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1.  INTRODUCTION 

Acute hepatopancreatic necrosis disease (AHPND) 
is an infectious disease of penaeid shrimp character-
ized by atrophying hepatopancreas, empty guts, and 
high mortality (Tran et al. 2013). Cumulative global 
shrimp production losses caused by AHPND exceed 
$43 billion USD, with production reduced to approx-
imately 60% in affected areas (Kumar et al. 2021). 

A Vibrio parahaemolyticus plasmid-expressed binary 
toxin, PirAB, is necessary for the disease (Han et al. 
2015, Lee et al. 2015). PirA and PirB share similar 3-
 dimensional topology to the insecticidal Cry toxin of 

Bacillus thuringiensis (Lee et al. 2015). Based on struc-
tural similarities, PirB is hypothesized to bind receptors 
and form pores, while PirA assists with receptor bind-
ing through interactions with sugar ligands (Lin et al. 
2017). PirA and PirB interact with each other in vitro 
(Lin et al. 2019). New therapeutics could inhibit PirA 
and PirB by blocking receptor binding sites, disrupting 
the PirA–PirB interface, or inhibiting pore formation. 

Typical pond management strategies such as aer-
ation control, feed quality assessment, disinfection of 
input materials, and antibiotic applications are often 
insufficient, with AHPND-causing bacteria frequent ly 
resistant to several antibiotics (Kumar et al. 2021). 
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Other mitigation strategies include probiotic bacteria, 
lytic bacteriophages, and phytochemicals, but none 
target PirAB. A new therapeutic option targeting 
PirAB, suitable for inclusion in shrimp feed, is needed. 
Nanobodies, derived from the VHH domain of llama 
heavy-chain-only antibodies (Muyldermans 2013), 
offer one such option. Since anti-PirA chicken IgY an-
tibodies can reduce AHPND mortality in experimental 
infections (Nakamura et al. 2019), antibody treatments 
for AHPND are viable. Here, we show that nanobodies 
targeting either PirA or PirB protect whiteleg shrimp 
from the AHPND toxin, supporting the use of nano-
bodies for AHPND control in shrimp aquaculture. 

2.  MATERIALS AND METHODS 

2.1.  Protein purification and nanobody discovery 

Vibrio parahaemolyticus PirA and PirB were recom-
binantly expressed with C-terminal 6X-histidine tags 
similarly to previously described methods (Lee et al. 
2015). Llamas were immunized with PirA and PirB, 
either alone or in combination, by CedarLane Labo-
ratories (Burlington, Canada) under CedarLane's ap -
proved animal use protocol PL148AB. Nanobodies to 
PirA and PirB were discovered using well-de scribed 
protocols (Baral et al. 2013) and expressed with N-ter-
minal TEV-cleavable 6X-histidine and thioredoxin 
(TRX) tags as previously de scribed (Loutet et al. 2024).  
Further details on nanobody discovery and purifica-
tion protocols can be found in the Supplement (www.
int-res.com/articles/suppl/d160p007_supp.pdf). 

2.2.  Nanobody ELISA 

A 96-well plate was coated overnight at 4°C with 
100 μl of either PirA (10 μg ml–1) or PirB (20 μg ml–1) in 
phosphate-buffered saline (PBS). Wells were washed 3 
times with 300 μl of PBS and blocked with 200 μl of 5% 
skim milk powder in PBS + 0.05% Tween-20 (PBST) 
for 2 h at room temperature (RT). Wells were then 
washed once with 300 μl of PBST. Nanobodies were di-
luted in blocking solution to final concentrations of 
4 pM to 400 nM; 100 μl were then added to the wells, 
and plates were incubated for 1 h at RT. Wells were 
washed 3 times with 300 μl of PBST, and 100 μl of HRP-
conjugated rabbit IgG anti-VHH cocktail (GenScript) 
diluted 1:8000 in blocking solution were added to 
wells and incubated for 1 h at RT. Wells were washed 3 
times with 300 μl of PBST, and 100 μl of 3,3’,5,5’-tetra-
methylbenzidine (TMB) substrate (Abcam) were added 

to wells and incubated for 30 min at RT. Reactions 
were stopped with the ad dition of 50 μl of 1 M HCl, 
and absorbance at 450 nm was measured. 

2.3.  Gastrointestinal tract extract stability assay 

Gastrointestinal (GI) tract stability assays were con-
ducted as previously described (Loutet et al. 2024) 
using either shrimp GI tract or chicken jejunal ex -
tracts. Chicken intestinal tracts were removed at 
slaughter by a local poultry processor under Novo-
Bind’s approved animal use protocol GUT001. See 
the Supplement for further details. 

2.4.  Artemia in vivo tests 

Brine shrimp Artemia salina cysts were purchased 
from Aqua rium Direct and rehydrated in 1.7 l of artifi-
cial seawater (pH 8.4–8.6; alkalinity 3.2–3.8 mEq l–1) 
prepared following the manufacturer’s instructions 
(Salinity™; Aquavitro®) in an Artemia hatchery 
blender (ZH-2000, Ziss Artemia Blender 2.0 l; 18 cm × 
14 cm × 13 cm). After 48 h of incubation between 26 
and 28°C with constant aeration and light, the growth 
stage of Artemia was confirmed under a microscope. 

Stage II Artemia (n = 10–12) were allocated into 
0.5 ml artificial seawater per well in 24-well plates and 
acclimatized for 1 h at 26–28°C. Diluted pro tein treat-
ment solutions (0.5 ml) were added to each well to 
achieve final concentrations of 3 μM PirA, 3 μM PirB, 
and 15 μM nanobody in 10% PBS. The 24-well plates 
were shaken at 90 rpm for 5 min to mix the treatment 
solutions, then incubated at 26–28°C with constant 
light and no shaking. Mortality was measured at 42 h 
post challenge. Each treatment group had 12 repli-
cates. All experiments in cluded a negative control 
group with 10% PBS and a positive control group 
receiving PirA and PirB without nanobody. A. salina 
infection experiments were conducted at NovoBind 
under approved animal use pro tocol ART001. 

2.5.  Whiteleg shrimp in vivo tests 

Ten-day post-larval (PL10) whiteleg shrimp 
Penaeus vannamei, 9–11 mm in length, were used for 
whiteleg shrimp challenges. One PL10 was put into 
0.5 ml seawater (salinity 20 ppt, pH 7.8–8.2, alkalinity 
120–160 ppm) per well in 24-well plates and allowed 
to acclimatize for at least 1 h. PirA, PirB, nanobodies, 
and seawater were mixed as a 2× treatment solution 
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and allowed to equilibrate for 30 min. After PL10 
acclimatization, 0.5 ml of 2× treatment solutions were 
added to each well. Final nanobody and toxin con-
centrations were 8 μM and 125 nM, respectively. 
Each treatment group consisted of 12 PL10s. Shrimp 
mortality was monitored every 2 h for 24 h. Additional 
groups included a negative control with seawater and 
a positive control receiving PirA and PirB without 
nanobody. Whiteleg shrimp infection experi ments 
were conducted at ShrimpVet under approved animal 
use protocols IT-23005C, IT-23005D, IT-23005E, and 
IT-23005F. 

2.6.  Statistical analysis 

All descriptive statistics (means and standard devi-
ations), nonlinear regressions, and unpaired Student’s 
t-tests were calculated using GraphPad version 10.1.2. 

2.7.  Animal use 

All experiments involving the use of animals were 
ap proved by NovoBind’s internal animal use com-
mittee.  

3.  RESULTS 

3.1.  Identification of unique PirA- and PirB-binding 
nanobodies 

Nanobodies to PirA and PirB were obtained from 
several immunized llamas and, in total, 127 and 205 
unique nanobodies were raised to PirA and PirB, 
respectively. Of these, more than 90% could be suc-

cessfully ex pressed in and purified from E. coli and 
were tested in vitro. 

3.2.  Nanobody binding screen 

The binding of all purifiable nanobodies to either 
PirA or PirB was measured by ELISA. To exemplify 
this, the binding of nanobody NBX-PA1 to PirA and 
nanobody NBX-PB1 to PirB are shown in Fig. 1. For 
both, binding is detected in the sub-nM range, with 
midpoints of saturation below 5 nM. The mean ± SE 
midpoints from 5 independent experiments were 
2.1 ± 0.5 and 0.6 ± 0.1 nM for NBX-PA1 and NBX-
PB1, respectively. Although these are not equilibrium 
assays, this result suggests a high inherent affinity. 

3.3.  Nanobody proteolytic stability screen 

All nanobodies were screened for proteolytic stabil-
ity in a GI tract extract. In early experiments, a GI ex -
tract derived from shrimp was available; however, 
such samples were difficult to obtain in Canada due to 
import restrictions to prevent the spread of infectious 
hypodermal and hematopoietic necrosis (IHHN) dis-
ease. Later experiments were conducted with a 
chicken jejunal extract that could be more easily ob-
tained. Some nanobodies were tested in both samples 
and al though survival times in different extracts var-
ied, the relative ranking of nanobody stability was 
consistent across extract types. Fig. 2 shows the re-
sults for NBX-PA1 and NBX-PB1 in a chicken jejunal 
sample. NBX-PA1 was visible on the SDS-PAGE gel 
until the last measured time point (24 h), while NBX-
PB1 was visible until 6 h. In total, 167 unique PirA- or 
PirB-binding nanobodies were tested for stability in 
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Fig. 1. Nanobodies NBX-PA1 and NBX-PB1 bind to target antigens in an ELISA-based assay at low nM concentration. (A) NBX-
PA1, but not NBX-PB1, is able to bind to PirA. (B) NBX-PB1, but not NBX-PA1, is able to bind to PirB. Data shown are from a  

representative experiment for each nanobody. Data are means ± SD from triplicate wells
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this batch of GI tract fluid. Only NBX-PA1 and 1 other 
nanobody were visible in the fluid after 24 h, meaning 
that NBX-PA1 is in the top 1.2% of the most stable 
nanobodies. A total of 20 nanobodies, including NBX-
PB1, are visible at 6 h, indicating that NBX-PB1 is in 
the top 12% of the most stable nanobodies. A control 
nanobody, known to degrade between 6 and 24 h, was 
included in all assays to ensure ex pected behavior. 

3.4.  Nanobody protection of brine shrimp 

Based on the combined results of nanobody binding 
and proteolytic stability studies, a collection of 50 
nano bodies was selected for PirAB neutralization 

studies in brine shrimp A. salina. NBX-PA1 and NBX-
PB1 were both able to reduce the mortality induced 
by PirAB by approximately 50% (Fig. 3). Using a cut-
off of 30% mortality reduction or better during nano-
body treatment, the nanobody collection was reduced 
to 20 for testing in whiteleg shrimp P. vannamei 
PL10s. 

3.5.  Nanobody protection of whiteleg shrimp 

Nanobodies were tested for the ability to protect P. 
vannamei PL10s from treatment with PirAB in 24 h 
immersion experiments. Of those tested, 5 were able 
to reduce PL10 mortality by 50% or more after 24 h. 
Both NBX-PA1 and NBX-PB1 reduced PL10 mortality 
induced by PirAB to levels comparable to the un -
treated control PL10s (Fig. 4). 

It was evident that PL10s were more susceptible to 
PirAB than brine shrimp. PL10s were killed more 
quickly (average of ~80% mortality at 24 h) than brine 
shrimp (average of ~60% mortality at 42 h), despite 
the fact that PL10s were treated with less PirAB 
(125 nM) than brine shrimp were (3 μM). Similar 
nanobody concentrations were used for each species, 
and lower PirAB levels in PL10 experiments may have 
improved protection by neutralizing nanobodies. 
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Fig. 2. (A) NBX-PA1 and (B) NBX-PB1 (both have predicted 
molecular weights of 12.5 kDa) survive for 24 and 6 h, respec-
tively, in the presence of a chicken jejunal extract. For each 
nanobody, the SDS-PAGE gel shows the following from left to 
right: 11 and 17 kDa molecular weight markers; the nanobody, 
incubated at 42°C in the absence of extract at the start (0 h) 
and endpoints (24 h) of the experiment to show that any ob-
served degradation is extract dependent; the extract without 
nanobody at the start of the experiment to aid in the identifi-
cation of the nanobody on the gel; a time course (0–24 h) of 
the nanobody incubated at 42°C in the presence of the extract; 
and the extract without nanobody at the end of the experi-
ment to aid in the identification of the nanobody on the gel

Fig. 3. NBX-PA1 and NBX-PB1 reduce PirAB-induced mortal-
ity in brine shrimp Artemia salina. Data are means ± SD from 3 
to 7 independent experiments. Nanobody and toxin concen-
trations were 15 and 3 μM, respectively. All other groups are 
statistically different from the PirAB-treated group by un- 

paired Student’s t-test (*p < 0.05, **p < 0.0001)
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4.  DISCUSSION 

To our knowledge, this is the first use of nanobodies 
for disease prevention in shrimp; however, other anti-
body types have been tested previously. Single-chain 
variable fragment antibodies or conventional anti-
bodies can be used to reduce white spot syndrome, 
AHPND, or bacterial vibriosis (Lu et al. 2008, 2009, 
Gao et al. 2016, Kumaran et al. 2018, Nakamura et al. 
2019, Cui et al. 2022). Compared to these, nanobodies 
are smaller and consist of a single compact domain. 
Nanobodies can be more easily produced through 
large-scale fermentation processes using organisms 
such as yeast, which should reduce their cost for 
widespread use in aquaculture. 

Previous attempts to develop antitoxin nanobodies 
have included in vitro functional assays during the 
nanobody discovery pathway (Andersen et al. 2016, 
Gangaiah et al. 2022, Loutet et al. 2024). This enables 
the selection of nanobodies with direct antitoxin ef -
fects. When such a nanobody is applied in vivo, it 
likely acts by directly reducing the ability of the 
pathogen to cause disease. Without an immortalized 
cell line susceptible to PirAB, no such in vitro screen 
could be included here. Despite this, nanobodies 
were obtained that protect whiteleg shrimp from 
PirAB toxicity. This was accomplished by starting 
with several hundred nanobodies and filtering them 

through a series of protein–protein interactions, 
intestinal tract proteolytic stability, and brine shrimp 
in vivo tests to shortlist nanobodies for whiteleg 
shrimp protection experiments. These experiments 
showed that nanobodies can reduce shrimp mortality 
in the presence of PirAB to levels comparable to 
unchallenged control shrimp in immersion trials. 

Although the mechanism by which the lead nano-
bodies protect shrimp from the toxin was not con-
firmed, the lead nanobodies are hypothesized to bind 
at functionally relevant epitopes, thus blocking toxin 
function. These epitopes could be important for the 
PirA–PirB interface, receptor binding, or cell lysis. 
Several non-neutralizing PirA- or PirB-binding nano-
bodies with binding and stability characteristics com-
parable to the lead nanobodies described here were 
obtained. These non-neutralizing nanobodies sug-
gest that toxin binding alone is insufficient for disease 
protection. However, the possibility that the lead 
nanobodies bind the toxins in a way that recruits an 
antitoxin or antibacterial component of the shrimp 
innate immune systems cannot be excluded. 

In vertebrates, nanobodies have been applied as 
fusion proteins with host immunoglobulin Fc regions 
to engage the host immune system (Hussack et al. 
2018, Virdi et al. 2019) or in multivalent formats (Yang 
et al. 2014, Fiil et al. 2022). Fusing the lead nano-
bodies with a protein able to elicit antitoxin or anti-
bacterial elements of the shrimp innate immune sys-
tem or expressing them in multivalent formats are 
in triguing options. However, this increasing com-
plexity may negate the benefits of the small compact 
structure of nanobodies, resulting in higher produc-
tion costs. 

Future studies will include larger trials with nano-
bodies supplied via feed. Nanobodies have been 
shown to protect other animal species from GI dis-
eases when applied in feed (Virdi et al. 2019, Lessard 
et al. 2020, Loutet et al. 2024). It is anticipated that 
nanobodies in shrimp feed should also be effective. 
The results presented here demonstrate the great 
potential nanobodies have for the protection of 
shrimp from AHPND. Nanobodies offer an excellent 
new opportunity to the shrimp aquaculture sector for 
the reduction of this disease, which at this time causes 
billions in dollars of losses to producers every year 
(Kumar et al. 2021). 
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Fig. 4. NBX-PA1 and NBX-PB1 protect whiteleg shrimp Pe-
naeus vannamei from PirAB. Data means ± SD from 3 or 4 in-
dependent experiments for untreated, PirAB treated, PirAB 
+ NBX-PA1 treated, and PirAB + NBX-PB1 treated whiteleg 
shrimp. Nanobody and toxin concentrations were 8 μM and 
125 nM, respectively. From 16 h onwards, the difference in 
percent mortality between PirAB treated and either PirAB + 
NBX-PA1 treated or PirAB + NBX-PB1 treated is statistically  

different (*p < 0.01) by unpaired Student’s t-test
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