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Abstract

Background: Ureaplasma urealyticum (Uu) is an important 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 U.
urealyticum infections. Considering this, vaccination could be an efficacious medical intervention to
prevent U. urealyticum infection and disease. As a highly conserved molecular chaperone, Dnad is
expressed and upregulated by pathogens soon after infection. Here, we assessed the potential of
recombinant DnaJ vaccine in a mouse model and dendritic cells (DCs).

Results: The results showed that intramuscular administration of recombinant DnaJ induced robust
humoral- and T helper (Th) 1 cell-mediated immune responses and protected against cervical infection,
inflammation, and the pathologic sequelae after U. urealyticum infection. Importantly, DnaJ also induced
the maturation of mouse bone marrow-derived DCs (BMDCs), ultimately promoting naive T-cell
differentiation towards the Th1 phenotype. In addition, adoptive immunisation of DnaJ-pulsed BMDCs
elicited antigen-specific immunoglobulin G2 antibodies as well as a Th1-biased cellular response in mice.

Conclusion: We concluded that DnaJ can be a promising vaccine candidate to control U. urealyticum
infections.

Background

Ureaplasma urealyticum is a sexually transmitted pathogen that is commonly found in the genitourinary
tract of both males and females [1]. U. urealyticum infection is frequently asymptomatic and chronic with
clinical manifestations [2]. However, in some individuals, U. urealyticum causes non-gonococcal
urethritis, atypical neonatal respiratory diseases, chorioamnionitis, pre-term premature rupture of
membranes, intraventricular haemorrhage, hyperammonaemia and cerebral oedema [3—5]. Moreover, this
sexually transmitted bacterium is resistant to several antibiotics, including levofloxacin, ciprofloxacin,
tetracycline, erythromycin, azithromycin, doxycycline, ofloxacin and josamycin [6—9]. Given the serious
sequelae and resistance to broad-spectrum antibiotics, the isolation and characterisation of novel
immunological targets against U. urealyticum to develop an effective vaccine is urgently required.
Immunisation is the most effective and economical approach, as premeditated eradication is better than
repeated recurrences [10]. Although numerous vaccination strategies against U. urealyticum are being
developed, no licensed vaccine is currently available.

Inside host immune cells such as macrophages and dendritic cells (DCs), U. urealyticum encounters
various stressful conditions. Previously, we found that host oxidative stress could be an important aspect
of U. urealyticum pathogenesis [11,12]. 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 [13,14]. In recent years, growing evidence has revealed that bacterium-derived
HSP70 is essential for DC maturation and lymphocyte activation and is highly immunogenic during
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infections [15,16]. In U. urealyticum, the HSP70 system comprises GrpE (Uu0450)-DnaK (Uu0346)-DnaJ
(Uu0451), and the genes for these three proteins are expressed together [17]. Previously, we found that
vaccination with recombinant U. urealyticum (Uu)-GrpE led to a decrease in the pathogen burden and
inflammatory responses in the cervical tissues in a BALB/c mouse U. urealyticum vaginal-challenge
model [18]. However, Uu-DnaJ, 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 antigen-specific antibodies and cell-mediated immune responses to eliminate U.
urealyticum. In addition, we aimed to assess the effects of Uu-DnaJ on bone marrow-derived DC (BMDC)
activation and their subsequent effect on the T-helper (Th) 1 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.

Methods
DnadJ protein sequence retrieval

The complete (Uniprot Accession No. B5ZBQ4) amino acid sequence of U. urealyticum DnaJ was
obtained from UniProt (http://www.uni-prot.org) in the FASTA format.DnaJ sequence conservation across
different serovars of U. urealyticum was analysed using BLASTp, with a sequence identity of >95% and
coverage percentage of >95%.

Analysis of physicochemical properties

Three physiochemical properties of the U. urealyticum DnaJ protein were analysed, including the
theoretical number of transmembrane helices, MW and pl. The MW and pl were determined using Expasy
ProtParam (https://web.expasy.org/protparam/). Transmembrane helices were studied using TMHMM
(https://services.healthtech.dtu.dk/service.php? TMHMM-2.0), with a cut-off <1.

Structure prediction and assessment

The Phyre2 server (http://www.sbg.bio.ic.ac.uk/phyre2/) 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/thornton-srv/databases/pdbsum/Generate.html).

Antigenic epitope mapping

To determine the B-cell candidate linear epitopes, the full-length DnaJ protein sequence was analysed

using BepiPred 2.0, with a 0.55 cut-off and a 15-me epitope length, and using ABCpred, with a

0.80 threshold value and a 16-me epitope length. Next, ElliPro (http://tools.iedb.org/ellipro/), available in
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IEDB, was used to perform structural B-cell epitope prediction, with a threshold value of >0.5, using
the 3D model of DnadJ. Finally, the antigenicity of the linear and structural B-cell epitopes was further
assessed using Vaxijen V2.0 (http://www.ddg-pharmfac.net/vaxijen/Vaxiden/VaxiJen.html).

To predict CTL epitopes, we followed the method reported by Paul et al. [19], scoring all peptides with the
frequent HLA allele models, selecting the top 1% scoring peptides in the DnaJ sequence. For the helper T-
lymphocyte epitope prediction, we applied a previously reported method with modifications [20], using the
Tepitool resource in IEDB and a median consensus percentile of <20, which corresponds to a target-
specificity threshold of 50%.

U. urealyticum and culture conditions

The standard strain of U. urealyticum serovar 8 (ATCC 27618) was cultivated in a pleuropneumonia-like
organism with 16% foetal bovine serum (FBS, Gibco), 0.3% urea, 0.002% phenol red and 1,000 U/mL
penicillin G. As described previously, U. urealyticum 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
CCGCTCGAGTTACTGCATCAAGCGGAGTTATTTGTTCACTTCTTTCAGCAGTTT-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-DnaJ was transformed into E. coliBL21 (DE3) cells. Before expression,
the target DnaJ fragment integrity in the vector was confirmed by double digestion and sequencing.

rDnaJ expression was induced by 100 pg/mL kanamycin and 0.5 mM 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% Triton 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% SDS- PAGE. Once purified, DnaJ was treated with ToxinEraser ™ Endotoxin Removal Kit
(GenScript, Piscataway, NJ).

Mice
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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 personnel. All protocols were approved by the
Institutional Animal Use Committee of the University of South China.

BMDC generation and stimulation

BMDCs were generated from C57BL/6 bone marrow precursors according to a previously described
procedure [21, 22]. Briefly, the bone marrow precursors were differentiated for 6 d in Rosewell Park
Memorial Institute (RPMI)-1640 with 15% FBS, 10 ng/mL granulocyte-macrophage colony-stimulating
factor (R&D Systems), 10 ng/mL IL-4 (PeproTech) and 100 U/mL penicillin/streptomycin at 37 °C with 5%
CO,. Flow cytometric analysis confirmed that the isolated cell purity was approximately

90% (Supplementary Figure 1). Immature BMDCs (5 x 10° cells/well) were plated onto 24-well plates and
pulsed with DnaJ.

Cytotoxic assay

The BMDCs in the 24-well plates were incubated with DnaJ (5-80 pg/mL) for 48 h. The culture
supernatant was collected and LDH activity was measured using a microplate reader at 570 nm.

Immunisation protocols

Purified recombinant protein Uu-DnaJ (50 pg), emulsified with 100 pL of Freund’s complete adjuvant
(Sigma-Aldrich, St. Louis, MO, USA) for the first inoculation (injected intramuscularly, 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 FA) 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 107 CFU U. urealyticum (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 subcutaneous treatment with oestradiol benzoate (0.5 mg/mouse), increasing
susceptibility to U. urealyticum infection. At weeks 0, 1, 2 and 3 after the genital challenge, vaginal

or cervical samples were collected using swabs. Then, U. urealyticum was cultured in the samples, as
previously described.
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Western blot analysis

Three microliters of DnaJ lysate was separated by SDS-PAGE in a 12.5% gel and blotted onto a previously
rehydrated 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 peroxidase (HRP, 1:5,000) (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 ug/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 microplates 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
incubation 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 yL/well) was added, the microplates were incubated at 37 °C for 20 min and the reaction
was stopped using 2N H,S0,. The absorbance of the plates was measured at 450 nm using a microplate
reader (Multiskan Mk-3, Thermo Fisher Scientific). The antibody titres were determined as the highest
dilution of serum giving a detectable absorbance reading 2.1 times above the background average.

To further measure the serum IgG, IgA, IgM, IgG1, IgG2a, IgG2b and IgG3 responses, the microplates were
coated with DnaJ. 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). Horseradish peroxidase-conjugated goat anti-mouse IgA, IgM,
IgG1, 1gG2a, IgG2b or IgG3 was added at a 1:1,000 dilution to the designated well, following the same
procedure as above.

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

100 cells/well) were treated with 5-20 pg/mL DnaJ for 24 h. Then, supernatants were collected to
measure the levels of secreted cytokines such as IFN-y, TNF-q, IL-4, IL-10, IL-1, IL-6 and IL-12p70 using
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the corresponding mouse ELISA kits, according to the manufacturer's instructions (eBioscience, San
Diego, USA).

Flow cytometry analysis

Mouse BMDCs or splenocytes were washed with BD Pharmingen Stain Buffer. For surface marker
extracellular staining, the cells were incubated with anti-mouse CD11c (557400, BD Biosciences), CD80
(560526, BD Biosciences), CD86 (552692, BD Biosciences), MHC-II (562367, BD Biosciences), CD4
(553046, BD Biosciences) or CD8 antibodies (551162, BD Biosciences) at 4 °C for 30 min. For intracellular
cytokine staining, the splenocytes were seeded at 37 °C for 8 h in Uu-DnaJ (10 pg/mL) of Golgi

plug™ (51-2301KZ, BD Bioscience). The splenocytes were then treated for surface markers (CD4 or CD8),
fixed/permeabilised with a Cytofix/Cytoperm solution (BD Bioscience) and then stained with anti-IFN-y
(557735, BD Biosciences) and anti-IL-4 (554435, BD Biosciences) 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-q, IL-1B, IL-10, IL-17a, (MCP-1), IL-1a and IL-6) concentrations in the
cervical tissue, multi-analyte flow assay kits (Biolegend, San Diego, CA, USA) were used as indicated by
the manufacturer.

Quantitative real-time polymerase chain reaction(qPCR)

U. urealyticum loads in the cervical tissue were determined as previously described [18]. In short, 14
days after infection, mice were anesthetised and euthanised and the whole cervix was rapidly
harvested and stored at -80 °C. gDNA from the cervix was extracted and gPCR was performed using
gene-specific primers (U. urealyticum urease gene) on a Light Cycle 96 apparatus (Roche, Basel,
Switzerland).

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 paraffin-embedded reproductive tract samples
(including the uterine horn) were cut into sections. For routine histology, the cervical tissue sections were
stained with haematoxylin and eosin. In addition, to visualise the pathogen load in the mouse cervical
tissues, immunohistochemical detection of U. urealyticum antigen was performed as described
previously [18], and mouse anti-U. urealyticum was provided by the Pathogenic Biology Institute
(University of South China, Hunan, China). All cervical tissue sections were blindly evaluated by two
pathologists.
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Detection of endotoxin removal effect in DnaJ

The endotoxin removal effect in the rDnaJ detection method was modified from a previous study[21].
Dnad was incubated in PBS containing 10 uyg/mL PMB 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 CD11c* BMDCs were measured by flow cytometry analysis.

BMDC and naive T-cell co-culture

The allogeneicT cells were isolated from BALB/c mouse splenocytes using MojoSort™ Mouse Naive
CDA4T cell Isolation Kit (480040, BioLegend) and co-cultured with BMDCs at a ratio of 1:10 for 3 days. The
levels of IFN-y, IL-4, IL-5 and IL-10 were quantified on the culture supernatant using commercially
available ELISA kits (eBioscience, San Diego, USA).

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. Booster
immunisation was performed with the same number of DnaJ-pulsed BMDCs at 7-day intervals. 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 analysis. P-values lower than 0.05 were considered significant.

Results
DnaJ is conserved among the U. urealyticum serovars

The BLASTp analysis results indicated that the DnaJ protein sequence revealed a high sequence
conservation degree (sequence similarity >99%) among the different U. urealyticum serovars, thus acting
as an effective target for broad-spectrum vaccine development (Table 1).

Table 1. Evaluation of the conservative distribution of Uu-DnaJ protein sequences.
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Order  Serovars Identities (%)  Positives (%) Gaps (%) E Value
1 Serovar 2 100% 100% 0 0
2 Serovar 4 100% 100% 0 0
3 Serovar 5 100% 100% 0 0
4 Serovar 7 100% 100% 0 0
5 Serovar 8 100% 100% 0 0
6 Serovar 9 99% 99% 0 0
7 Serovar1i2  100% 100% 0 0
8 Serovar13  100% 100% 0 0

Physicochemical property assessment

The U. urealyticum DnaJ protein contains 375 amino acids with a molecular weight (MW) of
approximately 41.79 kDa and a theoretical isoelectric point (pl) 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. In addition, transmembrane helix analysis revealed that DnaJ is a preferred target, as it has no
transmembrane helix and can therefore be easily cloned and expressed.

Protein structure modelling and validation

The DnadJ protein three-dimensional (3D) structure was subjected to the PdbSum server to assess the
Ramachandran plot statistics. The plot showed that 83.3% of the residues were present in the most
favoured core regions (yellow colour), 12.2% in the additionally allowed region (yellow colour) and 0.8%

in the generously allowed region (pale yellow colour) (Figure 1A). The results showed that the model
structure had good quality and high stability and could be used for further study. The full DnaJ protein 3D
structure model is shown in Figure 1B.

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 discontinuous B-cell epitopes in the DnaJ 3D structure (Figure 1C).
Interestingly, all the predicted linear and structural B cell epitopes maintained their VaxiJen scores of >0.4.
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T-cell epitope prediction and assessment

The human leukocyte antigen (HLA) class I-restricted T cell epitopes were predicted using the
NetMHCpan 4.0 EL algorithm available at IEDB, using the method described by Paul et al [19]. Based on
the final ranking scores (1% scoring peptides), we obtained eight cytotoxic T lymphocyte (CTL) epitopes.
In parallel, following a previously reported approach [20], we used the Tepitool resource in IEDB and
identified seven CTL epitopes in the DnaJ sequence.

rDnaJ expression and purification

rDnaJ was successfully expressed in E. coli following the induction with isopropyl-3-d-1-
thiogalactopyranoside (IPTG) (0.5 mM). The sodium dodecyl sulphate polyacrylamide gel electrophoresis
(SDS-PAGE) results revealed a protein of ~41.79 kDa MW (Figure 2B). rDnaJ was purified by nickel-
nitrilotriacetic acid (Ni-NTA) affinity chromatography and the purity was more than 90% (Figure 2C).
Subsequently, protein purification was confirmed by western blot analysis using Anti-His and Anti-U.
urealyticum-infected mouse serum (Uu-serum) (as primary antibodies) (Figure 2D).

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

To determine the role of DnaJ in humoral immune response, DnaJ-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 DnaJ-immunised mice generated considerable immunoglobulin G (IgG)
antibody titres over time (Figure 3A). To further characterise IgG isotype distribution (IgG1, IgG2a,

IgG2b and IgG3) present in the serum, we performed an enzyme-linked immunosorbent assay (ELISA) to
determine these antibody levels. A significant amount of serum IgG subclass antibodies was detected in
the DnaJ-vaccinated mice. The serum IgG subclass antibody (IgG1, IgG2a and IgG3) levels induced in the
recombinant antigen DnaJ group were also higher than those in the FA and PBS groups (Figure 3B). The
responses were indicative of the Th1 response to IgG2a and IgG3 antibodies that were as easy to detect
as IgG1 antibodies (Figure 3B). We also observed that DnaJ-immunised mouse serum but not control
mouse serum recognised the purified DnaJ protein by western blot analysis (Figure 3C).

Previous studies have demonstrated that Th1 immune responses reduce the severity of cervicitis caused
by U. urealyticum. To explore the type of cell-mediated immunity 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 (Figure 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-
immunised mouse splenocytes (Figure 4B). Conversely, we did not observe such a difference in the IL-
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4* CD4* T cell percentage. These results suggested that DnaJ vaccination leads to a Th1 polarisation
response.

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

The ability to confer protection against infection is a critical feature of a valid U. urealyticum vaccine. As
described above, the mice were vaccinated with DnaJ and infected with U. urealyticum (1 x 107 colony-
forming units (CFUs)/30 pL). On day 14 post-infection, we observed that all mice exhibited

increased vaginal secretions, hair loss, vaginal redness and swelling, but the DnaJ-immunised group had
relatively mild symptoms (Figure 5A). The bacterial burden in the cervix was determined by qPCR at 14 d
post-challenge. As expected, immunisation with rDnaJ resulted in decreased U. urealyticumload in the
primary lesion site (cervix) in the DnaJ-immunised mouse groups than in the control groups (Figure

5B, PBS or FA groups, P<0.05).

To further understand how DnaJ immunisation mediates protection against U. urealyticum, we examined
cytokine levels in the cervical tissue. IFN-y, TNF-a, monocyte chemoattractant protein-1 (MCP-1) and IL-13
levels in the DnaJ-immunised mouse cervical tissue homogenate supernatants were reduced compared
with those in the control supernatants (PBS or FA groups, P<0.05, Figure 5C). Nevertheless, no difference
in IL-1q, IL-17a, IL-6, and IL-10 levels was observed between the groups. Overall, DnaJ immunisation
significantly lowered the cervix bacterial burden and inflammatory response during U.

urealyticum challenge.

Protection against cervix pathological changes with DnaJ
immunisation

U. urealyticum causes cervicitis associated with acute inflammation, oedema and cervical injury during
infection. To further understand the protective effect of DnaJ, the mice were immunised, and at day 14
post-U. urealyticum infection, the cervix 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 (Figure 6A). Additionally, the cervical tissue sections from the
PBS and FA groups showed severe pathological features such as epithelial shedding/necrosis within the
uterine lumen, increased glandular secretions and dilated glandular ducts. Conversely, DnaJ-immunised
mice showed cervical tissues with an intact endometrial layer with tubular structures and a clear small
lumen.

We also assessed the cervical tissue after the challenge with U. urealyticum using
immunohistochemistry. As shown in Figure 6B, the U. urealyticum antigen abundance (positive signal is a
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brownish-yellow stain) was significantly reduced in the cervical glandular duct in DnaJ-immunised mice
compared with those in the PBS- or FA-immunised mice. Overall, DnaJ immunisation was effective in
reducing the infectious U. urealyticumload in the cervix.

DnaJ induces BMDC activation

DCs, professional antigen-presenting cells (APCs), are of particular interest during vaccination. To further
determine whether U. urealyticum DnaJ induces DC activation, we first examined inflammatory cytokine
secretion by DnaJ-stimulated BMDCs in cultured supernatants. DnaJ exhibited a dramatic increase in IL-
1B, IL-6, IL-12p70 and TNF-a production in a dose-dependent manner (Figure 7A). Additionally, we
analysed surface molecule expression in BMDCs. DnadJ significantly increased surface molecule (CD80
and CD86) and MHC class Il expression in BMDCs (Figure 7B). Therefore, DnaJ directly induced BMDC
activation and maturation. Next, to investigate the possible contributions of trace amounts of residual
lipopolysaccharide, DnaJ was subjected to polymyxin B (PMB) treatment and then inactivated by heat.
PMB pre-treatment did not affect the DnaJ ability to trigger BMDC activation. However, heat inactivation
significantly inhibited DnaJ (Figure 7B, compared with untreated DnadJ, P<0.05). Additionally, we found
no remarkable differences in the cytosolic marker lactate dehydrogenase (LDH) release upon DnaJ
stimulation (Supplementary Figure 2). In summary, DnaJ induced BMDC maturation independent of cell
damage or contaminating endotoxins.

DnaJ-pulsed BMDCs promote CD4 Th1 immune responses

T helper 1 cell cytokines, especially IFN-y, are critical for U. urealyticum clearance. To examine whether
DnaJ-pulsed BMDCs induced the CD4 naive T cells towards an IFN-y-producing Th1 cell phenotype,
ELISA was performed to examine Th1/Th2 cytokine expression in the BMDC-naive T cell co-culture
system. DnaJ-pulsed BMDCs significantly increased IFN-y secretion by T cells (Figure 8A, 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 DnaJ-specific Th1 cells (CD4*IFN-y*) were detected in the adoptive
immunisation of mice with DnaJ-pulsed BMDCs (Figure 8B). However, we did not observe a significant
difference in the percentage of Th2 cells (CD4*IL-4") in the splenocytes of DnaJ-pulsed BMDC groups
compared with that of the PBS-pulsed BMDCs or PBS groups. Next, we assessed the serum anti-DnaJ
IgG1, IgG2a, IgG2b and IgG3 antibodies by ELISA and found that mice immunised with DnaJ-pulsed
BMDCs showed a Th1-biased IgG2 antibody response (Figure 8C). Together, these results established
that the use of DnaJ-pulsed BMDCs in vitro induces a Th1 immune response in vivo.

Discussion

Page 12/27



Currently, no licenced vaccines against U. urealyticum are available [1,18]. Here, we showed that rDnaJ
vaccination provided protection against U. urealyticum challenge. We also attempted to illustrate the
increase in the 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 following 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 [23,24]. We observed that U. urealyticum-infected
mouse serum recognised rDnaJ. Thus, DnaJ was up-regulated during U. urealyticum infection suggesting
that it is a potential antigen target [18,21]. The protein was expressed in E. coliBL21 (DE3). However,
other biological impurities from the rDnaJ challenge may be used to develop safe vaccines [25,26]. In our
study, rDnaJ was purified using Ni-affinity chromatography, and the DnaJ-immunised mouse serum did
not recognise bacterial lysates converted to empty pET28a plasmids (see Figure 3C). Therefore, rDnaJ of
U. urealyticum-induced immune response can be attributed to itself.

Some scholars have pointed out that recombinant protein subunit vaccines have limited intrinsic
adjuvanticity and require immunogen formulation with adjuvants [27-29]. Previous reports indicated a
key role of Th1 cells and neutralising antibodies in protection against pathogen challenge [30-32].
Therefore, we used a vaccine formulated with DnaJ and Th1 adjuvants (Freund's adjuvant) to elicit
protection against genital U. urealyticum 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). Importantly, the DnaJ-specific immune response
demonstrated effective protection—mice immunised with DnaJ (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 of inflammation and protects
infected mice against cervical tissue pathology. Colonisation by U. urealyticum is related to increased
levels of certain pro-inflammatory or inflammatory factors in the uterine cervix [18, 33, 34]. We observed
that many TNF-a and IFN-y-producing cells appeared in mice afterimmunisation with DnaJ. Despite this,
low levels of inflammatory factors (including TNF-a and IFN-y) were detected in the cervix tissue upon U.
urealyticum infection. This may imply that the hallmark Th1 cytokines (IFN-y and TNF-a) activate innate
immune cells such as macrophages and DCs in the cervix for pathogen clearance [35-37]. Naturally, Th1
cytokine-activated DCs are also required for the optimal initiation of the host protective Th1

response [38]. However, our study has limitations, such as the interaction between innate and adaptive
immune cells remaining poorly understood at the site of U. urealyticum infection (after DnaJ-
vaccination). Future studies monitoring the recruitment of host immune cells in the cervix during U.
urealyticum infection could help resolve this issue [25, 30].

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 [39]. 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 response [40]. Our analyses of the collected supernatant
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from the BMDCs activated by DnaJ indicated that the pro-inflammatory cytokine IL-12p70 levels
exhibited a dose-dependent increase. Previous studies on DC-mediated IL-12p70 production were critical
for initiating an optimal acquired-IFN-y response from T cells [39, 41, 42]. In BMDC maturation, in addition
to the production of cytokines, DnaJ induces BMDC activation, for example, CD80, CD86 and MHC class
[l upregulation. Thus, BMDC maturation by DnaJ treatment may be a key event that induces T-cell
responses. This assertion was supported by in vitro studies using BMDC-T cell co-culture. 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. urealyticum DnaJ increases BMDC maturation in a dose-dependent manner and drives
the Th1 immune response [43].

DCs are crucial for the activation of the host immune system. We have shown that the effect of DnaJ on
DCs skews naive CD4 T cells to Th1-cell differentiation. Interestingly, Shaw et al. [44] indicated that the
phenotype and function of ex vivo mature BMDCs may not necessarily predict the immune reactions
established in vivo following adoptively transferred 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 BMDC adoptive immunisation induced a Th2- rather than a Th1-polarised
immune response. To investigate the role of mature BMDCs with DnaJ in Th1 or Th2 polarisation in vivo,
mice were immunised with DnaJ-pulsed DCs. We found that Th1 cells were more abundant in the DnaJ-
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 DnaJ 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 Th1 or Th2 responses [45,46].
Safe and non-toxic adjuvants (including DCs) could induce stronger and more efficacious immune
responses when compared to recombinant proteins alone [47,48]. However, many challenges in adoptive
DC 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 Th1 response rather than a Th2 response, which could provide a promising
strategy for developing a safe, inexpensive and effective U. urealyticum vaccine, is necessary [49].

Conclusion

In summary, immunisation with Uu-DnaJ could induce both antigen-specific antibodies and cellular
immune responses and promote sterilising immunity. Furthermore, Uu-DnaJ could promote the
maturation of DCs, which leads to a Th1 immune response in the host. The isolation and characterisation
of heat-shock stress-response antigens of U. urealyticum will not only help in the rational design of
efficacious vaccines but also aid immunopathogenesis studies of U. urealyticum infection.
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Figures

Figure 1

Bioinformatics analysis of DnaJ based on the amino acid sequences. (A) Ramachandran plots, (B) three-
dimensional (3D) structure of DnaJ, (C) Conformational B-cell epitopes of DnadJ.

A B
10000 bp
5000 bp 5400 bp 100 kDa
a
3000 bp 55 kDa
1128 b 40 kDa
1000 bp P 35 kDa
500 bp 25 kDa
Enazyme: BamHI/Xhol
Expected size: 1128 bp+5.4 kbp
C D
M 3 4 5
100 kDa ~
70 kDa =
55kDa ==
40 kDa
35kDa

anti-His

Page 19/27

1 2 M
100 kDa
e Y 70 kDa
55 kDa
40 kD
25KkDa s 2
-4 5 kDa
- 25 kDa
— -
-

Uu-serum

100 kDa
70 kDa

S5 kDa

40 kDa
35 kDa

25 kDa

control-serum



Figure 2

Enzyme digestion results. (A) Polymerase chain reaction successfully amplified the expected DnaJ gene
band (1128 bp) and the DnaJ gene in Escherichia coli BL21 was cloned using the pET-28a vector and
Baml and Xhol restriction sites. Preparation of the recombinant DnaJ protein: (B) DnaJ was over-
expressed in E. coli BL21 (lanes 3-7), (C) 12.5% sodium dodecyl sulphate -polyacrylamide gel
electrophoresis analysis of the DnaJ protein purification (lanes 1, uninduced, lanes 2-5, DnaJ was
purified by using eluates of 100, 150, 200 and 250 mM of imidazole), (D) Western blot analysis of the
DnadJ protein using anti-His, Uu-serum and control serum.

Figure 3

Detection of the DnaJ-specific antibodies in immunised mice. (A) Anti-DnaJ Ig G antibody titres (n = 4
mice per group), (B) Elicited IgG subclass (IgG1, IgG2b and IgG2a) in vaccinated mice (n = 4 mice per
group). (C) Western blot analysis of purified DnaJ (C, Lane 2, 4, 6 and 8) and the lysate of bacteria
transformed with the empty pET28a plasmid (C, Lane 1, 3, 5 and 7) using mouse anti-His antibodies,
DnaJ-immunised mouse serum, phosphate-buffered saline- and Freund'’s adjuvant-mouse serum.
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Figure 4

The DnadJ vaccine with FA predominantly induces Th1-cytokine production in mice. (A) The splenocytes
were isolated from phosphate-buffered saline-, FA-, and DnaJ-vaccinated groups and stimulated with 10
ug of Dnad for 48 h in vitro. The levels of IFN-y, TNF-q, IL-4, and IL-10 in the cell supernatants were
measured by enzyme-linked immunosorbent assay (n = 4 mice per group). **P <0.01, ***P <0.001, ****P
<0.0001, and ns = not significant, P >0.05. (B) The DnaJ vaccine with FA induced the generation of IFN-y-
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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.
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Figure 5

DnaJ-immunisation reduced Ureaplasma urealyticum load and inflammatory response in the
reproductive tract of infected mice: (A) Representative photographs of the vulva in mice 14 days after
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infection. (B) The burden of U. urealyticum in diseased cervical tissue was measured by quantitative
polymerase chain reaction of the urease gene concentration (n = 6 mice per group). *P <0.05. (C) Cytokine
concentrations in the cervical tissue of U. urealyticum-infected mice. Concentrations of IL-1a, TNF-q, IFN-
Y, MCP-1, IL-1B, IL-10, IL-17a and IL-6 in the supernatant of the cervical tissue homogenates from the mice
after U. urealyticum infection, as determined using a multi-analyte flow assay kit. The cytokine
concentrations (pg/mL) in the cervical tissue homogenate (n = 3—6 mice per group). *P <0.05, and ns =
not significant, P >0.05.
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Pathological lesions of the infected cervical tissues: (A) Haematoxylin and eosin staining in the cervical
tissue of each group. The black arrows denote uterine lumen, endometrial layer or glandular duct. The
blue arrows denote regions of epithelial shedding/necrosis within the uterine lumen. The green arrows
indicate inflammatory cells or necrotic cell debris. (B) Evaluation of Ureaplasma urealyticum load in the
infected cervical tissue using immunohistochemistry. The cervical tissue was removed from phosphate-
buffered saline-, Freund’s adjuvant-, and DnaJ-injected mice (14 days after challenge with U. urealyticum).
Naive mice were included as a negative control group (uninfected with U. urealyticum). Sections were
stained with a mouse anti-U. urealyticum. The red arrows indicate the cervical tissue cells that contain U.
urealyticum (areas stained brown).
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DnaJ induces BMDC activation: (A) Immature BMDCs were stimulated with 5-20 ug/mL DnaJ for 24 h.
Analysis of IL-1B, IL-6, IL-12p70 and TNF-a production through enzyme-linked immunosorbent assay, *P
<0.05 and **P <0.01. Immature BMDCs were treated with 10 ug/mL DnadJ. Alternatively, DCs were

stimulated with DnaJ digested with polymyxin B for 3 h at 4 °C or heated at 100 °C for 2 h. After 24 h, the

expression of surface molecules in the cluster of CD11c+ BMDCs were measured. (B) Representative

Page 25/27



plots of CD80, CD86 and MHC-Il on BMDCs detected from three independent experiments are shown (C)
Analysis of expression percentages 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.
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Figure 8

Regulation of Th1 polarisation by DnaJ via BMDC modulation: (A) Polarisation of the cluster of
differentiation CD4 naive T cells by DnaJ-treated BMDCs. At 3 days after co-culture, IFN-y, ilL-4, IL-5 and
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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 DnaJ-pulsed BMDCs: (B) The splenocytes 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 T helper
(Th)1 cells and Th2 cells in the splenocytes. ***P <0.001 and ns = not significant, P >0.05. (C) ELISA of
DnaJ-specific IgG subtypes (IgG1, IgG2b, IgG2a and IgG3) levels in the adoptive immune sera and the
calculated IgG2a/lgG1 and IgG2b/IgG1 ratio. *P <0.05.
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