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Abstract

Ureaplasma urealyticum (U. urealyticum, Uu) is a common sexually transmitted pathogen that is responsible for diseases such
as non-gonococcal urethritis, chorioamnionitis, and neonatal respiratory diseases. The rapid emergence of multidrug-resistant
bacteria threatens the effective treatment of Uu infections. Considering this, vaccination could be an efficacious medical
intervention to prevent Uu infection and disease. As a highly conserved molecular chaperone, Dnal is expressed and upregu-
lated by pathogens soon after infection. Here, we assessed the vaccine potential of recombinant Uu-DnaJ in a mouse model
and dendritic cells. Results showed that intramuscular administration of DnaJ induced robust humoral- and T helper (Th)
1 cell-mediated immune responses and protected against genital tract infection, inflammation, and the pathologic sequelae
after Uu infection. Importantly, the DnaJ protein also induced the maturation of mouse bone marrow—derived dendritic cells
(BMDCs), ultimately promoting naive T cell differentiation toward the Th1 phenotype. In addition, adoptive immunization
of DnaJ-pulsed BMDC:s elicited antigen-specific Immunoglobulin G2 (IgG2) antibodies as well as a Th1-biased cellular

response in mice. These results support Dnal as a promising vaccine candidate to control Uu infections.

Key points

o A novel recombinant vaccine was constructed against U. urealyticum infection.
o Antigen-specific humoral and cellular immune responses after DnaJ vaccination.
e Dendritic cells are activated by Uu-DnaJ, which results in a Thl-biased immune response.
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Introduction

Ureaplasma urealyticum is a prevalent sexually transmitted patho-
gen that is commonly found in the genitourinary tract of both
males and females (Sweeney et al. 2017). These organisms are
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spherical or coccobacillus-shaped bacteria belonging to the class
Mollicutes, a group of no cell wall bacteria whose evolution is
from Gram-positive ancestors. The lack of a cell wall prevents Uu
from staining by Gram stain and is responsible for their pleomor-
phic form (Kokkayil and Dhawan 2015). Epidemiological studies
suggest that as many as 80% of pregnant women can be consid-
ered colonized with Uu in the mucosal surfaces of the vagina
(Iwasaka et al. 1986; Silwedel et al. 2020). Furthermore, Uu can
be isolated from the umbilical cord blood samples taken from
23% of infants born prematurely (Goldenberg et al. 2008; Ritten-
schober-Bohm et al. 2018; Silwedel et al. 2020). Noteworthy, Uu
infection is frequently asymptomatic and chronic with clinical
manifestations (Glass et al. 2000). However, in some individuals,
Uu causes non-gonococcal urethritis, atypical neonatal respira-
tory diseases, chorioamnionitis, pre-term premature rupture of
membranes, intraventricular haemorrhage, hyperammonaemia,
and cerebral oedema (Taylor-Robinson 2017; Triantafilou et al.
2013; Sweeney et al. 2017). Moreover, this sexually transmitted
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bacterium is resistant to several antibiotics, including levofloxacin,
ciprofloxacin, tetracycline, erythromycin, azithromycin, doxycy-
cline, ofloxacin, and josamycin (Bebear et al. 2000; Sprong et al.
2020; Waites et al. 2020; Yang et al. 2020). Given the serious
sequelae and resistance to broad-spectrum antibiotics, the isola-
tion and characterisation of novel immunological targets against
Uu to develop an effective vaccine is urgently required. Immuni-
sation is the most effective and economical approach, as premedi-
tated eradication is better than repeated recurrences (Abbas et al.
2020). Although numerous vaccination strategies against Uu are
being developed (e.g., Uu-GrpE, Uu-50S ribosomal protein L2,
or Uu-IscS), no licensed vaccine is currently available (Shiragan-
navar and Madagi 2021; Tang et al. 2020).

Inside host immune cells such as macrophages and den-
dritic cells (DCs), Uu encounters various stressful conditions.
Previously, we found that host oxidative stress could be an
important aspect of Uu pathogenesis (Dai et al. 2015; Qin and
Chen 2019). Therefore, to combat oxidative stress such as
heat shock and nutrient deprivation, the invading pathogens
usually express a large heat shock protein (HSP) repertoire
that helps them survive (Colaco et al. 2013; Ziigel and Kauf-
mann 1999). In recent years, growing evidence has revealed
that bacterium-derived HSP70 is essential for DCs maturation
and lymphocyte activation and is highly immunogenic during
infections (Fang et al. 2014; Matsui et al. 2021). In Uu, the
HSP70 system comprises GrpE (Uu0450)-DnaK (Uu0346)-
DnalJ (Uu0451), and the genes for these three proteins are
expressed together (Bracher and Verghese 2015; Tang et al.
2020). Previously, we found that vaccination with recombi-
nant Uu-GrpE led to a decrease in the pathogen burden and
inflammatory responses in the uterine tissues in a BALB/c
mouse U. urealyticum vaginal-challenge model (Tang et al.
2020). However, Uu-Dnal, as a candidate vaccine molecule,
has received relatively less attention.

In the present study, we aimed to investigate if vaccination
with recombinant DnaJ (with Freund’s adjuvant) induces anti-
gen-specific antibodies and cell-mediated immune responses
to eliminate Uu. In addition, we aimed to assess the effects
of DnaJ on BMDC:s activation and their subsequent effect on
the Th1 cell-biased response, which could tentatively indicate
that DnaJ immunisation could induce a Th1 immune cascade-
related reaction and, consequently, efficiently protect mice
against U. urealyticum infection.

Materials and methods

DnalJ protein sequence retrieval

The complete (Uniprot Accession No. B5ZBQ4) amino
acid sequence of U. urealyticum Dnal] was obtained from

UniProt (http://www.uni-prot.org) in the FASTA format.
Dnal sequence conservation across different serovars of U.
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urealyticum was analysed using BLASTp (http://www.ncbi.
nlm.nih.gov/BLAST/), with a sequence identity of >95%
and a coverage percentage of >95%.

Analysis of physicochemical properties

Three physiochemical properties of the U. urealyticum Dnal
protein were analysed, including the theoretical number of
transmembrane helices, molecular weight (MW) and isoelectric
point (pI). The MW and pI were determined using Expasy Prot-
Param (https://web.expasy.org/protparam/). Transmembrane
helices were studied using TMHMM (https://services.healt
htech.dtu.dk/service.php? TMHMM-2.0), with a cut-off < 1.

Structure prediction and assessment

The AlphaFold 2 server (Jumper et al. 2021) was used to
predict the DnaJ 3D structure. Validation of the predicted
3D model through the generation of a Ramachandran plot
was performed using PdbSum (http://www.ebi.ac.uk/thorn
ton-srv/databases/pdbsum/Generate.html).

Antigenic epitope mapping

To determine the B-cell candidate linear epitopes, the full-length
Dnal protein sequence was analysed using BepiPred 2.0 (https:/
services.healthtech.dtu.dk/service.php?BepiPred-2.0), with a 0.55
cut-off and a 15-me epitope length, and using ABCpred (http://
www.imtech.res.in/raghava/abcpred), with a 0.80 threshold value
and a 16-me epitope length. Next, ElliPro (http://tools.iedb.org/
ellipro/), available in IEDB, was used to perform structural B-cell
epitope prediction, with a threshold value of >0.5, using the 3D
model of Dnal. Finally, the antigenicity of the linear and structural
B-cell epitopes was further assessed using Vaxijen V2.0 (http://
www.ddg-pharmfac.net/vaxijen/VaxiJen/VaxiJen.html).

To predict the cytotoxic T-lymphocyte (CTL) epitopes,
we followed the method reported by Grifoni et al. (Grifoni
et al. 2020), scoring all peptides with the frequent HLA
allele models, selecting the top 1% scoring peptides in the
Dnal sequence. For the helper T-lymphocyte (HTL) epitopes
prediction, we applied a previously reported method with
modifications (Grifoni et al. 2020; Paul et al. 2015), using
the TepiTool resource in IEDB (http://tools.iedb.org/tepit
ool) and a median consensus percentile of <20, which cor-
responds to a target-specificity threshold of 50%.

U. urealyticum and culture conditions

The standard strain of U. urealyticum serovar 8 (ATCC 27,618)
was cultivated in a pleuropneumonia-like organism with 16%
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foetal bovine serum (FBS; A3160801, Gibco, USA), 0.3%
urea, 0.002% phenol red and 1000 U/mL penicillin G. As
described previously (Reyes et al. 2009; Tang et al. 2020),
Uu culture dilutions were inoculated onto a solid medium and
incubated at 37 °C for 5 days to determine CFUs.

Recombinant DnaJ (rDnaJ) expression
and purification

The genomic DNA (gDNA) of U. urealyticum strain 8 was
used as a template for PCR to amplify the full-length DnaJ
gene sequence. The following primers were used: forward
primer, 5'-CGGGATCCATGGCGAAACGTGACTACTACG
-3’ (the BamHI site is underlined); and reverse primer, 5'-CCG
CTCGAGTTACTGCATCAAGCGGAGTTATTTGTTCAC
TTCTTTCAGCAGTTT-3' (the Xhol site is underlined). The
target DnaJ fragment (1,128 bp) was cloned into the expression
vector pET28a using the BamHI and Xhol restriction sites,
which harbour the His6 tag at the N-terminus. Recombinant
pET28a-Dnal was transformed into E. coli BL21 (DE3) cells.
Before expression, the target Dnal fragment integrity in the
vector was confirmed by double digestion and sequencing.

The rDnaJ expression was induced by 100 pg/mL kanamy-
cin and 0.5 mM isopropy 1-p-d-thiolgalactosidase (IPTG) at
37 °C for 4 h. Bacterial cells were harvested and re-suspended
in lysis buffer (10 mM imidazole, 20 mM NaH,PO,, 50 mM
Tris—HCI (pH 7.8), 300 mM NaCl, 20% glycerol, and 1% Tri-
ton X-100). For easy purification, rDnaJ with a His6 tag was
expressed as a soluble protein, purified by Ni-NTA affinity
chromatography, and step-eluted with different concentrations
of imidazole (100-300 mM). The purified recombinant protein
was investigated by 12.5% sulphate polyacrylamide gel electro-
phoresis (SDS-PAGE). Once purified, rDnalJ was treated with
ToxinEraser ™ Endotoxin Removal Kit (L00338, GenScript,
Piscataway, NJ). Endotoxin levels were measured by the Limu-
lus assay test (2,107,212, Zhanjiang Bokang Marine Biological
Co., China) and did not achieve significant levels.

Mice

Studies were performed on 4-6-week-old female
BALB/c mice and C57BL/6 mice from the Hunan SJA
Laboratory Animal Co., China (Approval No. SCXK-
Hunan-2019-0004). Specific-pathogen-free mice were
housed in a barrier facility and handled by authorised per-
sonnel. All protocols were approved by the Institutional
Animal Use Committee of the University of South China
(approval number USC202009XS07).

BMDCs generation and stimulation

BMDCs were generated from C57BL/6 bone marrow
precursors according to a previously described procedure

(Inaba et al. 1992; Kim et al. 2018). Briefly, the bone mar-
row precursors were differentiated for 6 d in Roswell Park
Memorial Institute (RPMI)-1640 with 15% FBS, 10 ng/mL
granulocyte—macrophage colony-stimulating factor (Hang-
zhou Kaihua Biotechnology Co., China), 10 ng/mL IL-4
(214-14-20, PeproTech, USA) and 100 U/mL penicillin/
streptomycin at 37 °C with 5% CO,. Flow cytometric analy-
sis confirmed the isolated cell purity (Figure S1). Immature
BMDCs (5 x 10° cells/well) were plated onto 24-well plates
and pulsed with Dnal.

Cytotoxic assay

The BMDC:s in the 24-well plates were incubated with DnaJ
(5-80 pg/mL) for 48 h. The culture supernatant was collected
and cytotoxic effects were determined using the Lactate
dehydrogenase (LDH) assay kit (A020-1, Nanjing Jiancheng
Bioengineering Institute, Nanjing, China). The protocol has
been described in a previous report (Geng et al. 2020; Liu
et al. 2020). In brief, LDH leakage was determined using
the following equation: [(sample OD,,, value) — (nega-
tive control OD 4., value)] / [(positive control OD 44qnm
value) — (negative control OD 4, . value)] X 2 x 1000. LDH
leakage (U/L) was expressed as the percent of total LDH
activity that was present in the supernatant.

Immunisation protocols

Purified recombinant protein Uu-DnalJ (50 pg), emulsified
with 100 pL of Freund’s complete adjuvant (Sigma-Aldrich,
St. Louis, MO, USA) for the first inoculation (injected intra-
muscularly; 0 weeks), followed by two booster inoculations
at 2-week intervals with Freund’s incomplete adjuvant (2
and 4 weeks). Negative control mice were injected with
equal amounts of PBS or FA (PBS was emulsified in Fre-
und’s adjuvant) at the immunising site. Serum samples were
collected from the tail vein of each mouse weekly (0, 1, 2, 3,
4,5, and 6 weeks). Two weeks after the last immunisation,
the mice were euthanised and splenocytes were isolated for
the immunoassays.

Genital tract infection challenge

Groups of mice were challenged with 1 x 10’ CFU U. ure-
alyticum (re-suspended in 30 pL of PBS) intravaginally
2 weeks after the last immunisation. Prior to the challenge,
the oestrus cycle was synchronised by neck subcutane-
ous treatment with oestradiol benzoate (0.5 mg/mouse),
increasing susceptibility to U. urealyticum infection. On
days 7 and 14 after the genital challenge, vaginal secre-
tions were collected using U. urealyticum liquid medium
(1 mL) and swabs, and mice were euthanized. For upper
genital tract secretions collections, the uterus was cut open
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longitudinally, and each uterine horn and cervix were flushed
with 1 mL of liquid medium. The samples were serially
diluted with U. urealyticum liquid medium at multiple ratios.
For CFU determination (Reyes et al. 2009), 100 pL from
each sample and its corresponding dilutions were plated on
U. urealyticum solid medium (0.9% agar). The number of
colonies was counted in at least six randomly selected fields
under an optical microscope (Noh et al. 2019).

Western blot analysis

Three microliters of Dnal lysate was separated by SDS-
PAGE in a 12.5% gel and blotted onto a previously rehy-
drated polyvinylidene fluoride membrane. After 3 h of
blocking with 5% skimmed milk and washing twice with
Tris-buffered saline with Tween-20 (TBST), the membrane
with the protein was incubated with DnaJ-immunised mouse
serum or (Uu-serum) as the primary antibody and then kept
overnight at 4 °C on a shaker. The following day, after four
washes with TBST, the bands were incubated with anti-
mouse IgG antibodies conjugated with horseradish peroxi-
dase (HRP; 1:5000) (7076P2, Cell Signaling Technology,
MA, USA) for 1.5 h at 37 °C. After the blots were rewashed
with TBST, they were exposed to a chemiluminescence
instrument (CLINX-6300, China). Finally, images were
obtained using a film developer (EPSON-V370, Japan).

ELISA

The antigen-specific antibody responses were assayed using
ELISA in 96-well plates. For the antibody titres, the plates
were coated with purified rDnaJ (10 pg/mL, 100 pL/well)
overnight at 4 °C. The microplates were then blocked with
5% skim milk at 37 °C for 2 h. After blocking, the micro-
plates were washed four times with PBS containing Tween
20 (PBST). The serum samples were serially diluted from
1:100 to 1:204,800 in dilution buffer, and 100 pL of the
diluted serum was added to each well. After 2 h of incu-
bation at 37 °C, the microplates were washed six times
with PBST and HRP-conjugated goat anti-mouse IgG
(1:10,000) was distributed into each well for 1 h at 37 °C.
Then, 3,3°,5,5 -tetramethylbenzidine (substrate (100 pL/
well) was added, the microplates were incubated at 37 °C
for 20 min and the reaction was stopped using 2 N H,SO,.
The absorbance of the plates was measured at 450 nm using
a microplate reader (Multiskan Mk-3, Thermo Fisher Sci-
entific). The antibody titres were determined as the highest
dilution of serum giving a detectable absorbance reading
2.1 times above the background average. To measure the
serum IgG, IgM, IgGl1, [gG2a, IgG2b, and IgG3 responses,
the microplates were coated with DnalJ. On the following
day, the plates were incubated with the serum samples
from the mice (1: 100 diluted in 5% non-fat milk in PBST).
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Horseradish peroxidase—conjugated goat anti-mouse IgM,
IgG1, 1gG2a, IgG2b, or IgG3 (SA00012-6, SA00012-1,
SA00012-2, SA00012-3, SA00012-5, ProteinTech Group,
USA) was added at a 1:1,000 dilution to the designated well,
following the same procedure as above. To characterize the
serum U. urealyticum-specific I1gG response, 300 pl of 25%
glutaraldehyde was loaded to each well of a 96-well high-
binding microtiter plate (Corning Incorporated), incubated
for 2 h at 37 °C, and washed three times by deionized water.
The 96-well plate (Corning Incorporated) was coated with
100 pl/well of 5x 10° CFU U. urealyticum. Plate was then
incubated with pooled sera from PBS-, FA- and DnaJ-vac-
cinated mice (1:100), and anti-Uu antibodies were detected
using an HRP-conjugated anti-mouse IgG.

Cytokine quantification

Cytokine levels were determined in mouse splenocytes and
BMDCs. The splenocytes were cultured at 2 x 10° cells/well
in 24-well plates and stimulated with DnaJ (10 pg/mL) for
48 h. Alternatively, BMDCs (5 X 10° cells/well) were treated
with 5-20 pg/mL Dnal for 24 h. Then, supernatants were
collected to measure the levels of secreted cytokines such
as IFN-y, TNF-a, IL-4, IL-10, IL-1p, IL-6, and IL-12p70
using the corresponding mouse ELISA kits, according to
the manufacturer’s instructions (88—7314-22, 88-7324-22,
88-7044-22, 88-7105-22, 88-7013-22, 88-7064-22, eBio-
science, USA).

Flow cytometry analysis

Mouse BMDC:s or splenocytes were washed with PBS. For
surface marker extracellular staining, the cells were incu-
bated with anti-mouse CD11c (557,400, BD Biosciences),
CD80 (560,526, BD Biosciences), CD86 (552,692, BD
Biosciences), MHC-II (562,367, BD Biosciences), CD11b
(101,211, Biolegend), CD4 (553,046, BD Biosciences),
or CDS8 antibodies (551,162, BD Biosciences) at 4 °C for
30 min. For intracellular cytokine staining, the splenocytes
were stimulated with DnaJ (10 pg/ml) for 8 h in presence
of Golgi plug™ (51-2301KZ, BD Bioscience). The spleno-
cytes were then treated for surface markers (CD4 or CD8),
fixed/permeabilised with a Cytofix/Cytoperm solution (51-
2090KZ, BD Bioscience) and then stained with anti-IFN-y
(557,735, BD Biosciences) and anti-IL-4 (554,435, BD Bio-
sciences) antibodies at 20-25 °C for 30 min. All events were
acquired on a FACSverse flow cytometer and analysed using
the FlowJoV software (Tree Star).

To determine cytokine (IFN-y, TNF-a, IL-1p, IL-10, IL-
17a, MCP-1, IL-1a, and IL-6) concentrations in the uter-
ine tissue, multi-analyte flow assay kits (740,446, Bioleg-
end, San Diego, CA, USA) were used as indicated by the
manufacturer.
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Histopathology

The mice were immunised with DnaJ and challenged with U.
urealyticum, as described above. The reproductive tract was
removed from immunised mice 14 days after infection, fixed with
4% paraformaldehyde, and embedded in paraffin, and the paraf-
fin-embedded reproductive tract samples (including the uterine
horn) were cut into sections. For histological evaluation, the tis-
sue sections were stained with haematoxylin and eosin (H&E).
All tissue sections were blindly evaluated by two pathologists.

Detection of endotoxin removal effect in DnaJ

The endotoxin removal effect in the rDnal detection method
was modified from a previous study (Kim et al. 2018). Dnal
was incubated in PBS containing 10 pg/mL PMB (poly-
myxin B) for 3 h at 4 °C. Moreover, for heat-inactivation
(Boiling), DnaJ was incubated at 100 °C for 2 h. After 24 h
of antigen pulsing, the surface molecules (CD80, CD86, and
MHC-II) expression levels in CD11¢t BMDCs were meas-
ured by flow cytometry analysis.

BMDCs and naive T-cell co-culture

The allogeneic T cells were isolated from BALB/c mouse
splenocytes using MojoSort™ Mouse Naive CD4 T cell Iso-
lation Kit (480,040, BioLegend, USA) and co-cultured with
BMDC:s at a ratio of 1:10 for 4 days. The levels of IFN-y,
IL-4, IL-5, and IL-10 were quantified on the culture super-
natant using commercially available ELISA kits.

Adoptive immunisation with DnaJ-pulsed BMDCs

The BMDCs were cultured and stimulated as described
above. Six-week-old female C57BL/6 mice (four per group)
were immunised with intravenous injection of 2 x 10° mature
DnaJ-pulsed BMDCs (0 day). Booster immunisation was
performed with the same number of DnaJ-pulsed BMDCs
(7 days). Each mouse received a total of two immunizations.
Control groups were injected with equal amounts of PBS or
untreated BMDCs. Serum was collected from all mice and
these were sacrificed to isolate splenocytes for subsequent
experiments (ELISA or flow cytometry analysis).

Statistical analyses

Statistical analysis was performed using one-way ANOVA
followed by the Duncan test. All results are expressed as
mean =+ standard error of the mean. Prism version 8 software
(GraphPad Inc, San Diego, CA, USA) was used for analy-
sis. P values lower than 0.05 were considered significant (*,
P <0.05; **, P<0.01; ***, P<0.001; **** P <0.0001).

Results

Dnal is conserved among the U. urealyticum
serovars

The BLASTYp analysis results indicated that the Dnal pro-
tein sequence revealed a high sequence conservation degree
(sequence similarity >99%) among the different U. urealyti-
cum serovars, thus acting as an effective target for broad-
spectrum vaccine development (Table S1).

Physicochemical property assessment

The Uu-Dnal protein contains 375 amino acids with a MW
of approximately 41.79 kDa and a theoretical pI of 8.04.
Previous studies have shown that proteins with low MW
(<110 kDa) are regarded as attractive vaccine targets, as
they can be easily purified (Abbas et al. 2020). In addition,
transmembrane helix analysis revealed that Dnal is a pre-
ferred target, as it has no transmembrane helix and can there-
fore be easily cloned and expressed.

Protein structure modelling and validation

The Dnal 3D structure was subjected to the PdbSum server to
assess the Ramachandran plot statistics. The plot showed that 91.2%
of the residues were present in the most favoured core regions (yel-
low colour), 7.6% in the additionally allowed region (yellow colour),
0.9% in the generously allowed region (pale yellow colour), and
0.3% in the disallowed regions (white colour) (Fig. 1A). The results
showed that the model structure had good quality and high stabil-
ity. Moreover, The full DnaJ protein 3D structure model is shown
in Fig. 1B. The key to successful predictive identification of DnaJ
epitopes is the visualization of their 3D structure.

B-cell epitope prediction and evaluation

The B-cell linear epitope in DnaJ was predicted using Immune
Epitope Database (IEDB) and the BepiPred 2.0. The results
showed that BepiPred 2.0 predicted seven epitopes, whereas
ABCpred predicted eight epitopes. ElliPro predicted six dis-
continuous B-cell epitopes in the DnaJ 3D structure (Fig. 1C).
Interestingly, all the predicted linear and structural B-cell
epitopes maintained their VaxiJen scores of > 0.4.

T-cell epitope prediction and assessment

The CTL epitopes were predicted using the NetMHCpan 4.0
EL algorithm available at IEDB, using the method described
by Grifoni et al. (Grifoni et al. 2020). Based on the final
ranking scores (1% scoring peptides), we obtained eight
CTL epitopes (Table S2). In parallel, following a previously
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0 135 180
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Fig. 1 Bioinformatics analysis of DnaJ based on the amino acid
sequences. A Ramachandran plots. B Three-dimensional (3D) struc-
ture of DnaJ. C Conformational B-cell epitopes of Dnal. AA 4, o5
TIENVHSLFGTIQQEVECHECE; AA,4;,;: TGKVANSKCEQ-

reported approach (Grifoni et al. 2020; Paul et al. 2015),
we used the Tepitool resource in IEDB and identified seven
HTL epitopes in the DnaJ sequence (Table S3).

rDnaJ expression and purification
As shown in Fig. 2A, the plasmid pET28a/DnalJ was

successfully constructed and transformed into E. coli
BL21 (DE3). DnalJ was successfully expressed in E. coli
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CYGKKVINERVNLT;  AA,g, 303
KPNIFSKKN; AAgg9;: GGVDFDIND, AA, ,,: MAKRDYYEVLG-
VSKSASPEEIKTAFRKLAKEHHPDRNKSADD; AA: amino acid
position

SGIKTIEIPPNT;  AAsj.308:

following the induction with IPTG (0.5 mM). The SDS-
PAGE results revealed a protein of ~41.79 kDa MW
(Fig. 2B). rDnal was purified by nickel-nitrilotriacetic
acid (Ni-NTA) affinity chromatography and the purity
was more than 90% (Fig. 2C). Subsequently, protein puri-
fication was confirmed by western blot analysis using
Anti-His (Fig. 2D, Lane 13). Also, we show that Anti—U.
urealyticum—infected mouse serum (Uu-serum) recog-
nized rDnalJ (Fig. 2D, Lane 14-15).
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Fig.2 Enzyme digestion results. A Polymerase chain reaction suc-
cessfully amplified the expected DnalJ gene band (1128 bp) and the
Dnal gene in E. coli BL21(DE3) was cloned using the pET28a vector
and BamHI and Xhol restriction sites. Preparation of the recombinant
Dnal protein: B Under optimum inducement conditions, Dnal was
over-expressed in E. coli BL21(DE3) (lanes 3-7; compare lanes 1

100 kDa
70 kDa
55 kDa
40 kDa

35kDa
25 kDa

ety =

DnaJ immunisation induced DnaJ-specific antibody
and cell-mediated immunity responses in mice

To determine the role of Dnal in humoral immune response,
Dnal-specific antibody levels in the mouse serum were
measured. Compared with those of the phosphate-buffered
saline (PBS) and Freund’s adjuvant (FA) groups, the Dnal-
immunised mice generated considerable immunoglobulin G
(IgG) antibody titres over time (Fig. 3A). To further char-
acterise IgG isotype distribution (IgG1, IgG2a, and 1gG3)
present in the serum, we performed an enzyme-linked
immunosorbent assay (ELISA) to determine these antibody

M 13 14 15 M
100 kDa
T .
55 kDa | 55 kDa
40 kDa 40 kDa
35 kDa 35 kDa
25 kDa 25kDa

anti-His Uu-serum control-serum

and 2, Under non-optimum inducement conditions). C 12.5% sodium
dodecyl sulphate -polyacrylamide gel electrophoresis analysis of the
Dnal protein purification (lanes 8, uninduced; lanes 9-12, Dnal was
purified by using eluates of 100, 150, 200, and 250 mM of imida-
zole). D Western blot analysis of the Dnal protein using anti-His, Uu-
serum and control serum (lanes 13-15)

levels. A significant amount of serum IgG subclass antibod-
ies was detected in the DnaJ-vaccinated mice. The serum
IgG subclass antibody levels induced in the recombinant
antigen DnalJ group were also higher than those in the FA
and PBS groups. The responses were indicative of the Thl
response to IgG2a and IgG3 antibodies that were as easy to
detect as IgG1 antibodies. In addition, asynchronous IgM
and IgG seroconversion was observed after DnaJ vacci-
nation (Fig. 3B). We also observed that DnaJ-immunised
mouse serum but not control mouse serum recognised the
purified Dnal protein by western blot analysis (Fig. 3C). To
characterize whether sera from DnalJ vaccinated mice could
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recognize Uu, we performed ELISA experiments with U.
urealyticum serovar 8. The data obtained indicate that the
serum from DnaJ-vaccinated mice can bind to intact bacteria
(U. urealyticum) above the background threshold (Fig. 3D).

Previous studies have demonstrated that Th1 immune
responses reduce the severity of metritis caused by U.
urealyticum. To explore the type of cell-mediated immu-
nity responses elicited by DnaJ immunisation, we first
identified the cytokine levels in the splenocyte culture
supernatants after stimulation during ELISA. Classical
TNF-a and IFN-y (Th1 cytokines) secretion was increased
in DnaJ-immunised animals (Fig. 4A), whereas IL-4 and
IL-10 (Th2 cytokines) levels were nearly undetectable. We
also observed a significant increase in the IFN-y* CD4"
T and IFN-y* CD8" T cell percentages in DnaJ-immu-
nised mouse splenocytes (Fig. 4B). Conversely, we did
not observe such a difference in the IL-4* CD4* T cell
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Fig.3 Detection of the Dnal-specific antibodies in immunised
mice. A Anti-DnalJ IgG antibody titres (=4 mice per group). B
Elicited IgM and IgG subclass (IgG1, 1gG2a, and 1gG3) in vacci-
nated mice (n=4 mice per group). **P<0.01, ***P<0.001, and
%% P <(0.0001. C Western blot analysis of purified Dnal (C, Lane
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percentage. These results suggested that Dnal vaccination
leads to a Th1 polarisation response.

DnaJ immunisation reduces the bacterial burden
and inflammatory response in the uterus caused
by U. urealyticum

The ability to confer protection against infection is a criti-
cal feature of a valid U. urealyticum vaccine. As described
above, the mice were vaccinated with DnaJ and infected with
U. urealyticum (1x 107 colony-forming units (CFUs)/30 pL).
Vaginal and upper genital tract secretions were collected on
the indicated days after the challenge. The positive Uu cul-
ture in secretions to be demonstrated the successful infection.
On day 14 post-infection, we observed that all mice exhib-
ited increased vaginal secretions, hair loss, vaginal redness,
and swelling, but the DnaJ-immunised group had relatively
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2, 4 and 6) and the lysate of bacteria transformed with the empty
pET28a plasmid (C, Lane 1, 3 and 5) using DnaJ-immunised mouse
serum, phosphate-buffered saline(PBS)- and Freund’s adjuvant (FA)-
mouse serum. D IgG response of sera from PBS, FA, and DnaJ vac-
cinated mice using U. urealyticum serovar 8 as antigen
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Fig.4 The Dnal vaccine with FA predominantly induces Thl-
cytokine production in mice. A The splenocytes were isolated from
PBS -, FA-, and DnaJ-vaccinated groups and stimulated with 10 pg of
Dnal for 48 h in vitro. The levels of IFN-y, TNF-a, IL-4, and IL-10
in the cell supernatants were measured by enzyme-linked immu-
nosorbent assay (n=4 mice per group). **P<0.01, ***P<(.001,

mild symptoms (Figure S2). Bacterial burden in the vaginal
and upper genital tract secretions was determined at both 7
and 14 days post-challenge. As expected, immunisation with

*#%%¥P <0.0001, and ns=not significant, P>0.05. B The Dnal vac-
cine with FA induced the generation of IFN-y-secreting CD4* and
CD8*cells: Proportion of IFN-y™ CD4*cells in the splenocytes. The
proportion of IL-4* CD4"cells in the splenocytes. The proportion of
IFN-y* CD8.*cells in the splenocytes. **P<0.01, ***P <0.001, and
ns=not significant, P>0.05

rDnal resulted in decreased U. urealyticum load in the genital

tract secretions in the DnaJ-immunised mouse groups than in
the control groups (Fig. 5, PBS or FA groups, P <0.05).
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To further understand how DnaJ immunisation mediates
protection against Uu, we examined cytokine levels in the
uterine tissue. IFN-y, TNF-a, MCP-1, and IL-1f levels in the
DnalJ-immunised mouse uterine tissue homogenate superna-
tants were reduced compared with those in the control super-
natants (PBS or FA groups, P <0.05; Fig. 6). Nevertheless,
no difference in IL-1a, IL-17a, IL-6, and IL-10 levels was
observed between the groups. Overall, DnaJ immunisation
significantly lowered the uterus bacterial burden and inflam-
matory response during U. urealyticum challenge.

Protection against uterus pathological changes
with DnaJ immunisation

U. urealyticum causes metritis associated with acute inflam-
mation, oedema, and increased production of secretions. To
further understand the protective effect of Dnal, the mice
were immunised, and at day 14 post-U. urealyticum infec-
tion, the uterus was compared for pathological changes in
all groups of mice. The DnaJ-immunised mice had a lower
inflammatory cell (such as polymorphonuclear leukocytes)
recruitment than that of the control group (Fig. 7). Addition-
ally, the uterine tissue sections from the PBS and FA groups
showed severe pathological features such as epithelial shed-
ding/necrosis within the uterine lumen, increased glandular
secretions and dilated glandular ducts. Conversely, Dnal-
immunised mice showed uterine tissues with an intact endo-
metrial layer with tubular structures and a clear small lumen.

Dnal induces BMDCs activation

DCs, professional antigen-presenting cells (APCs), are of
particular interest during vaccination. To further determine
whether U. urealyticum DnalJ induces DCs activation, we
first examined inflammatory cytokine secretion by Dnal-
stimulated BMDCs in cultured supernatants. DnaJ exhibited
a dramatic increase in IL-1p, IL-6, IL-12p70, and TNF-a

Fig.5 DnalJ-immunisation
reduced U. urealyticum load
in the reproductive tract of
infected mice. The burden of
U. urealyticum in reproductive
tract secretions was quantified
by bacterial culture (n=5-7
mice per group). ¥*P <0.05. A
Bacterial burden was deter-
mined by vaginal CFU count/
mL. B Bacterial burden was
determined by uterus CFU
count/mL. Dots represent indi-

>
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w A O O
[ I T T

CFUs/mL (Log10)
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1

production in a dose-dependent manner (Fig. 8A). Addition-
ally, we analysed surface molecule expression in BMDCs.
Dnal significantly increased surface molecule (CD80 and
CD86) and MHC class II expression in BMDCs (Fig. 8B).
Therefore, Dnal directly induced BMDCs activation and
maturation. Next, to investigate the possible contributions of
trace amounts of residual lipopolysaccharide, DnaJ was sub-
jected to PMB treatment or inactivated by heat. PMB pre-
treatment did not affect the Dnal ability to trigger BMDCs
activation. However, heat inactivation significantly inhibited
Dnal (Fig. 8B, compared with untreated DnalJ, P <0.05).
Additionally, we found no remarkable differences in the
cytosolic marker lactate dehydrogenase (LDH) release upon
Dnal stimulation (Figure S3). In summary, DnaJ induced
BMDCs maturation independent of cell damage or contami-
nating endotoxins.

DnaJ-pulsed BMDCs promote CD4 Th1 immune
responses

Thl cell cytokines, especially IFN-y, are critical for U.
urealyticum clearance. To examine whether Dnal-pulsed
BMDCs induced the CD4 naive T cells towards an IFN-
y-producing Thl cell phenotype, ELISA was performed to
examine Th1/Th2 cytokine expression in the BMDC-naive
T cell co-culture system. DnaJ-pulsed BMDC:s significantly
increased IFN-y secretion by T cells (Fig. 9A, compared
with the DnaJ-BMDCs or BMDCs-T cell groups, P <0.01).
In contrast, IL-4, IL-5, and IL-10 were not induced.
Finally, we vaccinated naive mice with DnaJ-pulsed
BMDCs, PBS-pulsed BMDCs, or PBS (intravenous injection).
As expected, the Dnal-specific Thl cells IFN-y* CD4") were
detected in the adoptive immunisation of mice with Dnal-
pulsed BMDCs (Fig. 9B). However, we did not observe a sig-
nificant difference in the percentage of Th2 cells (IL-4tCD4%)
in the splenocytes of DnaJ-pulsed BMDCs group compared
with that of the PBS-pulsed BMDCs or PBS groups. Next, we
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Fig.6 Cytokine concentrations in the uterine tissue of U. urealyti-
cum-infected mice. Concentrations of IFN-y, TNF-a, MCP-1, IL-1p,
IL-1a, IL-17a, IL-6, and IL-10 in the supernatant of the uterine tissue
homogenates from the mice after U. urealyticum infection, as deter-

assessed the serum anti-Dnal IgG1, IgG2a, IgG2b, and IgG3
antibodies by ELISA and found that mice immunised with
Dnal-pulsed BMDCs showed a Thl-biased [gG2 antibody
response. As shown in Fig. 9C, although DnaJ-pulsed BMDC
elicited a combination of IgG1, IgG2a, IgG2b, and IgG3 anti-
bodies, it induced higher levels of IgG2a and IgG2b than IgG1.
Importantly, the IgG2/IgG1 antibody ratio was significantly
higher in the DnaJ-pulsed BMDCs group than in the PBS-
pulsed BMDC:s or PBS groups (Fig. 9C, right panel, P <0.05).
Together, these results established that the use of DnalJ-pulsed
BMDC:s in vitro induces a Th1 immune response in vivo.

Discussion

Currently, no licenced vaccines against U. urealyticum are avail-
able (Sweeney et al. 2017; Tang et al. 2020). Here, we showed
that rDnalJ vaccination provided protection against U. urealyti-
cum challenge. We also attempted to illustrate the increase in the
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20- 100
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IL-6 IL-10
300+ 300-
-1 200 -1 200
= £
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mined using a multi-analyte flow assay kit. The cytokine concentra-
tions (pg/mL) in the uterine tissue homogenate (n=3-6 mice per
group). ¥*P <0.05, and ns =not significant, P> 0.05

robust Th1 immune reaction of Uu-DnaJ by showing that DnaJ
interacts with DCs and improves vaccine development.

An effective vaccine immunogen should meet the fol-
lowing requirements: (1) it should be highly conserved
among U. urealyticum serovars; (2) it should be expressed
and antigenic during infection and (3) it should elicit long-
term protective immunity in vivo (Eslamizar et al. 2021; Li
et al. 2018). We observed that Uu-infected mouse serum
recognized rDnalJ. Thus, DnaJ was up-regulated during Uu
infection suggesting that it is a potential antigen target (Kim
et al. 2018; Tang et al. 2020). The protein was expressed
in E. coli BL21 (DE3). However, other biological impuri-
ties from the rDnaJ challenge may be used to develop safe
vaccines (Akache et al. 2021; Sen-Kilic et al. 2019). In our
study, rDnal was purified using Ni-affinity chromatogra-
phy, and the DnaJ-immunised mouse serum did not recog-
nise bacterial lysates converted to empty pET28a plasmids
(see Fig. 3C). Therefore, rDnal of U. urealyticum—induced
immune response can be attributed to itself.
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5X

20X

Fig. 7 Pathological lesions of the infected uterine tissues. Haematox-
ylin and eosin staining in the uterine tissue of each group. The black
arrows denote uterine lumen, endometrial layer, or glandular duct.

Some scholars have pointed out that recombinant protein
subunit vaccines have limited intrinsic adjuvanticity and
require immunogen formulation with adjuvants (Brunham
and Rappuoli 2013; Farris et al. 2010; Pal et al. 2020). Previ-
ous reports indicated a key role of Th1 cells and neutralising
antibodies in protection against pathogen challenge (Li et al.
2019; Ye et al. 2017; Zhao et al. 2016). Therefore, we used
a vaccine formulated with DnaJ and Thl adjuvants (Fre-
und’s adjuvant) to elicit protection against genital U. urea-
Iyticum infection in mice. As expected, the humoral immune
responses increased over time in the DnaJ-immunised group
and induced strong antigen-specific cellular immunity
responses (TNF-a and IFN-y secretion dominant). It is note-
worthy that the DnaJ-vaccinated mice developed specific
IgM titers, which progressed to IgG titers, within 21 days
after inoculation, and the Dnal-specific IgG was able to rec-
ognize U. urealyticum strain. Interestingly, Sen-Kilic et al.
showed that a very poorly immunogenic peptide does not
result in significant isotype conversion to IgG despite the fact
that it can trigger low specific IgM antibody titers (Sen-Kilic
et al. 2019). Overall, we do have reason to believe that rDnal
could be a vaccine candidate. Importantly, the DnaJ-specific
immune response demonstrated effective protection—mice
immunised with Dnal (adjuvanted by Freund’s adjuvant)
and challenged 14 days after boosting exhibited a reduction
in U. urealyticum load. Furthermore, the Th1 vaccination
protocol has a pronounced effect on controlling the extent
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Control

The blue arrows denote regions of epithelial shedding/necrosis within
the uterine lumen. The green arrows indicate inflammatory cells or
necrotic cell debris

of inflammation and protects infected mice against uterine
tissue pathology. Colonisation by U. urealyticum is related
to increased levels of certain pro-inflammatory or inflamma-
tory factors in the uterus (Tang et al. 2020; Viscardi et al.
2002). We observed that many TNF-o and IFN-y-producing
cells appeared in mice after immunisation with Dnal.
Despite this, low levels of inflammatory factors (including
TNF-a and IFN-y) were detected in the uterine tissue upon
U. urealyticum infection. This may imply that the hallmark
Thl cytokines (IFN-y and TNF-a) activate innate immune
cells such as macrophages and DCs in the uterus for patho-
gen clearance (Back et al. 2020; Bollyky et al. 2010; Noya
et al. 2017). Naturally, Th1 cytokine-activated DCs are also
required for the optimal initiation of the host protective Th1
response (Gold et al. 2008). However, our study has limita-
tions, such as the interaction between innate and adaptive
immune cells remaining poorly understood at the site of U.
urealyticum infection (after DnaJ-vaccination). Future stud-
ies monitoring the recruitment of host immune cells in the
uterus during U. urealyticum infection could help resolve
this issue (Pal et al. 2020; Zhao et al. 2016).

Compared with macrophages, DCs are professional APCs
with the ability to bridge innate and adaptive immunity and
are necessary for optimal T-cell activation and differentiation
(Thomas et al. 2021). Upon sensing inflammatory or infectious
stimuli, DCs mature by upregulating co-stimulatory molecules
and migrating to the draining lymph node to drive the T-cell
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Fig.8 Dnal induces BMDCs activation: A Immature BMDCs were
stimulated with 5-20 pg/mL Dnal for 24 h. Analysis of IL-1p, IL-6,
IL-12p70, and TNF-a production through enzyme-linked immuno-
sorbent assay, *P<0.05, **P<0.01 and ***P<0.001. Immature
BMDCs were treated with 10 pg/mL Dnal. Alternatively, DCs were
stimulated with Dnal treated with polymyxin B for 3 h at 4 °C or
heated at 100 °C for 2 h. After 24 h, the expression of surface mol-

response (Choi et al. 2018). Our analyses of the collected
supernatant from the BMDCs activated by Dnal indicated

ecules in the cluster of CD11c¢* BMDCs was measured. B Represent-
ative plots of CD80, CD86, and MHC-II on BMDCs detected from
three independent experiments are shown. Analysis of expression per-
centages of the surface molecules on BMDCs, *P <0.05, **P <0.01,
and ns=not significant, P>0.05. The data are representative of three
independent experiments

that the pro-inflammatory cytokine IL-12p70 levels exhibited
a dose-dependent increase. Previous studies on DC-mediated
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Fig. 9 Regulation of Thl polarisation by DnaJ via BMDCs modula-
tion: A Polarisation of the cluster of differentiation CD4 naive T cells
by Dnal-treated BMDCs. At 4 days after co-culture, IFN-y, IL-4,
IL-5, and IL-10 levels in the co-culture supernatants were analysed
by ELISA, **P <0.01 and ns=not significant, P>0.05. The data are
representative of three independent experiments. Immune responses
after adoptive immunisation of Dnal-pulsed BMDCs: B The sple-
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nocytes from the mice of each group were cultured in DnaJ for 8 h
(n=4 mice per group). A flow cytometry assayed the proportion of
the activated Th1 cells and Th2 cells in the splenocytes. ***P <0.001
and ns =not significant, P>0.05. C ELISA of DnaJ-specific IgG sub-
types (IgG1, IgG2a, IgG2b, and IgG3) levels in the adoptive immune
sera and the calculated 1gG2a/IgG1 and 1gG2b/IgGl ratio. *P <0.05,
**P<0.01, #**P <0.001, and ****P <(0.0001
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IL-12p70 production were critical for initiating an optimal
acquired-IFN-y response from T cells (Barhoumi et al. 2019;
Thomas et al. 2021; Varikuti et al. 2021). In BMDC matura-
tion, in addition to the production of cytokines, DnalJ induces
BMDC:s activation, for example, CD80, CD86, and MHC class
II upregulation. Thus, BMDCs maturation by DnalJ treatment
may be a key event that induces T-cell responses. This assertion
was supported by in vitro studies using BMDC-T cell co-cul-
ture. In the co-culture system medium, IFN-y levels remarkably
increased compared with those of the control groups, which
showed that DnaJ-stimulated BMDCs potently triggered naive
T cell polarisation towards a Th1 subset. Overall, U. urealyti-
cum Dnal increases BMDCs maturation in a dose-dependent
manner and drives the Th1 immune response (Lii et al. 2010).

DCs are crucial for the activation of the host immune system.
We have shown that the effect of DnalJ on DCs skews naive
CD4 T cells to Thl-cell differentiation. Interestingly, Shaw
et al. (Shaw et al. 2002) indicated that the phenotype and func-
tion of ex vivo mature BMDCs may not necessarily predict the
immune reactions established in vivo following adoptively trans-
ferred cells. In their study, they found that in BMDCs pulsed
with Chlamydia. spp, major outer membrane protein (MOMP)
induced CD4 T cells to secrete IFN-y ex vivo. However,
MOMP-pulsed BMDCs adoptive immunisation induced a Th2-
rather than a Th1-polarised immune response. To investigate the
role of mature BMDCs with DnalJ in Thl or Th2 polarisation
in vivo, mice were immunised with DnaJ-pulsed DCs. We found
that Th1 cells were more abundant in the DnalJ-pulsed BMDCs
group, whereas no changes in the percentage of Th2 cells in the
control groups were observed, which clearly depicted the pro-
host immunological properties of this protein antigen. Unlike the
mice immunised with DnaJ and Freud’s adjuvant, autologous
DCs loaded with Dnal induced a Th1 immune response without
bias. We refrained from using an exogenous adjuvant because
of its inherent ability to skew the immunological response to
vaccine antigens, such as Thl or Th2 responses (Agger et al.
2008; Arora et al. 2020). Safe and non-toxic adjuvants (includ-
ing DCs) could induce stronger and more efficacious immune
responses when compared to recombinant proteins alone (Cia-
battini et al. 2016; Lindblad et al. 1997). However, many chal-
lenges in adoptive DCs immunotherapy, such as cost, tedious
operation and enough quantity of functional autologous DCs
that cannot always be obtained still exist; therefore, finding a
desirable adjuvant to synergistically enhance a DnaJ-induced
Thl response rather than a Th2 response, which could provide a
promising strategy for developing a safe, inexpensive, and effec-
tive U. urealyticum vaccine, is necessary (Knudsen et al. 2016).
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