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Protein nanoparticles are increasingly used in medical applications such as

drug delivery and antigen display. To fully harness their potential, it is

essential to assess their capacity for surface modification and optimize their

stability and production. In this study, we investigated the immunogenicity

of Thermotoga maritima encapsulin (TmENC) displaying a 28 amino acid

peptide from FepA, a Salmonella outer membrane protein, which we had

previously characterized. In BALB/c mice, immunization induced a specific

antibody response against the surface-displayed epitope. We also evaluated

the modularity of TmENC by introducing individual modifications at four

distinct sites within the protein subunit, as well as simultaneous modifica-

tion of up to four sites per subunit. All TmENC variants were transiently

expressed in Nicotiana benthamiana, where they successfully assembled into

nanoparticles; however, their accumulation and stability varied depending

on the number and type of modifications introduced. These results demon-

strate the versatility of TmENC as an antigen display platform and under-

score its potential for developing multivalent vaccines through genetic

modification of multiple sites within a single protein subunit.
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Introduction

In the past decade, protein nanoparticles (PNPs) have

emerged as a biocompatible platform for various medi-

cal applications such as drug delivery and antigen dis-

play. PNPs self-assemble into stable, multi-subunit

structures, including hollow cage-like structures, offer-

ing opportunities for encapsulation and controlled

release of therapeutics. Their repetitive subunit organi-

zation enables the display of antigens in a high-density

array, effectively promoting immune recognition and

enhanced immunological responses [1,2]. Several natu-

rally occurring PNPs of eukaryotic and prokaryotic

origin have been investigated for use in vaccine devel-

opment [3–6].
Encapsulins are a widely distributed and function-

ally diverse class of PNPs found inside many prokary-

otes [7]. They self-assemble from identical protein

subunits into capsid-like particles ranging from 20 to

50 nm in diameter, with icosahedral symmetries of

either T = 1, T = 3, or T = 4 [7–9]. A unique fea-

ture of encapsulins is that they naturally function as

nanocompartments, selectively encasing native cargo

proteins, such as enzymes, via short C-terminal encap-

sulation tags. This cargo-loading capacity has been

applied to therapeutic proteins [10,11]. Additionally,

the surface of encapsulin can be modified genetically,

enabling the controlled insertion of a desired peptide

within a specific position of the nanoparticle, resulting

in repetitive display on the nanoparticle surface

[12–14].
The encapsulin derived from the thermophilic

bacterium Thermotoga maritima (TmENC: 60mer,

20–24 nm, T = 1) is the most extensively studied [15].

The TmENC subunit consists of three domains, P, A,

and E, and contains ten sites which have been geneti-

cally modified [12,14,16–20]. Of these ten sites, eight

are surface exposed: site K239-D240 within the P

domain; sites E124-K125, E135-E136, K138-I139, and

the C terminus (F265) within the A domain [12,19,20];

and sites E54-V55, V57-L58, E61-N62, and G68-L69

within the E domain [14,18,20]. Previous studies have

suggested that the C terminus is less accessible [14];

however, its accessibility can be enhanced through the

addition of a linker between TmENC and the added

peptide [20]. Modification of sites E61-N62, E124-

K125, E135-E136, K138-I139, and K239-D240 has

resulted in high purification yield of stable TmENC

nanoparticles [19,20], while modification of sites E54-

V55, V57-L58, and G68-L69 leads to unstable or insol-

uble nanoparticles with low purification yield [18].

We previously engineered a TmENC variant with

six histidines at site K239-D240 of the subunit, and

five TmENC variants with different epitopes from fer-

ric enterobactin receptor (FepA), a Salmonella outer

membrane protein, inserted at site K138-I139, in addi-

tion to six histidines inserted at site K239-D240 [19].

For all variants, we achieved a high yield of assembled

TmENC nanoparticles upon expression in Nicotiana

spp., thus indicating that the TmENC subunit can tol-

erate peptide insertions at multiple modification sites.

FepA is a Salmonella outer membrane protein

involved in iron acquisition. It has a large beta-barrel

structure that spans the outer membrane and contains

large extracellular loops that facilitate iron uptake

[21,22]. The extracellular loops of FepA are attractive

target antigens for vaccine development as they are

surface-exposed on the bacteria, where they would be

visible to the immune system, and antibodies that rec-

ognize them may inhibit bacterial iron uptake and pre-

vent Salmonella colonization within the host [23].

However, the immune response against a single epi-

tope is generally not enough to protect against infec-

tion [24–26], and exposure to multiple FepA epitopes

has the potential to generate a more protective

immune response. Moreover, the outer membrane of

Salmonella contains additional iron acquisition pro-

teins, colicin receptor A (CirA) and salmochelin-iron

receptor (IroN), that are functionally redundant [27].

Thus, antibodies targeting FepA alone may not inhibit

Salmonella colonization, as CirA and IroN may com-

pensate for impaired FepA function. Therefore, pro-

ducing multivalent TmENC nanoparticles targeting all

three iron acquisition proteins may be a more promis-

ing route to provide protection. This prompted us to

explore the extent to which the modification sites

within the TmENC subunit could be utilized to pro-

duce multivalent TmENC nanoparticles displaying

multiple epitopes as a potential Salmonella vaccine for

poultry.

TmENC variants have predominantly been pro-

duced in Escherichia coli [12,14,28,29]; however, in this

study, we utilized Nicotiana. benthamiana as an expres-

sion host. Plants are a cost-effective and readily scal-

able production platform [30–32] and facilitate proper

folding and assembly of structurally complex proteins

such as PNPs and virus-like particles [33–35]. Plants

are also a uniquely versatile production platform capa-

ble of supporting both prokaryotic and eukaryotic

protein expression. Unlike bacterial systems, plants

can perform a wide range of post-translational modifi-

cations, which can be tailored through subcellular tar-

geting [36,37]. Moreover, plant-based production

offers a unique advantage for oral delivery. For
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livestock vaccines, such as those targeting Salmonella,

incorporating antigen-containing plant material

directly into animal feed could enable efficient,

large-scale immunization with minimal cost to farmers

[38,39].

In the present study, we investigated the immunoge-

nicity of TmENC displaying a 28 amino acid peptide

from FepA, referred to as L2, at site K138-I139 which

we had previously characterized [19]. We investigated

the amenability of TmENC sites E61-N62, E124-K125,

and K239-D240 to the insertion of L2, as well as mod-

ification of the C terminus of TmENC via the addition

of a 10xHis-tag. We also assessed the amenability of

the TmENC subunit to simultaneous peptide insertion

at multiple modification sites using epitopes from the

Salmonella iron acquisition proteins FepA, CirA, and

IroN. We showed that in all cases, TmENC nanoparti-

cles assembled successfully. These findings demonstrate

the potential of TmENC for antigen display, highlight-

ing its capacity for the development of multivalent

vaccines through genetic modification of multiple sites

within the TmENC subunit.

Results

We previously evaluated monovalent TmENC variants

containing epitopes from FepA (E-L2, E-L3, E-L4, E-

L8, and E-L10) [19]. Of these, we selected E-L2 for an

immunogenicity study in mice as loop 2 is critical for

the recognition and import of iron-loaded siderophores

[40], and E-L2 was one of the highest accumulating

proteins of those previously assessed [19]. Mice were

immunized with crude plant extract from N. benthami-

ana containing ~ 10 lg of E-L2. Plant crude extracts

containing vaccine candidates for poultry pathogens

have been shown to induce neutralizing antibodies in

vaccinated mice and chickens [41]. Nanoparticles typi-

cally confer strong adjuvanting properties which can

aid in the induction of an immune response; however,

this can also lead to the production of antibodies

against the nanoparticle and not the target antigen [3].

Because of this, mice in the control group were

injected with crude plant extract containing ~10 lg of

unmodified TmENC to assess whether an immune

response is induced against the TmENC nanoparticle

itself, or if the response is specific to the L2 epitope.

E-L2-specific IgG antibody responses from individ-

ual mice were measured by enzyme-linked immunosor-

bent assay (ELISA) using serial dilutions of the

pre-immune and final bleed sera by coating the ELISA

plates with purified E-L2. In the final bleeds, both

treatments induced an antibody response with an end-

point titer of 512 000-times dilution (Fig. 1A). For

both the TmENC control and E-L2 treatments, there

was a significant difference in relative absorbance

between the pre-immune serum and the final

bleed (8000-times dilution; P-value = 0.00054, and

P-value = 0.0099, respectively) (Fig. 1B). Addition-

ally, a significant difference was observed between the

final bleeds from the control TmENC and E-L2 treat-

ments (P-value = 0.0188), indicating that there is a

significant immune response to FepA loop 2.

To further investigate the L2-specific antibody

responses from individual mice, we coated the ELISA

plates with synthetic L2 peptide. In the final bleed, the

TmENC control treatment induced an antibody

response with an endpoint titer of 2000-times dilution,

while the E-L2 experimental treatment induced an

antibody response with an endpoint titer of 512 000-

times dilution (Fig. 1C). This provides further support

that a significant antibody response induced in E-L2

experimental mice is specific to FepA loop 2.

While we found a significant immune response to

L2, we asked whether multiple sites within the

TmENC subunit could be simultaneously modified for

a broader and stronger immune response to multiple

Salmonella epitopes. Based on the modification sites

within the TmENC subunit (Fig. 2A,B) reported by

Michel-Souzy et al. [20], two L2 TmENC variants

were designed, each with the insertion of L2 flanked

by flexible linkers (G4S) between residues E61-N62

and E124-K125, respectively. Both variants contained

a 6xHis-tag flanked by flexible linkers at residues

K239-D240. A third variant was designed with L2

inserted between residues K239-D240 and a

10xHis-tag with a flexible linker added to the C termi-

nus of the TmENC subunit. This was done to assess

whether a C-terminal His-tag could be used for protein

detection and purification, making position K239-

D240 available for peptide insertion, as we had previ-

ously inserted a 6xHis-tag at this location for all

TmENC variants assessed [19]. The TmENC variants

are referred to as L2-61, L2-124, and L2-239, respec-

tively, and were assessed alongside the previously

designed variant E-L2 [19], referred to from here on as

L2-138 (Fig. 2C). L2-61, L2-124, and L2-239 were

codon optimized for nuclear expression in N.

benthamiana and were cloned into plant expression

vectors which enable protein targeting to the chloro-

plast and cytosol (Fig. 2D), as we previously achieved

high accumulation levels of FepA TmEnc variants tar-

geted to these subcellular locations [19].

For the cytosol-targeted proteins, a single band was

observed. The expected size for all the proteins is

approximately 35 kDa; however, L2-61 and L2-239

ran slightly higher than L2-124 and L2-138 (Fig. 3A).
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All the constructs were sent for sequencing, and no

errors were observed. It is possible that the size differ-

ence observed is due to a difference in conformation

of these proteins when L2 is inserted closer to the ter-

mini (L2-61 and L2-239) versus the interior of the pro-

tein (L2-124 and L2-138). While the amino acid

composition of these proteins is essentially the same, it

is possible that the L2 sequence is interacting differ-

ently with the surrounding TmENC sequence based on

its location within the subunit, potentially preventing

complete denaturation of the proteins which could

lead to the protein displaying higher electrophoretic

mobility for L2-124 and L2-138 [42,43]. Alternatively,

the observed size difference may result from

N-terminal cleavage. L2-138 was previously assessed

alongside unmodified TmENC, where L2-138 migrated

only slightly above TmENC (expected size of 31 kDa)

[19]. This suggests that modifications directed toward

the middle of the TmENC subunit may promote par-

tial N-terminal cleavage.

This interpretation is further supported by observa-

tions for the chloroplast-targeted proteins (Fig. 3A).

The band observed between 37 and 50 kDa likely rep-

resents incomplete cleavage of the N-terminal chloro-

plast transit peptide, consistent with previous reports

of chloroplast-targeted TmENC variants [19]. Notably,

Fig. 1. Immunization with E-L2 induces an epitope-specific antibody

response in mice. Results are representative of two experiments

where all sample dilutions were run in duplicate. Sample sizes of the

control and experimental groups are n = 6 and n = 4, respectively.

(A) Average enzyme-linked immunosorbent assay (ELISA)

absorbances across a dilution series of mouse sera for the TmENC

control and E-L2 experimental treatments. For both treatments, the

ELISA plates were coated with purified E-L2 to assess the antigen-

specific antibody response. Pre-immune bleeds (PI) are represented

by dotted lines and final bleeds (FB) by solid lines. Error bars

represent the standard deviation of the mean. (B) Average antibody

responses to E-L2 for the TmENC control and E-L2 experimental

treatments detected using ELISA plates coated with purified E-L2.

All data shown is from the 8000-times sera dilution. Absorbance

values were averaged across biological replicates for each treatment

group (� standard error of the mean) and significance

(* = P-value < 0.05; ** = P-value < 0.01) was determined using a

one-tailed Student’s t-test for unequal variance followed by a

Holm-Bonferroni correction for multiple comparisons. (C) Average

ELISA absorbances across a dilution series of mouse sera for the

TmENC control and E-L2 experimental treatments. For both

treatments, the ELISA plates were coated with synthetic L2 peptide

to assess the epitope-specific immune response. Pre-immune bleeds

(PI) are represented by dotted lines and final bleeds (FB) by solid

lines. Error bars represent the standard deviation of the mean. E-L2:

FepA loop 2–TmENC variant; FepA: Ferric enterobactin receptor;

TmENC: Thermotoga maritima encapsulin.
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this band migrates at a similar size across all L2

TmENC variants. In contrast, the size differences

between variants are apparent in the lower bands,

which likely correspond to the mature processed pro-

tein for L2-61 and L2-239 and potentially

N-terminally truncated proteins for L2-124 and L2-138

following transit peptide removal.

Regardless of subcellular targeting, all the proteins

accumulated to relatively similar levels except for L2-

239, which accumulated to visibly lower levels. Previ-

ous studies have also reported instability of TmENC

variants with modifications at the C terminus [14,20].

For the other proteins, it appears that modification of

each of the different sites does not have an impact on

protein accumulation.

To assess whether modification of the different sites

within the TmENC subunit impacts assembly and

nanoparticle formation, the L2 TmENC variants were

purified from infiltrated leaves using immobilized metal

affinity chromatography (IMAC) followed by

size-exclusion chromatography (SEC). The purified

nanoparticles were then visualized using transmission

microscopy. Uniform round nanoparticles, approxi-

mately 22 nm in diameter, were observed for all the

L2 TmENC variants (Fig. 3B). After proper assembly

was confirmed, immunogold labeling was performed to

assess whether the L2 epitope is displayed on the sur-

face of assembled TmENC nanoparticles upon inser-

tion at each of the modification sites. Using an anti-L2

primary antibody, gold particles were observed near

assembled nanoparticles for all the samples, confirming

that the L2 epitope is surface-exposed at each of the

modification sites (Fig. 3C). We previously demon-

strated that the anti-L2 antibody does not bind unmo-

dified TmENC via immunoblotting [19]; however, to

further confirm its specificity, unmodified TmENC was

immunolabeled as a control. Gold particles were

observed but to a much lesser extent than with the L2

TmENC variants. No gold particles were observed in

the negative control where the anti-L2 primary anti-

body was omitted.

After determining that L2-61, L2-124, and L2-239

express and assemble in N. benthamiana, we wanted to

assess whether epitopes could be inserted simulta-

neously into multiple modification sites within the

TmENC subunit without impeding nanoparticle assem-

bly. If possible, this would have practical applications

for vaccine development, potentially enabling the devel-

opment of multivalent TmENC-based vaccines.

We previously predicted the structure of FepA [19]

and from this we selected candidate epitopes based on

their antigenicity determined by the online prediction

tools VaxiJen [44], SVMTriP [45], and Antigenic

Peptide Prediction from the Immunomedicine Group

(http://imed.med.ucm.es/Tools/antigenic.html). Addi-

tionally, a study by Newton et al. demonstrated that

deletion of FepA loop 2, 10, or 11 reduced the affinity

of FepA for iron, while deletions of loop 7 or 8 inhib-

ited the ability of FepA to bind or transport iron [40].

Therefore, combining this with predicted antigenicity,

FepA loops 2 (L2), 7 (L7), 10 (L10), and 11 (L11)

were selected as the most suitable candidates (Table 1).

Using modification sites E61-N62, E124-K125,

E135-E136, and K239-D240, we designed two FepA

TmENC variants: F3, which contains epitopes in all

sites except for E124-K125, and F4, which contains

FepA epitopes in all four modification sites (Fig. 4A).

For both constructs, the epitopes were flanked by flexi-

ble linkers and a 6xHis-tag was connected to the epi-

tope inserted in position K239-D240 via a flexible

linker. Both constructs were codon optimized for

nuclear expression in N. benthamiana and F3 was

cloned into chloroplast, cytosol, apoplast, and endo-

plasmic reticulum (ER) plant expression vectors

(Fig. 2D) to assess which compartment would be most

suitable for accumulation and assembly of the

nanoparticles.

All the F3 constructs were transiently expressed in

N. benthamiana via agroinfiltration, and a time-course

experiment was conducted to determine on which day

post-infiltration accumulation reaches its peak. Unlike

with previous fusion proteins, accumulation of F3 was

very low in both the chloroplast and cytosol, while

higher accumulation was observed in the apoplast and

ER (Fig. 4B). Based on these results, we chose to

clone F4 into the apoplast and ER vectors only.

Despite multiple attempts, cloning of F4 into the ER

vector was unsuccessful; however, the protein accumu-

lated relatively well in the apoplast (Fig. 4C). There-

fore, we decided to move forward with

apoplast-targeted expression for both proteins. Accu-

mulation in the apoplast appeared to increase over

time; therefore, samples were collected on day 7 post-

infiltration for all future experiments.

The quaternary assembly and nanoparticle forma-

tion of F3 and F4 were then assessed to determine

whether the insertion of multiple epitopes within the

TmENC subunit impedes nanoparticle assembly. For

this, F3 and F4 were purified from infiltrated plant tis-

sue using IMAC and SEC. The purified samples were

visualized using transmission electron microscopy and

assembled nanoparticles were observed for both pro-

teins (Fig. 4D), indicating that the simultaneous inser-

tion of epitopes at different modification sites within

the TmENC subunit does not impede nanoparticle

assembly.
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To assess whether the insertion of multiple epitopes

within the TmENC subunit has an impact on recombi-

nant protein accumulation, the accumulation of

chloroplast-targeted L2-138 and apoplast-targeted F3

and F4 was assessed by semi-quantitative immunoblot-

ting (Fig. 5A). The average accumulation level of L2-

138 (0.338 mg/g FW) was significantly higher (P-value

< 0.01) than that of F3 (0.012 mg/g FW) and F4

(0.015 mg/g FW) (Fig. 5B). This suggests that as addi-

tional peptides are added to the TmENC subunit,

recombinant protein accumulation decreases. Thus,

simultaneous modification of multiple sites within the

TmENC subunit likely has a negative impact on pro-

tein stability.

Alongside F3 and F4, we also designed and assessed

two TmENC variants containing epitopes from CirA

and IroN. The structures of CirA and IroN have not

been solved; therefore, structure prediction was per-

formed for these proteins as previously described for

FepA [19], and candidate epitopes were selected based

on their antigenicity determined through the online

prediction tools mentioned above. For CirA, three

candidate epitopes, loops 7 (L7), 8 (L8), and 10 (L10),

were identified, and for IroN, the three best candidates

were loops 5 (L5), 8 (L8), and 10 (L10) (Table 1).

Using these epitopes, CirA (C3) and IroN (I3)

TmENC variants were designed with the epitopes

inserted at sites E61-N62, E135-E136, and K239-D240

(Fig. 6A). For both variants, the epitopes were flanked

by flexible linkers, and a 6xHis-tag was connected to

the epitope inserted in site K239-D240 via a flexible

linker. Both variants were codon optimized for nuclear

expression in N. benthamiana. C3 was cloned into all

four plant expression vectors, while I3 was only cloned

into the chloroplast vector. I3 contains one potential

glycosylation site; therefore, we chose to avoid the

secretory pathway and targeted I3 to the chloroplast.

To evaluate the expression of C3, all of the con-

structs were transiently expressed in N. benthamiana

and a time-course was conducted. A band of approxi-

mately 43 kDa corresponds to the expected size for C3

while the two faint lower bands (< 37 kDa) are likely

the result of degradation (Fig. 6B). Relatively high

accumulation levels were observed for the

apoplast-targeted protein, with levels appearing to

increase gradually over time. Thus, for all further

experiments, C3 was targeted to the apoplast and sam-

ples were collected on day 7 post-infiltration.

For chloroplast-targeted I3, the protein accumulated

well with levels increasing slightly as time progressed

(Fig. 6C), therefore, for all further experiments, sam-

ples were collected on day 7 post-infiltration. A

double-banding pattern was observed, with the lower

band, approximately 41 kDa, corresponding to the

expected size of the mature monomeric protein. As

described previously with the E-L2 TmENC variant

[19], the upper band likely represents the immature

protein prior to removal of the chloroplast transit

peptide.

To confirm that C3 and I3 assemble into nanoparti-

cles, both proteins were purified via IMAC and SEC

and visualized using transmission electron microscopy.

As with F3 and F4, nanoparticles were observed for

both C3 and I3 (Fig. 6D), providing further support

that modification of multiple sites within the TmENC

subunit does not impede nanoparticle assembly.

To compare accumulation levels of the mono-, tri-,

and quadrivalent variants we used the highest

Fig. 2. Modification sites within the Thermotoga maritima encapsulin subunit and design of plant expression vectors. (A) Thermotoga

maritima encapsulin (TmENC) subunit with the C terminus (C), N terminus (N), and modifications sites utilized in this study (E61-N62, E124-

K125, E135-E136, K138-I139, and K239-D240) indicated. Structures generated using PyMOL (The PyMOL Molecular Graphics System). (B)

Reference TmENC sequence retrieved from Protein Data Bank (PDB: 3DKT). The N-terminal methionine (blue) was removed prior to gene

synthesis as a start codon is encoded in the pCaMLite-GoldenGate-X (pCLGG-X) plant expression vectors. The modification sites utilized in

this study are indicated in purple (E61-N42), orange (E124-K125), red (E135-E136), teal (K138-I139), green (K239-D240), and pink (C terminus;

F265). All other modification sites are indicated in bold. (C) L2 TmENC variants containing the insertion of loop 2 (L2; red) from ferric entero-

bactin receptor (FepA) at sites E61-N62 (L2-61), E124-K125 (L2-124), K138-I139 (L2-138), and K239-D240 (L2-239). Gray bars represent the

TmENC sequence. All the constructs contain a 6xHis-tag (His; green) at site K239-D240, except for L2-239 which contains a 10xHis-tag at

the C terminus. L2 and the His-tags are flanked by the linker sequence (G4S) to allow for flexibility (horizontal black lines). The constructs

are flanked by BsaI restriction enzyme sites (vertical black lines) for cloning into pCLGG-X plant expression vectors. (D) pCLGG-X plant

expression vectors designed to target recombinant proteins to the chloroplast, cytosol, apoplast, or endoplasmic reticulum (ER). All vectors

contain the double-enhanced 35S promoter (red), tCUP translation enhancer (blue), gene insertion site (GOI; gray) and Nos terminator (pur-

ple). The transit peptide from the small subunit of RuBisCo (RBC-S-TP; orange) is included in the chloroplast vector to target the proteins to

the chloroplast stroma. The apoplast and ER vectors contain a PR1b signal peptide (green) to target proteins to the secretory pathway. The

ER vector contains a KDEL peptide (teal) for retrieval of the proteins to the ER. Cloning into the chloroplast vector results in the addition of

two N-terminal glycines (GG) to the mature TmENC proteins, while cloning into the cytosol vector results in the addition of a methionine

and two glycines (MGG) to the N terminus.
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expressing constructs for each variant: chloroplast-

targeted TmENC, L2-138, and I3, and

apoplast-targeted C3, F3, and F4 (Fig. 7). All of the

tri- and quadrivalent variants accumulated to statisti-

cally significantly lower levels (P-value < 0.05) than

the monovalent L2-138 variant, while all but I3 accu-

mulated to significantly lower levels (P-value < 0.05)

than TmENC containing only a 6XHis-tag at position

K239-D240. The accumulation of I3 (0.164 mg/g FW)

was significantly higher (P-value < 0.05) than F3

(0.012 mg/g FW), F4 (0.015 mg/g FW), and C3

(0.024 mg/g FW), which accumulated to much lower

levels. The low yields observed for F3, F4, and C3

suggest that simultaneously modifying multiple sites

within the TmENC subunit negatively impacts protein

stability, resulting in decreased accumulation.

Fig. 3. L2 TmENC variants accumulate and assemble in N. benthamiana. (A) The L2 TmENC variants (L2-61, L2-127, L2-138. And L2-239)

were targeted to the chloroplast (CHL) and the cytosol (CYT) and leaf samples were collected on day 3 post-infiltration. Lanes were loaded

with total soluble protein extracted from 0.4 mg of L2-61, L2-127, and L2-138 leaf tissue, and 4.0 mg of L2-239 leaf tissue. Proteins were

detected using an anti-His (1 : 5000 dilution) primary antibody. The expected molecular weight of L2-61, L2-124, and L2-138 is 35.5 kDa.

The expected molecular weight of L2-239 is 36.0 kDa. Results are representative of two replicates. MW: Molecular weight marker in kDa.

(B) Negative-stained transmission electron micrographs of purified L2 TmENC variants obtained using a JEOL JEM-1400Flash (JEOL Ltd.)

microscope operated at 80 kV. Images taken at 30000 9 magnification. Scale-bars represent 200 nm. (C) Purified unmodified TmENC and

L2 TmENC variants were immunolabeled using an anti-L2 primary antibody and a 6 nm gold-conjugated secondary antibody, negatively

stained, and examined using a JEOL JEM-1400Flash (JEOL Ltd.) microscope operated at 80 kV. All images taken at 50000 9 magnification.

Scale-bars represent 100 nm. (B, C) Images are representative of the entire grid and similar results were visualized across two replicates.

L2: FepA loop 2; L2-#: L2 TmENC variant with insertion of L2 at the respective amino acid position; TmENC: Thermotoga maritima

encapsulin.
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However, the higher yield of I3 suggests that protein

stability and accumulation may be influenced not only

by the number of modifications but also by their spe-

cific nature.

Building on this observation, we hypothesized that

the nature of the inserted sequences plays a more criti-

cal role than the overall number of insertions. To fur-

ther investigate this, we designed two additional CirA

TmENC variants: C1 with one epitope, loop 8 (L8),

inserted at modification site E135-E136, and C2 with

two epitopes, loop 7 (L7) and loop 10 (L10), at sites

E135-E136 and K239-D240, respectively (Fig. 8A).

For C2, a 6xHis-tag was connected to the epitope

inserted in site K239-D240 via a flexible linker, while

for C1, site K239-D240 contained only a 6xHis-tag

flanked by flexible linkers. Both constructs were cloned

into the apoplast-targeted plant expression vector, as

apoplast-targeted C3 had the highest accumulation out

of all of the subcellular locations assessed (Fig. 6B).

To compare the accumulation levels of the CirA

TmENC variants, apoplast-targeted C1, C2, and C3

were transiently expressed in N. benthamiana and their

accumulation levels were assessed using semi-

quantitative immunoblotting (Fig. 8B). The average

accumulation level of C2 (0.090 mg/g FW) was signifi-

cantly higher (P-value < 0.01) than that of both C1

(0.008 mg/g FW) and C3 (0.007 mg/g FW) (Fig. 8C).

C1 and C3 both contain CirA loop 8 (L8) within site

E135-E136, while L8 was excluded from C2. These

results suggest that the presence of L8 within site

E135-E136 negatively impacts protein stability and

accumulation, and thus provide further support that

the nature of the peptide insertions, not the number,

within the TmENC subunit influence protein stability

and accumulation.

To investigate why the presence of CirA L8 has a

negative effect on protein stability and yield, we uti-

lized DNASTAR Protean 3D to analyze the peptide

sequence, net charge, and average hydropathy for all

the FepA, CirA, and IroN loops (Table 2). Out of the

three CirA loops utilized (L7, L8, and L10), L8 is the

largest at 37 amino acids, while L7 and L10 are 30

and 19 amino acids, respectively. FepA L7 and FepA

L11 are comparable in size to CirA L8, 41 and 38

amino acids, respectively, and F3 and F4, which con-

tain both of these loops, accumulated to similar levels

as C1 and C3 which contain CirA L8 (Fig. 7). This

suggests that large insertions may negatively impact

the stability of the TmENC subunit.

In addition to its large size, CirA L8 also has a high

positive net charge of 2.98 and a moderate average

hydropathy score of �0.61. In comparison, IroN L10

is smaller (26 amino acids), has a high positive net

charge (3.09), and a low average hydropathy score

(�1.38). I3 accumulated to significantly higher levels

than C3, indicating that loop size and perhaps the

hydropathy score are more important determinants of

protein stability than the net charge of the loops.

We then asked whether a loop with fewer than 30

amino acids, a low net charge, and a low average

hydropathy score could be inserted in the three identi-

fied positions in TmENC without impacting accumula-

tion of the modified nanoparticle. FepA L2 is 28

amino acids in length, has a net charge of �0.91, and

an average hydropathy score of �1.42, and individual

insertions of L2 at positions E61-N62, E124-K125,

and K138-I139 did not have an impact on protein

accumulation (Fig. 3A). Therefore, we designed an

additional L2 TmENC variant, L2X3, with L2 inserted

in sites E61-N62, E135-E136, and K239-D240, as in

the other trivalent variants (Fig. 9A). L2X3 was cloned

into the cytosol-targeted plant expression vector.

Cytosol-targeted L2X3 (0.1878 mg/g FW) accumu-

lated to similar levels as cytosol-targeted TmENC

(0.1994 mg/g FW) and L2-138 (0.2513 mg/g FW),

while lower accumulation was observed for cytosol-

targeted F3 (0.0002 mg/g FW) and F4 (0.0029 mg/g

FW), which both contain L2 at position K239-D240,

and also FepA loops 7 and 11 which are larger in size

(Fig. 9B,C). This provides further evidence that the

physiochemical properties of the insertions, not the

number of insertions within the TmENC subunit,

influence TmENC stability and accumulation.

Table 1. Loops identified and utilized from the Salmonella iron

acquisition proteins ferric enterobactin receptor (FepA), colicin

receptor A (CirA), and salmochelin-iron receptor (IroN).

Loops selected

from salmonella

iron acquisition

proteins Amino acid sequence

FepA

Loop 2 (L2) QADARNINQGHQSERTGSYADTLPAGRE

Loop 7 (L7) APSLYQTNPNYILYSKGQGCYATGAGTGIGCYM

MGNDDLKA

Loop 10 (L10) GKQEPKKYDYQGNPVTGTDKQAVSP

Loop 11 (L11) NLFDKRLWREGNAQTVRDTQTGAYMAGAGAY

TYNEPGR

CirA

Loop 7 (L7) APSLLQLSPDWATNSCRGGCRIVGSPDLKP

Loop 8 (L8) NRISISRTPDVNAAPGYSNFVGFETNSRGQR

VPVFRY

Loop 10 (L10) NVGDKDLKRDDYGYTEDGR

IroN

Loop 5 (L5) DPSSTSLTVKDSNIAGIPGSAANRSSK

Loop 8 (L8) AGDQIIGRSASGAYVLQWQNGG

Loop 10 (L10) GKQKPRTHAESRSEETKGLSGKALGA
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Discussion

In the pursuit to develop effective vaccines, antigen

presentation ensuring high immunogenicity is crucial

[46,47]. PNPs have become attractive candidates for

antigen display due to their biocompatibility, high sta-

bility, and manipulability, and enhanced immunogenic-

ity through the efficient delivery to antigen-presenting

cells [1,6,48,49]. The repetitive subunit organization of

PNPs enables high-density display of antigens on their

surface, effectively promoting immune recognition,

and their large supramolecular structure can confer

adjuvant-like properties resulting in a robust immune

response [1]. Additionally, PNPs can promote antigen

presentation within mucosa-associated lymphoid tissue,

leading to enhanced mucosal immune responses. They

have also been shown to maintain both mucosal

Fig. 4. TmENC variants accumulate and assemble upon insertion of FepA epitopes at multiple sites. (A) FepA TmENC variant F3 containing

the insertion of FepA loops 7 (L7; blue), 11 (L11; purple), and 2 (L2; red), at sites E61-N62, E135-E136, and K239-D240, respectively, and

FepA TmENC variant F4 containing the insertion of FepA loops 7 (L7; blue), 10 (L10; orange), 11 (L11; purple), and 2 (L2; red), at sites E61-

N62, E124-K125, E135-E136, and K239-D240, respectively. Gray bars represent the TmENC sequence. A 6xHis-tag (His; green) is also

included at site K239-D240 and all of the insertions are flanked by the linker sequence (G4S) to allow for flexibility (horizontal black lines).

The constructs are flanked by BsaI restriction enzyme sites (vertical black lines) for cloning into pCaMLite-GoldenGate-X (pCLGG-X) plant

expression vectors. (B) Accumulation of F3 over time and across different subcellular compartments. F3 was targeted to the apoplast

(APO), endoplasmic reticulum (ER), cytosol (CYT), and chloroplast (CHL). Samples were collected on days 3, 5, and 7 post-infiltration (dpi).

The expected molecular weight of F3 is 45.0 kDa. (C) Accumulation of apoplast-targeted (APO) F4 over time. Samples were collected on

days 3, 5, and 7 post-infiltration. The expected molecular weight of F4 is 48.3 kDa. (B, C) All lanes were loaded with total soluble protein

extracted from 6.7 mg of leaf tissue. Proteins were detected using an anti-His (1 : 5000 dilution) primary antibody. Results are

representative of two replicates. MW: Molecular weight marker in kDa. (D) Negative-stained transmission electron micrographs of purified

F3 and F4 proteins obtained using a JEOL JEM-1400Flash (JEOL Ltd.) microscope operated at 80 kV. Images taken at 40000 9

magnification. Scale-bars represent 100 nm. Images are representative of the entire grid and similar results were visualized across two

replicates. FepA: Ferric enterobactin receptor; F3: FepA three epitope TmENC variant; F4: FepA four epitope TmENC variant; TmENC:

Thermotoga maritima encapsulin.
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immune balance and epithelial homeostasis by regulat-

ing inflammation and transiently opening epithelial

tight junctions [50]. Thus, PNPs are attractive plat-

forms for overcoming the fundamental challenge of

developing effective vaccines and represent a promising

strategy for the development of an effective oral Sal-

monella vaccine for poultry.

While various types of natural and synthetic PNPs

have been utilized as platforms for vaccine develop-

ment [1,3–6], here we have utilized encapsulin from T.

maritima (TmENC) [15]. Numerous studies have inves-

tigated the potential of TmENC as an antigen display

platform, utilizing different modification sites within

the subunit [12,29,51]. Lagoutte et al. genetically fused

the ectodomain of Matrix protein 2 from influenza A

within an internal surface-exposed site [12], while Jung

et al. fused the core region of the rotavirus VP8 pro-

tein to the C terminus (ENC-P2-VP8*) [29]. In both

cases, immunization of mice with the engineered

TmENC nanoparticles elicited antigen-specific anti-

body responses. Markedly, ENC-P2-VP8* induced

high virus neutralization titers, higher than those

induced by P2-VP8* without ENC [29]. Thus, these

results confirm the potential of engineered TmENC

nanoparticles for antigen display to address various

health challenges.

Many studies have highlighted the antigenic poten-

tial of FepA and its extracellular loops [52–57]. How-

ever, to our knowledge, we are the first to evaluate the

immunogenicity of an individual FepA loop in vivo.

Previous studies have demonstrated that TmENC

nanoparticles displaying antigens improve immunoge-

nicity compared to the antigen alone. The 20–24 nm

size range of TmENC nanoparticles facilitates efficient

transport to the lymph nodes where they are captured

and presented by dendritic cells and macrophages,

amplifying immune activation [49,58]. Thus, our

approach of displaying Salmonella epitopes on

TmENC is likely more effective than the administra-

tion of FepA epitopes on their own.

While a significant immune response was induced

against FepA loop 2, the Salmonella iron acquisition

proteins FepA, IroN, and CirA are functionally redun-

dant and it has been suggested that a more significant

protective effect may be observed if chickens are

immunized with a vaccine containing all three proteins

[27,57]. For this reason, we produced FepA-, IroN-,

and CirA TmENC variants that can be mixed together

in the vaccine candidate.

Numerous studies have investigated different modifi-

cation sites within the TmENC subunit; however, to

our knowledge, no group has attempted modification

of more than two sites for multivalent display of

Fig. 5. Increasing number of epitope insertions has a negative

impact on the accumulation of FepA TmENC variants. (A) L2-138, F3,

and F4 were transiently expressed in N. benthamiana and leaf

samples were collected on day 7 post-infiltration. L2-138 was

targeted to the chloroplast and F3 and F4 were targeted to the

apoplast. Lanes were loaded with total soluble protein extracted

from 0.8 mg of L2-138, and 8.0 mg of F3 and F4 leaf tissue,

respectively. Proteins were detected using an anti-His primary

antibody (1 : 5000 dilution). Results are representative of two

replicates. (B) Average accumulation levels for chloroplast-targeted

L2-138 (n = 4) and apoplast-targeted F3 (n = 5) and F4 (n = 5). All

samples were collected on day 7 post-infiltration. Significance

(** = P-value < 0.01) was determined using a one-tailed Student’s

t-test for unequal variance followed by a Benjamini-Hochberg

correction for multiple comparisons. Error bars represent the

standard error of the mean. MW: Molecular weight marker in kDa.

FepA: Ferric enterobactin receptor; F3: FepA three epitope TmENC

variant; F4: FepA four epitope TmENC variant; FW: fresh leaf weight;

L2: FepA loop 2; L2-138: L2 TmENC variant with L2 insertion at

amino acid position 138; TmENC: Thermotoga maritima encapsulin.
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vaccine epitopes. One key advantage of displaying epi-

topes on large, multi-subunit PNPs, like encapsulins, is

defined and repetitive display [7,20]. Modification of a

single site within the TmENC subunit enables well-

defined surface display of 60 functional groups. This

can be increased to up to 240 functional groups when

each subunit has four different modifications.

With the monovalent L2 TmENC variants, we

found that upon insertion of FepA L2 at four distinct

sites within the TmENC subunit (E61-N62, E-124-

K125, K138-I139, and K239-D240), the L2-124 and

L2-138 variants displayed higher electrophoretic mobil-

ity, suggesting either incomplete denaturation due to

conformation differences of some variants [42,43], or

Fig. 6. CirA and IroN TmENC variants accumulate and assemble in N. benthamiana. (A) CirA TmENC variant C3 containing the insertion of

CirA loops 7 (L7; dark blue), 8 (L8; pink), and 10 (L10; purple), at sites E61-N62, E135-E136, and K239-D240, respectively. IroN TmENC

variant I3 containing the insertion of IroN loops 5 (L5; orange), 10 (L10; teal), and 8 (L8; light blue), at sites E61-N62, E135-E136, and K239-

D240, respectively. Gray bars represent the TmENC sequence. A 6xHis-tag (His; green) is also included at site K239-D240 and all the

insertions are flanked by the linker sequence (G4S) to allow for flexibility (horizontal black lines). The constructs are flanked by BsaI

restriction enzyme sites (vertical black lines) for cloning into pCaMLite-GoldenGate-X (pCLGG-X) plant expression vectors. (B) Accumulation

of C3 over time and across different subcellular compartments. C3 was targeted to the apoplast (APO), endoplasmic reticulum (ER), cytosol

(CYT), and chloroplast (CHL). Samples were collected on days 3, 5, and 7 post-infiltration (dpi). All lanes were loaded with total soluble

protein extracted from 6.7 mg of leaf tissue. The expected molecular weight of C3 is 42.9 kDa. (C) Accumulation of chloroplast-targeted

(CHL) I3. Samples were collected on days 3, 5, and 7 post-infiltration and all lanes were loaded with total soluble protein extracted from

3.3 mg of leaf tissue. The expected molecular weight of I3 is 41.0 kDa. (B, C) Proteins were detected using an anti-His (1 : 5000 dilution)

primary antibody. Results are representative of two replicates. MW: Molecular weight marker in kDa. (D) Negative-stained transmission

electron micrographs of purified C3 and I3 proteins obtained using a JEOL JEM-1400Flash (JEOL Ltd.) microscope operated at 80 kV.

Images taken at 40000 9 magnification. Scale-bars represent 100 nm. Images are representative of the entire grid and similar results were

visualized across two replicates. CirA: colicin receptor A; C3: CirA three epitope TmENC variant; IroN: Salmochelin-iron receptor; I3: IroN

three epitope TmENC variant; TmENC: Thermotoga maritima encapsulin.
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partial N-terminal cleavage. Despite this, all the L2

TmENC variants correctly assembled into nanoparti-

cles. TmENC nanoparticle assembly is primarily

driven by conserved inter-subunit interactions within

the HK97-like capsid fold, rather than by the extreme

N-terminal residues [15,59]. Because the N terminus is

oriented toward the nanoparticle interior and mainly

contributes to internal architecture and cargo-peptide

interactions, moderate N-terminal truncations can be

tolerated while still permitting correct nanoparticle

assembly [60].

Multivalent or multicomponent vaccines have the

potential to provide broader and enhanced protection

compared to their monovalent counterparts [61]. Key

benefits of multivalent vaccines are broader immune

coverage, reduced immune escape, and enhanced

immunogenicity [62–65]. The increased breadth of anti-

gen exposure can lead to broader immune coverage by

exposing the immune system to diverse strains or vari-

ants of a pathogen, or in our case, multiple antigens

(i.e. multiple iron acquisition proteins), or multiple

parts of one antigen (i.e. epitopes from a single iron

acquisition protein), from the same pathogen. This

expands the pool of immune targets and increases the

likelihood of effective recognition. When responses are

directed against different regions of a single protein,

the resulting antibodies can act synergistically, enhanc-

ing neutralization or disrupting the protein’s function

more effectively than responses to a single epitope

alone [66–69]. While monovalent vaccines can fail if a

mutation occurs in the target antigen, exposure to

multiple antigens makes it harder for the pathogen to

escape immunity, as it would require simultaneous

mutations in several regions and several proteins [70].

Thus, a multivalent vaccine has the potential to induce

a broader response, leading to longer-lasting and more

resilient protection.

With the design of the multivalent TmENC variants,

our aim is to induce immune recognition and targeting

of multiple regions of the iron acquisition proteins

FepA, CirA, and IroN to produce an effective Salmo-

nella vaccine for poultry. Formulating a vaccine that

combines multivalent FepA, CirA, and IroN TmENC

nanoparticles would provide two layers of multiva-

lency by presenting multiple epitopes across multiple

antigens. This approach could elicit a broader and

more protective immune response and inhibit bacterial

iron uptake.

Comparison of FepA mono- (L2-138), tri- (F3), and

quadrivalent (F4) TmENC variants revealed that while

average accumulation of both F3 and F4 was signifi-

cantly lower than that of L2-138, their accumulation

was not significantly different from each other. This

indicates that, in the case of these FepA TmENC vari-

ants, increasing the number of modifications to pro-

duce quadrivalent variants does not have a significant

impact on average recombinant protein accumulation.

However, this was not the case with the CirA mono-

(C1), bi- (C2), and trivalent (C3) variants, where there

was no significant difference between the average accu-

mulation of C1 and C3, while accumulation of C2 was

significantly higher. In this case, it appears that the

nature of the modifications, not the number, is impact-

ing recombinant protein accumulation, as both C1 and

C3 contain CirA loop 8 (L8) while C2 does not.

Out of the three CirA epitopes utilized, L8 is the

largest. Larger peptides are bulkier and therefore may

be more likely to interfere with the folding/assembly of

TmENC. In similar particle systems, insertion of for-

eign peptides has been shown to destabilize folding

and reduce assembly efficiency, with larger insertions

being particularly disruptive to protein stability and

multimeric particle assembly [71–73]. L8 also has a

high positive net charge. Highly positive peptides have

the potential to interfere with the folding of TmENC

by forming electrostatic interactions with negatively

charged residues within the protein, disrupting the

Fig. 7. Accumulation of TmENC variants. Average accumulation of

TmENC and mono- (L2-138), tri- (C3, F3, I3), and quadrivalent (F4)

TmENC variants. TmENC, L2-138, and I3 were targeted to the

chloroplast, and C3, F3, and F4 were targeted to the apoplast. All

samples were collected on day 7 post-infiltration. Significance was

determined using a one-tailed Student’s t-test for unequal variance,

comparing means for all groups, followed by a Benjamini-Hochberg

correction for multiple comparisons. Error bars represent the

standard error of the mean. Letters denote significance groupings

(P-value < 0.05). Results are representative of two replicates

(n = 5 for all proteins). CirA: colicin receptor A; C3: CirA three

epitope TmENC variant; FepA: Ferric enterobactin receptor; F3:

FepA three epitope TmENC variant; F4: FepA four epitope TmENC

variant; FW: fresh leaf weight; IroN: Salmochelin-iron receptor; I3:

IroN three epitope TmENC variant; L2-138: L2 TmENC variant with

genetic fusion at amino acid position 138; TmENC: Thermotoga

maritima encapsulin.
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folding energy landscape and stability of the native

structure [74]. In addition to this, L8 is moderately

hydrophobic. A high net positive charge combined

with hydrophobic patches is known to correlate with

protein insolubility and aggregation, and produces

amphipathic regions that can interact strongly with

negatively charged surfaces such as membranes and

acidic regions on partially folded proteins. This can

disrupt protein folding, promote aggregation, and

accelerate degradation [75–77]. All of these properties

could contribute to the low accumulation of TmENC

variants containing L8.

Our hypothesis that the physiochemical properties

of the insertions, not the number, influence recombi-

nant protein accumulation is further supported by our

results with the L2 TmENC variant L2X3. L2X3,

which contains FepA L2 inserted in three distinct sites

within the TmENC subunit, accumulated to similar

levels as L2-138 which contains one L2 insertion and

TmENC with no insertions. Our results with CirA L8

and FepA L2 highlight that careful consideration

should be taken when selecting epitopes and the sites

within the TmENC subunit in which they will be

inserted. Bioinformatic tools should be implemented in

the design of multivalent nanoparticle vaccines to ana-

lyze the biochemistry and compatibility of the selected

antigens/epitopes and the modification sites in which

they will be inserted to avoid steric hinderance and

structural strain that may negatively impact protein

stability and accumulation [5,78,79].

While further work can be done to optimize the

design of our multivalent TmENC variants for

improved stability and accumulation, this study dem-

onstrates that plant-produced TmENC nanoparticles

are immunogenic and provides a proof-of-concept for

the use of TmENC for tri- and quadrivalent vaccine

production through simultaneous modification of mul-

tiple sites within the TmENC subunit. Further studies

Fig. 8. Accumulation of CirA TmENC variants varies with number of epitope insertions. (A) CirA TmENC variants C1, containing the insertion

of CirA loop 8 (L8; pink) at site E135-E136, and C2, containing the insertion of CirA loops 7 (L7; blue) and 10 (L10; purple) at sites E135-

E136 and K239-D240, respectively. Gray bars represent the TmENC sequence. A 6xHis-tag (His; green) is also included at site K239-D240

and all of the insertions are flanked by the linker sequence (G4S) to allow for flexibility (horizontal black lines). The constructs are flanked by

BsaI restriction enzyme sites (vertical black lines) for cloning into pCaMLite-GoldenGate-X (pCLGG-X) plant expression vectors. (B) Apoplast-

targeted C1, C2, and C3 were transiently expressed in N. benthamiana, and leaf samples were collected on day 7 post-infiltration. Lanes

were loaded with total soluble protein extracted from 4.0 mg of leaf tissue and proteins were detected using an anti-His primary antibody

(1 : 5000 dilution). The expected molecular weights of C1, C2, and C3 are 36.5, 38.1, and 42.9 kDa, respectively. Results are representative

of two replicates. MW: Molecular weight marker in kDa. (C) Average accumulation levels for apoplast-targeted C1, C2, and C3 (n = 9 for all

proteins). Significance (** = P-value < 0.01) was determined using a one-tailed Student’s t-test for unequal variance followed by a

Benjamini-Hochberg correction for multiple comparisons. Error bars represent the standard error of the mean. CirA: colicin receptor A; C1:

CirA single epitope TmENC variant; C2: CirA two epitope TmENC variant; C3: CirA three epitope TmENC variant; FW: fresh leaf weight;

TmENC: Thermotoga maritima encapsulin.
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will be required to assess the efficacy of our multiva-

lent TmENC variants at preventing Salmonella coloni-

zation in poultry. Our long-term goal is oral

administration of lyophilized leaves containing these

nanoparticles to induce a mucosal immune response at

the site of Salmonella colonization in the gut. While

we have produced TmENC variants containing epi-

topes from Salmonella, this strategy could be adapted

to a wide range of pathogens. If successful, this could

pave the way for the development of multivalent

TmENC-based vaccines for a variety of diseases.

Materials and methods

Ethics statement

All mouse immunization procedures were conducted at

Cedarlane Labs (Burlington, ON, Canada) under the

approved Animal Use Protocol AUP117AB. This protocol

was reviewed and approved by Cedarlane’s institutional

Table 2. Physiochemical characteristics of the loops utilized from

the Salmonella iron acquisition proteins ferric enterobactin receptor

(FepA), colicin receptor A (CirA), and salmochelin-iron receptor

(IroN).

Loops selected from

salmonella iron

acquisition proteins

Peptide

length

(amino

acids)

Net

charge (at

pH = 7.0)

Average

Hydropathy

FepA

Loop 2 (L2) 28 �0.91 �1.42

Loop 7 (L7) 41 �0.13 �0.3

Loop 10 (L10) 25 1 �1.63

Loop 11 (L11) 38 0.99 �1.03

CirA

Loop 7 (L7) 30 0.87 �0.23

Loop 8 (L8) 37 2.98 �0.61

Loop 10 (L10) 19 �2.01 �1.99

IroN

Loop 5 (L5) 27 1 �0.55

Loop 8 (L8) 22 0 �0.25

Loop 10 (L10) 26 3.09 �1.38

Fig. 9. Trivalent TmENC variant L2X3 accumulates to similar levels as the monovalent variant L2-138. (A) L2 TmENC variant L2X3 containing

the insertion of FepA loop 2 (L2; red) at sites E61-N62, E135-E136, and K239-D240, respectively. Gray bars represent the TmENC

sequence. A 6xHis-tag (His; green) is also included at site K239-D240 and all the insertions are flanked by the linker sequence (G4S) to

allow for flexibility (horizontal black lines). The construct is flanked by BsaI restriction enzyme sites (vertical black lines) for cloning into

pCaMLite-GoldenGate-X (pCLGG-X) plant expression vectors. (B) Cytosol-targeted TmENC, L2-138, L2X3, F3, and F4 were transiently

expressed in N. benthamiana, and leaf samples were collected on day 5 post-infiltration. Lanes were loaded with total soluble protein

extracted from 2.0 mg of leaf tissue and proteins were detected using an anti-His primary antibody (1 : 5000 dilution). The expected

molecular weights of TmENC, L2-138, L2X3, F3, and F4 are 31.7, 35.5, 42.7, 45.0, and 48.3 kDa, respectively. Results are representative of

two replicates. MW: Molecular weight marker in kDa. WT: Soluble protein extract from wild-type N. benthamiana tissue. (C) Accumulation

levels of pooled samples from five biological replicates for cytosol-targeted proteins. FepA: Ferric enterobactin receptor; F3: FepA three

epitope TmENC variant; F4: FepA four epitope TmENC variant; FW: fresh leaf weight; L2: FepA loop 2; L2-138: L2 TmENC variant with L2

insertion at amino acid position 138; L2X3: L2 TmENC variant with L2 inserted at three distinct amino acid positions; TmENC: Thermotoga

maritima encapsulin.
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Animal Care Committee and was developed in accordance

with the Canadian Council on Animal Care (CCAC) guide-

lines for the ethical use of animals in research.

All mice used in the study were bred at the Cedarlane facil-

ity. Animal housing and handling followed procedures out-

lined in the CCAC guidelines. Briefly, a maximum of four

mice were housed per cage and were provided food and

water ad libitum. The mice were housed in a temperature-

controlled room (18–24 °C) which was subject to weekly

cleaning and dusting of all surfaces. Every two weeks, the

mice were transferred to new cages with fresh bedding and

water bottles. Food pellets were topped up once per week.

Mouse immunization

Soluble TmENC and E-L2 proteins were extracted from

infiltrated N. benthamiana plants as described previously

with slight modifications [80]. Infiltrated N. benthamiana

tissue was lyophilized and 0.3 g was extracted in 6 mL of

protein extraction buffer containing only 1X PBS, 0.1%

(v/v) Tween-20, 2% (w/v) polyvinylpolypyrrolidone and

100 mM ascorbic acid. Protease inhibitors (ethylenediamine-

tetraccetic acid, phenylmethanesulfonylfluoride, and leupep-

tin) were not used in the extraction buffer as their presence

could result in adverse effects in mice immunized with

crude plant extract. The homogenate was sonicated in 15 s

bursts for four minutes at 40% amplitude. The clarified

extract was filter sterilized using a 0.2 lm syringe tip filter,

flash-frozen in liquid nitrogen, and stored at �80 °C.
Six- to eight-week-old female BALB/c mice were assigned

to two treatment groups. The control group (n = 6) was

immunized with TmENC, whereas the experimental group

(n = 6) received E-L2. In the experimental group, one mouse

died prior to the test bleed and a second mouse died one week

before the final bleed, reducing the sample size to four.

Prior to treatment, 50 lL of pre-immune serum was col-

lected from each mouse (day 0). For the primary immuni-

zation (day 1), 100 lL of crude plant extract containing

~ 10 lg of antigen was emulsified with 100 lL of Complete

Freund’s adjuvant and 50 lL was injected subcutaneously

in four different sites (two injections at the front legs and

two injections at the hind legs) for a total injection volume

of 200 lL. Three booster doses (~ 10 lg each) were admin-

istered following the same method on days 21, 42, and 49,

with the antigen emulsified with 100 lL Incomplete

Freund’s adjuvant. The mice were terminated on day 56 to

collect the final bleeds.

Enzyme-linked immunosorbent assays (ELISAs)

for antibody response

MaxiSorp 96-well plates (Thermo Fisher Scientific Inc., Wal-

tham, MA, USA) were coated with either SEC purified E-L2

or synthetic L2 peptide at a concentration of 2 lg/mL in a

0.1 M carbonate–bicarbonate buffer (pH 9.4). The plates were

incubated overnight at 4 °C. Following four washes with 1X

PBS + 0.05% Tween 20, the plates were blocked with 2%

Bovine Serum Albumin (BSA) in PBS (BSA-PBS) overnight at

4 °C. The plates were washed again and incubated with serially

diluted serum (diluted in 1X PBS + 1% BSA) for three hours

at room temperature. Two technical replicates were performed

for each sample.

After washing, the plates were incubated with goat anti-

mouse IgG Horseradish Peroxidase (HRP)-conjugated second-

ary antibody (Bio-Rad, Hercules, CA, USA, Product number:

1706516) (1 : 5000 dilution) for one hour at room tempera-

ture. After a final wash, antigen-bound antibodies were

detected using 2,20-azino-bis (3-ethylbenzothiazoline-6-sulfonic
acid (ABTS) (Sigma-Aldrich, Oakville, ON, Canada) and the

colorimetric reaction was measured at 415 nm using an

iMarkTM microplate reader (Bio-Rad, Hercules, CA, USA).

The method used by Frey et al. [81] was used to calcu-

late the endpoint titer for the final bleeds of the control

and experimental groups. A threshold value was calculated

for each dilution using the average relative absorbance

from the pre-immune bleeds for each group, plus 2.177

(control group) or 2.631 (experimental group) times the

respective standard deviation. The multiplication factors

are based on a confidence level of 95% with six control

samples and four experimental samples [81]. The endpoint

titers were determined as the dilution where the group’s

average relative absorbance remained above that dilution’s

threshold value.

The significance of the antibody responses between the

pre-immune and final bleed of each group, and between the

final bleeds of the control and experimental groups was

determined using a one-tailed Student’s t-test for unequal

variance followed by a Holm-Bonferroni correction for

multiple comparisons. The P-value of 0.05 was used to

determine statistical significance.

Construct design and cloning

The TmENC sequence was based on the entire encapsulin

subunit from T. maritima published on Protein Data Bank

(PDB: 3DKT), with the removal of the N-terminal methio-

nine (shown in blue in Fig. 1B). Salmonella enterica serovar

Enteritidis (GenBank accession no. AM933172.1) was used

for the identification of FepA, CirA, and IroN epitopes.

Structural analysis of FepA, CirA, and IroN was per-

formed using Phyre2 [82] and PyMOL (The PyMOL

Molecular Graphics System). Candidate epitopes from

FepA, CirA, and IroN were selected based on their pre-

dicted antigenicity acquired from online prediction tools

VaxiJen [44], SVMTriP [45], and Antigenic Peptide Predic-

tion from the Immunomedicine Group (http://imed.med.

ucm.es/Tools/antigenic.html). Physiochemical properties of

the epitopes were analyzed using DNASTAR Protean 3D

(Protean 3D. Version 18.0. DNASTAR, Inc. Madison,

WI).
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All insertions in the TmENC subunit were flanked by flexi-

ble linkers (G4S) and all genes included flanking BsaI sites for

cloning into plant expression vectors. The L2 TmENC variants

(L2-61, L2-124, L2-239) were codon optimized for nuclear

expression in Nicotiana spp. and synthesized by Bio Basic Inc.

(Markham, ON, Canada). The F3, F4, C1, C2, C3, I3, and

L2X3 TmENC variants were codon optimized for nuclear

expression in Nicotiana spp. and synthesized by Twist Biosci-

ence (South San Francisco, CA, United States).

All of the genes were cloned into modified pCaMLite-Gold-

enGate-X (pCLGG-X) plant expression vectors [83] using

Golden Gate cloning [84]. The L2 TmENC variants were

cloned into chloroplast and cytosol vectors. F3 and C3 were

cloned into apoplast, chloroplast, cytosol, and endoplasmic

reticulum (ER) vectors. F4, C1, and C2 were cloned into the

apoplast vector; I3 was cloned into the chloroplast vector; and

L2X3 was cloned into the cytosol vector. All of the vectors

contain a double-enhanced 35S promoter [85] and tobacco

cryptic upstream promoter translational enhancer (tCUP ) [86]

for high expression, and the Nos terminator [87]. The chloro-

plast vector contains the chloroplast transit peptide from the

small subunit of RuBisCO (RBC-S-TP) to target proteins to

the chloroplast stroma [88]. The apoplast and ER vectors con-

tain a PR1b signal peptide from tobacco to target proteins to

the secretory pathway [89], and the ER vector contains a

KDEL tetrapeptide for retrieval of the proteins to the ER [90].

The chloroplast vector contains two glycine residues after the

transit peptide to stabilize the N terminus of the mature pro-

tein. The cytosol vector contains an N-terminal methionine

and two glycine residues (MGG). The cloned vectors were

transformed into electrocompetent Agrobacterium tumefaciens

EHA105 cells for transient expression inN. benthamiana.

Expression of recombinant proteins

Wild-type N. benthamiana plants were grown as previously

described [19]. For all expression analyses, three leaves on

five six- to eight-week-old N. benthamiana plants were

agroinfiltrated via injection with a 1 : 1 mixture of Agro-

bacterium culture containing the gene of interest and a cul-

ture containing p19, a suppressor of post-transcriptional

gene silencing from the Cymbidium ringspot virus [80,91].

Sample collection was conducted as described previously

[19]. Briefly, pooled samples were collected from infiltrated

plants for time-course analyses while individual samples

were collected to quantify recombinant protein accumula-

tion, with the exception of quantification of L2X3 in which

pooled samples were used.

Analysis and quantification of recombinant

protein accumulation

Total soluble proteins were isolated from infiltrated leaf tis-

sue and analyzed via western blotting with an anti-His

monoclonal primary antibody (Takara Bio USA Inc., San

Jose, CA, USA) and horseradish peroxidase-conjugated

goat anti-mouse IgG secondary antibody (Bio-Rad, Hercu-

les, CA, USA, Product number: 1706516), as previously

described [19].

Recombinant protein accumulation was quantified by

densitometry using GelQuant software (DNR Bio-Imaging

Systems Ltd., Marienbongard, AC, Germany). The inten-

sity of both chloroplast bands or the single apoplast or

cytosol band, were compared to a dilution series consisting

of known amounts of purified E-L2, which was previously

quantified against BSA on a gel stained with GelCodeTM

Blue Stain Reagent (Thermo Fisher Scientific, Waltham,

MA, USA). The same standard was used for all blots to

account for variability.

Recombinant protein accumulation levels were calculated

in mg/g of leaf fresh weight (FW) by taking into consider-

ation the mass per band calculated using GelQuant, the

volume of sample loaded, the dilution factor of the protein

extract, the volume of protein extraction buffer used, and

the mass of leaf tissue per sample. Significance (P-value

< 0.05) was determined using a one-tailed Student’s t-test

for unequal variance followed by a Benjamini-Hochberg

correction for multiple comparisons.

Purification of recombinant proteins

Recombinant proteins were purified by Immobilized Metal

Affinity chromatography (IMAC) followed by size-

exclusion chromatography (SEC) as described previously

[19]. Briefly, soluble plant protein extract was first passed

through Nickel Sepharose 6 Fast Flow resin (GE Health-

care, Chicago, IL, USA) to capture His-tagged recombi-

nant proteins. The IMAC elutions containing the highest

levels of recombinant protein were then further purified by

size-exclusion chromatography (SEC) using a Superose 6

Increase 10/300 GL column (GE Healthcare, Chicago, IL,

USA) to isolate assembled nanoparticles and remove any

remaining endogenous plant proteins.

Transmission electron microscopy and

immunogold labeling

Transmission electron microscopy and immunogold label-

ling was used to assess nanoparticle assembly and epitope

display as described previously [19]. All grids were imaged

using a JEOL JEM-1400Flash transmission electron micro-

scope (JEOL Canada, Ltd., Saint-Hubert, QC, Canada).
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