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Lipid A-modified Escherichia coli can produce
porcine parvovirus virus-like particles

with high immunogenicity and minimal
endotoxin activity
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Abstract

Background A cost-effective Escherichia coli expression system has gained popularity for producing virus-like
particle (VLP) vaccines. However, the challenge lies in balancing the endotoxin residue and removal costs, as residual
endotoxins can cause inflammatory reactions in the body.

Results In this study, porcine parvovirus virus-like particles (PPV-VLPs) were successfully assembled from Decreased
Endotoxic BL21 (BL21-DekE), and the effect of structural changes in the lipid A of BL21 on endotoxin activity,
immunogenicity, and safety was investigated. The lipopolysaccharide purified from BL21-DeE produced lower IL-6 and
TNF-a than that from wild-type BL21 (BL21-W) in both RAW264.7 cells and BALB/c mice. Additionally, mice immunized
with PPV-VLP derived form BL21-DeE (BL21-DeE-VLP) showed significantly lower production of inflammatory factors
and a smaller increase in body temperature within 3 h than those immunized with VLP from BL21-W (BL21-W-VLP)
and endotoxin-removed VLP (ReE-VLP). Moreover, mice in the BL21-DeE-VLP immunized group had similar levels of
serum antibodies as those in the BL21-W-VLP group but significantly higher levels than those in the ReE-VLP group.
Furthermore, the liver, lungs, and kidneys showed no pathological damage compared with the BL21-W-VLP group.

Conclusion Overall, this study proposes a method for producing VLP with high immunogenicity and minimal
endotoxin activity without chemical or physical endotoxin removal methods. This method could address the issue of
endotoxin residues in the VLP and provide production benefits.
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Introduction

Infectious diseases pose a substantial threat to public
health, a concern highlighted by the recent COVID-19
outbreak [1]. Although conventional vaccines have been
widely used for over a century, they are only available
against a limited number of pathogens [2, 3]. Conse-
quently, the emergence of new and variant pathogens has
necessitated the development of vaccines to prevent and
control the diseases caused by these pathogens. Subunit
vaccines have gained prominence in recent years owing
to their simple production methods, cost-effectiveness,
and high level of safety [4]. The attribution of virus-like
particle (VLP) vaccines as subunit vaccines has increased
rapidly since their inception [5]. Currently, VLP vac-
cines play a crucial role in controlling and eliminating
viral outbreaks in both humans and animals [6, 7]. VLPs
consist solely of viral capsid protein and are devoid of
genetic material. Their conformational epitopes, mor-
phological structures, and antigenic epitopes are similar
to those of natural virions, making them highly safe and
immunogenic [8, 9]. Consequently, several VLP vaccines
have been approved for veterinary or human use, many
of which were produced using Escherichia coli (E. coli)
expression systems. These include the bivalent human
papillomavirus (HPV) VLP vaccine, hepatitis E virus
(HEV) VLP vaccine, porcine foot-and-mouth disease
type O vaccine, and bovine foot-and-mouth disease type
O VLP vaccine [10-13]. Nanoscale VLPs have attracted
considerable attention owing to their easy phagocyto-
sis by antigen-presenting cells, which leads to increased
immunogenicity.

A critical factor affecting the cost of vaccine develop-
ment is the effectiveness of scaled-up production, which
is influenced by the protein expression systems used [14].
Therefore, selecting an appropriate protein expression
system is crucial for achieving optimal scale-up produc-
tion. Prokaryotic expression systems such as E. coli, are
commonly used for high-efficiency scaled-up produc-
tion of recombinant proteins because of their low cost,
high expression, and ease of separation from the purified
product. Additionally, E. coli possesses a well-defined
genetic background and is easily modified [15, 16]. It has
also been successfully used in commercial subunit vac-
cines, such as the recombinant hepatitis E vaccine [17].
However, endotoxin residues are crucial factors that can
substantially affect the safety of subunit vaccines [18].

Currently, endotoxins are removed through stan-
dard chemical and physical methods. However, these
approaches are time-consuming, labor-intensive, and
can cause considerable protein loss, and thus inefficient
removal of endotoxins [19-21]. One potential solution
to deal with endotoxin residues in subunit vaccines is
the development of E. coli with low endotoxin activity
[22, 23]. Endotoxins are released when bacteria lyse and
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die which can trigger fever in the body. They comprise
three parts: a specific polysaccharide, a nonspecific core
polysaccharide, and lipid A, and its endotoxin activ-
ity depends on lipid A [24-26]. Modifying the position
or number of lipid acyl chains and removing phosphate
groups can reduce endotoxin activity. However, these
alterations may also impact bacterial growth and viabil-
ity [27, 28]. Thus, it is crucial to balance the remodeling
of the lipid A structure while maintaining the normal
physiological state of the bacteria. Previous studies have
attempted to reduce endotoxin activity by modifying the
structure of E. coli lipid A [29, 30]. Liu et al. modified the
lipid A structure by deleting msbB28 and pagP38 and
inserting pagl and IpxE [31]. However, these studies did
not simultaneously and systematically evaluate the endo-
toxin activity in vitro and in vivo [32].

Porcine parvovirus (PPV) infection, which often causes
reproductive problems in pregnant sows, is common in
pig farms worldwide. PPV vaccines can remarkably ben-
efit modern intensive farms and improve their economic
returns. Currently, available PPV vaccines are limited to
traditional options, such as inactivated and attenuated
vaccine [33, 34]. This highlights the necessity for a low-
cost, safe, and effective VLP vaccine against PPV, which is
currently being developed. Previous studies have success-
fully expressed the VP2 protein using E. coli BL21 and
subsequently assembled PPV-VLP [35, 36]. Therefore,
PPV-VLP was selected as the model VLP vaccine and
will be used to assess the endotoxin activity and potential
application of VLP purified from BL21 with structurally
modified lipid A.

In this study, PPV-VLPs were expressed and purified
in BL21 cells that have structurally modified lipid A. The
endotoxin activities of lipopolysaccharide (LPS) and PPV-
VLPs derived from Decreased Endotoxic BL21(BL21-
DeE) and wild-type BL21 (BL21-W) cells were evaluated
in vitro and in vivo. The immunogenicity and safety of
PPV-VLPs purified from BL21-DeE cells were assessed in
BALB/c mice. This study investigated whether BL21, with
an altered lipid A structure, could be used as a poten-
tial production strain for subunit vaccines by effectively
reducing endotoxin activity.

Materials and methods

Bacterial and culture conditions

The BL21-DeE, derived from the wild strain E. coli
BL21(DE3), has its msbB and pagP genes knocked out.
Additionally, pagl and [pxE genes were introduced to
further modify LPS and produce monophosphorylated
tetra-acylated lipid A [31]. The msbB gene encodes a
ligase responsible for attaching a myristic acid moi-
ety to lipid A, whereas the pagP gene encodes a ligase
that catalyzes the addition of a palmitate chain to the
hydroxyl group of the R-3’-hydroxymyristate chain at
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the 2 position of lipid A [37-39]. Additionally, the pagL
gene encodes an enzyme that hydrolyzes the ester bond
at the lipid A position, thereby releasing the primary
3-hydroxymyristoyl moiety, and the lpxE gene encodes an
inner membrane phosphatase that removes the 1’-phos-
phate group of lipid A in E. coli [40, 41]. This mutant
strain was developed by Qingke Kong’s research group
and provided for this study. BL21(DE3) and DH5a strains
were obtained from our laboratory collection (Table 1).

E. coli BL21 (DE3), BL21-DeE, and DH5a were cul-
tured in lysogeny broth (LB) or LB agar at 37 °C. Kana-
mycin (Kan), chloramphenicol (Cm), and ampicillin
(Amp) were added as necessary at 50, 25, and 100 pg/mL,
respectively.

Purification of PPV-VLPs

PPV-VLPs were purified as previously described [35].
Briefly, the sonicated bacterial supernatant was precipi-
tated with PEG 6000 and centrifuged at 12,000 x g for
30 min. The resulting pellet was resuspended in 20 mM
Tris-HCI (pH 8.0) and passed through a DEAE Bestrose
Fast Flow column (Bestchrom, Zhejiang, China). The
fractions of effluents containing VLPs were collected. To
further separate the VLPs, a Sepharose 6FF 16/96 column
(Bestchrom, Zhejiang, China) was used at a flow rate of
1.5 mL/min. Finally, the VLPs were passed through a
heparin-agarose column (Bestchrom, Zhejiang, China)
and eluted with a solution containing 500 mM NaCl and
20 mM Tris-HCL. Purified VLPs from BL21-W-VP2 and
BL21-DeE-VP2 strains were named BL21-W-VLP and
BL21-DeE-VLDP, respectively. Subsequently, BL21-W-VLP
was treated with Triton X-114 and named ReE-VLP. Pro-
tein eluates were analyzed by SDS-PAGE and western
blot. For western blot, the membrane was transferred and
blocked with 5% skim milk. Subsequently, the membrane

Table 1 Bacterial strains and plasmids used in the study

Strains or Information Source
Plasmids Strains
E.coliBL21(DE3)  Protein expression Laboratory
collection
BL21-DeE BL21(DE3)AmsbB28ApagP38 carrying Kong [31]
pQKO005, in which both PagL and LpxE
were overexpressed under the Ipp pro-
moter in p15a plasmid backbone
DH5a Plasmid construction Laboratory
collection
Plasmids
pET28a*™-VP2 Protein expression This study
pTf16-Amp Expression of Trigger Factor to assist This study
protein folding
pTf16-Cm Template for cloning the pTf16 Laboratory
backbone collection
pCold | Template for cloning the amp gene Laboratory
collection

Page 3 of 13

was washed with PBST and incubated with PPV-positive
serum (diluted at 1:5,000) for 2 h at 25 °C. After another
round of PBST wash, the membrane was incubated with
a fluorescently labeled pig secondary antibody (BD9448,
Biotragon, Beijing, China; diluted at 1:10,000) for 1 h
at 25 °C. Next, the membrane was subjected to another
round of washing and then scanned and imaged using
the Infrared Imaging System (Odyssey CLX, LI-COR,
Nebraska, USA).

Morphological characterization of VLPs

Transmission electron microscopy (TEM) was performed
to visualize the morphological characteristics of PPV-
VLPs. The samples were adsorbed onto a copper grid and
incubated at 25 °C for 10 min. Subsequently, 2.5% phos-
photungstic acid solution was used to negatively stain
the samples for 1 min. Any surplus stain was removed
by blotting with filter paper, and the prepared samples
were viewed under a transmission electron microscope
(H-7650, Hitachi, Tokyo, Japan).

Hemagglutination assay of VLPs

Hemagglutination experiments were performed to com-
pare the hemagglutination activities of BL21-W-VLP,
BL21-DeE-VLP, and ReE-VLP. In this experiment, tenfold
diluted VLPs of 12 serial gradients were added sequen-
tially to a 96-well v-bottom plate containing 50 puL PBS
in all wells. The mixture was then thoroughly mixed.
Subsequently, 50 pL of 1% chicken red blood cell suspen-
sion was added to each well, and the mixture was thor-
oughly mixed. The plates were then incubated at 25 °C for
1 h. The highest dilution factor that exhibited complete
agglutination was considered the hemocoagulation titer
of PPV-VLPDs.

Extraction and quantification of BL21-W and BL21-DeE LPS
The overnight cultures of BL21-W or BL21-DeE were
transferred to 100 mL of LB medium containing the cor-
responding resistance at a ratio of 1:100, grown until
ODy, reached approximately 0.9, and centrifuged for
10 min to collect the bacteria (4 °C, 10,956 X g). After
washing the pellet twice with PBS, the bacteria were
resuspended in 0.1 volume of PBS for ultrasonic disrup-
tion. Then, proteinase K (100 pg/mL) was added into the
sonicated supernatant and incubated at 65 °C for 1 h. The
mixture was added with 20% MgSO, (1 pL/mL), chloro-
form (4 pL/mL), 40 ug/mL RNase, and 20 pg/mL DNase
for 37 °C overnight incubation. Next, an equal volume of
preheated phenol was added to the solution, shocked for
30 min at 75 °C, incubated in an ice bath for 15 min, and
centrifuged for 25 min (9,000 X g). Then, the supernatant
was collected, followed by adding ten volumes of abso-
lute ethanol and incubating overnight at -20 °C to precip-
itate LPS. The cells were centrifuged for 15 min (3,000 x



Shen et al. Microbial Cell Factories (2024) 23:222

g at 4 °C), and the precipitate was resuspended in ddH,O.
To obtain LPS, the resuspension was dialyzed overnight
with two dialysate changes until the phenol in the aque-
ous phase was completely removed.

LPS quantification was optimized based on a published
phenol sulfuric acid colorimetric method, whereby poly-
saccharides can be rapidly hydrolyzed to monosaccha-
rides at the high temperature produced by the hydration
of concentrated sulfuric acid to yield orange derivatives
by reaction with phenol under strongly acidic conditions
[42-45]. Briefly, 0.1 mg/mL glucose solution was diluted
into 0, 20, 40, 60, 80, and 100 pg with ddH,O. Then, 0.5
mL 5% phenol and 2.5 mL concentrated sulfuric acid
were added. After incubation for 30 min, the absorbance
of the dilutions was measured at 490 nm. The standard
curve was plotted with glucose content as the abscissa
and OD,y, values as the ordinate, and the average of
three readings was calculated. The samples were analyzed
using the same procedure, and the LPS concentration
was calculated using the standard curve.

Endotoxin content detection

The endotoxin content of VLPs was detected using the
Chromogenic LAL Endotoxin Assay Kit (C0276S, Beyo-
time, Beijing, China). Briefly, 10 uL sample in a microcen-
trifuge tube was added with 10 puL endotoxin detection
reagent solution. The solution was then incubated in the
dark at 37 °C for 9 min. Subsequently, 10 pL of chromo-
genic reagent solution was added, and the solution was
incubated in the dark at 37 °C for 6 min. Next, 50 uL Buf-
fer A, Buffer B, and Buffer C were sequentially added,
allowing the solutions to stand for 5 min before measur-
ing the absorbance at 545 nm using a microplate reader
(Enspire, PerkinElmer, Connecticut, USA). Thorough
mixing was done after adding each reagent.

Stimulatory effect of LPS on murine macrophage RAW264
The RAW?264.7 cell line, derived from murine mac-
rophages, was cultivated at 37 °C in an environment
enriched with 5% CO,. The growth medium consisted
of dulbecco’s modified eagle medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS) and 100 pg/
mL of gentamicin and penicillin. To maintain cell viabil-
ity, the RAW264.7 cells were propagated to a concentra-
tion of 10°/mL and subsequently seeded at 100 uL per
well in 96-well plates. After incubating for 24 h, cells
were stimulated with 3 and 6 pg of LPS, respectively.
After another 24 h, the cells were centrifuged at 3,000
x g and 4 °C for 20 min to collect the supernatant. The
corresponding Cytokine assay kit (MM-0132M1 and
MM-0163M1, MEIMIAN, Jiangsu, China) was utilized to
analyze the mouse TNF-a and IL-6 concentrations, fol-
lowing the manufacturer’s instructions.
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PPV-VLP vaccines preparation

To prepare the PPV-VLP vaccines, 100 uL of Montanide™
ISA 201 VG (SEPPIC) was added to 100 pL of puri-
fied PPV-VLP antigens at 25 °C following the manufac-
turer’s instructions. This vaccine, consisting of 25 pg
of VP2 antigen per 200 pL, was prepared under sterile
conditions.

Animal experiments

All the animal experiments were conducted in accor-
dance with the Guide for the Care and Use of Laboratory
Animals of the Ministry of Science and Technology of the
People’s Republic of China, and the animal experiments
(221205-02-GR) were performed under the supervision
of the Committee on the Ethics of Animal Experiments
of the Harbin Veterinary Research Institute (HVRI) of the
Chinese Academy of Agricultural Sciences (CAAS).

To evaluate the immunogenicity of the PPV-VLP vac-
cines and the inflammatory response induced by LPS,
42 six-week-old female BALB/c mice were randomly
allocated to six distinct groups. Mice in BL21-W-VLP,
BL21-DeE-VLP, and ReE-VLP groups received 25 ug VLP
vaccine via intramuscular injection in the leg, whereas
one group was injected with PBS as a negative control.
Protein concentrations were measured through BCA
protein quantification. The remaining two groups were
injected with LPS extracted from BL21-W or BL21-DeE
cells. The injection volume for all groups was 200 pL.
Booster immunization was administered on day 14 after
the primary immunization. Blood samples were collected
from the submandibular vein before and at specific inter-
vals after the primary immunization (1 h, 3 h, 6 h, 12 h,
day 35 and day 42). The body temperature of the vacci-
nated mice was measured 1, 3, and 6 h after the initial
immunization.

Determination of antibody response and inflammatory
cytokines

The specific IgG antibody against PPV-VP2 protein in
the serum was determined through ELISA based on
the VLP coatings developed in our laboratory [35]. This
study used VLP as a coating agent (100 ng/well) in a
96-well ELISA. The microplates were incubated over-
night at 4 °C, washed, and then blocked at 37 °C for 2 h.
After washing, 100 uL serum sample (1:50 dilution) were
added and incubated at 37 °C for 1 h. Subsequently, 100
puL HRP-SPA diluent (A0303, Beyotime, Beijing, China)
was added at a ratio of 1:10,000 and incubated at 37 °C
for another 1 h. Following another washing step, 100 uL
tetramethylbenzidine (TMB, PR1200, Solarbio, Beijing,
China) was added and incubated in a dark room at 37 °C
for 15 min. All washing steps were performed thrice with
PBST. Lastly, the reaction was terminated by adding 50
uL of stop solution (1 M HCI), and the absorbance was
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measured at 450 nm. For IgG antibody titer test, col-
lected sera were serially diluted and measured using
ELISA method described above.

Serum neutralizing antibody titers were detected using
live-virus assay method. Initially, the collected serum was
inactivated at 56 °C for 1 h and diluted at various ratios
(1:8, 1:16, 1:32, 1:64, 1:128, 1:256, 1:512, and 1:1024).
Subsequently, 100 pL of the diluted serum was added to
96-well plate, along with 100 pL of a solution containing
200 TCID50 PPV. The plate was gently shaken and incu-
bated at 37 °C for 1 h, and the mixture was then inocu-
lated into a 96-well plate containing PK-15 cells. The cells
were monitored daily over 5 days for cytopathic effect
(CPE). The highest dilution of serum that prevented CPE
was considered as serum neutralizing antibody titers to
PPV.

The inflammatory cytokines (TNF-a and IL-6) in the
serum of immunized mice (within 12 h after primary
immunization) were detected using a Cytokine assay kit
(MM-0132M1 and MM-0163M1, MEIMIAN, Jiangsu,
China) according to the manufacturer’s instructions.

Histopathological analysis of major organs from mice

Mice in the vaccine-immunized groups were euthanized
24 h after the initial immunization. Tissue samples (liver,
lungs, kidneys, and intestines) were collected, preserved
in 4% paraformaldehyde, and subjected to histopatholog-
ical examination through H&E staining. This experiment
was conducted by the Animal Disease Diagnostic Center
(HVRI, CAAS, China) under appointment order no. BL
2022-0114bl.

Statistical analysis

GraphPad Prism version 9.5.1 (GraphPad Software, Cali-
fornia, USA) was used to evaluate the significance of all
values through one-way or two-way analysis of variance
(ANOVA). The data were presented as the mean+SEM.
A p-value greater than 0.05 indicated no significance
(NS) among groups. To establish differences among
experimental groups, the significance levels for statistical
analyses were predetermined as p<0.05 (*), p<0.01 (**),
p<0.001 (***), and p<0.0001 (****).

Results

Construction and expression of recombinant expression
bacteria

Generally, chaperones facilitate protein folding and pre-
vent protein aggregation and precipitation, increasing
soluble protein expression in BL21 (DE3) cells. Previ-
ous studies have suggested that the pTfl6-cm plasmid,
which expresses chaperonin for chloramphenicol resis-
tance, enhances the soluble expression of PPV-VP2 pro-
teins and improves the efficiency of PPV-VLP assembly.
To enable the expression of chloramphenicol-resistant
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BL21-modified strains, the pTfl6-cm plasmid was
switched to ampicillin resistance and designated pTfl16-
Amp (Figure Sla). Agarose gel electrophoresis was per-
formed to check pTfl6-Amp expression. As shown in
Figure S1b, the PCR-amplified bands of the two junc-
tions of the pTf backbone and Amp fragment were
detected using jianl-F1/jian1-R1 and JIAN2-F2/JIAN2-
R2, respectively. To assess the growth of the engineered
and wild-type strains expressing heterologous proteins,
the growth curves of recombinant bacteria expressing
PPV-VP2 proteins were determined. Figure la shows
that BL21-DeE-VP2 and BL21-W-VP2 cells exhibited
similar overall growth trends. However, at 10, 12, and
20 h into growth, the growth rate of BL21-DeE-VP2
was significantly lower compared to BL21-W-VP2 cells.
Nevertheless, based on the comparable protein expres-
sion levels depicted in Fig. 1b, BL21-DeE-VP2 with low
endotoxin levels remains suitable for applications involv-
ing PPV-VP2 expression. Additionally, the synthesis of
the PPV-VP2 protein in the recombinant strains BL21-
W-VP2 and BL21-DeE-VP2 was evaluated. SDS-PAGE
analysis revealed bands of interest corresponding to the
molecular weight of the VP2 protein (approximately
64 kDa) and pTf16 (approximately 56 kDa) in both strains
(Fig. 1b). These results suggest that recombinant strains
BL21-W-VP2 and BL21-DeE-VP2 effectively and consis-
tently express PPV-VP2 protein with high stability and
efficiency.

Purification and characterization of PPV-VLPs

To purify the PPV-VLDPs, the sonicated bacterial super-
natant of BL21-W-VP2 or BL21-DeE-VP2 strains was
sequentially subjected to ion-exchange chromatography
(IEC) and size-exclusion column chromatography (SEC).
Furthermore, to evaluate the endotoxin-reducing effect
of PPV-VLP from the BL21-DeE-VP2 strain on mice,
endotoxin from the lysed BL21-W-VP2 supernatant was
removed before purification using Triton X-114 was used
as a control, and was denoted as ReE-VLP. As shown in
Fig. 2a, the PPV-VLPs expressed in BL21-W-VP2 and
BL21-DeE-VP2 strains exhibited high purity and yield
after purification. SDS-PAGE results showed a single
band corresponding to the expected molecular weight
of VP2 (Fig. 2b). Western blot analysis confirmed the
correctly folded PPV-VP2 proteins in BL21-W-VP2 and
BL21-DeE-VP2 cells, and the structure was not altered
after endotoxin removal using Triton X-114 (Fig. 2c).
Uniformly intact particles approximately 25 nm in size
were observed through TEM. Moreover, compared with
BL21-W-VLP and BL21-DeE-VLP, Triton X-114-treated
VLP displayed a lower quantity but higher purity, indicat-
ing that some VLPs were lost during endotoxin removal
(Fig. 2d). The hemagglutination activity of BL21-W-
VLP, BL21-DeE-VLP and ReE-VLP were 21°(1:1024),
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Fig. 1 Construction and expression of PPV-VP2 recombinant expression bacteria. (@) Growth comparison of BL21-DeE-VP2 and BL21-W-VP2 cells. The
data are presented as mean + standard deviation through two-way analysis of variance (ANOVA) using GraphPad Prism version 9.5.1; (b) PPV-VP2 expres-
sion in recombinant bacteria. Black and red arrows represent VP2 and pTf16 proteins, respectively, indicating that target bands are detected

2° (1:512), and 2 (1:2048), respectively (Fig. 2e). These
results suggest that all three VLPs share a similar struc-
ture with natural virions and correctly display the epit-
opes required for the hemagglutination activity of PPV.

BL21-DeE-LPS produces lower endotoxin toxicity in mice in
vitro and in vivo

Lipid A is a major component of LPS and contributes to
the secretion of proinflammatory cytokines. To explore
the effect of varying the structure of lipid A on LPS con-
tent, the mass concentrations of purified LPS from BL21-
W and BL21-DeE were determined through the phenol
sulfuric acid method. The color depth of the aldol con-
densation reaction was positively correlated with mass
concentration. LPS extracted from BL21-W and BL21-
DeE was comparable in color depth to that after the phe-
nol sulfuric acid reaction, and the statistical data showed
no significant difference between them (BL21-W-LPS vs.
BL21-DeE-LPS p=0.9966) (Fig. 3a). These results indi-
cate that alterations in the lipid A structure have no sig-
nificant effect on the LPS content of BL21, ruling out the
interference of the LPS polysaccharide content of BL21-
W and BL21-DeE on the inflammatory response in vitro
and in vivo.

Additionally, inflammation is often accompanied
by an increase in proinflammatory cytokines. LPS is a
powerful inducer of inflammatory reactions in differ-
ent mammalian cells, such as macrophages, monocytes,
and endothelial cells. Previous studies have shown that
LPS interacts with the CD14/TLR4/MD?2 receptor com-
plex, releasing the proinflammatory cytokines TNF-a

and IL-6 [46-48]. To further investigate the effect of
LPS with structurally altered lipid A on the production
of proinflammatory cytokines by mouse macrophages,
RAW?264.7 cells were stimulated with LPS derived from
BL21-W and BL21-DeE, and the secretion of TNF-a
and IL-6 in supernatants were evaluated by ELISA. As
shown in Fig. 3b, the expression level of TNF-a in the
BL21-W group was significantly higher than that in the
BL21-DeE group at LPS doses of 3 and 6 pg. The differ-
ences were more pronounced with increasing stimula-
tory doses. Moreover, 3 pg LPS-stimulated cells resulted
in no significant difference in the levels of IL-6 produc-
tion between the BL21-W and BL21-DeE groups. How-
ever, a significant difference emerged when the dose
increased to 6 pg (Fig. 3c). In addition, a 6 ug dose of LPS
was used to evaluate proinflammatory cytokine produc-
tion in BALB/c mice. As shown in Fig. 3d—e, the TNF-a
and IL-6 produced by the BL21-W-LPS group were sig-
nificantly higher than those in the BL21-DeE-LPS group
within 3 h after LPS stimulation. In contrast, when LPS
stimulation was extended to 6 h, the TNF-a exhibited
no significant difference in the BL21-W-LPS and BL21-
DeE-LPS groups, whereas IL-6 still showed a significant
difference. These results showed that alteration of lipid
A structure could decrease the production of TNF-a and
IL-6 in LPS-stimulated cells in vitro and in vivo.

Antibody responses in BALB/c mice

To evaluate the immune responses to PPV-VLPs pro-
duced from BL21-W-VP2 and BL21-DeE-VP2 cells in
vivo, mice were immunized with equal amounts of VLPs
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according to the immunization procedure (Fig. 4a). The
endotoxin contents of BL21-W-VLP, BL21-DeE-VLP, and
ReE-VLP were measured at 0.834+0.002, 0.36010.001
and 0.460+0.005 EU/mL, respectively (Fig. 4b-c). IgG
antibodies, antibody titers, and neutralizing antibody
titers in the sera of immunized mice were measured. IgG
antibody detection revealed high levels of antibody pro-
duction in the VLP groups compared with the PBS group
on days 35 and 42 after primary immunization, and
BL21-DeE-VLP and BL21-W-VLP antibody levels were
significantly higher than those in the ReE-VLP group
(Fig. 4d). To further confirm the antibody levels in the
sera, IgG and neutralizing antibody titers were measured,
which showed that although the antibody levels in the
BL21-DeE-VLP and BL21-W-VLP groups were slightly
higher than those in the ReE-VLP group, they were not

significantly different (Fig. 4e—f). These results indicate
that PPV-VLP derived from the BL21-DeE strain was not
significantly different from those derived from the wild-
type strain in their ability to stimulate the organism to
produce antibodies.

Mice immunized with the BL21-DeE-VLP vaccine produced
lower TNF-a and IL-6 levels

To further compare the differences between VLPs puri-
fied from BL21-W and BL21-DeE in their ability to
stimulate proinflammatory cytokine secretion, serum
from mice at 1, 3, 6, and 12 h after primary immuniza-
tion were collected to examine the levels of TNF-a and
IL-6 (Fig. 5a). As shown in Fig. 5b, TNF-a produced by
the BL21-DeE-VLP group were significantly lower than
those in BL21-W-VLP and ReE-VLP groups within 12 h
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post-immunization. In contrast, the production of IL-6
by the BL21-DeE-VLP group was significantly different
from that of the BL21-W-VLP group within 6 h, whereas
the difference from that of the ReE-VLP group was sig-
nificant only at 3 h post-immunization (Fig. 5c). These
results suggest that VLPs derived from the BL21-DeE
strain stimulated the body to produce lower levels of pro-
inflammatory cytokines than the wild-type strain.

Mice immunized with the BL21-DeE-VLP vaccine did not
cause an increase in body temperature

The inflammatory response is often accompanied by an
increase in body temperature. Previous studies have dem-
onstrated that rats injected intraperitoneally with differ-
ent types of E. coli LPS exhibit a significant rise in body
temperature, peaking at approximately 6 h, compared
with the negative control group [49]. To further probe the
differences in body temperature induced by VLPs puri-
fied from lipid A-engineered BL21 and the wild strain,
the body temperature of each immunized mouse was
monitored at 1, 3, and 6 h post-immunization. Within
3 h, mice in the BL21-DeE-VLP group had notably lower
body temperatures than those in the BL21-W-VLP and
ReE-VLP groups (Fig. 6a). Within 6 h, except for the PBS
group, whose body temperature did not change notice-
able, all three groups tended to increase first and then

decrease, peaking at 3 h post-immunization (Fig. 6b).
This result was consistent with previous findings [50],
indicating that VLP derived from the BL21-DeE strain
stimulated mice to produce lower body temperatures
than the wild-type strain.

Mice immunized with the BL21-DeE-VLP vaccine did not
cause obvious pathological organ damage

To further evaluate the pathological changes in mouse
tissues in each group after immunization, the mice were
euthanized 24 h after immunization, and the liver, lungs,
intestines, and kidneys were harvested for pathological
analysis. As shown in Fig. 7, no significant pathological
lesions were observed in the liver, lungs, intestines, and
kidneys of mice in the BL21-DeE-VLP and PBS groups.
However, mice in the BL21-W-VLP group showed vari-
ous degrees of pathological damage in all organs, except
the intestine. The liver tissue showed extensive degenera-
tion of hepatocytes with partial necrosis. The lung tissues
exhibited extensive inflammatory cell infiltration, degen-
eration of bronchiolar epithelial cells, and edema of the
vascular adventitia. The kidney tissue displayed tubular
epithelial cell degeneration and pleomorphism. Further-
more, mice immunized with ReE-VLPs showed a few
local inflammatory cell infiltrates in the lungs. However,
other organs showed no obvious pathological damage.
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These data demonstrated that VLP derived from the
BL21-DeE strain significantly reduced pathological dam-
age to murine tissues.

Discussion

Subunit vaccines derived from prokaryotic expression
systems have economic advantages and play a crucial
role in preventing and controlling porcine disease [51].
VLP vaccines that closely resemble the surface struc-
tures of natural viruses have been rapidly developed [5,
6, 52]. However, endotoxin residues cause inflamma-
tory reactions, and complex and inefficient removal
processes limit the development and application of such
vaccines. Previous research has demonstrated that LPS

with an altered lipid A structure can reduce endotoxin
content and stimulate cells to produce low proinflamma-
tory cytokine levels to maintain their adjuvanticity and
immunological activity [53]. However, there has yet to
be a systematic evaluation of the ability of lipid A-mod-
ified bacteria-derived subunit vaccines, such as VLP, to
reduce the inflammatory response [32]. This study used
BL21-DeE-LPS and BL21-DeE-VLP to assess inflamma-
tory responses in vitro and in vivo. The findings indicated
that BL21-DeE-LPS elicited lower levels of inflammatory
factors in vitro and in vivo. More importantly, BL21-DeE-
VLP demonstrated a significant reduction in the inflam-
matory response in mice compared with BL21-W-VLP,
suggesting a promising avenue for clinical application.



Shen et al. Microbial Cell Factories (2024) 23:222

Page 10 of 13

a ; oy
1*vaccination
T
(T ’\ R | | [ | | "
G [ I [ [ [
0 1 3 6 12 (h)
Hk R Rk C ]
*kkok *rkk — — Fokok dkkok o2k ok &
1500 § 5 — o - ™ ns — — ns ns
o = Akkk kKK BL21-W-VLP 240 ns ¥ —_——
=5 e : - : e 21-W-
o0 KEEE RERK gokrk pRRER BL2I-DEE-VLP 500 s ** T ns hs o LDeevLp
— = == ReE-VLP g * 2|-DeE-
= SokkEk  TRkEk p - B i *k T k%
S — ey | B — S - — —_— — =) G-V,
ERELUE = = | 5 == PBS E i = ) ) BN RcE-VLP
3 - - . 2 1204 i o | i .5 =B
£ ‘ f \ \ \ - \
Z Uil ‘ b 80 i -T 2 = | i
B ‘ = | ‘
] 40- ‘ \
| | | ‘ \ ‘
T T T T T T T
1 3 6 12 1 3 6 12
Time(h)

Time(h)

Fig. 5 Cytokine production induced by PPV-VLPs in vivo. BALB/c mice (n=7 per group) were immunized with different PPV-VLPs. Blood samples were
collected to detect the production of cytokines. (a) Schematic of the sample collection procedure; (b) After one immunization with different PPV-VLPs,
TNF-a concentration was detected by ELISA at 1, 3, 6, and 12 h, respectively; (c) After one immunization with different PPV-VLPs, IL.-6 concentration was
detected by ELISA at 1, 3,6,and 12 h. Data are presented as mean+SEM (n=7)

a
3= ¥k %* BL21-W-VLP
- — BL21-DeE-VLP
~ ns ns .
o ns ReE-VLP
< 37 2 L] e °
g Y v, _ o - PBS
E 1
«
g 364 ol
g
&
35+

Time(h)

o

38 BL21-W-VLP
_ BL21-DeE-VLP
O -E- -
2 ol ) ReE-VLP
g ———h - PBS
E =
2 "
5 364 ; 2
="
E !
&
354

Time(h)

Fig. 6 Body temperature changes in PPV-VLP-immunized mice. (a) After immunization once with BL21-DeE-VLP, BL21-W-VLP, ReE-VLP, or PBS, the body
temperature of each mouse was detected at 1, 3,and 6 h; (b) Statistics of temperature change trend in each group after immunization. Data are presented

as mean=+=SEM (n=7)

This study presented a direct method for purifying
PPV-VLPs without additional endotoxin removal, which
is advantageous for production. The uniform size and
morphology of the BL21-DeE-VLP and BL21-W-VLP
were confirmed by TEM (Fig. 2d). Interestingly, the
number of ReE-VLPs treated with Triton X-114 and the
column was significantly reduced compared with BL21-
W-VLP (Fig. 2d), indicating that endotoxin removal
treatment may cause sample loss. Moreover, the purified
VLPs agglutinated with erythrocytes (Fig. 2e), indicating
that BL21-DeE-VLP and BL21-W-VLP have similar sur-
face antigen conformations.

The inflammatory response induced by endotoxins
was evaluated using bacterial LPS and purified VLP.

The results showed that purified BL21-DeE-LPS stimu-
lated RAW264.7 cells to produce significantly lower
levels of IL-6 and TNF-a compared with BL21-W-LPS
(Fig. 3b—c), which was consistent with previous stud-
ies [31]. This finding was further supported by an in
vivo experiment in mice (Fig. 3d—e), which was impor-
tant for evaluating the subsequent in vivo inflammatory
response induced by BL21-DeE-VLP. We also evaluated
the production of inflammatory factors, changes in body
temperature, and the histopathology of BL21-DeE-VLP-
immunized mice. The production of inflammatory fac-
tors in BL21-DeE-VLP-immunized mice was lower than
that in mice immunized with BL21-W-VLP and ReE-
VLP (Fig. 5b-c), indicating that LPS with an altered lipid
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A structure had a better effect than chemical or physi-
cal methods in removing residual endotoxins from VLP.
Within 3 h of immunization, the body temperature of
BL21-DeE-VLP-immunized mice was significantly lower
than that of BL21-W-VLP (Fig. 6a). Although there was
no significant difference between the BL21-DeE-VLP
and ReE-VLP groups, a decreasing trend was observed,
which was consistent with the results of inflammatory
factor production. In addition, the body temperature
of immunized mice in the PBS group did not increase,
whereas in the other three groups, the body temperature
first increased and then returned to normal within 6 h
(Fig. 6b). This result agrees with previous studies using
LPS-induced inflammation models [50, 54]. However,
compared with the BL21-DeE-VLP group, the BL21-W-
VLP group showed varying degrees of pathological dam-
age to the liver, lungs, and kidneys (Fig. 7). Additionally, a
small amount of local inflammatory cell infiltration was
observed in the lungs of ReE-VLP-immunized mice, sug-
gesting that chemical or physical methods for removing
residual endotoxins are unsatisfactory. These data indi-
cate that VLP containing residual endotoxins can elicit
an inflammatory response to a certain extent, and VLP
purified from lipid A-modified bacteria is more effective
in reducing the inflammatory response than endotoxin
removal after purification.

Immunogenicity is a key indicator of VLP vaccine qual-
ity. The serum antibody detection results showed that

the BL21-DeE-VLP immunized group was equivalent to
the BL21-W-VLP group and significantly higher than the
ReE-VLP group (Fig. 4d). This may be attributed to the
presence of modified lipid A structure in the BL21-DeE-
VLP immune group. Previous studies demonstrated that
LPS is an effective immune adjuvant [55, 56]. In addition,
some researchers have combined lipid A with antigens
to enhance immunity [57, 58]. Notably, mice immunized
with BL21-DeE-VLP exhibited a slight advantage in
neutralizing antibody production compared with those
immunized with ReE-VLPs (Fig. 4f), which may be attrib-
uted to the involvement of LPS.

The above results show that BL21, with a change in
lipid A structure, can produce PPV-VLPs with low endo-
toxin activity. This finding can help address the challenge
of removing endotoxin residues from VLP vaccines,
which is currently complex and inefficient. However,
the effectiveness of this approach should be tested using
other subunit vaccines. Additionally, fermenting recom-
binant bacteria can provide insight into their production
capacity at the fermentation level, which can serve as a
basis for large-scale vaccine production.

Conclusions

In this study, we successfully purified PPV-VLPs from
endotoxin-reduced BL21 cells and demonstrated a sig-
nificant reduction in their ability to induce inflammatory
responses in vitro and in vivo. This mutant strain can be
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utilized to express VLP without eliminating LPS, offering
a potential solution for addressing the issue of endotoxin
residues in subunit vaccines, such as VLP.
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