrator was
then placed into the bucket rotor that contained a 20ml tube. Con-
centration by 3 kDa Pall membrane was performed at 5000 × g at 4 °C
until the retention volume was reduced to 0.5ml.

Western blot analysis for signal peptide testing
Transfected HEK 293 T cells were washed with 1x PBS to remove the
residual FBS-rich medium. The cells were harvested in 1x PBS and
centrifuged to collect the pellet 500 × g for 5min. 200 µl of 2x sample
buffer (made from Bio-Rad XT Sample Buffer 4X, Bio-Rad, Cat
#1610791) with 5% (v/v) 2-Mercaptoethanol (BME, Sigma-Aldrich, Cat
#60-24-2)was added to the cell lysate in each signal peptide condition.
The mixtures/cells were lysed using a Q700 QSONICA Sonicator (M2
Sci, Cat #Q700) set at anamplitudeof60with 30 seconpulse time and
30 sec off pulse time. Lysed cells were heated at 95 °C for 5min, and
the supernatant was centrifuged to collect any cells at the bottom of
the collection tube. Supernatant was transferred to a new tube to add
200 µl of 3x sample buffer with 5% BME to 100 µl of each media
supernatant. The mixture was sonicated and re-heated to 95 °C for
5min. The HEK 293T cell supernatant andworm lysate ESPs (collected
as described above) were quantified using a Pierce Coomassie Plus
Bradford Protein Assay (ThermoFisher Scientific, USA, Cat #A55866).
Separately, 5 µl of each sample was then added to 395 µl of 1× Bradford
dye in a 96-well plate. Following 5min of incubation at RT in the dark,
the optical density (OD) at 595 nmwas assessedby spectrophotometry
(EonMicroplate Spectrophotometer, Biotek Instruments, Agilent). The
protein concentrations of both ESP supernatant and lysate were esti-
mated based on linear extrapolation froma standard curve established
using dilutions 1mg/ml bovine serum albumin (BSA) supplemented
with 2% Antibiotics/Antimycotics (Gibco; ThermoFisher Scientific,
USA, Cat #15240112).

Approximately 50μg of each sample was mixed with 2x con-
centrated Laemmli-SDS buffer (Bio-Rad, Cat #1610737) with 5%
2-mercaptoethanol (Sigma-Aldrich, Cat #M6250). The samples were
heated at 95 °C for 5minutes, then 50 µl of each sample was separately
loaded into the wells of 12% Criterion XT precast gel (Bio-Rad, Cat
#3450123). The precision protein standard (Bio-Rad, Cat #1610374)
was loaded into the first well at 10 µl without dilution with an SDS
sample buffer. Electrophoresis was run for 60min at 14 watts using 1x

running buffer (XT MES and Milli-Q water, from the kit). The filter
papers were soaked in semi-dry transfer buffer (25mM Tris, 192mM
glycine, and 10% (v/v) Isopropanol), and the membrane was immersed
in methanol for 20min before transfer. The proteins were transferred
to the membrane by semi-dry protein transfer at 25 V for 40min. The
membrane was blocked in 5% milk for 60min at RT, followed by
incubation with an anti-GFP (Clontech, Cat #632592) probe at 4 °C
overnight with shaking. The membrane was then washed with 1x PBST
buffer (1X PBS and Tween 20, ThermoFisher Scientific, Cat #28320) for
10min, and 5min in PBS only. The GFP sample was further incubated
with the anti-mouse (GE Healthcare Life Sciences, Cat #NA931-1ML) at
4 °C for 60min and washed again. The membrane was incubated in
western blot substrate at a 1:1 ratio (Stable Peroxide Substrate and
Luminol/Enhancer Buffers) and immediately visualized with Bio-Rad
Gel Doc EZ Imaging System (Bio-Rad, Cat #1708270). Blots were
imaged in Azure Imaging Systems (C600, Azure Biosystems) under
LED visible fluorescence detection mode.

Production of recombinant s16-HuScFv
The s16-HuScFv sequence was obtained from Chulanetra et al13 for
expression in ExpiCHO cells (Thermo Fisher, Cat #A29127; derived
from female Chinese hamster ovary). The open reading frame (ORF)
consisted of the ASP-1 signal peptide, the s16-HuScFv sequence, and a
C-terminal 6-His tag. cDNAs were synthesized with mammalian codon
bias by Genscript and cloned into the pcDNA3.1 plasmid by restriction
cloning. Plasmid was purified and introduced into ExpiCHO cells by
lipofection using an ExpiFectamine CHO transfection kit (Thermo
Fisher, Cat #A29130) as per the manufacturer’s instructions (per-
formed by GenScript). Recombinant protein was purified on an AKTA
FPLC by immobilized metal affinity chromatography using His-trap
excel nickel column and buffer exchanged into tissue culture grade
DPBS using Amicon ultra-3 centrifugal concentrators and quantified
using a bicinchoninic acid kit (Thermo Fisher, Cat #23225). Recombi-
nant protein was assessed for endotoxin using a Limulus Amoebocyte
Assay (Thermo Fisher, Cat #Q32892) and only used if endotoxin levels
were less than 0.5 endotoxin units per mg protein. Wherever possible,
endotoxin-free plasticware was used.

Titration and Western blot
The recombinant s16-HuScFv produced from CHO cells was used as a
positive control. To determine the minimum detectable protein con-
centration using a western blot with anti-6x-His, HRP antibody (Invi-
trogen, Cat #MA1-21315, Lot #3216088), we aimed to quantify the 16-
HuScFv secreted by the transgenic hookworms. Antibody validation is
supported by the manufacturer’s ‘Advanced Verification’ data (acces-
sible via the Thermo Fisher product catalog page, https://www.
thermofisher.com/antibody/product/6x-His-Tag-Antibody-clone-HIS-
H8-Monoclonal/MA1-21315), which includes Western blot testing con-
firming expected target molecular weights and a lack of cross-
reactivity with off-target epitope tags (e.g., HA-tags). The initial pro-
tein concentration was 600 µg/ml, which was diluted to 150, 75, 37, 18,
9, 4.5, and 2.25 µg/ml and 20 µl added in each well of the Bio-Rad
precast gel of 4–15% were run for 90min at 120V before setting the
transfer of protein on PVDF membrane for another 60min at 100V in
the Bio-Rad wet transfer unit at 4 °C. After the transfer, the membrane
was blocked in 5% skimmedmilk in TBST (Tween 20 detergent in Tris-
buffered saline) for 30minutes. The blot was incubated with anti-6x-
His,HRP (1:3000dilution) overnight at 4 °C. The blotwaswashed three
times for 10min| each with TBST before ECL treatment and chemilu-
minescent scanning in (Gel doc, Azure Biosystem).

Preparation of donor construct with short (50 bp)
homology arms
The 50bp donor, used only for initial Neon electroporation protocol
optimization, was prepared by PCR amplification from the s16-HuScFv
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expression component of the expression plasmid pcDNA5-TTX s16-
HuScFv. Forward and reverse primers were designed with 50bp of
homology across the target A. ceylanicum genomic sequence 12 bp
away from the cut site of the gRNA. These primers also included
15–20 bp sequence from pcDNA5-TTX s16-HuScFv, complementary to
the cloning start site for the donor preparation. The total sequence for
these primers varies from 65-70 bp (50 bp from the homologous
region and 15–20bp of the plasmid priming sequence). In an Eppen-
dorf tube, 10 µM of primer (either forward or reverse) was incubated
with 1mMBis-PEG10-NHS ester in 1×Borate buffer overnight atRT. The
reaction was stopped in the morning using 0.2M EDTA (pH 8). These
primers were desalted using a Bio-spin 30 column (Bio-Rad). These
desalted primers (Forward/Reverse) were used for the donor amplifi-
cation from pcDNA5-TTX s16-HuScFv. Once the donor was amplified
from thepcDNA5-TTX s16-HuScFvby the above-designedprimer, these
PCR amplicons were run through the gel, and the expected band was
gel eluted. The concentration of amplicon was measured, and 5 µg
donor DNA was used for the electroporation. In downstream experi-
ments described below, longer 600bp HAs were used.

Preparation of donor construct with long (600bp)
homology arms
The donor construct, CMV-Asp1-s16-HuScFv 6xHis -BGHwith right and
left homology arms of 600bp length, was chemically synthesized and
engineered by subsequently cloning into pcDNA3.1(+) vector by Gen-
Script at the Not I enzyme (NEB, Cat #R3189S) restriction site.
N-terminal optimization36 included modifying nucleotides 7 to 15 to
introduce A/U-biased hexanucleotide sequences and optimizing the
corresponding amino acids at codons 3 through 5 (e.g., utilizing the
KN-YImotif) to prevent ribosomal pausing and abortive peptidyl-tRNA
drop-off during early translation elongation. Homology arms of
600 bp in length were used for all experiments besides the Neon
electroporation protocol optimization. DH5α strain Escherichia coli
cells were transformed with the plasmid, positive colonies were
selected on the LB ampicillin (Gold Bio, Cat #A-301-25) plates, and the
plasmid was isolated using the QIAGEN Plasmid PlusMaxi Kit (Qiagen,
Cat #12163). The purified plasmid was digested with Not I overnight at
37 °C, cleaved fragments separated by agarose gel electrophoresis,
and the transgene-bearing fragment (3.2 kb) eluted using Zymoclean
Gel DNA recovery kit (ZymoResearch, Cat #11-301) into 50 µl nuclease
free water. The concentration and purity of this double-stranded DNA
donorwere established by spectrometry (Nanodrop) before storage at
−20 °C. All produced DNA constructs are available for reuse upon
request to the corresponding author.

Evaluation of Neon transfection protocols using A.
ceylanicum eggs
Male Golden Syrian hamsters (Mesocricetus auratus, 3–4 weeks old)
were infected orally with 80-100 iL3s of A. ceylanicum in 200 µl of PBS
using an oral gavage needle. After 18–20 days of infection, hamsters
were euthanized, the small intestine was removed and opened long-
itudinally as described above. Approximately 200–250 adult worms
were collected and washed as above, and then cultured overnight in
RPMI medium supplemented with 10% FBS (Gibco) and 1x antibiotic
and antimycotic (Gibco) at 37 °C in 5%CO2 in air to facilitate egg laying.
Eggs were collected by centrifugation at 2000 × g, 2min, room tem-
perature (RT), supernatant was removed, and the eggs assayed to
evaluate CRISPR transgene delivery performance of the Neon Elec-
troporation system (Invitrogen, Cat #MPK5000).

Isolation of in vivo laid eggs from hookworm-infected
hamster feces
After 16 days p.i. with 80–100A. ceylanicum iL3, hamsters were
transferred to a cage with wire flooring for 18–24 hours to enable
collection of feces. Hookworm eggs were isolated from these feces

according to established methods80, with minor modification. Briefly,
feces were soaked in 13% NaCl solution (Sigma-Aldrich, Cat #S9888)
(two ml per gram of feces) for 30minutes at RT, after which the fecal
slurry was homogenized with a spatula and then pelleted by cen-
trifugation at 2000 × g, for 5minutes at RT. Following centrifugation,
the supernatant containing eggs was decanted into a beaker with an
equal volumeofdistilledwater. This egg suspensionwas centrifuged at
2000 × g, 5min, the supernatant discarded, and the pellet containing
eggs was resuspended in 10ml sucrose (17% in water) (Sigma-Aldrich,
Cat #S7903). Next, resultant suspension was clarified (2000 × g, RT)
and the supernatant was split into two tubes and filled with 15ml of
distilledwater and centrifuged as above. Thepelletwas resuspended in
4.5ml of distilled water containing 0.5ml of 6% hypochlorite (Thermo
Fisher, Cat #SS290-1), gently rocked for 60 sec, and centrifuged at 800
× g, 2min, RT, and the pellet was washed three times with sterile
double-distilled water. Finally, eggs were resuspended in 1ml of PBS
and placed on a 30 μmpore size sieve (PluriSelect, Cat #43-50030-03)
to wash and remove debris, and the eggs were collected above the
mesh and counted.

Evaluation of Neon transfection protocols using A.
ceylanicum eggs
In vitro laid eggs were washed with Opti-MEM media, then resus-
pended in 1.0ml Opti-MEM media. Eggs were counted and dispensed
in equal numbers of eggs into each of 25 tubes. To prepare the RNA-
guided Cas9 ribonucleoprotein (RNP) complex, the overlapping gRNA
set (2 overlapping gRNAs of GSH2; 5 and 13) was diluted to a con-
centration of 1 µM inOpti-MEMmedium. Simultaneously, Cas9 (Alt-R™
S.p. Cas9V3, glycerol-free (IDT, Cat #10007807) proteinwas diluted to
a final concentration of 1 µM in Opti-MEM medium. The diluted gRNA
and Cas9 were mixed in an equal ratio (50 µl:50 µl) and incubated for
15min at RT to form RNP complexes. Following incubation, 30 µg of
double stranded linear donor DNA (50bp HAs) was added to the RNP
complex. For Neon electroporation, an equal volume of T-Buffer was
added to the eggs/RNP complex in each tube, which were then sub-
jected to electroporation using 24 different protocols. These varied in
pulse voltage, pulse width, and pulse number on theNeon transfection
system (see Supplementary Fig. 9). After electroporation, all 24 dif-
ferent Neon protocols were evaluated by PCR using different sets of
primers (Supplementary Note 5). In downstream experiments descri-
bed below, longer 600bp HAs were used.

Transfection of eggs with the transgene
Two hundred and fifty eggs each were used for the Mock (control)
group (no Cas9/RNP complex, no s16-HuScFv Donor DNA), the Donor
only (no Cas9/RNP complex, only with s16-HuScFv Donor DNA), and
the experimental group samples (with Cas9/RNP complex and s16-
HuScFv donor DNA). Three biological replicates were generated for
each group. RNA-guided Cas9 (gRNA.Cas9) ribonucleoprotein (RNP)
complex was prepared as described above. After incubation, 6 µg of
double stranded linear donor (Asp1-s16-HuScFv) was added to the
gRNA/Cas9 RNPs. The total volume was adjusted to 350 µl and was
added to the 50 µl of eggs. For Neon electroporation, an equal volume
of T-Buffer (Neon Transfection system kit, Thermo Fisher, Cat
#MPK10096) was added to the egg’s gRNA/Cas9 RNP resultant sus-
pension and were electroporated using protocol 13 (Pulse voltage:
1100V, Pulse width: 20 milliseconds, Pulse number: 2) of the Neon
transfection system, and electroporated eggs used for genomic DNA
isolation and evaluated for the integration of s16-HuScFv transgene by
PCR and ONT sequencing.

Collection of transgenic F0 adults and F1 eggs
Hookworm eggs isolated from hamsters and electroporated were
transferred to 24-well plates containing 1× PBS supplemented with 1%
penicillin (10,000 U per ml) and streptomycin (10mg per ml; Sigma-
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Aldrich) and 5% amphotericin B (250μg per ml; Sigma-Aldrich) and
placed in a CO2 incubator at 28 °C to induce hatching to the L1 larval
stage. The following day, the L1 larvae were transferred to the nema-
tode growth media (NGM) plates seeded with OP50 (Lot #053114) to
develop into the infective third-stage larva (iL3) on NGM plates incu-
bated at 28 °C at 5% CO2 for 3 days. Following incubation, iL3s were
collected, washed with PBS, and maintained in BU buffer until used to
infect hamsters. The iL3swere counted, and each hamsterwas infected
with 80-120 iL3s, as above. To evaluate the germline transgenesis,
feceswere collected from these infected hamsters at 18, 19, and 20dpi.
On each collection day, F1 eggs were isolated as above and used for
genomic DNA (g.DNA) isolation, PCR, and ONT sequencing. F0 adult
worms were collected as described above from hamsters and g.DNA
was isolated from every single worm and evaluated for the integration
of s16-HuScFv transgene by PCR and ONT sequencing. On-target,
programmed transgene KI was confirmed by amplification of the tar-
geted genomic region, followed by amplicon sequencing analysis.

Genomic DNA isolation from electroporated eggs and adults
g.DNA isolation from eggs was performed following the protocol for
theDNeasy Blood&TissueKit (QIAGEN). Briefly, 180μLATLbuffer and
20μL proteinase K were added to the electroporated eggs, mixed by
vortex, and incubated at 56 °C for 3 hours. Subsequently, 200μL AL
buffer was added and incubated at 56 °C for 10minutes. Following
incubation, 200 μL of ethanol (96-100%) was added to the suspension
and mixed. The suspension was pipetted into a DNeasy Mini spin col-
umn, centrifuged at ≥ 6000 × g for 1min. Subsequently, the spin col-
umn was washed with 500μL of Aqueous Wash 1 (AW1) buffer
(AqueousWash) and 500μL of AW2 buffer. DNAwas eluted in 50μL of
nuclease-free water and stored at −20 °C until use for PCR and ONT
sequencing. For g.DNA isolation from a single adult A. ceylanicum
worm, the worm was ground in 25μL of the Grinding Buffer (80%
Homogenization Buffer comprising 100mM NaCl, 200mM sucrose,
10mM EDTA (Corning, Cat #46-034-Cl), and 30mM Tris pH 8.0
(Corning, Cat #46-034-CM) and 20% Lysis Buffer consisting of 250mM
EDTA pH 8.0, 2.5% SDS (Invitrogen, Cat #15553-035), and 500mM Tris
pH 9.2). The worm lysate was incubated at 65 °C for 30minutes. Fol-
lowing incubation, 7 µL of 8M ammonium acetate (Sigma-Aldrich, Cat
#A1542) was added to the lysate and incubated in wet ice for 60min-
utes. Subsequently, the lysate was clarified by centrifugation, 2500 × g
for 10min. The supernatant was collected, and 100μL of 100% ethanol
was added and incubated at room temperature for 5min. Then, the
mixture was centrifuged at 18,500 × g, 15min, 4 °C, and the super-
natant removed. The barely visible pellet was washed with 100%
ethanol, air dried, and dissolved in 50μL of 10mMTris and 1mMEDTA
(TE) and stored at -20 °C until use for PCR and ONT sequencing.

Detection of transgenesis in F0 eggs, F0 adults, and F1
eggs by PCR
Detection of integration of the transgene into the genome of electro-
porated eggs (F0 eggs), F0 adults worms and F1 eggs at GSH2 was
undertaken using PCR, using Phusion® High-Fidelity DNA Polymerase
(NEB, Cat #M0531S) and informative primers; one primer set targeted
the GSH2 using specific primers upstream (5’up_F3) of the homology
arms paired with primers (CMV_R) specific for the CMV promoter
region of donor DNA and primer (s16 R) specific for the s16-HuScFv
(sequences in Supplementary Note 6). The PCR cycling conditions
included the initial denaturation step at 98 °C for 5minutes, followed
by 30cycles ofdenaturation at 98 °C for 30 seconds, annealing at65 °C
or 67 °C for 30 seconds, extension at 72 °C for 2minutes, and final
extension at 72 °C for 10minutes. The amplification products were
sized by electrophoresis through agarose gel and visualized and
documented under UV light (Gel doc, Azure Biosystem). The amplicon
sizes expected at the 5’ integration site were 1,061 bp and 2365 bp
using primer pairs 5’up_F3 &CMV R and 5’up F3 & s16 R, respectively.

The integrity of g.DNA from electroporated eggs (F0 eggs), F0 adult
worms, and F1 eggs were confirmed by amplification of the Rab11a/b
constitutive gene using Rab11a/b F & Rab11a/b R primers (Supple-
mentary Note 6). The amplified products from F0 eggs, F0 adult
worms, and F1 eggs were eluted from the gel (Zymoclean Gel DNA
recoverykit) andnucleotide sequences of ampliconsdeterminedusing
ONT sequencing (Plasmidosaurus). All primers were ordered from
Integrated DNA Technologies (IDT).

qRT-PCR quantification of gene expression
Total RNAwas isolated using Trizol reagent (Invitrogen,Waltham,MA,
USA) from four independent experiments. Each experiment has one
biological replicate of approx. ~20,000 eggs electroporated in the
absence of the transgene construct (mock/WT), and one replicate with
the s16-HuScFv construct (above; “transgenic”. RNA was also isolated
from two pools of WT and transgenic adults (4 worms per replicate),
after first homogenizing using 1.5mm zirconium beads (Benchmark
scientific Cat #D1032-15) using BeadBug6 (Benchmark scientific, Cat
#D1036). 200 µl of chloroform was added, followed by vigorous vor-
texing and incubation for 5 minutes. After phase separation, the aqu-
eous layer containing RNA was transferred to new tube, and RNA was
precipitated using 500 µl of isopropanol and incubation at room
temperature for 20minutes. Samples were centrifuged at 12,000 × g
for 10minutes at 4 °C. The supernatant was discarded, and the RNA
pellet was washed with 1ml of 75% ethanol, briefly vortexed, and
centrifuged at 7500 × g for 5minutes at 4 °C. Pellets were air dried for
5–10minutes and resuspended in 35 µl of RNase- free water, 15 µl
stored at −80 °C for RNA sequencing, and the remainder employed as
the template for cDNA synthesis and qRT-PCR. Transgenesis of eggs
was confirmed by PCR as described above. Three samples each from
the WT and putatively transgenic eggs were selected for qRT-PCR
quantification of gene expression of genes of interest. Residual geno-
mic DNA was removed by DNase I digestion with the DNA-free DNA
removal kit (Invitrogen, Cat no-AM1906). RNAwas quantified by Qubit
HS RNA assay (Life Technologies) and its integrity determined by RNA
assay on 4200 Tapestation (Agilent). cDNA was synthesized using the
readyScript cDNA synthesis kit (Sigma, Cat no - RDRT) according to the
manufacturer’s instructions. qRT-PCR reactions were performed using
PowerUp™ SYBR™ Green Master Mix (Applied Biosystems, Cat no-
A25742) on QuantStudio™ 3 Real-Time PCR System (Invitrogen).
Rab11a/b served as representative endogenous reference genes. The
relative expressionwas calculated byusing 2-ΔCTmethod, usingRab11a/
b as the reference. When no signal was detected, a CT value of 40 was
used for calculations, representing the background detection limit.
Supplementary Note 6 lists the primers and their sequences employed
for endogenous controls (BenA and Rab11a/b), Acey_002221 (GSH
upstreamgene), Acey_002225 (GSHdownstreamgene) and s16-HuScFv.
Significant differences between WT and transgenic samples were
assessed in two-tailed t-tests (equal variance), using the ΔCT values,
before transformation to 2-ΔCT gene expression values.

RNA seq analysis
The three WT and transgenic egg RNA biological replicates with the
best QC (RIN> 8.6) from the qRT-PCR analysis described above
underwent bulk RNA-seq profiling. cDNA libraries were prepared using
PolyA selection, and processed cDNA was sequenced on the Illumina
NovaSeq S4 platform (paired-end 150bp reads), generating an average
of 17.4million readpairs per sample. The rawRNA-seq readfiles (fastq)
are accessible on the NCBI Sequence Read Archive (SRA81, BioProject
PRJNA1328670), and read count statistics and SRA accession infor-
mation per sample are provided in Supplementary Data 4. Sequenced
reads were mapped to the A. ceylanicum genome assembly15,64

(PRJNA72583) and annotation65, using tools and settings as described
above for samples across the life cycle, in the “Database production for
GSH analysis” section of the Methods. DESeq2 (v 1.44.0)42 was used to
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perform differential expression analysis between WT and transgenic
samples (n = 3 each, with batch effects for each WT+transgenic pair),
with thresholds of FDR-adjusted P ≤0.05 and |Log2 Fold Change | ≥ 1
for significant differential expression. The DESeq2 R script was
retrieved from protocols.io (https://doi.org/10.21203/rs.3.pex-2532/
v1). Supplementary Data 1 provides read counts, normalized gene
expression levels, and all DESeq2 differential expression statistics for
all genes.

ELISA-based assays for s16-HuScFv quantification
ELISA was performed to quantify s16-HuScFv levels in hamster serum.
Nunc ELISA plates were coated with 2 µg/ml anti-His antibody (Ther-
moFisher, Cat #MA1-21315, Lot #3216088) diluted in carbonate buffer
(15mM NaHCO3, 30mM NaH2CO2, and 0.02% sodium azide, pH 9.2)
and incubated overnight at 4 °C. The next day, plates were washed
three times with wash buffer (1× Dulbecco’s phosphate-buffered saline
(DPBS), pH 7.2, containing 0.05% Tween-20) and then blocked with
300 µl of blocking buffer (2% BSA in wash buffer) for 2 hours at room
temperature (RT). After blocking, plates were washed again and
incubated with ESP collected from TG hookworm, undiluted hamster
serum, or 1:10 diluted hamster serum for 2 hours at 37 °C. For gen-
erating the standardcurve, serial dilutions of recombinant purified s16-
HuScFv were prepared, and 100 µl of each dilution was added to the
corresponding wells and incubated under the same conditions. Plates
were then washed with 200 µl/well of wash buffer three times for
5minutes each on a shaker. Subsequently, a 1:5000 dilution of HRP-
conjugated goat anti-human IgG F(ab’)₂ fragment-specific antibody
(Abcam, Cat #109-035-097, Lot #174499) was added, and the plates
were incubated for 60min at RT. Antibody validation is supported by
the manufacturer’s “purity” and “antibody specificity” analysis in the
product specifications for this lot (https://www.jacksonimmuno.com/
lots/000000174499), which includes immunoaffinity chromato-
graphy purification, immunoelectrophoresis, and ELISA with positive
and negative controls. After incubation, plates were washed six times
(200 µl/well) for 5minutes each on a shaker. Signal development was
performed using 1-Step ultra TMB- ELISA substrate (ThermoFisher, Cat
#34028), and the reaction was stopped with 2M H₂SO₄. Optical den-
sity was read at 450nm using a BioTek Eon Microplate Reader (Mid-
land, ON, Canada).

Tetrodotoxin neutralization assays
Murine neuroblastoma Neuro-2a cells (Merck, Cat ECACC 89121404)
were cultured in ATCC 30-2003 Eagle’s Minimum Essential Medium
(EMEM) containing Earle’s balanced salt solution, non-essential amino
acids, 2 mM L-glutamine, 1mM sodium pyruvate, and 1500mg/L
sodium bicarbonate. The EMEM was supplemented with 10% heat-
inactivated fetal bovine serum (Bovogen Biological, East Keilor, VIC)
and antibiotics (10,000 U/ml penicillin and 10,000 µg/ml streptomy-
cin; Gibco, 15140122; Thermo Fisher Scientific, Scoresby, VIC). Cells
were maintained at 37 °C, 5% CO2. For passaging, spent medium was
removed, and adherent cellswere rinsedwith 10ml of pre-warmedPBS
(calcium- and magnesium-free). Detachment was induced by incubat-
ing cells with ~3ml of pre-warmed TrypLE™ Express Enzyme (1X, no
phenol red; Gibco) for 5 to 15minutes at 37 °C. Cells were resuspended
in 7ml of culture medium, collected into a 15ml tube, and centrifuged
at 130 × g for 7minutes at room temperature. The supernatant was
discarded, and the cell pellet was resuspended in 2ml of fresh culture
medium. Cell density and viability were determined using a Casy cell
counter (10 µl cell suspension in 10ml Casyton solution). Neuro-2a
cells were seeded at a density of 20,000 cells per well in 150 µl of
complete EMEM into clear, flat-bottom, white polystyrene 96-well tis-
sue culture plates (Corning, 3610). Plates were incubated overnight at
37 °C with 5% CO2 to allow for recovery and adhesion. Following
incubation, cytotoxicity was assessed using the CellTox™ Green
Cytotoxicity Assay (Promega). A working medium (CTG-EMEM) was

prepared by adding CellTox™ Green Dye (1000X) to complete EMEM
to a final concentration of 1.5X. Spent culture fluid (100 µl) was aspi-
rated from the wells and replaced with 100 µl of treatment master
mixes prepared in CTG-EMEM, resulting in a final dye concentration of
1X. Green fluorescencewas quantified using a Cytation 3 imaging plate
reader from Biotek/Agilent, with normalization performed between
100% TTX neutralization (200 µMV+400 µMO, with no TTX) and 0%
TTX neutralization (200 µMV+ 400 µMO+200 µM TTX), following
72 hours of incubation time for osmotic cell lysis to occur.

Assays utilized a number of combinations of samples and
reagents, which were pre-incubated for 30minutes prior to exposure
to the Neuro-2a cells (Supplementary Fig. 5). Controls included CTG-
EMEM-only (untreated) or CTG-EMEM containing 4% Lysis Solution
(lysis control), and TTX treatments used 200 nM TTX citrate (Abcam,
ab120055). Wildtype adult hookworm excretory/secretory proteins
(ESPs) were collected following established protocol17. Blood was col-
lected from hamsters infected with iL3s that hatched from wild-type
eggs or transgenic electroporated eggs. On day 22 post-infection,
hamsters were dissected as described above, and approximately 500-
600 µl of blood was collected via cardiac puncture using a 29G insulin
syringe to obtain a larger volume directly from the heart. Serum was
collected by centrifugation at 4000 × g for 45minutes at room tem-
perature (RT). The serum was aliquoted and stored at −20 °C before
performing the tetrodotoxin (TTX) neutralization using undiluted
serum. We utilized an assay design modified from Chulanetra et al.
201213, in which TTX (Abcam, Cat #ab120055; Soluble in water) activity
is quantified by its neutralization of the ion-channel mediators vera-
tridine (V) (Abcam, Cat #ab120279; Soluble in ethanol to 100mM) and
ouabain (O) (Abcam, Cat #ab120748; Soluble in DMSO to 100mM, in
ethanol to 10mM, or water to 10mM). Recombinant s16-HuScFv was
prepared as described above. All samples were stored at −80 °C when
supplied, and working stocks of TTX were prepared fresh daily and
stored at 4 °C. Plates and reagent mixtures were incubated for
30minutes at 37 °C. Subsequently, agonist stock solutions were pre-
pared in ethanol: Veratridine (10mM; Abcam, ab120279) and Ouabain
octahydrate (8.23mM; Abcam, ab120748). Working solutions were
prepared in EMEM (0.2mM Veratridine and 0.4mM Ouabain). Cells
were treated by adding 50 µl of Veratridine working solution and 50 µl
of Ouabain working solution to designated wells. Plates were sealed
and incubated at 37 °Cwith 5%CO2. Fluorescencewasmeasured at 1, 6,
24, 48 and 72 hours post-treatment using a microplate reader with
bottom optics. The excitation filter was set to 485–12 nm and the
emission filter to 520nm, with a gain adjustment between 500 and
700. Background fluorescence values were subtracted from test sam-
ples, and data were plotted as relative fluorescence units (RFU). For
some of the serum samples and matched controls, the Promega Cell-
Tox Green Cytotoxicity Assay reagents could not be procured, so the
Calcein AMCell Viability Assaywas instead utilized tomeasure live cell
fluorescence following 72 hours of incubation time.

Digital image creation
All diagram components were drawn/created in MS PowerPoint. A
hamster image and worm images were captured by the authors during
experiments presented in this study, and were used as references for
hamster and worm representations. All other objects were drawn
freehand.

Mass spectrometry proteomics of hamster serum
One microliter of each infected hamster serum sample was added to
8M urea and 0.4M ammonium bicarbonate buffer, reduced with
4mM dithiothreitol, and alkylated with 18mM iodoacetamide. The
solution was then diluted to <2M urea, and 1 µg of trypsin was added
for overnight digestion at 37 °C. The resulting peptides were desalted
using C18 solid-phase extraction spin columns, and eluates were dried
under vacuum using a SpeedVac concentrator. Dried peptides were
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reconstituted in 0.1% formic acid, and concentrations were measured
using a NanoDrop assay. Peptides were loaded onto a Neo trap car-
tridge coupled to an analytical C18 column (75 µm × 25 cm, 1.7 µm;
IonOpticks) and separated using a 35-minute linear gradient from 2%
to 45% solvent B (0.1% formic acid in 80% acetonitrile) on a Vanquish
Neo UHPLC system coupled to an Orbitrap Astral mass spectrometer
equipped with a FAIMS Pro Duo interface (Thermo Fisher Scientific,
Cat #FMS03-10001). Data were processed using Spectronaut 18
(Biognosys AG). Raw data files were analyzed using directDIA™ against
a combined database containing proteins from Mesocricetus auratus
(MesAur1.0 from GenBank82), A. ceylanicum (genome annotation ver-
sion described in Uzoechi et al 202317), and the s16-HuScFv protein
sequence. Search parameters included trypsin digestion with cleavage
after K or R, allowance for up to two missed cleavages, carbamido-
methylation of cysteine (static modification), and variable modifica-
tions including oxidized methionine and Protein N-terminal
acetylation. Peptide spectrum matches (PSMs), peptides, and protein
groups were identified using a false discovery rate (FDR) threshold of
0.01, requiring 1 unique peptide per protein. Differential expression
was measured using limma v3.66.047, with standard settings, and data
was sorted, parsed in MS Excel Version 16.108 (See Supplementary
Data 5). Samples sequenced included four biological replicates each of
hamster serum from hamsters infected with WT or s16-HuScFv trans-
genic hookworms.

Statistics & Reproducibility
All samples described as “biological replicates” represent distinct
biological samples. Relative fluorescence values from TTX assay
datasets are normally distributed according to a Shapiro-Wilk test
(W=0.9462, P =0.5828, effect size = 0.1677; using sample size n = 12
biological replicates for the same sample type), so anANOVAwas used
to compare their values. Significant differences between WT and
transgenic samples were tested for qPCR results using two-tailed t-
tests (equal variance), using the ΔCT values, before transformation to
2-ΔCT gene expression values. RNA-seq differential expression was
quantified by DESeq2 FDR-adjusted P ≤0.05 and a minimum 2-fold
change in expression. Source data for all experiments is provided for
all datasets in Supplementary Data and Source Data files. Sample sizes
were determined according to the necessary evidence to confirm each
individual experiment, while minimizing the number of hamsters that
needed to be sacrificed to produce samples. Replicate counts for RNA-
seq and proteomics analysis were based on standard required biolo-
gical replicate counts, based on our experience with these datasets.
No data was excluded from the analyses. The investigators were
not blinded to allocation during experiments and outcome assess-
ment. Blinding was not relevant to this study, as the experimental
outcomes relied on objective molecular assays to confirm transgene
integration and did not involve subjective evaluations. Hamsters,
worms andeggswere allocated into experimental groups randomly for
all experiments.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The RNA-seq data generated in this study have been deposited in the
NCBI Sequence Read Archive (SRA) database under BioProject
PRJNA1328670, [https://www.ncbi.nlm.nih.gov/bioproject/
PRJNA1328670/]. The accession information per sample is available
in Supplementary Data 4, and the processed relative gene expression
levels and differential expression statistics for all genes are available in
Supplementary Data 1. The proteomics data generated in this study
have been deposited in the iProX repository under accession code
IPX0014753001. The processed MS proteomics detection level details

and a complete list of all hookwormandhost proteins detected in each
sample are available in Supplementary Data 5. Complete ONT
sequencing reads are provided in Supplementary Note 7. Previously
published whole-worm A. ceylanicum RNA-seq datasets spanning the
life cycle are available from the NCBI Sequence Read Archive (SRA)
database under BioProject PRJNA72583, accessions numbers
SRX1116899-111692314, and the processed relative gene expression
levels for all genes across all samples are available in Supplementary
Data 1. The A. ceylanicum genome assembly is available under NCBI
BioProject PRJNA231479, assembly accession GCA_000688135.1
[https://www.ncbi.nlm.nih.gov/datasets/genome/GCA_000688135.1/],
and gene annotations were downloaded from WormBase Parasite
accession #PRJNA72583.WBPS15, annotation version 2020-04-
WormBase (https://parasite.wormbase.org/Ancylostoma_ceylanicum_
prjna72583/Info/Index). The authors declare that all other data sup-
porting the findings of this study are available within the paper and its
supplementary information files. Source data are provided with
this paper.

Code availability
The DESeq2 R script for differential gene expression was retrieved
from protocols.io (https://doi.org/10.21203/rs.3.pex-2532/v1). No
other custom code was generated or used for any of the analyses
described.
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