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Nucleotide exchange factor (GrpE), a highly conserved antigen, is rapidly expressed
and upregulated when Ureaplasma urealyticum infects a host, which could act as a
candidative vaccine if it can induce an anti-U. urealyticum immune reaction. Here, we
evaluated the vaccine potential of recombinant GrpE protein adjuvanted by Freund’s
adjuvant (FA), to protect against U. urealyticum genital tract infection in a mouse
model. After booster immunization in mice with FA, the GrpE can induced both
humoral and cellular immune response after intramuscular injection into BALB/c mice.
A strong humoral immune response was detected in the GrpE-immunized mice
characterized by production of high titers of antigen-specific serum IgG (IgG1, IgG2a,
and IgG3) antibodies. At the same time, the GrpE also induced a Th1-biased cytokine
spectrum with high levels of IFN-y and TNF-a after re-stimulation with immunogen
GrpE in vitro, suggesting that GrpE could trigger the Th1 response when used for
vaccination in the presence of FA. Although GrpE vaccination in the presence of
a Thi-type adjuvant-induced had readily detectable Th1 responses, there wasn’t
increase inflammation in response to the infection. More importantly, the robust immune
responses in mice after immunization with GrpE showed a significantly reduced U.
urealyticum burden in cervical tissues. Histopathological analysis confirmed that tissues
of GrpE-immunized BALB/c mice were protected against the pathological effects of
U. urealyticum infection. In conclusion, this study preliminarily reveals GrpE protein
as a promising new candidate vaccine for preventing U. urealyticum reproductive
tract infection.

Keywords: nucleotide exchange factor (GrpE), Ureaplasma urealyticum, immunogenicity, immune protection,
BALB/c mice

INTRODUCTION

Ureaplasma urealyticum, one of the smallest self-replicating prokaryotic microorganisms, belongs
to the Mollicutes class of bacteria and lacks a cell wall, although it evolved from Gram-positive
ancestors (1). U. urealyticum is generally regarded as a low-virulent commensal, which commonly
colonizes the adult genitourinary tract in humans (2). Adults are mainly infected through sexual
contact, with the cervix being the main site of colonization in women. U. urealyticum colonization
is associated with many diseases, including brain abscess, prostatitis, rheumatoid arthritis (3, 4),
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non-gonococcal urethritis, and hyperglycemia (5, 6). Maternal-
fetal transmission seems to occur frequently, and intra-amniotic
U. urealyticum infection may contribute to chorioamnionitis
and preterm birth (7, 8). Individuals respond differently to U.
urealyticum (6, 9, 10), with some able to clear an infection
(as a result of a Th1/IFN-y response), while others develop
a chronic infection, and still others are susceptible to repeat
infections. In particular, chronically asymptomatic infections
can be frequent in women and may cause pelvic inflammation
and sterility. Although U. urealyticum infections are often be
cured by antibiotics, they can also be chronic, persistent, and
antibiotic resistant (6, 11, 12). Therefore, the availability of a
safe and effective vaccine would represent a much-needed and
powerful means of protection from U. urealyticum infection
and transmission.

Bacteria rapidly upregulate stress response-associated
antigens as they infect their host, and therefore such antigens
constitute attractive targets for vaccine development (13, 14).
Heat shock proteins (HSPs) are molecular chaperones that
perform essential cell functions under both normal and stress
conditions and can be targets of the host immune system.
In particular, HSP70 is recognized as an antigen by both
the innate and adaptive immune responses of mammals and
shows potent adjuvant activity (15). In eubacteria, the HSP70
system comprises DnaK-GrpE-Dna] in U. wrealyticum, and
these three proteins are co-expressed. GrpE, a nucleotide
exchange factor and cofactor of DnaK (HSP70) plays an
important role in the survival of U. urealyticum during stresses
such as heat-shock and hypoxia (16). It is expressed at equal
levels as DnaK and plays a role in protein synthesis, folding,
transportation, and degradation (17). Although the role of
DnaK in the host immune response to bacterial infection
has been widely studied, its cofactor GrpE has received
relatively little attention and has not been reported on at all for
U. urealyticum infections.

Preventive vaccines require target antigens to be expressed
in the early stages of infection and to be recognized by the
host immune system in order for host defense mechanisms
to be rapidly activated (18, 19). When the U. wurealyticum
gene that encodes GrpE was sequenced and analyzed,
using both the Smart BLAST database from NCBI and
bioinformatics, it was predicted to be highly antigenic
(Supplementary Figure 1). However, it is unknown whether
GrpE can provide protection against U. wurealyticum genital
tract infection.

The present report represents the first study of
the immunogenicity and potential protective efficacy
of recombinant protein GrpE against U. wrealyticum

genital tract infection in a mouse model. We found that
recombinant GrpE protein was quickly recognized by the
host immune system, which was stimulated to produce high
levels of IFN-y. Following challenge with U. urealyticum,
GrpE immunization reduced bacterial load and cervical
inflammation in mice after genital tract infection. Therefore,
our studies preliminarily proved that recombinant GrpE
represents a promising new candidate vaccine against
U. urealyticum infection.

MATERIALS AND METHODS

U. urealyticum

The standard laboratory strain 8 (ATCC27618) of U. urealyticum
was cultivated on Mycoplasma agar base supplemented with 10%
fetal bovine serum (FBS; Gibco, USA), 0.3% urea and antibiotics
at 37°C with 5% carbon dioxide for 24-48 h.

Cloning, Expression, and Purification of
Recombinant GrpE

The genome sequence of U. urealyticum was taken from
GenBank. The full length GrpE sequence was amplified using
PCR (polymerase chain reaction) with U. urealyticum genomic
DNA as a template. The following primers were used: forward
primer: 5'-CGCCATATGAGCAAAAACAACGAAAACATCAA
-3/ (the Nde I site is underlined), reverse primer: 5-CCG
GAGCTCAATAAAGCGTTGAAATTGGTGGCG-3' (the Xho I
site is underlined).

The 657 bp PCR product obtained was purified, restriction
digested, and inserted into expression vector pET28a (Qiagen,
Shanghai, China) in frame with a Hise tag sequence at the
N-terminal end (the His tag was an N-terminal fusion). The
derivative, named pET28a-GrpE, was transferred into E. coli
DHb5a by CaCl, transformation, and clones were selected on LB
agar supplemented with 100 g mL~! kanamycin. The presence
of the correct insert was then confirmed by double digestion
and DNA sequencing. Finally, the plasmid pET28a-GrpE was
transformed into E. coli BL21 (DE3).

For recombinant GrpE protein expression, transformed E.
coli (pET28a-GrpE), and the vector control (pET28a in E.
coli BL21 cells) were incubated in LB broth supplemented
with 100 g mL~! kanamycin and 0.1 mM isopropyl-B-
d-thiolgalactosidase (IPTG) at 37°C for 6h. Bacterial cells
were harvested by centrifugation at 4,000 x g for 15min at
4°C, followed by resuspension of the pellets in lysis buffer
[10mM imidazole, 250 mM NaCl, 50 mM Tris-HCl (pH 7.8),
1% Triton X-100, 20% glycerol] and sonication. For protein
purification, the GrpE protein in the supernatant was purified
on a nickel-nitrilotriacetic acid (Ni-NTA) column, eluted with
different imidazole concentrations. Endotoxins were removed by
polymyxin B-agarose (Sigma-Aldrich, St. Louis, MO). Each step
was evaluated by 12% SDS-PAGE using Coomassie brilliant blue
staining and immunoblotting with an anti-His antibody (Lab
Vision, Fremont, CA). Recombinant protein concentration was
determined using a bicinchoninic acid protein assay kit (Pierce,
Rockford, IL).

Immunization of Mice

All animal procedures were approved by the Animal Welfare
Committee of the University of South China and conducted
according to institution regulations. We used a cohort of female,
SPE, 6-8 weeks of age BALB/c mice (SJA Laboratory Animal
Co., Hunan, China), with approval number SCXK (Hunan) 2016-
0002. Three groups of mice (n = 18 in each group) were injected
intramuscularly three times at 2-week intervals with either
purified recombinant GrpE, phosphate-buffered saline (PBS), or
Freund’s adjuvant (FA). For the first immunization (day 0), 50 g
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purified recombinant GrpE was emulsified in 100 wL Freund’s
complete adjuvant (FCA) (Sigma-Aldrich), and for the second
and third immunizations (days 14 and 28) in 100 wL Freund’s
incomplete adjuvant (FIA). Mice in the PBS and FA groups were
injected with 100 wL PBS or FA, respectively. Serum samples were
collected by tail-vein bleeding 2 weeks after immunization.

ELISA for Serum Antibody Levels

Two weeks after the last immunization, blood samples were
collected from all mice by tail-vein bleeding prior to sacrifice. The
serum was separated by centrifugation and stored at —20°C for
further analysis. Serum samples were tested for antigen-specific
antibody responses using ELISA methods described previously
(20-22). Briefly, 96-well microplates were coated overnight at
4°C with purified recombinant GrpE, washed with 0.05% Tween
20 in PBS (PBST) and blocked with 5% nonfat milk in PBST at
37°C for 2h. After further washes, a total of 100 wL of 1:1,000
dilutions of serum were added in duplicate to each well for
1h at 37°C, respectively. After washing four times with PBST,
50 wL of horseradish peroxidase (HRP)-conjugated goat anti-
mouse immunoglobulin G (IgG), IgG1, IgG2a, IgG3, and IgA,
IgM antibodies (Protein Tech Group, Chicago, IL) was added
to each serum well at 37°C for 1h, respectively. After washing
again, the plates were added 3, 3/, 5, 5'-tetramethylbenzidine
substrate with 100 pL/well and incubated at room temperature
for 15 min. The reaction was stopped by 100 pL of Stop Solution
in each well, the absorbance (OD) at 450 nm was measured on a
microplate reader (Thermo Lab systems, FI). The endpoint titer
was considered to be the last serum dilution with readings higher
than the mean+3 standard deviations of the negative control sera
(23). Each experiment was repeated three times.

Lymphocyte Proliferation Assay

Fourteen days after the final injection, spleens were harvested,
and splenocytes were prepared as described previously (24). Cell
viability was assessed using a colorimetric cell counting kit-8
(CCK-8) from Yi Yuan Biotechnologies (Guangzhou, China)
(25). Single-cell suspensions (6 x 106 cells) from adjuvant,
PBS, and antigen-immunized mice were plated in 96-well plates
and were stimulated with GrpE (10 pg mL™!) at 37°C, 5%
COy, and 95% humidity. After 44h, 10 pL CCK-8 reagent
was added to each well and incubated at 37°C for 4h. The
absorbance at 450 nm was measured and results were expressed
as the proliferation index (PI), calculated based on the following
formula: PI = [ODysq for stimulated cultures—ODys¢ for control
group]/[ODysq for control group-ODys5 for blank group].

Quantification of Cytokine Expression in

the Spleen

Spleen cells (6 x 10°/mL) were cultured in 24-well plates at 800
L per well and stimulated with 10 pg mL~! GrpE, incubated
at 37°Cin a 5% CO; atmosphere for 48 h. Cell-free supernatants
were harvested by centrifugation (6,000 rpm, 10 min) and stored
at —80°C until use. Using an Essential Th1/Th2 Cytokine Panel
(Invitrogen, e-Bioscience), four cytokines (IFN-y, TNF-a, IL-4,
and IL-10) were assayed by standard cytokine ELISA following
the manufacturer’s instructions. The sensitivities of the IFN-vy,

TNF-o, IL-10, and IL-4 kits were in the ranges of 15-2,000,
8-1,000, 32-4,000, and 4-500 pg mL ™!, respectively.

Intracellular Cytokine Staining by Flow
Cytometry

To assess the Thl response, splenocytes were harvested
for detection of intracellular interferon-gamma (IFN-y) or
interleukin (IL)-4. Cells (2 x 10°/well) were stimulated with
PMA in 24-well plates at 37°C for 5h. After washing, cells
were first blocked with Fc Block (anti-mouse CD41/CD8T,
BD Biosciences) for 25min. Then, after washing twice with
PBS, cells were fixed and permeabilized for 25min at 4°C
using a cytofix/cytoperm kit (BD Biosciences) according to the
manufacturer’s instructions. Intracellular cytokines (IFN-vy, IL-4)
were stained for 30 min in the dark. Finally, cells were washed
with PBS and detected using a FACSverse flow cytometer and
commercially available software (Flow Jo).

Immunoblotting

We used GrpE-immunized mouse serum as the primary
antibody. Two wL protein lysates were separated by SDS/PAGE,
and then transferred to PVDF membranes (Millipore, Billerica,
MA). Immunoblots were blocked with 5% skimmed milk in
Tris-buffered saline/Tween-20 for 1h at room temperature and
probed with primary antibodies, including B-actin and anti-
GrpE, and stored overnight at 4°C. Following three consecutive
5-min washes in TBS-T, blots were incubated with HRP-
conjugated secondary antibody (goat anti-mouse IgG, Protein
Tech Group, Chicago, IL) for 1h at room temperature. After
two washes in TBS-T and a final wash in TBS, blots were
scanned using an enhanced chemiluminescence detection system
(Amersham Pharmacia Biotech, CA), and quantification of
antigen-antibody complexes was performed using Quantity One
analysis software (Bio-Rad, Hercules, CA).

Genital Tract Infection Challenge

Fourteen days after the last injection, each mouse was infected
intravaginally (26) with 1 x 107 colony forming units mL~! U
urealyticum serotype 8 (50 L) and the mice were kept supine
for 1 min (27, 28). Seven days prior to infection, each mouse
was injected with 0.5mg estradiol benzoate subcutaneously
in the neck once per week for 3 weeks to synchronize the
estrus cycles and increase mouse susceptibility to U. urealyticum
infection (29).

To identify mice infected with U. urealyticum, at days 0, 7,
14, and 21 after infection, an aseptic swab was inserted into the
lower genital tract and uterus, rotated, and left in place for 1 min.
Then, the swab specimens were washed into the liquid medium,
which was then divided into two portions: one for U. urealyticum
culture and determination of U. urealyticum concentration, and
the other for PCR.

Cytokine Measurement

To assess the levels of cytokines in the uterus and cervical
secretions, IL-6, TNF-a, IL-1@, IL-10, IL-1a, IL-17a, monocyte
chemotactic protein 1 (MCP-1), and IFN-y were determined
using a Multi-Analyte Flow Assay kit according to the
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manufacturer’s instructions (Biolegend, San Diego, CA). After
reference to a standard curve, the quantity of cytokines was
reported as pg mL ™!,

Quantitative PCR

DNA preparation and PCR were performed as previously
described (30-32). Quantitative real-time PCR was performed
on genomic DNA (gDNA) extracted from U. urealyticum-
challenged mouse tissues using a SYBR Green I assay. The U.
urealyticum gDNA was quantified using primers U.urealyticum-
1524R  (5-TTCCTGTGTTGCCCCTCAGTCT-3') and U.
urealyticum-1613F (5'-AAGGTCAAGGTATGGAAGATCCAA-
3'), targeting 90 bp of the U. urealyticum urease gene
(31, 33-35). The mouse gDNA was quantified using forward
and reverse primers (5-CCTTCCTTCTTGGGTATGGA-3';5'-
ACGGATGTCAACGTCACACT-3', respectively), targeting 81
bp of the mouse B-actin gene (36). All primers were ordered
from Integrated DNA Technologies (Sango Biotech, Shanghai,
China). Quantitative real-time PCR reactions were performed
in 20 pL reaction volumes according to the manufacturer’s
instructions (Qiagen). The amount of gDNA isolated was
variable between tissue types but was normalized within each
tissue type based on the lowest gDNA concentration obtained
from the spectrophotometric measurements. A standard curve
was created for the urease gene using a 10-fold serial dilution
from 107 to 10! copies of linearized DNA with an efficiency
of 99.30% and an R? value of 0.9945. A standard curve was
created for B-actin using a 2-fold serial dilution of mouse gDNA
from 100 to 3.125 pg mL~! with an efficiency of 99.05% and
an R? value of 0.9909. The assays were run on a Light Cycle
96 apparatus (Roche, Basel, Switzerland). PCR conditions for
the urease gene were as follows: 95°C for 10 min, followed by
40 cycles of 95°C for 15s, 58°C for 20s, and 72°C for 20s;
subsequently, a melting curve was followed: 95°C for 105, 65°C
for 60s, and 97°C for 1s. The PCR conditions for B-actin were
as follows: 95°C for 10 min, followed by 40 cycles of 95°C for
155, 56°C for 20s, and 72°C for 20s; subsequently, a melting
curve was followed: 95°C for 10s, 65°C for 60s, and 97°C
for 1s. Each assay was run with the following four controls:
(1) no-template control; (2) no-amplification control (no Taq
polymerase); (3) no-primer control; and (4) positive controls
with a known concentration or copy number of mice gDNA or
linearized urease gene plasmid DNA, respectively.

Histopathology

All mice were anesthetized and euthanized through neck
dislocation 21 days after infection. The whole reproductive tract
was removed and fixed in formalin. After fixation, the tissue
was treated according to standard procedures and embedded
in paraffin wax. Sections were cut in the same area to include
the uterine horn, fallopian tubes, and ovaries. The slices
were placed on Superfrost glass and stained with hematoxylin
and eosin (H&E). The slide was scanned using a 3D Hi-
tech Panoramic Midi scanner (3D HISTECH Ltd., Budapest,
Hungary) and evaluated by Case Viewer software (Nordic
Biotite). The sections were evaluated by a pathologist blinded to
the experimental treatments.

In addition, streptavidin-peroxidase (S-P) was used to detect
U. urealyticum using an UltraSensitive™ SP (mouse) THC
kit (Maixin, China). In short, the slices were treated with
peroxisome blocking solution to inhibit background staining. For
reproductive tract tissue, we used mouse anti-U. urealyticum as
the first antibody, biotin-labeled goat anti-mouse (Service Bio,
G1210-2-A, China) as the second antibody, and chromosome
DAB solution as the substrate. Hematoxylin was used to
double dye the slide. Normal mouse serum was used as a
negative control.

Statistical Analysis

All analyses were repeated at least two times with consistent
results. The levels of significance for comparisons between
samples were determined by analysis of variance (ANOVA)
with the Student-Newman-Kaul’s test, or by Student’s ¢-test and
nonlinear regression with an extra sum-of-squares F-test to
investigate any apparent differences between the test and control
groups using statistical software (GraphPad Prism, version 7;
San Diego, CA). Results are expressed as means. Values of
*P < 0.05, **P < 0.01, and ***P < 0.001 were considered
statistically significant.

RESULTS

Expression and Purification of
Recombinant GrpE

For the purification of recombinant GrpE, the protein was
expressed with a histidine tag in E. coli BL21 (Figure 1A).
The recombinant protein GrpE was eluted with different
concentrations of imidazole. SDS-PAGE results showed that
the purified protein GrpE was obtained at a concentration of
200 mM imidazole and revealed the recombinant protein to have
the predicted molecular weight of about 25.7 kDa (Figure 1B).
Protein purification was confirmed by immunoblotting with an
anti-His antibody (Figure 1C), and this purified protein was used
in the following experiments.

Immunization of Mice With GrpE

To determine whether GrpE was able to induce an antibody
response in mouse, 14 days after the final booster injection,
an ELISA was performed to measure the level of GrpE-specific
antibodies in sera. Specific antibodies were already present in
GrpE-immunized mice on day 14, and antibody titers against
the protein increased gradually thereafter, reaching maximum
levels by day 42 (Figure2A). The results clearly show that
intramuscular injection of recombinant GrpE into BALB/c mice
generates a specific antibody response.

Previous studies illustrated that IgM and IgG perform
protective roles in the early and late stages of bacterial infection
(37). Consequently, IgG, IgA, and IgM in the serum samples,
which were collected from immunized mice 14 days after the last
vaccination, were assessed by ELISA to determine the levels of
these antibodies. As shown in Figure 2B, the GrpE vaccination
group produced significantly higher levels of IgG and IgM
antibodies than the FA and PBS control groups (P < 0.001),
but there was no significant difference in IgA level. To examine
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FIGURE 1 | Production of recombinant GrpE protein: (A) recombinant GrpE was successfully produced in E. coli BL21, after induction with 0.1 mM IPTG for 6 h, and
identified by 12% SDS-PAGE (M, molecular weight markers; lanes 1-4, induced); (B) 12% SDS-PAGE analysis of GrpE purified using a Ni-nitrilotriacetic acid (NTA)
column (M, molecular weight markers; lanes 5, uninduced; lanes 6-9, purified GrpE by eluents with different concentrations of imidazole: 70, 90, 150, 200 mM); (C,
Lane 10) Western blot analysis of purified GrpE using mouse anti-His antibodies. (C, Lane 11) GrpE identified by antibodies in GrpE-immunized mouse serum. (C,
Lane 12, 13) FA- and PBS-group sera.
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FIGURE 2 | Effect of GrpE vaccination on Ig antibody production, including IgG subclasses. Three groups of BALB/c mice were immunized intramuscularly with PBS,
FA or GrpE. Six mice from each group were sacrificed and sera were separated on day 14 after the last injection. Specific antibody levels in sera were assessed by
ELISA: (A) anti-GrpE antibody titer; (B) GrpE-specific antibody levels and IgG subclass levels. Each bar indicates the mean + SD of triplicates from six mice per group.
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the specific type of antibody response induced by GrpE, we
determined the levels of IgG subclass antibodies (IgG1, 1gG2a,
and IgG3) in serum and found the levels of the serum IgG
subclass antibodies (IgG1, IgG2a, and IgG3) induced in the
recombinant antigen GrpE group were also significantly higher
than those induced in the FA and PBS control groups (P< 0.01)
(Figure 2B). The responses were indicative of a Thl response
with IgG2a and IgG3 antibodies and is as easy to detect as
IgG1 antibodies.

GrpE-Induced Lymphocyte Proliferation
Response

To investigate whether vaccination of mice with GrpE stimulates
a proliferative response in lymphocytes, experiments were carried
out with splenic lymphocytes from all three groups of mice.
Suspensions of splenocytes from mice immunized with GrpE
showed an increase in lymphocyte proliferation, with significant
differences to the PBS and FA groups (Supplementary Figure 3,
P <0.01).

GrpE Immunization Predominantly

Stimulates the Th1 Immune Response

To determine the type of cell response in GrpE-immunized
mice, spleen cell culture medium was collected after stimulation
and cytokine levels were measured by ELISA. The spleen cells
of GrpE-immunized mice exhibited significantly higher levels
of Thl cell-related cytokines TNF-a and IFN-y (Figures 3A,B,
P < 0.01), whereas the Th2-related cytokines IL-4 and IL-10
showed no significant difference compared with PBS and FA
groups (Figures 3C,D, P > 0.05). Taken together, these results
suggest that the immunogenicity of GrpE is based on its ability
to induce a protective T-cell response, and in particular a Thl
polarization response.

Although both CD4" and CD8' T cells are necessary to
protect against U. urealyticum infection, we can monitor host
immune system recognition by measuring levels of IFN-y,
the most important CD4" Thl-related cytokine involved in

the early immune response against this pathogen. Therefore,
we investigated the production of IFN-y by flow cytometry
prior to U. urealyticum challenge. The results show that the
frequency of CD4" and CD8" T cells producing IFN-y was
significantly increased in the spleens of the GrpE-immunized
group, compared with controls (Figure 4A, P < 0.01; Figure 4B,
P < 0.05). In contrast, there was no significant difference in IL-
4 production between the GrpE-immunized and control groups
(Figure 4C, P > 0.05).

Immunization With Recombinant GrpE
Protein Rrduces Colonization of U.

urealyticum in the Cervix

To study the protective effect of GrpE immunization, immune
BALB/c mice, together with the PBS and FA control groups, were
infected with U. urealyticum. Analysis of microbial cultures and
PCR results of vaginal and cervical secretions were positive for
U. urealyticum (Supplementary Table 1), indicating successful
infection. In addition, 1 week after infection, all mice showed
vaginal peripheral hair loss, increased secretions, redness,
and loss of appetite, but the symptoms in the GrpE group
were relatively mild (Figure 5A). We also observed that, after
challenge with U. urealyticum, mice showed a general loss of
hair and weight, and consumed less food and water. However,
while the PBS and FA groups continued to lose weight, the GrpE-
immunized group gradually began to recover 1 week after the
infection (Figure 5B).

To confirm whether GrpE immunization conferred protection
against U. wurealyticum at the colonization site (cervix), the
burden of U. urealyticum in the lesion site was evaluated by
quantitative PCR method on day 21 after inoculation. The
results show that the level of U. urealyticum in the primary
lesion site was significantly lower in GrpE-immunized mice
than in controls (Figure 5C, P < 0.05). U. urealyticum was
not detected in isolated liver, kidney, spleen, and lung tissues
(data not shown).
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FIGURE 3 | Intramuscular immunization with GrpE predominantly induces a Th1 immune response. Fourteen days after the last injection, the spleen was collected
from each group (six mice in each group) and used to prepare a spleen cell suspension, which was stimulated in vitro with 10 g GrpE at 37°C in a CO, incubator for
48h. The production of IFN-y (A), TNF-a (B), IL-4 (C), and IL-10 (D) in spleen cell culture was measured by ELISA. **P < 0.01 vs. PBS and FA groups analyzed

Inflammatory Response in Cervix Is
Mitigated by GrpE Immunization

A candidate vaccine must meet two criteria: (1) it must stimulate
a protective immune response, and (2) it must eliminate the
uncontrolled inflammation that causes pathological changes
during infection. The second of these was assessed with a
multi-analyte flow assay kit to determine the levels of IL-6,
TNF-a, IL-18, IL-10, IL-1a, IL-17a, MCP-1, and IFN-y in the
supernatant of cervical tissue homogenate of GrpE-immunized
mice and control groups after vaginal infection. As shown in
Figure 6A, there was no significant difference in IL-17a, IL-
6, IL-10, and IL-1a levels between GrpE-immunized mice and
control groups. However, the levels of IFN-y (P < 0.001), TNF-
a (P < 0.05), MCP-1 (P < 0.01), and IL-1B (P < 0.01) in the
cervical cervix of the GrpE-immunized group were significantly
lower than those of the controls. As shown in Figure 6B, a
heat map analysis of the original data, the color shade and the
gradual change from green to red indicate increased levels of
cytokine secretion, the results show that IL-la levels between
GrpE-immunized mice and control groups are similar, IL-1p
levels in control groups are obviously red, and green in the
GrpE-immunized group.

Immunization With GrpE Significantly

Reduces Cervical Lesions
Finally, the protective effect of the recombinant antigen
GrpE was further evaluated by comparing the inflammatory
pathology of the mouse genital tract. U. urealyticum infection
caused severe pathological damage to cervical tissues in
the PBS (Figures 7A,B,EG,K,L) and FA (Figures7C,H,M)
groups. Moreover, acute inflammation (a large number of
polymorphonuclear leukocytes) was observed on day 7 after
infection, which was converted to chronic inflammation by day
21 (mass lymphocytes) (Figures 7A,B,EG,K,L,C,H,M; The red
arrow in the figure). In contrast, the inflammatory infiltration
in cervical tissues of GrpE-immunized mice was significantly
decreased (Figures 7D,I,N). Compared with negative control
animals (Figures 7E,],0), the structure of gland and cervical
tissue could clearly be identified, its integrity was maintained
and fewer pathological features, such as glandular dilatation,
increased glandular secretions, hemorrhage, and inflammatory
cell infiltration were observed.

Evaluation of cervical tissue sections 21 days after infection
by S-P immunohistochemistry showed that the mice immunized
with recombinant GrpE protein presented nearly normal
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FIGURE 4 | The generation of cytokines by T cells in spleen cell suspension measured by multi-parameter flow cytometry. Data were collected using a FACSverse
flow cytometer and then analyzed by FlowJo software: (A) IFN-y produced by CD4* T cells; (B) IFN-y produced by CD8* T cells; (C) IL-4 produced by CD4* T cells.
*P < 0.05, P < 0.01 vs. PBS and FA groups analyzed by ANOVA. Six mice in each group.

cervical tissue compared with control group (Figures 8D,H) and
fewer inflammatory cells in the cervical tissue (Figures 8C,G),
compared to the FA- (Figures 8B,F) and PBS- (Figures 8A,E)
immunized mice. In addition, the U. urealyticum load (brown;
red arrow) in GrpE-immunized mice was significantly lower
than in the PBS and FA groups (Figures 8A,B,E,F), where
U. urealyticum was present in glands, interstitial cells, and
cytoplasm. In general, no inflaimmation was detected in
the fallopian tubes or ovarian sacs, while mild-to-moderate
inflammatory infiltration was seen in the vagina and bladder.

DISCUSSION

In general, an effective antigen target for the rational design
of a vaccine against U. urealyticum should meet the following
requirements: it should be expressed constitutively; it should be

recognized by the immune system at an early stage of infection
in vivo; it should induce a Thl-biased immune response; and
it should prevent U. urealyticum infection. In this study, we
assessed U. urealyticum GrpE as a candidate vaccine and asked
whether it could meet the above criteria and allow the host to
effectively resist an attack by U. urealyticum.

Recombinant GrpE protein was successfully expressed in
E. coli BL21 and purified by His-tag affinity chromatography.
The size of the recombinant GrpE was slightly larger than
predicted, probably due either to a difference in protein
modification in the E. coli expression system or to the His-
tag at the N-terminus or other molecules binding to the
recombinant protein during the expression and purification
of GrpE recombinant protein. Immunization of mice with
recombinant GrpE induced the production of GrpE-specific
antibodies as shown by immunoblotting.
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FIGURE 6 | Cytokine levels in cervical tissue of mice challenged with U. urealyticum subsequent to immunization. A multi-analyte flow assay kit was used to detect
IL-6, TNF-a, IL-1B, IL-10, IL-1a, IL-17a, MCP-1, and IFN-y in the culture medium of cervical homogenates after U. urealyticum infection in mice: (A) Each bar
represents the mean (4 SD) cytokine level (og mI=") in cervical tissue homogenate of six mice in each group in three independent experiments. By ANOVA, *P < 0.05;

P < 0.01; **P < 0.001. (B) Cluster analysis of inflammatory factors, each value representing the sample mean of each group.

Helper T cells play a vital role in the immune response
that follows vaccination against a particular pathogen. They
can be divided into two subsets, Thl and Th2, which govern
different aspect of the IgG response, namely IgG2a and IgGl
production, respectively (38, 39). After mice were immunized
with recombinant GrpE protein with the presence of FCA, it
showed high titers of serum anti-GrpE total antibody IgG, IgGl,
IgG2a, and IgG3. Here, our results showed that the recombinant
GrpE protein mainly induces Th1 response of higher IgG2a and
IgG3 antibodies level, and is as easy to detect as IgG1 antibodies
(Figure 2B).

These results suggest that recombinant GrpE protein can
produce a humoral immune response that should prevent
microbial attachment to tissue surfaces. Thl and Th2 immune
responses can be distinguished according to the type of cytokine
secreted. While activated Th1 cells are responsible for secretion
of IFN-y and TNF-q, activated Th2 cells secrete IL-4 and IL-10

(40, 41). In the spleen cells of mice immunized with recombinant
GrpE, IFN-y and TNF-a levels increased significantly, but
IL-4 and IL-10 levels did not differ from those of controls
(Figure 3), indicating that GrpE antigen was rapidly recognized
by the host immune system and may trigger a Thl1-dominated
immune response.

FCA is one of the most effective experimental adjuvants, that
containing heat-killed and dried Mycobacterium tuberculosis and
mineral oil, which was widely used to boost the immune response
to a foreign antigen. The FCA can induce activation of the
immune system non-specifically and entrap antigens in a water-
in-oil emulsion, which can localizes antigens for release slowly,
providing the chance to encounter antigen-presenting cells (42—
45). Our results show the levels of antibodies and TNF-a and
IFN-y produced in the FA group were slightly higher than those
of the PBS group, but there was no difference compared with the
PBS group. The FA group may induce a very weak non-specific
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FIGURE 7 | Pathological lesions of mouse cervical tissue after U. urealyticum challenge. Cervical tissue of PBS (A,B,F,G,K,L), FA (C,H,M), control (E,J,0), or GrpE-
immunized (D,l,N) mice was sectioned and stained with H&E on day 7, 14, and 21 after challenge with U. urealyticum. Arrows indicate inflammatory cells.
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FIGURE 8 | U. urealyticum load and pathological changes in lung tissue assessed by S-P immunohistochemistry. Cervical tissue of PBS (A,E), FA (B,F), and (C,G)
GrpE-immunized mice was sectioned and stained with S-P immunohistochemistry 21 days after infection with U. urealyticum and the control group (D,H) was
uninfected with U. urealyticum. The UltraSensitive™ SP (mouse) IHC kit, with a mouse anti-U. urealyticum first antibody (Provided by Pathogenic biology Institute,
University of South China, Hunan, China) was used to detect U. urealyticum inclusion. Areas stained brown (red arrows) in the nuclei of cervical tissue cells contain a
U. urealyticum inclusion.

Thl type response, but after the U. urealyticum challenge, the  the infection or reduced pathological changes of the infected
FA group’s and the PBS group’s cervical tissue U. urealyticumm  site. FCA are known to enhance the immunogenicity of the
load situation and degree of pathological changes in cervical — immunogen, play an immune regulation role, and increase the
tissue were similar (see Figures 7, 8), indicating that this weak  immune effect of the antigen, which can modulate immune cells
non-specific Thl-type response did not against U. urealyticurn ~ and enhance humoral and cellular immune responses in the
infection and cannot protect the body from U. urealyticum  host (22, 46, 47). So we conclude that the GrpE protein in the
colonization. Our results also show GrpE vaccination in the  presence of FCA may induce protective Thl immune response
presence of FCA could induce readily detectable Thl responses;  in mice and be considered as an effective vaccine against U.
however, there wasn’t increased inflammation in response to  urealyticum infection.
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Based on these results, we evaluated the protective effect of
GrpE immunization against the U. urealyticum strain. A previous
study used BALB/c mice to study U. urealyticum serotype 8
infection (48) and showed that estradiol treatment is necessary
for the successful establishment of a U. urealyticum infection
model (28, 48). In the present study, the rate of U. urealyticum
infection was up to 100% in PBS and FA groups, while the rate of
solid culture of U. urealyticum from cervical secretions decreased
after 14 days, which might reflect clearance of the pathogen
(49). In addition, immunization with GrpE significantly reduced
the U. urealyticum load and the extent of inflammation in the
cervical tissue of infected mice. The relative decrease in U.
urealyticum DNA concentration in the cervix in immunized
animals was particularly significant. Nevertheless, despite the
apparent clearance of U. urealyticum by 14 days post-inoculation,
there were persistent abnormalities of the cervical epithelium and
chronic inflammation from 14 to 21 days post-inoculation. Taken
together, however, the results demonstrate that GrpE may be a
promising vaccine candidate against U. urealyticum.

In vitro and in vivo experiments and clinical trials have shown
that IFN-y and TNF-«a play a vital role in the elimination of U.
urealyticum (50, 51), and the colonization of the cervix by U.
urealyticum is associated with an increase in the concentrations
of some pro-inflammatory or inflammatory factors, that is, IL-
6, TNF-q, IL-1B, IL-10, IL-1a, IL-17a, MCP-1, and IFN-y (38,
49, 52). TNF-a, which is the earliest-secreted cytokine in the
inflammatory response, is mainly derived from mononuclear
macrophages; it induces chemokine production, promotes
the expression of adhesion molecules in epithelial cells and
lymphocytes, and recruits inflammatory cells to the inflammation
region (53). When inflammation occurs in the body, IFN-y
secreted by CD4™" - and CD8* -positive cells immediately recruits
immune cells to the infected site to clear the pathogen and to
prevent it aggravating lesions and spreading (54). In this paper,
we show that high levels of IFN-y and TNF-a were produced
in mice after immunization with GrpE, but the expression
level at inflammatory sites was significantly decreased after U.
urealyticum infection, demonstrating that IFN-y and TNF-a can
stimulate macrophages to increase their bactericidal activity and
to limit the multiplication and spread of U. urealyticum (55, 56);
TNF-a can also delay any related pathogenesis (57).

There were some limitations in our study. Thus, our sample
size was rather small, which means that the statistical data may
not be generally representative. At the very least, however, this
study can guide future experiments in setting an adequate sample
size. Our findings may have limited relevance to clinical disease
in humans, since animal models do not precisely replicate the
conditions in humans. U. urealyticum infection may change from
an initial acute phase to a persistent, chronic form. Previously
reported (48) that U. urealyticum can colonize the vagina for 163
days. During this period, the immunity of the body is low, or
the microbial environment in the body changes, if the bacterial
load in the lower reproductive tract is not completely cleared
after the initial infection, the persistence of U. urealyticum in
the organs will be a negative factor, and it is likely to infect the
upper reproductive tract, liver, kidney, spleen, lung, intestine, and
even brain, leading to serious inflammatory damage. The time

interval (3 days) between U. urealyticum infection in mice and
the first sampling point was rather long, and the lack of an earlier
time point made it difficult to elucidate the temporal progress
of the body’s inflammatory responses as the microorganisms
spread into the uterus and upper genital tract. Therefore, further
research is needed to solve these problems.

Hartley et al. (58) questioned the protective efficacy of HSPs
against microbial infection. These authors observed that the
protective effect of HSP60 immunization against Francisella
tularensis, the causative agent of tularemia, was due to the
presence of contaminating lipopolysaccharide (LPS) in HSP60
preparations. In our study, the recombinant GrpE protein
derived from U. wrealyticum was cloned and expressed in
a heterogenic host (E. coli BL21) and then purified by Ni-
NTA affinity chromatography. It is therefore possible that
the recombinant protein may contain a certain amount of
LPS from E. coli cell walls, but since U. urealyticum itself
has no cell wall, this is unlikely to be responsible for
the protection given by GrpE immunization. Therefore, we
conclude that the preliminarily protective effects observed in
this study can be attributed to the recombinant GrpE protein of
U. urealyticum.

CONCLUSION

GrpE is recognized by the immune system at an early phase of
infection and has the ability to induce an antigen-specific Thl-
biased response, conferring protective immunity and imparting
significant protection against U. urealyticum in a mouse model.
This response inhibits the pathogenesis of reproductive tract
U. urealyticum challenges by decreasing the burden of the
pathogen and eliminating it from the host. IFN-y- and TNF-
a-producing CD4™" Thl cells may be crucial for this protective
immune response. These results preliminarily indicate that
GrpE is a potential antigen target for the development of
future multi-antigenic vaccines against U. wurealyticum and
provide novel and important information on U. urealyticum
pathogenic mechanisms.
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