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Introduction: Bacterial vaginosis (BV) is a common gynecological disease characterized by an abnormal increase in vaginal
secretions, odor and itching. The pathogenesis of BV is not fully understood, but it is believed that the disruption of the mucosal
immune system plays a key role. We investigated the role of IL-33 in preventing BV and explored the mechanism by which IL-33
regulates intravaginal IgA.

Methods: Protein levels of IL-33 and IgA, and the pH value of vaginal secretions in healthy donors and patients with BV (14 vs 14)
were determined by ELISA. G. vaginalis-induced bacterial vaginosis mouse model was established using wild-type (WT) and 1L-33
knockout (KO) mice. Protein levels of IL-33, IgA and TGF-f, the pH value of vaginal secretions, and Gram-staining were measured
in vivo and in vitro to investigate the role of IL-33 in BV progression.

Results: 1L-33 and IgA were significantly decreased in vaginal secretions of patients with BV. IL-33 deficiency aggravated BV
induced by G. vaginalis in a mouse model, while IL-33 supplementation prevented it. IL-33 modulated intravaginal IgA expression
through the TGF-§ signaling pathway in B cells.

Conclusion: 1L-33 prevents G. vaginalis-induced BV by modulating intravaginal IgA expression through the TGF-B signaling
pathway in B cells.
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Introduction
Bacterial vaginosis (BV) is a common gynecological disease characterized by an abnormal increase in vaginal secretions, odor
and itching."> The general population prevalence of BV is high globally, although it varies significantly across regions and
population.® Vaginal secretions are usually grayish-white or yellow-green, thin in texture, and sometimes accompanied by
foamy or cheesy secretions. The odor is usually fishy or putrid, especially after sexual intercourse.* Itching and a burning
sensation are also common symptoms of BV.” The etiology of BV is complex, and mainly involves vaginal microecological
imbalance, sexual behavior, hormonal level changes, immune system decline and other factors.®’

BV is polymicrobial, involving a mix of bacteria. The most commonly associated pathogens include Gardnerella vaginalis
(G. vaginalis) (most commonly implicated), Afopobium vaginae, etc. G. vaginalis, often considered the primary initiator of the
microbial shift, is present in over 90% of BV cases. If left untreated, bacterial vaginosis—particularly when associated with
G. vaginalis—can lead to several complications, including obstetric complications, gynecologic and surgical complications,
increased susceptibility to sexually transmitted infections, and recurrence and antibiotic resistance.>® Vaginal microecological
imbalance is one of the main causes of bacterial vaginosis. Under normal circumstances, there are many beneficial bacteria
such as lactobacilli in the vagina, which can inhibit the growth of other pathogenic microorganisms.” However, when certain
factors (such as the use of antibiotics, changes in hormonal levels,'® sexual activity, etc). affect the number and types of
beneficial bacteria, it can lead to an imbalance of vaginal flora and thus cause BV.>'" Immune system decline is also an
important cause of BV. When the body’s immune system declines, its resistance to bacteria decreases, making it easier for
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pathogenic bacteria to grow in the vagina and cause vaginitis.
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IL-33 and IgA are two molecules that have received much attention in recent years in the study of BV. IL-33 is a pro-
inflammatory factor that can regulate the body’s immune response, while IgA is an immunoglobulin that is mainly present on
mucosal surfaces and has important immune defense functions.'* '® Studies have shown that the functions of IL-33 and IgA
are different in BV. The expression of I1L-33 is significantly reduced in patients with BV, and it participates in the occurrence
and development of BV.'” The level of IgA is usually high in the vagina of healthy women and can play a role in resisting
invasion by pathogenic microorganisms. However, in patients with bacterial vaginosis, the level of IgA is usually decreased,
which may be related to the imbalance of vaginal microecology and immune suppression.'®'? In addition, some studies have
found that increasing the level of IgA can improve the symptoms of BV and prevent recurrence.'?

However, the regulatory relationship between IL-33 and IgA in the context of BV remains poorly understood. This
gap limits our ability to develop targeted immunotherapies for prevention and treatment. Therefore, this study aims to
investigate the mechanistic role of IL-33 in modulating IgA production through TGF-f signaling during BV progression.
We hypothesize that IL-33 exerts a protective effect in BV by enhancing TGF-B-mediated IgA production, thereby
restoring mucosal immunity and contributing to the resolution of infection.

Materials And Methods

Patient Cohort

We recruited premenopausal women aged 18 to 55 years who gave written informed consent to participate in the study
(14 women in each group). At the screening visit, we collected participants’ medical history and performed physical and
pelvic examinations. We also obtained a vaginal swab from women who met at least three of the four Amsel criteria for
BV: thin, white, or yellow, homogeneous discharge; clue cells >20% on microscopic examination; vaginal pH >4.5; and
fishy odor after adding 10% potassium hydroxide to a vaginal specimen. We used Gram staining to determine the Nugent
score for BV (0 to 3: normal; 4 to 6: intermediate; 7 to 10: positive). We tested blood samples for HIV and syphilis,
vaginal swabs for gonorrhea, chlamydia, and trichomonas infections, and urine samples for beta human chorionic
gonadotropin and urinary tract infection. Participants were excluded if they: 1) Did not meet at least three of the four
Amsel criteria for BV. 2) Had a Nugent score <7, indicating either a normal or intermediate vaginal flora. 3) Tested
positive for other infections: HIV, syphilis, gonorrhea, chlamydia, trichomonas, urinary tract infection. 4) Were pregnant,
as indicated by urine beta-hCG testing. Detection of G. vaginalis was inferred via Amsel and Nugent scores, and further
direct method by culture. The study was approved by the Changchun University of Chinese Medicine Affiliated Hospital
(#2023-CC-254), and this study was performed in accordance with the Declaration of Helsinki, Ethical Principles for
Medical Research Involving Human Subjects.

Mice

We obtained wild-type (WT) mice on a C57BL/6 background and IL-33 knockout (KO) mice on an FVB/N background from
GemPharmatech (Nanjing, China). The IL-33 KO mice were generated by microinjecting FVB/N zygotes with a targeting
vector, and IL-33 allele was disrupted by homologous recombination. We confirmed the genotypes of the mice by PCR using
the following primers: 1133 (primerl: CAGCCTCAGATTTCTCTGTGC-3, primer2: TCAGGTTTCTGTGGGATTGA, pri-
mer3: TGTCAACAATGATGCACTGG). All mice were 8 weeks old and housed at 22 °C and 50% humidity with a 12/12 h
light/dark cycle (07:00-19:00) and given ad libitum access to a standard rodent chow diet and water. All studies were followed
the protocols approved by the Institutional Animal Care and Use Committee of Changchun University of Chinese Medicine
Affiliated Hospital (#2023/06/22-6). Gardnerella vaginalis ATCC 14018 (G. vaginalis) was cultured on Columbia Blood
Agar Base Medium under anaerobic conditions in sealed jars at 37 °C for 36 h. We harvested the cultured GV and resuspended
it in PBS to a density of 3x10° CFU mL™". To induce BV in mice, we inoculated the vaginas of female mice with 3x10°
CFU mL ' of GV for 8 days according to the published methods.? In particularly, the mice received intraperitoneal injections
of 0.5 mg B-estradiol dissolved in 100 pL of filter-sterilized sesame oil, administered both three days before and on the day of
bacterial inoculation. All outcome measurements (pH, cytokine, and immunoglobulin levels) were performed at Day 8 post-
infection to evaluate chronic BV pathology.
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Sample Collection and Processing
For human samples, vaginal secretions were collected from the participants using sterile cotton swabs. The swabs were
inserted into the vaginal canal and gently rotated against the vaginal wall to absorb secretions. The collected swabs were
immediately placed into sterile collection tubes containing 1 mL of sterile phosphate-buffered saline (PBS, pH 7.4),
vortexed briefly, and centrifuged at 500 % g for 5 minutes at 4°C to pellet debris. The supernatants were then aliquoted
and stored at —80°C until analysis.

For mouse models, vaginal secretions were obtained by flushing the vaginal cavity with 50 uL of sterile PBS using
a pipette tip. The lavage fluid was collected into sterile microcentrifuge tubes, briefly centrifuged at 500 x g for 5 minutes
at 4°C to remove debris, and the supernatants were stored at —80°C until further use.

pH Measurement

The pH of vaginal secretions was measured immediately after collection to minimize alterations due to environmental
exposure. A micro-pH electrode (Thermo Fisher Scientific) was calibrated using standard pH buffers (pH 4.0, 7.0, and 10.0)
prior to each measurement session. For each sample, approximately 50-100 pL of vaginal secretion (or supernatant) was
placed in a sterile microtube or well of a 96-well plate, and the pH was measured by gently inserting the probe into the
sample. Care was taken to avoid contamination between samples by rinsing the electrode with distilled water and blotting
dry with lint-free tissue between measurements. All measurements were performed in triplicate, and the average value was

used for statistical analysis.

Gram Stain Methodology
Vaginal smears were air-dried, fixed with methanol, and stained using a standard Gram-staining kit (Sigma-Aldrich).

Slides were imaged under a 100% oil-immersion objective (Nikon Eclipse Ci-L).

Reverse Transcription-Quantitative Polymerase Chain Reaction (RT-qPCR)

Tissue samples were homogenized using TissueLyzer LT (Qiagen, Hilden, Germany). Total RNA from tissue samples
was extracted using QIAzol reagent (Qiagen, Hilden, Germany) and purified with RNA spin columns (Invitrogen,
Waltham, USA). Complementary DNA (cDNA) synthesis was carried out with a High-Capacity cDNA Reverse
Transcription kit (Thermo Fisher Scientific, Waltham, USA). The resultant cDNA was analyzed by RT-qPCR using the
iCycler Sequence Detection System (Bio-Rad, Hercules, USA) and iTaq Universal SYBR Green Supermix (Bio-Rad,
Hercules, USA). Relative mRNA levels were calculated by the AACt method and normalized to Actb mRNA.

ELISA Assay

We measured the levels of IL-33 and IgA in vaginal swab samples using ELISA kits. We resuspended the samples in 1 mL
of PBS and assayed them with human IL-33 (BMS2048, Invitrogen), human IgA (BMS2096, Invitrogen), mouse 1L-33
(88-7333-88, Invitrogen), and mouse IgA (EMIGA, Invitrogen) kits, following the manufacturers’ instructions for each kit.

Flow Cytometry

Single-cell suspensions from vaginal swabs were prepared by vortexing swabs in 1 mL PBS followed by centrifugation
(300 x g, 5 min). To dissociate epithelial cells and mucus, samples were treated with 1 mg/mL collagenase D (Roche)
and 0.1 mg/mL DNase I (Sigma) for 20 min at 37°C. Cells were filtered through a 70-um strainer, washed, and stained
with fluorescently labeled antibodies against IgA (C10-3, BD Biosciences) and CD19 (1D3; eBioscience). For analysis,
10,000 live cells (identified by forward/side scatter and 7-AAD exclusion) were acquired per sample using a BD
FACSLyric system (Becton, Dickinson and Company, Franklin Lakes), as described previously.”' The average cell
yield from vaginal swabs was 2.5 x 10* + 0.8 x 10* cells per mouse (mean = SD). IgA+CD19+ B cells accounted for
8.5% + 1.8% of total live cells in wild-type mice and 4.6% + 0.8% in IL-33 KO mice.
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Statistical Analysis

The required sample size was determined using PS software (power and sample size collection version 3.0.12). The
estimated sample size was 14 for each group. Statistics were performed by Prism software (version 8.3.0). Data were
shown as mean + SD. An unpaired ¢ test (two-tailed) was used for the comparisons between two groups. One- or two-way
ANOVA with appropriate post hoc tests were used for multiple comparisons. Significance level was set when p-values
were less than 0.05.

Results
IL-33 and IgA are Decreased in Vaginal Secretions of Patients with BV

To evaluate the correlation between the expression levels of mucosal immune-related factors IL-33 and IgA and the onset
of BV, we first collected vaginal secretions from 14 healthy volunteers and BV patients. We found that the pH level of
vaginal secretions from BV patients (5.3+£0.52) was significantly higher than control (4.09+0.32), which was consistent
with other previous studies.”> The protein levels of IL-33 (control: 4.19+0.58 ng/mL; BV: 1.45+0.39 ng/mL) and IgA
(control: 535.9+£125.0 pg/mL; BV: 219.3+£79.4 pg/mL) in vaginal secretions from BV patients were significantly reduced
(Table 1), suggesting that these two factors were associated with the pathogenesis of BV.

IL-33 and IgA are Decreased in G. Vaginalis-Induced Bacterial Vaginosis Mouse Model
In the mouse model of BV induced by G. vaginalis, we first used Gram staining of vaginal smears to confirm that the
abundance of Gram-negative bacteria increased significantly after G. vaginalis colonization compared with the untreated
group (Figure 1A). The CFU of bacteria reached a peak in the first two days after colonization (Figure 1B). Consistent
with clinical patients, the pH level of vaginal secretions from BV mice induced by G. vaginalis was significantly higher
than mock control (Figure 1C; mock: 4.10+0.43; G. vaginalis: 5.04+0.25). The protein levels of 1L-33 (mock: 7.80+1.30
ng/mL; G. vaginalis: 2.00£0.34 ng/mL) and IgA (mock: 721.0+193.8 pg/mL; G. vaginalis: 331.0+44.3 pg/mL) in vaginal
secretions from BV mice induced by G. vaginalis were significantly reduced (Figure 1D and E).

IL-33 Prevents the Symptoms of G. Vaginalis-Induced BV

To further explore the role of IL-33 in BV progression, we established the G. vaginalis-induced BV model using 1L-33
KO mice. In the mouse model of BV induced by G. vaginalis, we found that I1L-33 deficiency promoted the abundance of
Gram-negative bacteria (IL-33"*: 2.100£0.400 ng/mL; IL-33""": 0.005+0.011 ng/mL) (Figure 2A and B), pH value (IL-
33%*: 4.91+0.34; IL-337"": 5.25+0.38) (Figure 2C), G. vaginalis content (Figure 2D). IL-33 deficiency significantly
reduced IgA levels (p<0.01) (Figure 2E), indicating I1L-33’s essential role in maintaining mucosal IgA.

IL-33 Enhances the Induction of IgA Through Promoting TGF-3 Expression

To investigate the regulatory role of IL-33 on IgA, we compared the expression level of IgA in B cells in the vagina of WT and
IL-33 KO mice. FACS results showed that IL-33 deficiency significantly decreased the proportion of IgA-positive B cells (IL-
33%": 8.50+1.83%; IL-33 7 4.59+£0.79%) (Figure 3A and B). Meanwhile, qPCR detection showed that the level of a-GLT
and AID mRNA was also significantly reduced in intravaginal B cells isolated from G. vaginalis-exposed 1L-33 KO mice

Table | Key Parameters Between the Two Cohorts. Data are Presented as
Mean + SD. Statistics Were Conducted Using Unpaired t Test. ***p < 0.005

Parameter Healthy Controls BV Patients p-value
(n=14) (n=14)

Age (years, mean * SD) 325+6.2 341 £58 0.43

Vaginal pH 4.1 £03 53+05 <0.001

Nugent Score 12 £09 86+ 14 <0.001

IL-33 (ng/mL) 42+ 06 1.5 +04 <0.001

IgA (pg/mL) 536 + 125 219+ 79 <0.001

8008 https: Journal of Inflammation Research 2025:18



Zhou et al

A Mock B

_C
(72} 107

« @ g
o o
3 510°
£ 104

G. vaginalis =
X S 103
Fyo -}
: c 10— J A
2 0 2 4 6 8 Q® Q\&
3 Days post infection Co-@
D E
15 **k% 1500 *%
’—é\ — — or_l
10 £ 1000
= ()]
- >
® 5 S 500
0 0
X \\% & NS
N NN
& &
O o

Figure | G. vaginalis-induced bacterial vaginosis model also exhibits a decrease in IL-33 and IgA. (A) Gram-stained smears of vaginal fluid collected at 2 days post-infection.
(B) Time course of mean vaginal G. vagindlis titers during infection. (C) The PH value of vaginal secretions of mice infected with BV. (D and E) The protein levels of IL-33 and
IgA in vaginal secretions of mice infected with BV were evaluated by ELISA assay. Data are presented as mean * SD. Statistics were conducted using unpaired t test. *p <

0.01, **p < 0.005.
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Figure 2 IL-33 prevents the symptoms of G. vaginalis-induced bacterial vaginosis. (A) Gram-stained smears of vaginal fluid collected from WT and IL-33 KO mice at 2 days
post-infection of G. vaginalis. (B) The protein levels of IL-33 in vaginal secretions of WTand IL-33 KO mice infected with BV were evaluated by ELISA assay. (C) The PH value
of vaginal secretions of WT and IL-33 KO mice infected with BV. (D) Time course of mean vaginal G. vaginalis titers in WT and IL-33 KO mice during infection. (E) The
protein levels of IgA in vaginal secretions of WT and IL-33 KO mice infected with BV were evaluated by ELISA assay. Data are presented as mean * SD. Statistics were
conducted using two-way ANOVA analysis with a Bonferroni post hoc test for the panel C, or unpaired t test for others. *p < 0.01, **p < 0.005.

compared to that in WT mice (Figure 3C). Because TGF-f is a key cytokine for inducing IgA,23 we compared the protein level
of TGF-B in the mouse vagina and found that IL-33 deficiency significantly reduced TGF-p level (IL-33"": 346.2+61.7
pg/mL; IL-337": 132.8447.0 pg/mL) (Figure 3D). In vitro, recombinant IL-33 could significantly stimulate TGF-B production
upon LPS treatment (Figure 3E). Moreover, flow cytometry analysis showed that supplementing TGF-B in IL-33 knockout
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Figure 3 IL-33 enhances the induction of IgA via promoting TGF-b expression. (A and B) Frequency of IgA+ B cells that infiltrate in vagina of G. vaginalis-exposed WT and
IL-33 KO mice, assessed by flow cytometry, and quantification of the left results. (C) Quantitative PCR analysis of a-GLT and AID mRNA in intravaginal B cells isolated from
G. vaginalis-exposed WTand IL-33 KO mice. (D) The protein levels of TGF-b in vaginal secretions of WTand IL-33 KO mice infected with BV were evaluated by ELISA assay.
(E) ELISA of TGF-b in the supernatant of BMDMs stimulated with LPS plus different doses of IL-33. (F and G) Frequency of IgA+ B cells that infiltrate in vagina of G. vaginalis-
exposed WT and IL-33 KO mice which Intravaginal administration of recombinant TGF-b (10 pg/kg), assessed by flow cytometry, and quantification of the left results. Data

are presented as mean * SD. Statistics were conducted using one-way ANOVA analysis with a Tukey post hoc test for the panel E, or unpaired t test for others. *p < 0.05,
sk
p < 0.01.

mice could eliminate the difference between them and WT mice (Figure 3F and G). These results suggested that IL-33 had
a significant regulatory role on TGF-B-induced IgA production by B cells.

Discussion

BV is a common vaginal disorder characterized by an imbalance of the vaginal microbiota, which can increase the risk of
various reproductive and sexual health problems.” The pathogenesis of BV is not fully understood, but it is believed that
the disruption of the mucosal immune system plays a key role.* *® In this study, we investigated the role of IL-33,
a cytokine involved in mucosal immunity and inflammation,” in preventing BV induced by G. vaginalis, a major
causative agent of BV.>® We also explored the mechanism by which IL-33 regulates intravaginal IgA, an antibody that
can protect against bacterial infection.”” Here, we demonstrated that IL-33 deficiency aggravated BV induced by
G. vaginalis in a mouse model, while IL-33 supplementation prevented it. We also found that IL-33 modulated
intravaginal IgA expression through TGF-f signaling pathway in B cells. These results answered our research question
on how IL-33 affects BV and its underlying mechanism.

Using G. vaginalis to construct a BV model in mice is based on its significant role in human BV. First, it is because of
the pathogenic relevance in BV. G. vaginalis is one of the primary bacteria associated with human BV and is often
detected at high levels in affected individuals.*>>" It is involved in disrupting the vaginal microbiota, reducing beneficial
Lactobacillus populations, and creating a dysbiotic environment that mimics BV conditions.***' Second, it could induce
key BV features. G. vaginalis produces biofilms on the vaginal epithelium, which are characteristic of BV and provide
a niche for other anaerobic bacteria. It releases virulence factors, such as hemolysins and cytotoxins, that can damage
host tissues and contribute to inflammation.>**' Using G. vaginalis can replicate several hallmark features of BV, such as
vaginal dysbiosis, immune response alterations, etc. Third, G. vaginalis is relatively easy to culture and administer to
mice, making it feasible for constructing reproducible experimental BV models.

G. vaginalis elicits both local and systemic effects. It stimulates epithelial cells to produce pro-inflammatory
cytokines such as IL-1B, IL-6, and IL-8, which recruit neutrophils and other immune cells to the infection site.*> On
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a molecular level, G. vaginalis has been shown to activate Toll-like receptor 2, leading to NF-kB activation and a cascade
of inflammatory responses.’> These immune interactions contribute to the pathogenesis of BV by enhancing microbial
colonization, tissue disruption, and creating an environment conducive to secondary infections and complications such as
increased susceptibility to STIs and adverse pregnancy outcomes.>*

Our findings are consistent with previous studies that showed that IL-33 is involved in mucosal immunity and
inflammation in various tissues.>”*> IL-33 has been reported to regulate IgA production by B cells in the gut and the
lung, as well as to enhance TGF-B signaling in macrophages.>®*>® Our study extended these findings to the vagina and
showed that IL-33 plays a protective role against BV by modulating intravaginal IgA expression through TGF-f signaling
pathway in B cells. Moreover, our findings have important implications for the understanding and treatment of BV. BV is
a complex condition that involves multiple factors, such as vaginal microbiota, host immunity, hormones, and sexual
behavior.? Our study revealed a novel mechanism by which mucosal immunity protects against bacterial infection and
inflammation in the vagina. IL-33 may be used as a biomarker for diagnosing BV or assessing its severity.

The treatment strategies for BV, both traditional and emerging, aim to restore the vaginal microbiome and alleviate
symptoms. The traditional therapies include the use of antibiotics, metronidazole, clindamycin and boric acid.® Despite
their effectiveness, antibiotic treatments for BV are limited by high recurrence rates, potential side effects, and the risk of
antimicrobial resistance. To counter the high recurrence rates of BV, probiotics (specifically Lactobacillus species) are
increasingly being explored as adjunctive or preventive treatments. Immunotherapy for BV is a newer, innovative
approach that targets the immune system’s role in the pathogenesis of BV.'? Since BV is not only a microbial imbalance
but also involves immune dysregulation, immunotherapeutic strategies aim to modulate host responses to restore balance.
For example, cytokine modulation is the focus of immunotherapy. BV is often associated with an inflammatory response,
particularly an increase in pro-inflammatory cytokines like TNF-o and IL-1B.>° Immunotherapies that target these
cytokines or their signaling pathways could potentially reduce the inflammation and promote the recovery of a healthy
microbiota. For example, topical or systemic administration of anti-inflammatory agents might be used to suppress the
inflammatory environment that allows pathogenic bacteria to thrive. Traditional therapies for BV, particularly antibiotics,
remain the most widely used treatment options but face challenges related to recurrence and antimicrobial resistance.
Probiotics have emerged as a promising adjunct to antibiotic therapy, helping to restore the vaginal microbiome. In
contrast, immunotherapy offers an exciting, albeit still experimental, avenue for more targeted treatment. By modulating
the immune response or developing vaccines and immune-based therapies, immunotherapy could potentially provide
a more sustainable, long-term solution to BV, reducing recurrence and improving patient outcomes. However, more
research is needed to establish the safety, efficacy, and practical applications of these newer treatments.

However, our study also has some limitations that should be acknowledged. First, we used a mouse model of BV
induced by G. vaginalis, which may not fully reflect the complexity and diversity of human BV. Human BV is usually
caused by a polymicrobial community that includes various anaerobes, such as Prevotella, Atopobium, and Sneathia.*
Therefore, further studies are needed to confirm our findings in human samples and with other BV-associated bacteria.
Second, we focused on the role of IL-33 in regulating intravaginal IgA expression through TGF-p signaling pathway in
B cells, but we did not explore other possible mechanisms or pathways that may be involved in IL-33-mediated
protection against BV. Therefore, future research should investigate the role of IL-33 in regulating other aspects of
mucosal immunity and inflammation in the vagina.

Conclusion

Our study demonstrated that IL-33 prevents BV induced by G. vaginalis by modulating intravaginal IgA expression
through TGF-B signaling pathway in B cells. This reveals a novel mechanism by which mucosal immunity protects
against bacterial infection and inflammation in the vagina. Further research is warranted to explore its potential relevance
in future therapeutic strategies.

Data Sharing Statement

The raw data could be obtained upon reasonable request to the corresponding author.
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