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A B S T R A C T   

Non-infectious virus-like nanoparticles mimic native virus structures and can be modified by inserting foreign 
protein fragments, making them immunogenic tools for antigen presentation. This study investigated, for the first 
time, the immunogenicity of long and flexible polytubes formed by yeast-expressed tail tube protein gp39 of 
bacteriophage vB_EcoS_NBD2 and evaluated their ability to elicit an immune response against the inserted 
protein fragments. Protein gp39-based polytubes induced humoral immune response in mice, even without the 
use of adjuvant. Bioinformatics analysis guided the selection of protein fragments from Acinetobacter baumannii 
for insertion into the C-terminus of gp39. Chimeric polytubes, displaying 28-amino acid long OmpA protein 
fragment, induced IgG response against OmpA protein fragment in immunized mice. These polytubes demon
strated their effectiveness both as antigen carrier and an adjuvant, when the OmpA fragments were either dis
played on chimeric polytubes or used alongside with the unmodified polytubes. Our findings expand the 
potential applications of long and flexible polytubes, contributing to the development of novel antigen carriers 
with improved immunogenicity and antigen presentation capabilities.   

1. Introduction 

The self-assembly of viral structural proteins into virus-like particles 
(VLPs) or virus-based nanoparticles (VNPs) has gained increasing 
attention in recent years. These non-infectious and replication-deficient 
multi-subunit nanoparticles mimic the structure of native viruses 
(Kirnbauer et al., 1992; Mohsen et al., 2020) and can be modified by 
inserting protein fragments into particle-forming proteins, resulting in 
versatile nanotools (Carignan et al., 2015; Kalnciema et al., 2011; 
Zamora-Ceballos et al., 2022). Well-organized surface proteins of viral 
nanostructures stimulate both humoral and cellular immune responses, 
leading to an increased immune reaction against protein fragments 
displayed on nanostructures (Mallajosyula et al., 2014; Ward et al., 
2021). For this reason, viral nanostructures have proven to be an 
effective approach for enhancing protein or peptide immunogenicity in 
the development of vaccines against viruses, bacteria, cancer, and 
chronic diseases (Carignan et al., 2015; Govasli et al., 2019; Hawkes, 
2015). The success of the use of viral nanostructures has been demon
strated in commercialized vaccines against human papilloma virus 
(Jochmus et al., 1999), malaria (Hawkes, 2015), human hepatitis B 

(Wiedermann et al., 1987) and hepatitis E viruses (Wu et al., 2012), and 
more clinical trials are underway for broader applications of viral 
nanostructures (Huang et al., 2017; Tariq et al., 2022). 

However, the use of genetic fusion to insert foreign protein fragments 
can significantly affect the chemical and physical properties of viral 
nanostructures (Karpenko et al., 2000). The insertion of a foreign pro
tein fragment can alter the surface charge, solubility and size of the viral 
particle, leading to the changes in particle stability, conformation or 
even in reduction of immunogenicity (Chen et al., 2021; Fan et al., 2015; 
Frietze et al., 2016; Lawatscheck et al., 2007; Uhde-Holzem et al., 2007). 
Consequently, there is no universally applicable approach for modifying 
viral nanostructures without disrupting protein folding, self-assembly or 
causing protein aggregation. Therefore, the design of protein fragments 
for the insertion into particular regions within viral particles requires 
careful consideration of their chemical and physical properties to ensure 
successful self-assembly of nanostructures (Frietze et al., 2016; Uhde-
Holzem et al., 2007). In contrast to icosahedral VLPs, tubular nano
particles contain larger numbers of scaffold protein copies exhibiting 
helical symmetry, allowing more efficient display of foreign peptides 
(Schlick et al., 2005; Wang et al., 2002). 
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Contents lists available at ScienceDirect 

Virus Research 

journal homepage: www.elsevier.com/locate/virusres 

https://doi.org/10.1016/j.virusres.2024.199370 
Received 17 January 2024; Received in revised form 2 April 2024; Accepted 10 April 2024   

mailto:aliona.aviziniene@bti.vu.lt
www.sciencedirect.com/science/journal/01681702
https://www.elsevier.com/locate/virusres
https://doi.org/10.1016/j.virusres.2024.199370
https://doi.org/10.1016/j.virusres.2024.199370
https://doi.org/10.1016/j.virusres.2024.199370
http://crossmark.crossref.org/dialog/?doi=10.1016/j.virusres.2024.199370&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Virus Research 345 (2024) 199370

2

Acinetobacter baumannii is a multidrug-resistant pathogen that 
caused significant nosocomial infections for decades, and with the 
pandemic caused by SARS-CoV-2, there was an increased risk of 
ventilator-associated pneumonia caused by this pathogen (Chen et al., 
2020; Lai et al., 2020; Rawson et al., 2020). Despite the prioritization by 
the World Health Organization for developing new medical counter
measures against A. baumannii, there is still no licensed vaccine avail
able (Lau and Tan, 2023; Willyard, 2017; World Health Organization, 
2017). The biological functions of Blp1 and OmpA proteins are pivotal in 
A. baumannii’s virulence and resistance mechanisms, particularly in 
biofilm formation, which confers resistance to detergents and antibi
otics. The outer membrane protein OmpA, abundantly present in bac
terial cell membranes, exhibits high sequence conservation among 
different A. baumannii strains (Badmasti et al., 2015; Luo et al., 2012). 
Although certain bacterial proteins are concealed beneath a poly
saccharide layer, membrane proteins like OmpA remain exposed, facil
itating their interaction with the peptidoglycan layer and enabling the 
passive transport of small molecules into the cell (Iyer et al., 2018; 
Samsudin et al., 2016). Adhesins, including the high molecular weight 
BAP protein, contribute to biofilm formation, but their large size and 
presence of truncated variants pose challenges for vaccine development 
(De Gregorio et al., 2015; Loehfelm et al., 2008). In contrast, protein 
Blp1, structurally similar to BAP proteins, aids in biofilm formation and 
adhesion to human epithelial cells. The C-terminal domain of Blp1 elicits 
an immune response and protect mice from bacterial infection during 
active and passive immunizations (Skerniškytė et al., 2019). These in
sights highlight the potential of the C-terminal domain of Blp1 and 
OmpA proteins as vaccine candidates against A. baumannii. 

In our previous work, we demonstrated the use of the tail tube pro
tein gp39 of bacteriophage vB_EcoS_NBD2 (NBD2) as a tubular carrier 
for the presentation of foreign epitopes (Špakova et al., 2020). Building 
on this work, the aim of this study is to investigate the immunogenicity 
of these polytubes in mice and evaluate their ability to elicit IgG 
response against OmpA foreign protein fragments displayed on the 
polytubes. By expanding the knowledge about the immunogenicity and 
efficacy of the polytubes as a carrier for foreign epitope display, our 
study contributes to the development of a novel immunogenic carrier for 
antigen presentation and vaccine development. 

2. Materials and methods 

2.1. Construction of expression vectors 

To express chimeric proteins, DNA sequences encoding fragments of 
Blp1 protein (163 amino acids (aa), 91 aa and 55 aa in length) and 
fragments of OmpA protein (28 aa and 14 aa in length) were amplified 
from the A. baumannii cell lysate (Skernǐskytė et al., 2021) using primers 
and oligonucleotides (Invitrogen, Groningen, The Netherland) listed in 
Supplementary Table S1. The obtained DNA fragments (Blp163, Blp91, 
Blp55, Omp28, and Omp14) were cleaved with SmaI and BamHI re
striction endonucleases (RE) (Thermo Fisher Scientific Baltics, Vilnius, 
Lithuania) and inserted into previously constructed pFX7_NBD2_gp39m 
and pFX7_NBD2_gp39m_linker yeast expression vectors (Špakova et al., 
2020). Vectors encoding chimeric proteins with and without the linker 
(gp39m_linker_Blp163, gp39m_linker_Blp91, gp39m_linker_Blp55, 
gp39m_linker_Omp28, gp39m_linker_Omp14, gp39m_Blp163, 
gp39m_Blp91, gp39m_Blp55, gp39m_Omp28, and gp39m_Omp14) were 
screened in E. coli DH5αF’ strain (Department of Eukaryote Gene Engi
neering, Institute of Biotechnology, Life Sciences Center, Vilnius Uni
versity) and verified by sequencing (Figs. 1, Supplementary S1). 

2.2. Heterologous protein synthesis in S. cerevisiae and their purification 

Heterologous protein synthesis was carried out in S. cerevisiae 
AH22–214 strain (laboratory strain from the Department of Eukaryote 
Gene Engineering, Vilnius University). The cultivation of transformed 
yeast cells and recombinant protein synthesis were performed as pre
viously described by Špakova et al. (2020) with some minor modifica
tions. Briefly, cultivated yeast cells were mechanically disrupted 
through vortexing with glass beads with the disruption buffer 
(DB450+Arg: 10 mM Tris–HCl, 450 mM NaCl, 1 mM CaCl2, 0.01 % 
TritonX-100, pH 7.2, 250 mM Arg, 2 mM PMSF). The protein samples 
were centrifuged at 10,000 × g for 40 min at 4 ◦C (Beckman Coulter 
Avanti J26 XP Centrifuge, Brea, CA, USA) for the separation of soluble 
and insoluble proteins. Cell lysate as well as soluble and insoluble pro
tein samples were analyzed by sodium dodecyl sulfate polyacrylamide 
gel electrophoresis (SDS-PAGE). For the calculations of protein synthesis 
efficiency in yeast cell lysate samples, the intensities of the desired 
protein bands were measured with ImageJ 1.50b software (Schneider 
et al., 2012). 

Fig. 1. A graphical illustration of the chimeric gp39 proteins. The cloning site inserted into the C-terminus of gp39 is highlighted in a dark grey box, while the 
(GGGGS)3x-linker is represented by a light blue shape. The protein inserts are depicted in light orange boxes, with the Blp1 and OmpA protein fragments labeled 
according to their length in aa sequences. 
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Heterologous proteins gp39, gp39m_linker and gp39m_linker_
Omp28 were purified according to the previously described methodol
ogy (Špakova et al., 2020; 2019) with minor changes. Briefly, the soluble 
protein fractions from the yeast cells synthesizing heterologous proteins 
were transferred onto a 30–40 % (w/v) sucrose gradient (10 ml of 40 % 
and 4 ml of 30 % sucrose solution) in DB150+Arg buffer (10 mM 
Tris-HCl, 150 mM NaCl, 1 mM CaCl2, 0.01 % TritonX-100, pH 7.2, 250 
mM Arg) and sedimented by centrifugation at 140,000 × g for 2–3 h at 4 
◦C (Beckman Coulter Optima l-90 K ultracentrifuge). The protein pre
cipitates were suspended and analyzed by SDS-PAGE. If needed, sus
pended protein pellets were additionally transferred onto a 30–60 % 
(w/v) sucrose gradient (1.5 ml of 60 %, 55 %, 50 %, 45 %, 40 % and 2 ml 
of 30 % sucrose solution) in DB150+Arg-buffer and spun at 140,000 × g 
for 17–24 h at 4 ◦C (Beckman Coulter Optima l-90 K ultracentrifuge). 
Approximately one-milliliter fractions of sucrose solutions were 
collected and analyzed by SDS-PAGE. Protein fractions having the 
highest concentration of the target proteins were combined and dialyzed 
against phosphate buffer (PBS: 0.08 M Na2HPO4, 0.025 M NaH2PO4, 0.1 
M NaCl, pH 7.4). 

2.3. SDS-PAGE and western blot analysis 

The protein samples were fractionated by SDS-PAGE using 14 % 
polyacrylamide gels. Then the gels were transferred onto polyvinylidene 
difluoride (PVDF) blotting membranes (GE Healthcare Life Science, 
Freiburg, Germany) under semi-dry conditions. The blocking step was 
carried out in 1 × Roti-Block solution (Carl Roth GmbH and Co, Karls
ruhe, Germany) for 1 h at room temperature with shaking. After several 
washes with Tris-buffered saline (TBS) containing 0.1 % Tween 20 (TBS- 
T), membranes were incubated per night with gp39 protein-specific 
polyclonal antibody (2 μg/ml in TBS-T, an in-house produced murine 
antibody from the Institute of Biotechnology, Vilnius University). After 
washing with TBS-T, the membranes were incubated for 2 h with HRP- 
conjugated anti-mouse IgG (1:3000 in TBS-T, BioRad). After several 
washes with TBS-T and the final wash with TBS, the detection based on 
the HRP reaction was carried out by adding 4-chloro-1-naphthol and 
H2O2 (Fluka, Buchs, Switzerland). 

2.4. Transmission electron microscopy 

Analysis under electron microscopy was carried out as described 
previously by Špakova et al. (2020). 

2.5. Immunization of mice and dosage formulations 

To assess the immunogenicity of polytubes formed by the unmodi
fied protein gp39, female 9-week-old BALB/c mice were used (Depart
ment of Biomodels, Institute of Biochemistry, Life Sciences Center, 
Vilnius University, Lithuania). Two groups of 5 mice were administered 
subcutaneous immunizations with 50 µg of recombinant protein gp39 in 
100 µl of sterile PBS, with or without the adjuvant, at 4-week intervals 
for a total of 3 immunizations (Fig. 2). The first immunization with 

adjuvant involved mixing 100 µl of recombinant protein gp39 with an 
equal volume of complete Freund’s adjuvant (Sigma Aldrich, St. Louis, 
MO, USA). For the second immunization on week 4, incomplete 
Freund’s adjuvant was used. The boost immunization on week 8 was 
administered without any adjuvant. Serum samples were taken from the 
tail bleeds from pre-immunized mice as well as two-weeks after each 
injection as shown in Fig. 2. 

To compare the immunogenicity of the Omp28 protein fragment 
displayed on the polytubes (gp39m_linker_Omp28) with that of Omp28 
peptide alone, four protein formulations were used: (1) chimeric protein 
gp39m_linker_Omp28, (2) protein gp39m_linker mixed with unconju
gated Omp28 peptide, (3) Omp28 peptide alone, and (4) unmodified 
protein gp39 as a control. To ensure equal dosage of formulations, the 
ratio of protein gp39 to the Omp28 peptide within the chimeric protein 
gp39m_linker_Omp28 was calculated. The percent of Omp28 peptide 
relative to the total protein mass of gp39 in the chimeric gp39m_lin
ker_Omp28 (28.93 kDa) was taken as the ratio of Omp28 molecular mass 
(3 kDa) relative to that of the recombinant protein gp39 monomer 
(24.36 kDa), as there would be only one copy of Omp28 within each 
gp39 protein monomer forming the polytubes. Based on the calcula
tions, a 50 µg dose of chimeric protein gp39m_linker_Omp28 was 
equivalent to 42.1 µg of recombinant protein gp39 and 5.2 µg of Omp28 
peptide. The immunization scheme and time points were equivalent to 
the previously described protocol (Fig. 2). Subcutaneous immunization 
was administered to four groups of five 9-week-old BALB/c mice 
(Department of Biomodels) at 4-week intervals with 50 µg of chimeric 
protein gp39m_linker_Omp28, 42.1 µg of protein gp39m_linker mixed 
with 5.2 µg of unconjugated Omp28 peptide, 5.2 µg of Omp28 peptide 
alone, and 42.1 µg of unmodified protein gp39 in 100 µl of sterile PBS. 
Serum samples were obtained from pre-immunized mice and two weeks 
after each injection. The protein samples were mixed with sterile PBS to 
100 µl volume. The Omp28 peptide was synthesized by GenScript (Pis
cataway, NJ, USA). 

All procedures involving experimental mice were performed in 
accordance with the Lithuanian and European legislation. The approval 
to use BALB/c mice for immunizations was obtained from the Lithuanian 
State Food and Veterinary Agency (permission No. G2–117, issued 
11–06–2019). 

2.6. Indirect ELISA 

The specific IgG antibody titers against recombinant gp39, chimeric 
gp39m_linker_Omp28 and Omp28 were determined by an indirect 
ELISA. Sucrose-purified proteins gp39 or gp39m_linker_Omp28 were 
coated onto flat-bottomed microtiter plates (Nerbe Plus GmbH, Winsen/ 
Luhe, Germany) at a concentration of 200 ng per well diluted in coating 
buffer (50 mM Na2CO3, pH 9.6) and incubated overnight at 4 ◦C. The 
plates were then washed 3 times with PBS-T (PBS with 0.05 % Tween-20 
(v/v)) (BioRad) and blocked with 1x Roti-Block solution (Carl Roth 
GmbH and Co) for 1 h at RT. After washing 3 times with PBS-T, 100 µl of 
2-fold serially diluted serum samples in PBS-T were added, followed by 
an hour of incubation at 37 ◦C. After washing 5 times with PBS-T, 100 µl 

Fig. 2. A schematic representation of mice immunizations. Mice were subcutaneously injected three times with the recombinant protein gp39 with or without 
Freund’s adjuvant. The time scale is indicated in weeks. Serum samples were collected with a two-week interval between each immunization. Sampling is indicated 
by red triangles. 
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of HRP-conjugated anti-mouse IgG (1:3000 in PBS-T, BioRad) were 
added and incubated for 1 h at 37 ◦C. After 5 washes with PBS-T, 100 µl 
of TMB substrate (Clinical Science Products Inc., Mansfield, Mass., USA) 
was added to each well. The reaction was stopped by adding an equal 
volume of 10 % H2SO4 to the each well. The OD values were measured at 
450 nm (with the reference OD at 620 nm) using the Multiskan EX plate 
reader (Franklin, MA, USA). 

To determine IgG antibody titers against OmpA peptide, Maxi- 
Sorp™ microtiter plates (Thermo Fisher, Vilnius, Lithuania) were coated 
with 250 ng of peptide per well diluted in distilled water and left to dry 
overnight at 37 ◦C. The plates were blocked with 2 % bovine serum 
albumin in PBS for 1 h at RT. Two-fold serially diluted serum samples 
were added and the plates were incubated for 1 h at RT. Following 
washing the plates, HRP-conjugated anti-mouse IgG (1:5000 in PBS-T, 
BioRad) were added. After 1 h of incubation at 37 ◦C, TMB substrate 
(Clinical Science Products Inc., Mansfield, Mass., USA) was added and 
the reactions were stopped by adding 50 µl of 3.5 % H2SO4 to each well. 
The OD values were measured at 450 nm (with the reference OD at 620 
nm) using plate spectrophotometer (Multiskan GO, Thermo Fisher Sci
entific, USA). 

2.7. Statistical analysis 

The antibody titers of immunized mice sera were defined as the final 
serum dilution giving OD value that was 3 standard deviations (SD) 
above the mean OD for the negative control serum and at least 0.2 (x‾ +
3 SD; ≥ 0.2) (Malm et al., 2014). The antibody titers were tested for 
normality using Shapiro-Wilk test. Since the data was not distributed 
normally and had small population size (N = 5 per group), the 
nonparametric tests were used. The antibody titers within mice group 
were compared using Wilcoxon Signed Rank test and antibody titers 
among two mice groups were compared using Mann-Whitney U test. 
Statistical analysis was performed using MS Excel 2016 software and 
SPSS Statistics (IBM Corp (2015)) version 23.0. Values with p < 0.05 
were considered statistically significant. 

3. Results 

3.1. The immunogenicity of the polytubes formed by the protein gp39 

To determine the immunogenicity of the polytubes, S. cerevisiae- 
produced recombinant tail tube protein gp39 of bacteriophage NBD2 
was purified under native conditions. As evidenced by transmission 
electron microscopy (TEM), the recombinant gp39 self-assembled into 
well-ordered, long and flexible polytubes (Fig. 3A) (Špakova et al., 
2019). The polytube-induced humoral immune response in immunized 
BALB/c mice was evaluated by testing collected blood samples for the 
presence of gp39 protein-specific IgG antibodies by an indirect ELISA. 
Two groups of mice were immunized three times at 4-week intervals and 
were used to determine the immunogenicity of unmodified polytubes 
without the use of any adjuvants and to test anti-gp39 humoral immune 
response using Freund’s adjuvant (Fig. 3B, Supplementary Table S2 A). 

In the group of mice that received recombinant gp39 without the use 
of any adjuvant, the initial immunization elicited a gp39-specific anti
body response with a mean antibody titer of 1:800. The second immu
nization with protein gp39 statistically significantly increased gp39- 
specific antibody response (p = 0.046) giving a mean antibody titer of 
1:17,920. After the third immunization with the gp39 protein in the 
absence of any adjuvant, a statistically insignificant rise in the mean 
antibody titer to 1:20,480 was observed (p = 1.0). In the second mouse 
group immunized with protein gp39 emulsified with Freund’s adjuvant, 
the first immunization resulted in a mean antibody titer of 1:23,040. The 
second immunization resulted in a statistically insignificant antibody 
response specified by the mean titer of 1:33,280 (p = 0.34). The third 
immunization with gp39 resulted in antibody titer 1:35,840, which did 
not differ significantly from the immune response measured from the 

second immunization (p = 1.0) (Fig. 3B, Supplementary Table S2 A). 
Comparing gp39-specific antibody titers between two mice groups 

with or without the use of adjuvant, Freund’s adjuvant statistically 
significantly increased the gp39-specific antibody titers compared with 
the antibody titers where only protein gp39 was used for mouse im
munizations (p = 0.001). The specificity of the antiserum raised against 
gp39 protein was confirmed using yeast-produced hamster poly
omavirus VP1 protein (Sasnauskas et al., 1999) as a negative control. 
Also, no gp39-specific antibodies were detected in the blood samples 
collected from the pre-immunized mice (Fig. 3B). 

Fig. 3. Protein purification, the morphology of the polytubes and their 
immunogenicity analysis in mice. (a) SDS-PAGE and electron micrograph of 
purified recombinant protein gp39 and the nanotubes it forms. M – Page ruler 
unstained protein ladder (Thermo Fisher Scientific, Vilnius, Lithuania). (b) Two 
groups of mice (N = 5 per group) were immunized with the polytubes formed 
by the protein gp39 with or without Freund’s adjuvant (mouse groups are 
indicated in different colors). The humoral immune response against gp39 
protein was determined by an indirect ELISA. Each histogram represents the 
mean value of gp39 protein-specific IgG titer within a mouse group, the bars 
represent mean ± SD. Virus-like particles formed by yeast-derived hamster 
polyomavirus VP1 protein were used as a negative control. The symbol “*” 
shows statistically significant difference between the two mice groups (p <
0.05). The unmodified, original files can be found in Supplementary Fig. S2. 
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3.2. Bioinformatics analysis of full-length gp39 protein and protein 
fragments from Blp1 and OmpA 

To extract further insights into the structure of the tail tube protein 
gp39, the HHpred protein homology server (Zimmerman et al., 2018) 
was employed. Analysis based on the aa sequence of gp39 revealed that 
aa residues 101–223 exhibit the closest structural similarity to the tail 
tube protein gpV of phage lambda (PDB: 7T2E), with a probability of 
99.58 % (E-value, 2.1e-13). Subsequently, to determine the putative 3D 
structure of gp39, the complete protein sequence was submitted to the 
AlphaFold server (Varadi et al., 2021), and the highest-ranked model 
was selected for further investigation. The confidence levels within the 
putative model of gp39 were indicated by the predicted local distance 
difference test (pLDDT) scores (Fig. 4A). While the predicted confidence 
levels spanned between 70% and 90 % throughout the entirety of gp39, 
lower confidence in structure prediction was observed within amino 
acid residues 75–90, particularly at the terminal regions of both the N- 
and C-terminal ends of gp39 (specifically residues 1–9 and 210–223, 
with pLDDT scores < 50 %). Our data reveal that the N-terminal 
segment of protein gp39 comprises β-sheets, α-helices, and an elongated 
loop similar to the TE-loop observed in the homologous tail tube protein 
gpV of phage lambda (Fig. 4A) (Campbell et al., 2020). However, a 
possible difference between these structures lies in the organization of 
their C-terminal ends. While the Ig-like fold is present in gpV and in the 
majority of other tailed bacteriophages (Linares et al., 2020), the 
C-terminal part of gp39 is unlikely to possess this domain (Fig. 4A). 

Potential Blp1 and OmpA protein fragments for the insertion into the 
C-terminus of gp39 were selected based on structural analysis. The 3D 
structure of the C-terminal end of Blp1, spanning 250 amino acids, was 
generated using AlphaFold. The highest-ranked model, bearing 100 % 
sequence identity to the Type I secretion C-terminal target domain- 
containing protein of A. baumannii (UNIPROT: A0A6I4IHW6), was 
chosen for further analysis. Considering that the insertion of multiple 
β-sheets could potentially interfere the self-assembly into polytubes of 

protein gp39, smaller Blp1 protein fragments were selected. These 
fragments include one comprising 163 aa (encompassing Blp1 residues 
3200–3363, denoted as Blp163), another of 91 aa (residues 3272–3363, 
referred to as Blp91), and a third of 55 aa (residues 3308–3363, named 
Blp55) (Fig. 4B). Analysis by AlphaFold revealed a 100 % identity be
tween the complete sequence of the OmpA protein and the OmpA-like 
protein of A. baumannii (strain AYE, UNIPROT: B0V4Y8). According to 
this model, OmpA adopts a β-barrel structure with three loops, pre
dominantly oriented towards the exterior of the cell. As loop #3 
exhibited the least conservation among A. baumannii variants (Bosák 
et al., 2016; unpublished data), and considering structural aspects and 
the feasibility of displaying foreign protein fragments on the polytubes, 
only loops #1 and #2 were selected for further investigation. Two re
gions were chosen for insertion into the C-terminus of gp39: one span
ning 28 aa (encompassing OmpA residues 32–59, denoted as loop #1), 
and another spanning 14 aa (residues 83–96, referred to as loop #2), 
named Omp28 and Omp14, respectively (Fig. 4C). 

3.3. Production of chimeric proteins and characterization of the polytubes 

We have previously generated chimeric polytubes formed by the 
protein gp39 with C-terminal insertions spanning from 6 aa to 238 aa 
and demonstrated their different abilities to self-assemble into polytubes 
(Špakova et al., 2020). To minimize the impact of Blp1 and OmpA 
protein fragment insertions into the C-terminus of gp39m on polytube 
formation, additional protein variant having C-terminal insertion of 
glycine-serine linker (gp39m_linker) was used for the generation of 
chimeric proteins. 

Following chimeric protein synthesis in S. cerevisiae, the insertions of 
protein fragments Omp14 and Omp28 into the C-terminus of gp39m and 
gp39m_linker were well-tolerated (Fig. 5). While the amount of chimeric 
proteins gp39m_Omp14 and gp39m_linker_Omp14 in yeast cell lysate 
samples was similar to that of the unmodified protein gp39, the syn
thesis of chimeric proteins with Omp28 fragment demonstrated higher 

Fig. 4. 3D models of protein gp39, C-terminal part of protein Blp1 and protein OmpA. (a) A putative model of the gp39 monomer. (b) The structure of the C-terminus 
of protein Blp1, spanning 250 aa residues. Within this structure, a fragment referred to as "Blp55″ is depicted in yellow, "Blp91″ is shown in a combination of yellow 
and orange colors, while yellow, orange, and green colors represent the "Blp163″ fragment. (c) The structure of protein OmpA. The colors assigned to gp39 and OmpA 
correspond to the pLDDT scores across the predicted structures, where dark blue (scores > 90 %) suggests very confident prediction of the backbone, light blue 
(between 70 and 90 %) suggests confident prediction of the backbone, yellow (between 50 and 70 %) indicates low prediction confidence, and orange (below 50 %) 
denotes a very low prediction level. Structure prediction was conducted using the AlphaFold server (Varadi et al., 2021), while structure visualization was performed 
using UCSF Chimera v1.17 (Pettersen et al., 2004). 
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efficiency when employing a serine-glycine linker (gp39m_linker_
Omp28) (Fig. 5A). Conversely, the insertion of Blp1 protein fragments 
(Blp163, Blp91, and Blp55) into gp39m and gp39m_linker had a pro
found impact on synthesis efficiency, as these chimeric proteins were not 
detectable in the yeast cell lysates (Fig. 5A). 

To assess the self-assembly properties of the purified chimeric pro
teins (gp39m_Omp14, gp39m_linker_Omp14, gp39m_Omp28, and 
gp39m_linker_Omp28), TEM was employed. TEM analysis revealed that 
the insertion of Omp28 and Omp14 fragments at the C-terminus of 
gp39m and gp39m_linker was well-tolerated, and the morphology of the 
resulting polytubes did not depend on the use of linker. The chimeric 
proteins self-assembled into well-ordered, flexible polytubes, displaying 
a morphology similar to that of the polytubes formed by the unmodified 
protein gp39 with a width ranging from 12nm to 14 nm and a length 
varying from 0.1 µm to > 1.2 µm (Fig. 5B). 

3.4. IgG response against ompa protein fragments displayed on the 
polytubes 

In order to assess whether gp39-derived polytubes were able to 
induce the production of antibodies against the foreign Omp28 peptide 
incorporated in its sequence, we conducted two identical and 

independent ELISA experiments to assess and compare the humoral 
immune responses in mice against the carrier protein gp39, the chimeric 
protein gp39m_link_Omp28, and the epitope Omp28. For this, four 
mouse groups (N = 5) were immunized with either the polytubes formed 
by the unmodified gp39, or chimeric protein gp39m_link_Omp28, or 
protein gp39 formulated together with the unconjugated Omp28 or with 
Omp28 peptide alone (Fig. 6). 

Mouse immunizations with gp39, gp39m_link_Omp28 and with 
protein gp39 formulated together with unconjugated Omp28 resulted in 
similar IgG antibody titers against proteins gp39 or gp39m_link_Omp28 
with no significant differences among three mouse groups (Fig. 6A, B, 
Supplementary Table S2 B). The primary immunizations of mice resul
ted in the mean gp39- or gp39m_link_Omp28-protein specific antibody 
titers up to 1:960. Following the second immunizations, the mean 
antibody titers against protein gp39 or gp39m_link_Omp28 statistically 
significantly increased up to 1:16,640. After the third immunizations, no 
statistically significant differences in mean antibody titers against gp39 
or gp39m_link_Omp28 were obtained between mouse groups (antibody 
titers ranged from 1:15,360 to 1:35,840). As expected, no gp39- or 
gp39m_link_Omp28-specific antibodies were detected in the blood 
samples from pre-immunized mice and in the mouse group immunized 
with Omp28 peptide alone (Fig. 6A, Supplementary Table S2 B). 

Fig. 5. Analysis of chimeric protein gp39 variants with inserted Blp1 or OmpA protein fragments. (a) SDS-PAGE and Western blot analysis of the yeast-produced 
chimeric gp39 proteins. M – Page Ruler™ Prestained protein ladder (Thermo Fisher Scientific Baltics, Lithuania); „–“ indicates the lysate of yeast cells trans
formed with an “empty” vector pFX7. The lysates of yeast cells synthesizing target proteins are shown. For Western blot analysis, gp39 protein-specific polyclonal 
antibodies were used (VU IBT). Abbreviation “link” means glycine-serine linker. (b) Electron micrographs of the nanotubes. The scale bars are indicated. The un
modified, original files can be found in Supplementary Fig. S3. 
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Immunizations of mice with chimeric gp39m_link_Omp28 resulted in 
the production of Omp28-specific IgG antibodies. Following the primary 
immunization, the mean antibody titer against Omp28 reached 1:720. 
Subsequent immunizations led to an increase in mean Omp28-specific 
antibody titers, ranging from 1:1080 to 1:1760, with no statistically 
significant variations observed between immunizations (Fig. 6C, Sup
plementary Table S2 B). Notably, immunizations of mice with gp39 
formulated together with the unconjugated Omp28 peptide resulted in 
the highest antibody titer against Omp28. While the levels of antibodies 
against Omp28 after the first and the second immunizations were nearly 
undetectable (up to 1:250), the third immunization significantly 
increased Omp28-specific IgG antibody titers to 1:4240 (p = 0.043). As 
expected, immunization with Omp28 peptide alone failed to elicit a 
humoral immune response. Only after the third immunization with this 
peptide, a low Omp28-specific antibody titer of 1:500 was observed. 
Furthermore, no Omp28-specific IgG titers were detected in mice 
immunized with gp39 alone. Non-specific antibody titers of 1:200 were 
observed after the second and the third immunizations (Fig. 6C, Sup
plementary Table S2 B). The specificity of all of the tested sera was 
confirmed by analyzing yeast-produced hamster polyomavirus VP1 
protein (Sasnauskas et al., 1999) as a negative control (data not shown), 
the p values are given in Supplementary Table S2. 

4. Discussion 

This study shows the immunogenicity of flexible polytubes formed 
by the bacteriophage tail tube protein gp39, spanning from 0.1 µm to 
over 3.95 µm in length. The administration of gp39-based polytubes in 
mice induced a T cell-dependent B cell response, leading to the pro
duction of gp39 protein-specific IgG antibodies. While the immunoge
nicity of icosahedral virus-like particles has been extensively explored 
(Kheirvari et al., 2023), the immunogenicity of extremely long and 
flexible polytubes remains less studied. Only recently more attention has 
been directed towards the immunogenicity of flexuous virus-based 
polytubes mostly derived from viruses as papaya mosaic virus, turnip 
mosaic virus, potato virus X and Y, or even elongated nanoparticles from 
cowpea chlorotic mottle virus (Carignan et al., 2015; Ogrina et al., 2022; 
Savard et al., 2011; Truchado et al., 2023; Zinkhan et al., 2021). Our 
study expands the potential applications of flexible and remarkably long 
polytubes formed by the gp39 protein, as we demonstrate their immu
nogenicity even in the absence of adjuvants. 

As expected, the use of recombinant gp39 protein emulsified with an 
adjuvant significantly enhanced the titers of gp39-specific antibodies 
compared to the use of gp39 protein alone. The ability of adjuvants to 
boost protein-specific antibody titers has been demonstrated in other 
studies with various virus-like particles (Gedvilaite et al., 2004; Kaln
ciema et al., 2011; Spohn et al., 2010) and adjuvants are widely 
employed in licensed vaccines. While the third immunization with gp39 
in both groups of mice did not yield a statistically significant increase in 
antibody titers compared to the second immunization, these findings 
suggest that an efficient IgG antibody response can be achieved after two 
immunizations with gp39 protein, with or without the use of an adju
vant. Notably, some virus-like particle-based licensed vaccines require 
three doses to elicit an effective immune response and ensure adequate 
protection against viruses (FDA, 2019; Merck, 2021a, 2021b). Although 
further research is needed, the polytubes formed by the gp39 hold a 
promise as vaccine candidate, potentially offering the advantage of 
achieving optimal efficacy with just two doses. 

Like for many other filamentous viruses, the crystal structure of 
polytubes formed by the NBD2 phage tail tube protein gp39 has not yet 
been determined. This lack of structural information poses challenges in 
identifying surface regions of gp39 that are suitable for the insertion of 
foreign protein fragments. Bioinformatics analysis revealed a topologi
cal similarity between the protein gp39 and the tail tube protein gpV of 
phage lambda. Both proteins share common features at their N-terminal 
ends, including β-sheets, α-helix, and a long loop known as the TE-loop 

Fig. 6. Immunogenicity analysis of Omp28 peptide when presented on poly
tubes versus its isolated form. Four groups of five mice were immunized three 
times with protein gp39 (shown in grey), chimeric gp39m_link_Omp28 (green), 
protein gp39 formulated together with the unconjugated peptide Omp28 (light 
brown) and with Omp28 peptide alone (orange). IgG antibody titers against (a) 
protein gp39, (b) chimeric gp39m_link_Omp28, and (c) peptide Omp28 were 
determined by an indirect ELISA. Data is obtained from two identical and in
dependent experiments. Every histogram illustrates the average of protein or 
peptide-specific IgG antibody titer within each group of mice, the bars represent 
mean ± SD. Statistically significant differences between mice groups (p < 0.05) 
are shown in “*” as determined by Wilcoxon Signed Rank or Mann-Whitney 
U tests. 
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in gpV (Campbell et al., 2020). However, a possible difference between 
these structures lies in the organization of their C-terminal ends. While 
the Ig-like fold is present in gpV, the C-terminal part of gp39 is unlikely 
to possess this domain. This observation aligns with the fact that not all 
tailed phages exhibit the Ig-like domain (Linares et al., 2020). Conse
quently, the tolerance of gp39 for the insertion of foreign protein frag
ments at its C-terminus can be attributed to these structural distinctions 
and the fact, that aa deletion from the C-terminus of gp39 negatively 
affected protein synthesis efficiency and self-assembly properties 
(Špakova et al., 2020). 

Recognizing that individual proteins and peptides are often poorly 
immunogenic, the utilization of viral nanostructures has proven to be a 
highly effective approach to enhance their immunogenicity (Carignan 
et al., 2015; Denis et al., 2007; Jaber Hossain et al., 2011; Peabody et al., 
2009). In our previous work, we characterized the polytubes formed by 
the tail tube protein gp39 as a carrier for displaying foreign epitopes, 
specifically identifying the C-terminal region suitable for the insertion of 
foreign protein fragments. Notably, the C-terminal part of gp39 toler
ated the insertions of 6–238 aa-long fragments on the exterior surface of 
the polytubes, but the aa composition and the insert size influenced 
either synthesis efficiency of chimeric proteins in yeast or their ability to 
self-assemble into typical polytubes (Špakova et al., 2020). 

Building upon these findings, in this study we selected two proteins, 
OmpA and Blp1, derived from A. baumannii, as promising candidates for 
vaccine development (Badmasti et al., 2015; Luo et al., 2012; 
Skernǐskytė et al., 2021; 2019). To insert protein fragments to the 
C-terminus of gp39 while minimizing disruption of the gp39 tertiary 
structure, we chose aa sequences corresponding to the loop regions of 
OmpA protein and selectively shortened protein fragments of Blp1, 
which consisted of multiple β-sheets. Notably, the insertions of 28- and 
14-aa-long fragments from OmpA protein into the C-terminus of gp39 
were well-tolerated and resulted in the formation of flexible and long 
polytubes. However, the insertion of 163-, 91-, and 55-aa-long frag
ments from Blp1 protein had a profound impact on protein synthesis 
efficiency, leading to the absence of polytubes. Presumably, foreign 
protein inserts should not form β-sheets to prevent adverse effects on the 
tertiary structure of the scaffold protein gp39. To facilitate the effective 
presentation of Blp1 protein fragments and other “large” proteins on 
these polytubes, longer linkers could be employed as spacers allowing 
proteins to have a correct tertiary fold without disturbing self-assembly 
properties of the scaffold protein (Kalnciema et al., 2011; Urakami et al., 
2017; Zvirbliene et al., 2006). Furthermore, the reduction of steric 
hindrance between the scaffold protein gp39 and foreign proteins could 
be achieved through the synthesis of mosaic polytubes, which would 
consist of unmodified gp39 subunits along with chimeric proteins with 
inserted foreign protein fragments. Previous studies have demonstrated 
the successful implementation of this strategy with other viral nano
structures emphasizing its effectiveness (Brown et al., 2009; Röder et al., 
2017), but the display of larger and structurally more complex proteins 
is still a limiting factor for the majority of viral nanostructures. 

This study represents the first comparative analysis of the immuno
genicity of protein fragments either in their monomeric form and dis
played on bacteriophage-originated polytubes. As anticipated, the 
monomeric Omp28 protein fragment was non-immunogenic in mice, 
whereas chimeric polytubes, harboring C-terminal insertion of Omp28 
protein fragment, induced the production of Omp28 peptide-specific IgG 
antibodies, even in the absence of adjuvants. The structural features of 
these polytubes facilitate the presentation of epitopes in a repetitive and 
highly ordered manner, thereby augmenting the immunogenicity for 
non-immunogenic Omp28 fragments. In a previous investigation, we 
elucidated the surface localization of foreign protein fragments when 
inserted into the C-terminus of the scaffold protein gp39 (Špakova et al., 
2020). This is important, since the accessibility of epitopes to the im
mune system components and the multimerization are crucial pre
requisites for eliciting a robust humoral immune response, as supported 
by numerous studies (Czarnota et al., 2016; Denis et al., 2007). 

As expected, subcutaneous immunizations with chimeric polytubes 
(gp39m_link_Omp28 protein) elicited a humoral immune response 
against Omp28. Interestingly, the third immunization with gp39-formed 
polytubes together with the unconjugated Omp28 significantly elevated 
antibody titers against Omp28 peptide. While further analysis is 
required, our data suggests that gp39-formed polytubes could poten
tially be used as an adjuvant, as indicated by the robust humoral im
mune response observed against the Omp28 peptide after the third 
round of immunizations in mice. This potential feature of gp39-formed 
polytubes, characterized by their self-adjuvating properties, may elim
inate the need to use error-prone genetic engineering steps for the 
insertion and display of foreign peptides on the surface of polytubes. 

In previous studies, viral nanostructures have been predominantly 
used to display non-immunogenic protein fragments to enhance their 
immunogenicity (Ghorbani et al., 2020; Guo et al., 2019; Mohsen et al., 
2020). However, there is a limited number of research demonstrating 
the adjuvant properties of viral nanostructures for improving the 
immunogenicity of monomeric protein fragments. For instance, VLPs 
composed of papaya mosaic virus coat proteins were shown to be used as 
a vaccine carrier and adjuvant, improving the protection provided by 
the trivalent inactivated flu vaccine (Carignan et al., 2015; Denis et al., 
2008; Savard et al., 2011). Similarly, icosahedral simian virus 40-based 
VLPs have exhibited intrinsic adjuvant properties when used together 
with the influenza vaccine (Kawano et al., 2014). Notably, 
self-adjuvanting properties have mainly been studied in icosahedral 
VLPs and shorter virus-based polytubes. In this study, we introduce 
novel bacteriophage-originated, extremely-long polytubes, showcasing 
their versatility as both immunogenic antigen carrier and potential 
adjuvant in vaccine development. 

5. Conclusions 

In conclusion, our study demonstrates the versatility and immuno
genicity of gp39-formed polytubes, establishing them as promising 
vaccine candidates. The successful insertion of OmpA protein fragments 
into the C-terminus of gp39, without compromising polytube 
morphology, further supports their suitability as a carrier for antigen 
presentation. However, caution should be exercised when inserting 
foreign protein fragments that form β-sheets, as this may affect the fold 
of protein gp39 and its ability to self-assemble. Notably, even without 
the use of adjuvants, the polytubes exhibit strong immunogenic prop
erties and induce humoral immune response against the foreign epitope 
Omp28, suggesting their potential use in vaccine development. 

Overall, our findings highlight the potential of gp39-formed poly
tubes as an immunogenic platform to display target protein fragments. 
While further analysis is needed, the current data suggests that gp39- 
formed polytubes could potentially be used as an adjuvant in combi
nation with unconjugated antigens. The self-adjuvant property of pol
ytubes could be regarded as an outstanding advantage allowing their 
straightforward use in vaccine formulations while obviating the neces
sity for error-prone genetic engineering steps and eliminating the need 
for potentially toxic adjuvants. 
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