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RESEARCH ARTICLE

Intranasal delivery of Salmonella OMVs decorated with Chlamydia trachomatis 
antigens induces specific local and systemic immune responses
Dung T. Huynha,b*, Emanuele Nolfic*, Lobna Medfaic, Peter van Ulsenb, Wouter S. P. Jonga, Alice J. A. M. Sijtsc, 
and Joen Luirinka,b

aR&D department, Abera Bioscience AB, Uppsala, Sweden; bGroup of Molecular Microbiology, Amsterdam Institute for Life and Environment (A-LIFE), 
Vrije Universiteit Amsterdam, Amsterdam, The Netherlands; cDepartment of Infectious Diseases and Immunology, Faculty of Veterinary Medicine, 
Utrecht University, Utrecht, The Netherlands

ABSTRACT
Chlamydia trachomatis is an obligate intracellular pathogen responsible for the most prevalent bacterial 
sexually transmitted disease globally. The high prevalence of chlamydial infections underscores the 
urgent need for licensed and effective vaccines to prevent transmission in populations. Bacterial outer 
membrane vesicles (OMVs) have emerged as promising mucosal vaccine carriers due to their inherent 
adjuvant properties and the ability to display heterologous antigens. In this proof-of-concept study, we 
evaluated the immunogenicity of Salmonella OMVs decorated with C. trachomatis MOMP-derived 
CTH522 or HtrA antigens in mice. Following a prime-boost intranasal vaccination approach, two OMV- 
based C. trachomatis vaccines elicited significant humoral responses specific to the antigens in both 
systemic and vaginal compartments. Furthermore, we demonstrated strong antigen-specific IFN-γ and 
IL17a responses in splenocytes and cervical lymph node cells of vaccinated mice, indicating CD4+ Th1 and 
Th17 biased immune responses. Notably, the OMV-CTH522 vaccine also induced the production of 
spleen-derived CD8+ T cells expressing IFN-γ. In conclusion, these results highlight the potential of OMV- 
based C. trachomatis vaccines for successful use in future challenge studies and demonstrate the 
suitability of our modular OMV platform for intranasal vaccine applications.
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Introduction

Chlamydia trachomatis is the most prevalent sexually trans
mitted bacterium worldwide, with an estimated global preva
lence of ~4%.1 It can cause cervicitis and urethritis and, in the 
long term, chronic abdominal pain and infertility. However, 
C. trachomatis infections often remain asymptomatic, making 
intervention strategies challenging in addressing transmission 
in populations.2 C. trachomatis has a complex lifecycle that 
involves switching between infectious elementary bodies (EBs) 
and replicating reticulate bodies (RBs). The metabolically inac
tive EBs convert into RBs upon endocytosis, allowing replica
tion and differentiation within host cells. Eventually, the 
mature EBs are released and can infect neighboring cells.3 

Under stressful conditions such as exposure to IFN-γ, anti
biotics, or nutrient deprivation, C. trachomatis can enter 
a persistence phase that enables its survival in the harsh intra
cellular environment.4 Current treatment for Chlamydia pri
marily relies on antibiotics, but the partly intracellular lifestyle 
and its ability to enter a persistence phase have spurred wide
spread efforts to develop a broadly protective vaccine.5

The specific immune responses that provide protection 
against C. trachomatis through vaccination are not well- 

defined. Nonetheless, numerous (pre)clinical studies on 
whole-cell-based or recombinant subunit vaccines for chlamy
dia have emphasized the significance of neutralizing antibodies 
and CD4+ Th1 cells producing IFN-γ.6 It is important to note 
that C. trachomatis is a pathogen that primarily resides in the 
mucosa of the upper and lower genital tract, evading host 
defenses.7 Mucosal administration routes for chlamydial vac
cines have demonstrated the ability to generate local immunity 
capable of preventing both transmission and disease.5 

Intranasal administration is considered highly desirable due 
to its ease of use and ability to trigger systemic and local 
immune responses.8 However, the development of intranasal 
vaccines has faced challenges owing to the lack of suitable and 
safe adjuvants and the complex assessment of mucosal 
immune responses that contribute to protection, particularly 
at distant sites.8,9

Recently, bacterial outer membrane vesicles (OMVs) have 
emerged as an immunostimulatory carrier for intranasal 
delivery.10–12 OMVs are nanoparticles that naturally shed 
from the outer membrane of Gram-negative bacteria. They 
contain pathogen-associated molecular patterns which can 
bind to Toll-like receptors present on host cells, consequently 
activating innate and adaptive immune responses.13,14 
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Previously, we engineered the “display” E. coli hemoglobin 
protease (HbpD) autotransporter to present multiple hetero
logous antigens at the surface of LPS-detoxified Salmonella 
Typhimurium OMVs.15,16 In essence, domains that protrude 
from the core β-helix structure of HbpD were replaced by 
antigenic sequences through translational fusion. In previous 
proof-of-concept studies, we have shown that epitopes of the 
model antigen ovalbumin (OVA) presented in this context, 
induced maturation of professional dendritic cells (DCs) 
allowing for a tailored induction of immunity.17 

Furthermore, intranasal immunization with recombinant 
OMVs decorated with fragments of the Streptococcus pneumo
niae PspA antigen was shown to offer protection against 
colonization,16,18 while those displaying Skp antigens pro
tected mice against enterotoxigenic E. coli (ETEC) challenge 
in mice.19 Yet, this “display” technology in OMVs was not 
always compatible with the expression of large, structurally 
complex or post-translationally modified antigens.20 To 
address this issue, we now use the SpyTag/SpyCatcher (SpT/ 
SpC) protein ligation system to link separately expressed and 
purified antigens to HbpD at the OMV surface.21 This alter
native approach was recently used to couple the receptor- 
binding domain of the SARS-CoV-2 Spike protein, purified 
from human HEK cells, to OMV-HbpD, generating a nasal 
vaccine that was strongly immunogenic and protective against 
SARS-CoV-2 challenge in a golden hamster model.12

Here, we continue exploring the latter technology to pro
duce and test OMVs decorated with purified C. trachomatis 
antigens. Major outer membrane protein (MOMP)-derivative 
CTH52222 and a proteolytically inactive variant of HtrA were 
selected as antigens for the coupling strategy. MOMP accounts 
for ~60% of the total outer membrane mass and comprises 
serotype-specific extracellular variable domains (VDs) that 
contain confirmed B-cell epitopes and the core β-barrel with 
multiple T-cell epitopes.23,24 Recombinant CTH522 consists of 
a large part of mature MOMP (residues 34–259) and the VD4 
of four genital serovars (SvD-G) in tandem.22 This engineered 
CTH522 fusion protein induced strong vaccine-specific sys
temic and mucosal immune responses after parenteral priming 
(3×) followed by intranasal boosting (2×) in the first-in-human 
trial conducted recently.25 HtrA is a periplasmic serine pro
tease/chaperone that plays an important role in the quality 
control of cell envelope biogenesis in Gram-negative 
bacteria.26 Of note, C. trachomatis HtrA was also detected at 
the surface of EBs and RBs and secreted in the supernatant 
either as soluble protein or in OMVs and could even be 
detected in the cytosolic fraction of host cells.26–29 

Chlamydial HtrA expression is upregulated in the persistence 
phase and serves as a clinical marker for detection of 
infection.4,30,31 The endoprotease activity of HtrA can be inac
tivated by altering the active site serine (S) at residue 247 to 
alanine (A), generating a proteolytically inactive variant that is 
safe for vaccine applications.32

We tested the immunogenicity of recombinant Salmonella 
OMVs decorated with either CTH522 or HtrA upon intranasal 
application in mice. Both OMV-based C. trachomatis vaccines 
proved to be innocuous and strongly immunogenic. The vac
cines elicited robust responses from helper CD4+ Th1/Th17 
cells and induced significant humoral immune responses in 

both systemic and vaginal compartments. Importantly, the 
OMV-CTH522 vaccine also triggered a cytotoxic CD8+ T cell 
response. These findings suggest that both recombinant OMV- 
based C. trachomatis vaccines hold promise for future chal
lenge studies, either as stand-alone vaccines or in combination 
with prime-boost immunization strategies.

Materials and methods

Bacterial strains and growth

E. coli BL21(DE3)-derivative ClearColi (DE3)33 was used for 
protein expression. Cells were grown at 37°C in lysogeny broth 
(LB; 10 g/liter tryptone, 5 g/liter yeast extract, and 10 g/liter 
NaCl), supplemented with 1 mM MgCl2 and 0.2% glucose 
(w/v). Salmonella Typhimurium SL3261 ΔtolRA ΔmsbB 16 

was grown in TYMC (10 g/liter tryptone, 5 g/liter yeast extract, 
2 mM MgCl2, and 2 mM CaCl2) containing 0.2% glycerol 
(w/v) at 30°C. Antibiotics ampicillin (100 µg/ml), kanamycin 
(25 µg/ml) and chloramphenicol (30 μg/ml) were added to 
culture medium where appropriate.

Reagents and antisera

Plasmid DNA Miniprep kit was obtained from Thermo Fisher 
Scientific (Waltham, MA, USA). In-Fusion HD plus kit for 
seamless DNA cloning was purchased from Takara Bio 
(Mountain View, CA, USA), restriction enzymes were from 
New England Biolabs (Ipswich, MA, USA) and Coomassie 
Blue G250 was from BioRad (Hercules, California, USA). 
Unless stated otherwise, other reagents and chemicals used in 
this study were purchased from Sigma-Aldrich (Saint Louis, 
MO, USA).

Polyclonal rabbit antisera against C. trachomatis MOMP 
and HtrA were gifts from Frank Follmann (Statens Serum 
Institut, Copenhagen, Denmark) and Wilhelmina Huston 
(University of Technology Sydney, Australia), 
respectively.22,32 Anti-rabbit peroxidase IgG antibody gener
ated in goats was supplied by Rockland (Limerick, PA, USA).

Plasmid construction

Primers used for plasmid construction (Table S1) and the 
amino acid sequences of recombinant proteins are listed in 
the supplementary file. A plasmid encoding C. trachomatis 
SvD MOMP-derived CTH52222 with a C-terminal 
SpyTag00234 (CTH522-SpT2) under T7 promoter control 
was created by PCR. The construct also included a FLAG 
epitope for detection purpose. Initially, two E. coli codon- 
optimized synthetic DNA fragments were generated by 
Geneart (Thermo Fisher Scientific, MA, USA), respectively 
encoding CTH522 and FLAG-SpT2. Next, the fragments 
were fused and amplified by an overlap extension PCR proce
dure in which the two fragments were mixed with primers 1 
and 2. The PCR product was ligated into the NcoI/HindIII sites 
of pET28-SpT2-LivJ35 using In-Fusion cloning to yield pET28- 
CTH522-FLAG-SpT2.

Plasmid pET28-SpT2-HtrA-H6, encoding a proteolytically 
inactive variant of HtrA with an N-terminal His6× (H6)-SpT2 
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sequence (SpT2-HtrA) under T7 promoter control, was cre
ated using a three-step overlap extension PCR. Initially, an 
E. coli optimized synthetic DNA fragment encoding 
C. trachomatis SvD HtrA was purchased from Geneart. To 
introduce the S247A-encoding mutation,32 a first PCR frag
ment was generated using the synthetic HtrA sequence as 
a template and primers 3 and 4. A second PCR fragment was 
generated by using the synthetic HtrA sequence as a template 
and primers 5 and 6. In a third PCR step, fragments 1 and 2 
were mixed and combined with primers 3 and 6. The resulting 
product was inserted into the KpnI/HindIII sites of pET28- 
SpT2-LivJ35 using In-Fusion cloning to yield pET28-SpT2- 
HtrA-H6.

Plasmid pIBA-CTH522-H6, encoding CTH522 with 
a C-terminal H6 tag (CTH522-H6) under tet promoter con
trol, was created by PCR. First, an E. coli codon-optimized 
synthetic DNA fragment encoding CTH522-H6 was ordered 
from Geneart. Next, the sequence was amplified by PCR using 
primers 7 and 8. The PCR product was inserted into the 
XbaI-HindIII sites of pASK-IBA3 (Göttingen, Germany) 
using In-Fusion cloning to yield pIBA-CTH522-H6.

Plasmid pET22-pelB-HtrA-H6, encoding wild type (wt)- 
HtrA with an N-terminal pelB signal peptide and 
a C-terminal H6 sequence (HtrA-H6) under control of the 
T7 promoter, was kindly provided by Wilhelmina Huston 
(University of Technology Sydney, Australia).32

Recombinant protein expression, purification and 
analysis

ClearColi (DE3) cells carrying plasmids encoding CTH522- 
SpT2 or SpT2-HtrA were induced by addition of 0.5 mM IPTG 
for protein expression. After 2 h induction, cells were har
vested by centrifugation (6,000 × g, 10 min, 4°C) and resus
pended in a lysis buffer (10 mM Tris-HCl pH 8.0, 1 mM 
EDTA, 10 µg/ml lysozyme). After incubation at 37°C for 1 h, 
they were lysed using a Branson Sonifier 250 (Branson 
Ultrasonics, Connecticut, USA). Whole-cell lysates (WCL) 
were subjected to centrifugation (15,000 × g, 10 min, 4°C) to 
pellet the aggregates of CTH522-SpT2 and SpT2-HtrA. 
Contaminants (e.g. DNA, ribosomal RNA, phospholipids, 
LPS, host proteases) were removed using a washing regime 
as previously described for the production of protein bodies.36 

Briefly, the aggregates were washed with 1% Triton X-100 to 
remove excess membrane material, 1 M urea to break low- 
affinity protein interactions, 1 M of NaCl to break potential 
electrostatic protein interactions, and PBS to remove remain
ing urea or salt.

CTH522-SpT2 and SpT2-HtrA aggregates were dissolved 
in 8 M urea for 30 min at room temperature (RT). 
Ultracentrifugation (100,000 × g, 30 min, 4°C) was per
formed to remove remaining insoluble material. To get rid 
of urea and allow refolding, solubilized CTH522-SpT2 was 
extensively dialyzed against TG buffer (25 mM Tris-HCl pH 
8.8, 10% glycerol) using Spectra/POR dialysis membrane 
(Thermo Fisher Scientific, MA, USA). Solubilized SpT2- 
HtrA, which carried a H6-tag, was first purified under 
denaturing conditions by affinity chromatography using 
Talon Superflow medium (GE Healthcare, Life Sciences, 

USA) as per manufacturer’s instructions. Eluted SpT2- 
HtrA was overnight dialyzed against PβG buffer (PBS pH 
7.4, 150 mM NaCl, 20 mM β-mercaptoethanol, 10% glycerol) 
containing β-mercaptoethanol to prevent protein reaggrega
tion. Dialyzed CTH522-SpT2 and SpT2-HtrA were subjected 
to centrifugation (15,000 × g, 15 min, 4°C) to remove poten
tial aggregates and then used for coupling to OMVs.

To isolate CTH522-H6, ClearColi (DE3) cells harboring 
pIBA-CTH522-H6 were induced with anhydrotetracycline 
(0.2 mg/l) for 2 h. CTH522-H6 aggregates were collected, pro
cessed and solubilized as described above. Similar to SpT2- 
HtrA, soluble CTH522-H6 was purified by affinity chromato
graphy using Talon Superflow medium under denaturing con
ditions. The eluate was dialyzed overnight against the TG 
buffer at 4°C before being used in immunoassays.

As a positive control for proteolytic activity, wt-HtrA was 
produced as described,32 with some modifications. Briefly, 
ClearColi (DE3) cells containing pET22-pelB-HtrA-H6 were 
grown at 30°C before protein expression was induced with 0.1  
mM IPTG for 2 h. Cells were harvested by centrifugation 
(6,000 × g, 10 min, 4°C), and a cleared lysate containing soluble 
wt-HtrA was obtained through subcellular fractionation, as 
described previously.37 wt-HtrA-H6 was purified by affinity 
chromatography using Talon Superflow medium. The eluate 
was dialyzed against the TG buffer (pH 7.4) overnight at 4°C.

Concentration of purified proteins was determined by com
parison with a BSA standard on Coomassie-stained SDS- 
PAGE gels. Densitometric scanning on Coomassie-stained 
gels was performed with a Bio-Rad GS-800 calibrated densit
ometer and then processed with ImageJ (http://imagej.nih. 
gov/ij/). GE Healthcare’s AI600 Imager was used to capture 
images of immunoblotting.

Casein zymography assay

Casein zymography was performed as described previously.38 

Briefly, 1.11 µg of soluble SpT2-HtrA and wt-HtrA were sepa
rated on an SDS-PAGE gel containing 0.1% β-casein (Carl 
Roth, Germany). The gel was run in semi-native buffer (25  
mM Tris-HCl, 250 mM glycine) at 15 mA while the gel- 
cassette was water-cooled. Renaturation of resolved proteins 
was then accomplished by immersing the gel in a 2.5% Triton 
X-100 solution at RT for 40 min. To permit staining, the gel 
was equilibrated in developing buffer (50 mM Tris-HCl, pH 
7.4, 200 mM NaCl, 5 mM CaCl2, 0.02% Brij35) at RT for 30  
min before being reincubated at 37°C overnight. Protein bands 
with β-casein proteolytic activity were visualized through their 
transparency following staining of the gel with Coomassie.39

Isolation and conjugation of Salmonella OMV platform to 
antigens

Isolation of HbpD-SpC-decorated OMVs from Salmonella 
cells was described previously.21 In short, bacteria carrying 
the plasmid pEH3-HbpD-SpC were grown at 30°C and 
induced for expression of HbpD-SpC in the presence of 0.1  
mM IPTG. After induction for 16 h, cultures were subjected to 
centrifugation (6,000 × g, 10 min, 4°C) to remove the cells. The 
spent medium was passed through a 0.45 µm-pore-size filter 
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(Millipore) and centrifuged (235,000 × g, 60 min, 4°C) to sedi
ment the OMVs. The OMVs were resuspended in PBS con
taining 15% glycerol.

Purified SpT2-tagged antigens were incubated for 18 h at 
4°C in 4-fold molar excess over HbpD-SpC, exposed at the 
OMV surface. After 5-fold dilution with PBS, the reaction 
mixtures were passed through a 0.45-µm filter to remove 
potential aggregates. Antigen-conjugated OMVs and control 
OMVs not incubated with antigen were sedimented by ultra
centrifugation (208,000 × g, 75 min, 4°C) after incubation in 
high-salt washing buffer (PBS, 550 mM NaCl) to remove the 
contaminants.

Mouse immunization and tissue collection

Six to eight-week-old female B6C3F1 mice40 were purchased 
from Envigo (United Kingdom). Experiments were conducted 
under the 3 R principle and mice were provided with water and 
food ad libitum. All animal experiments were approved by 
Utrecht Univeristy Animal Ethics Committee 
(AVD1080020198224).

Mice were immunized three times (two-week intervals) 
intranasally with OMVs in a volume of 5 µl (2.5 µl per nostril). 
Doses of 12 μg of OMVs (total protein content) were used 
based on preliminary studies with pneumococcal OMV vac
cine candidates showing strong generation of cellular and 
humoral responses without inducing adverse events (WSPJ 
and JL, unpublished data). Ten days after the last immuniza
tion all mice were sacrificed. Spleens and draining cervical 
lymph nodes (cLNs) were collected and processed to single- 
cell suspensions by passage through a 70 μm-filter. 
Erythrocytes were lysed with ACK buffer (0.15 M NH4Cl, 1  
mM KHCO3, 0.1 mM Na2EDTA, pH 7.3). Blood was drawn 
from the orbital plexus and collected in MiniCollect tubes 
(Greiner Bio-One), incubated at RT for 1 h and centrifuged 
at 12,000 × g at 4°C for 15 min to collect sera. Vaginal fluids 
were collected via washing the vaginal lumen twice with 50 µl 
ice-cold PBS with 1× protease inhibitor (Sigma-Aldrich), sam
ples were cleared by centrifugation (10,000 × g) at 4°C for 
10 min.

Antigens specific enzyme linked immunosorbent assay 
(ELISA)

Antigen-specific antibodies in sera and vaginal washes were 
detected by ELISA.22 Costar® assay plates (Corning) were 
coated with 1 µg/ml of purified CTH522 (Figure S5) or HtrA 
(Figure S2) in carbonate buffer pH 9.6, overnight at 4°C. Plates 
then were blocked with 200 µl/well dilution buffer (PBS, 0.5% 
Tween-20, 3% BSA-free protease) for 1.5 h at 37°C. Samples 
were added in duplicate in serial 2-fold dilutions in 100 µl/well 
and plates were incubated for 2 h at RT, followed by incubation 
for 1 h with HRP-conjugated anti-mouse IgG, IgG1 or IgG2a 
(BD Biosciences, dilution 1:2000) at RT. To assess the presence 
of secreted IgA in vagina, biotinylated anti-mouse IgA (BD 
Biosciences; diluted 1:2000) was added, followed by avid-HRP 
(BD Biosciences; diluted 1:1000). Plates were washed 5× with 
the dilution buffer and then developed with a 3,3′,5,5′- 
Tetramethylbenzidine solution for 30 min after which the 

reaction was blocked using 2NH2SO4. The OD was recorded 
with iMark™ Microplate Absorbance Reader (Bio-Rad) at 450  
nm (correction at 570/620 nm).

Released cytokine quantification (Luminex)

To measure antigens specific cytokine production, cLN cells 
or splenocytes (1 × 106) were incubated for 72 h with or with
out 10 µg/ml of purified CTH522, HtrA and OVA in RPMI 
media supplemented with GlutaMAX (Thermo Fisher 
Scientific), 10% FCS (Lonza) and penicillin/streptomycin. 
Collected cell culture supernatants were applied for cytokine 
analysis using the Magpix (Luminex XMAP) system.41 In 
brief, the supernatants were incubated with magnetic beads 
coated with cytokine-specific antibodies, in polystyrene, 
black, 96-well flat bottom plates (Greiner Bio-One), over
night at 4°C. Biotin-conjugated detection antibodies and 
Streptavidin-PE (BD Biosciences) were used to detect the 
cytokines present on the beads. Antibody pairs used for 
IFN-γ, IL-17a, IL-4 and IL-5 cytokine detection are listed in 
the supplementary file (Table S2). Cytokine concentration 
was calculated using standard curves of the corresponding 
recombinant proteins, provided by the manufacturer. 
Median fluorescent intensity (MFI) data were analyzed 
using a 5-parameter logistic method (xPONENT software, 
Luminex, Austin, USA).

Intracellular cytokine staining/flow cytometry (ICS/FC)

For intracellular cytokine staining, splenocytes (1 × 106) were 
incubated with 10 µg/ml of purified CTH522, HtrA, OVA or 
10 µg/ml of synthetic peptides (Table S3) in RPMI media con
taining 10 µM monensin (eBioscience) at 37°C for 6 h. Cells 
then were stained with ViaKrome808 (Beckman Coulter, 
Indianapolis, IN, USA), fluorescence-conjugated anti-mouse 
CD4 (clone RM 4–5; PerCP; BD Bioscience), and CD8 (clone 
Ly-2; FITC; eBioscience) antibodies in the presence of FcR- 
blocking anti-mouse CD16/32 antibody (clone 2.4G2; made in 
house) at 4°C for 30 min. Cells were fixed, permeabilized follow
ing manufacturer’s instructions (BD Bioscience), and stained 
using anti-mouse IFN-γ (clone XMG1.2; PE; Invitrogen) at 
4°C for 45 min. Samples were measured using a Beckman 
Coulter Cytoflex LX and data were analyzed by FlowJo 
Software v.10.7 (FlowJo LLC, Ashland, OR, USA). The percen
tage of intracellular cytokine-expressing CD4+ or CD8+ T-cell 
subsets in spleens was calculated by subtracting background of 
cells incubated without stimuli per individual mouse.42

Statistical analysis

Data are shown as mean values plus standard error of mean 
(SEM). Statistical significance of differences between OMV- 
CTH522/OMV-HtrA and OMV-Ctrl vaccinated groups were 
determined using the analysis of variance (ANOVA) and 
Sidak’s multiple comparisons test in GraphPad Prism version 
8.0. Levels of statistical significance are denoted by asterisks: 
*p < .05, **p < .01, ***p < .001 and ****p < .0001.
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Results

Production of OMV-based C.trachomatis vaccine 
formulations

As a first step toward creating chlamydial antigen-decorated 
OMVs, MOMP-derived CTH522 and proteolytic inactive 
(S247A) HtrA were equipped with an N-terminal and 
C-terminal SpT2 ligation tag, respectively.34 The resulting 
CTH522-SpT2 and SpT2-HtrA fusions (Figures S1A and 
S2A) were expressed in ClearColi(DE3), a host strain with 
genetically modified LPS that does not trigger endotoxic 
responses in human cells.33 Analysis of CTH522-SpT2 expres
sion using SDS-PAGE and Coomassie staining revealed that 
the 59 kDa fusion protein mostly accumulated in the pellet 
fraction after low-speed centrifugation of the whole-cell lysate, 
indicating extensive aggregation (Figure S1B, lane 3). This is 
consistent with previous reports on the production of the 
CTH522 subunit vaccine,22 and we were unable to produce 
sufficient soluble material by altering growth and induction 
conditions. Therefore, we employed urea extraction to solubi
lize the aggregates and facilitate OMV coupling. After solubi
lization, the sample was dialyzed to remove urea and allow for 
the refolding of CTH522-SpT2 into a soluble conformation. 
Indeed, the protein was predominantly detected in the super
natant fraction following ultracentrifugation of the dialyzed 
sample (Figure S1C-D). Similarly, SpT2-HtrA formed aggre
gates upon expression (Figure S2B, lane 3), which may be 
attributed to the S247A substitution as previous studies have 
reported reduced solubility in C. trachomatis and Helicobacter 
pylori HtrA active site mutants.32,38 Thus, we tried urea extrac
tion to obtain the soluble antigen, similar to CTH522-SpT2. As 
SpT2-HtrA carried a H6-tag (Figure S2A), an additional affi
nity purification step was included (Figure S2C). Following 
dialysis, ~20% of soluble SpT2-HtrA could be recovered from 
the post-centrifugation supernatant (Figure S2C, lane 5; 
Figure S2D).

To confirm the proteolytic inactivity of purified SpT2- 
HtrA, we conducted an in-gel zymography assay.43 

C. trachomatis wild-type HtrA (wt-HtrA) was expressed in 
soluble form, purified (Figure S3)32 and analyzed in parallel 
as a control (Figure S4). As expected, wt-HtrA showed strong 
proteolytic activity toward β-casein, resulting in clearance 
zones at the expected migration position (53 kDa) upon 
Coomassie staining (Figure S4, lane 1). In contrast, clearance 
zones were not observed for solubilized SpT2-HtrA (Figure S4, 
lane 3), confirming proteolytic inactivity of the mutant and 
suitability for use in a vaccine formulation.

OMV-based C. trachomatis vaccine formulations were gen
erated using SpT2/SpC protein ligation technology.21 

Recombinant Salmonella OMVs displaying HbpD-SpC were 
incubated with purified CTH522-SpT2 or SpT2-HtrA 
(Figure 1(a,b)). Successful conjugation of the antigens to 
OMVs was visualized on Coomassie-stained SDS-PAGE gels 
as a band shift of the HbpD-SpC-SpT2-antigen adduct com
pared to the uncoupled HbpD-SpC protein, proportional to 
the molecular mass of the SpT2-antigen fusions (Figure 1(c,d), 
c.f. lanes 1 and 2). Conjugation appeared efficient as virtually 
no unconjugated HbpD-SpC was detected after incubation 
with the antigens. In both formulations, some excess 

unconjugated antigen was also detected, most likely corre
sponding to material that remained associated with the OMV 
surface despite high salt extraction of the OMVs after the 
coupling reaction (Figure 1(c,d), lane 2). In conclusion, two 
OMV-based chlamydial vaccine candidates were successfully 
produced for further immunogenicity analysis.

Generation of specific systemic and mucosal antibodies

Humoral immune responses play an important role in redu
cing bacterial shedding and neutralizing C. trachomatis early 
infections.22 Antibodies in systemic and local compartments, 
along with Th1 cell-mediated responses, are believed to con
tribute to the eradication of bacteria post-infection.44,45 To 
examine the ability of OMV-based C. trachomatis vaccines to 
elicit humoral responses, female B6C3F1 mice were intrana
sally immunized with OMV-CTH522, OMV-HtrA, or control 
OMVs containing the HbpD carrier only (OMV-Ctrl) 
(Figure 2). Mice were sacrificed 10 d after the third immuniza
tion, and ELISA was performed to determine CTH522-specific 
and HtrA-specific total serum IgG titers. Importantly, no signs 
of adverse effects to the immunizations were observed for any 
of the OMV formulations.

Compared to the control group, mice vaccinated with 
OMV-HtrA exhibited significant levels of HtrA-specific 
serum IgG titers (Figure 3(c); p < .0001), while an increase in 
CTH522-specific serum IgG titers was observed in OMV- 
CTH522 vaccinated mice, although not statistically significant 
(Figure 3(a)). The systemic immune responses to the OMV 
vaccines were further characterized by analyzing IgG isotypes. 
Compared to OMV-Ctrl, the OMV-HtrA formulation induced 
significant levels of HtrA-specific serum IgG1 (Figure 3(g); 
p < .0001) and IgG2a (Figure 3(h); p < .001). The OMV- 
CTH522 vaccine showed an insignificant increase in serum 
IgG1 (Figure 3(e)) and IgG2a (Figure 3(f)) specific to CTH522. 
Notably, the levels of IgG2a specific to the antigens were 
higher than those of IgG1 at the same dilutions, indicating 
a primary Th1-driven antibody response.

To assess antibody responses at mucosal sites distal to the 
site of vaccination, in particular the genital surface, levels of 
vaginal IgA and IgG were measured 10 d after vaccination with 
the OMV formulations. The vaccine formulations elicited sig
nificant levels of vaginal IgG specific to either CTH522 
(Figure 3(b), p < .01) or HtrA (Figure 3(d), p < .0001). 
However, vaginal IgA could not be clearly detected in any of 
the vaccinated mice (data not shown). Overall, intranasal 
administration of the OMV-CTH522 and OMV-HtrA formu
lations induced strong antigen-specific humoral responses in 
both the systemic and targeted vaginal compartments.

Induction of specific cellular responses

The induction of specific cellular immunity, involving polyfunc
tional CD4+ and CD8+ T cells, is crucial for the clearance of 
C. trachomatis latent infection.22,25,46 To investigate the cellular 
responses elicited by the OMV vaccines, cells derived from cLNs 
and spleens of vaccinated mice were stimulated with purified 
CTH522, HtrA, or OVA for 72 h. The levels of cytokines released 
into the cell culture supernatants were measured using Luminex. 
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Figure 1. Production of OMV-based C. trachomatis vaccines. (a-b) Schematic representation of the strategy for vaccine production. Soluble CTH522-SpT2 (A) or SpT2- 
HtrA (B) are conjugated to Salmonella OMVs displaying HbpD-SpC to yield the OMV-CTH522 and OMV-HtrA vaccine formulations. (c-d) Protein profiles of OMV-CTH522 
(C) and OMV-HtrA (D) compared to non-conjugated control OMVs (OMV-Ctrl) as analyzed by SDS-PAGE and Coomassie staining. Adducts (HbpD-SpC-SpT2-CTH522, 
HbpD-SpC-SpT2-HtrA), non-conjugated HbpD-SpC, non-conjugated antigens (CTH522-SpT2, SpT2-HtrA) and the major outer membrane proteins (OMPs) as present in 
the OMV membrane are indicated. Molecular weight markers (kDa) are indicated at the left side of the panels.

Figure 2. Intranasal immunization strategy and mouse tissue collection. B6C3F1 female mice were primed on day 0 and received two subsequent boosters on days 14 
and 28, with each administration comprising 12 µg of either OMV-CTH522, OMV-HtrA, or OMV-Ctrl. Serum, vaginal fluid, draining cervical lymph nodes (cLns), and 
spleens of the vaccinated mice were collected 10 d after the third immunization.
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Overall, there was a trend toward increased levels of secreted IFN- 
γ and IL-17a (Figure 4). Compared to the OMV-Ctrl group, cells 
from cLNs and spleens of mice vaccinated with OMV-CTH522 
exhibited significantly higher levels of IL-17a (Figure 4(b); p  
< .0001 and 4(f); p < .05) upon stimulation with CTH522. 
Stimulated splenocyte cultures also showed significantly enhanced 
IFN-γ levels (Figure 4(e); p < .01), while a trend of IFN-γ increase 
was observed in cLN cell cultures (Figure 4(a)). In OMV-HtrA 
vaccinated mice, significant levels of HtrA-specific IL-17a 
(Figure 4(d); p < .05 and 4(h); p < .001) and IFN-γ (Figure 4(c); 
p < .05 and 4(g); p < .0001) were detected in both splenic and cLN 
cell cultures compared to the control samples. There was a slight 
increase in antigen-unspecific IFN-γ levels in splenocyte cultures 
of OMV-Ctrl vaccinated mice stimulated with CTH522 and HtrA 
(Figure 4(e,g)), possibly due to contaminants from the bacterial 
expression host that co-purified with the proteins used for resti
mulation (Figures S2 and S5). Negligible levels of secreted IFN-γ 
and IL-17a were detected in cLN and spleen cell cultures stimu
lated with non-related OVA control antigen, confirming the spe
cificity of the cytokine responses. Specific IL-4 and IL-5 could not 
be detected in any of the samples (data not shown). Taken 
together, these results indicate that Salmonella OMV-based 
C. trachomatis vaccines induce robust Th17- and Th1-skewed 
responses, which likely contribute to the IgG2a subclass-switch 
(see Figure 3(f,h)).

To determine the specificity of OMV-primed IFN-γ/ 
CD4+ and IFN-γ/CD8+ T cells, we used the NetMHC3.4/ 
ANN prediction algorithm47 to predict CTH522 and HtrA 
epitopes presented by the B6C3F1 mouse MHC (Table S3). 
Spleen cells from vaccinated mice (10 d post-vaccination; 
Figure 2) were restimulated for 6 h with purified CTH522, 
HtrA, OVA, or the predicted peptides and then analyzed 
using ICS/FC (Figure S6). In the OMV-CTH522 vaccinated 
mouse group, stimulation of splenocytes with either soluble 
CTH522 or MOMP132–139 triggered slightly more IFN-γ 
production among the CD4+ T cell population than stimu
lation with the irrelevant OVA peptide (Figure S6A-C). 
Additionally, there was a slight increase in percentage of 
CD8+ splenocytes producing IFN-γ detectable upon resti
mulation with MOMP132–139 compared to OVA (Figure 
S6D), indicating that OMV-CTH522 stimulates both IFN- 
γ expressing CD4+ and CD8+ T cell responses. These align 
with the predominant release of Th1-related IFN-γ above 
(Figure 4). The frequencies of HtrA-specific IFN-γ/CD4+ 

and -CD8+ T cells did not differ between OMV-HtrA and 
OMV-Ctrl vaccinated mice in this assay (Figure S7). In 
summary, the data demonstrate that both OMV vaccines 
induce IFN-γ/CD4+ and IFN-γ/CD8+ T cell responses, 
although OMV-CTH522 was more effective than OMV- 
HtrA.

Figure 3. Humoral immune responses to C. trachomatis antigens. ELISA was used to assess antibody responses. (a-b) Post-vaccination kinetics of total serum and 
vaginal IgG against CTH522. (c-d) Post-vaccination total serum and vaginal IgG against HtrA. (e-f) pattern of IgG1 and IgG2a antibody responses specific to CTH522 in 
serum post-vaccination. (g-h) Post-vaccination IgG1 and IgG2a antibody responses specific to HtrA in serum. The error bars represent the standard error of mean (SEM). 
GraphPad Prism version 8.0 was used to analyze the statistically significant difference between the OMV-CTH522/OMV-HtrA and OMV-Ctrl vaccinated groups using 
ANOVA and Sidak’s multiple comparisons test. *p < .05, **p < .01, ***p < .001, ****p < .0001 and ns (not significant).
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Discussion

To address the pressing need for a C. trachomatis vaccine, 
we conducted a study to evaluate the design and immuno
genicity of two recombinant OMV-based subunit vaccines 
using a mouse model. Intranasal administration of 
Salmonella OMVs displaying either CTH522 or HtrA anti
gens effectively stimulated specific humoral and cellular 
immune responses, thereby generating potential for future 
challenge studies. Native or recombinant OMVs are increas
ingly recognized as potential vaccines for mucosal applica
tions due to their intrinsic adjuvant properties, compatibility 
with large-scale production, thermal stability, and impor
tantly, their ability to enhance both systemic and local adap
tive immune responses.10–12 Compared to traditional 
parenteral vaccination regimes, intranasal administration is 
particularly attractive as it offers a needle-free approach, 
improving patient compliance, and takes advantage of the 
extensive and well-vascularized mucosal surface. 
Furthermore, the immune connection between mucosal 
sites allows intranasal administration to elicit immune 
responses in distant mucosal areas such as the colorectal 
and genital regions.48 Given that C. trachomatis primarily 
initiates infection at the urogenital surface, the induction of 
local immunity through intranasal administration is highly 
advantageous for achieving effective and long-lasting protec
tion against the pathogen invasion. This presents a clear 
benefit over parenteral vaccines, which typically elicit poor 
immunity at the mucosa.49

In a previous study, we successfully achieved high-level 
expression of wt-MOMP in an attenuated Salmonella 
strain.37 However, when we transferred the construct to an 
isogenic hypervesiculating Salmonella vaccine strain, the 
overproduced wt-MOMP protein was not incorporated 
into OMVs (data not shown). Similarly, our attempts to 
express other C. trachomatis outer membrane protein anti
gens, such as wt-PmpD,50 in OMVs were unsuccessful. We 
hypothesized that this failure may be due to a mismatch 
between the relatively long fatty acid chains of chlamydial 
lipid A51 and the thinner hydrophobic core of the 
Salmonella outer membrane. Furthermore, we were unable 
to express HtrA in the lumen of OMVs upon fusion to an 
E. coli OmpA signal peptide52 or at the surface of OMVs 
using the Borrelia burgdorferi OspA lipoprotein signal 
peptide,53 which has been used to translocate other hetero
logous antigens to the E. coli OMV surface (data not 
shown).

To overcome challenges in expressing antigens in OMVs, 
we adopted a “plug-and-display” approach. This involved the 
separate expression and purification of the antigens, followed 
by their conjugation to the HbpD carrier displayed on the 
surface of OMVs using the SpT/SpC protein ligation 
system.21 Instead of using wt-MOMP, we used a derivative 
construct called CTH522 with SpT2, which had been pre
viously expressed as protein bodies, solubilized, and used in 
a clinical trial.25 For HtrA, we expressed an active site mutant 
with SpT2. Despite the tendency of both C. trachomatis pro
teins to form aggregates during overexpression in E. coli, we 

Figure 4. Antigen-specific cytokine released in the culture supernatants of cLN and splenic cells. Splenic and cLN cell suspensions (1 × 106) were restimulated in vitro for 
72 h with purified CTH522, HtrA, or OVA and released cytokines in cell culture supernatants were measured using Luminex assay. Levels of IFN-γ and IL-17a cytokines 
secreting from cLN cells (a-b) and splenocytes (e-f) after CTH522 and OVA stimulation. Levels of IFN-γ and IL-17a cytokines secreting from cLN cells (e-f) and splenocytes 
(g-h) after restimulation with HtrA and OVA. The standard error of mean (SEM) was used to express the results. ANOVA and Sidak’s multiple comparisons tests were 
used in GraphPad prism version 8.0 to determine statistically significant differences between the OMV-CTH522/OMV-HtrA and OMV-Ctrl vaccinated groups. *p < .05, 
**p < .01, ***p < .001, ****p < .0001 and ns (not significant).
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successfully purified soluble SpT2-tagged antigens through 
denaturation and refolding methods. Subsequently, these solu
ble antigens were conjugated to preexisting batches of the 
OMV-HbpD-SpC carrier. The coupling procedure demon
strated feasibility and robustness. A caveat of the procedure 
is that we cannot be certain that the antigens, though soluble, 
were refolded into a native-like conformation. Nevertheless, 
a similar protocol was used to express and purify recombinant 
CTH522, which successfully induced neutralizing antibodies 
in rodents and humans.22,25

Intranasal administration of our C. trachomatis vaccines 
resulted in specific immune responses at the local area, with 
particularly high IgG titers observed in the vaginal compart
ment, which are not generally achieved through systemic 
immunization.54 Previous studies have also demonstrated the 
synergistic effect of combining systemic (prime) and mucosal 
(boost) vaccination to reach complete protective immunity 
against C. trachomatis, but this often requires complex injec
tion and dosing strategies.44–57 In our study, the IgG titers 
detected in the mouse vagina appeared to correlate with an 
increase in serum IgG titers. It is important to note that the 
adaptive immune system has limited regional specialization in 
the genito-urinary tissues.58 Therefore, the increased levels of 
vaginal IgG antibodies specific to chlamydial antigens are 
likely derived from the circulation although, based on our 
data, the local production by resident plasma B cells cannot 
be excluded. Unlike nasal, lung, or intestinal fluids, semen and 
cervico-vaginal lavages typically contain lower levels of secre
tory IgA compared to IgG.58 We consistently observed low 
levels of vaginal IgA titers specific to CTH522 and HtrA, which 
is in accordance with previous findings.59 Although the role of 
vaginal IgA antibodies in protection is still a topic of debate, 
elevated IgG titers at the genital surface have proven to be 
important for neutralizing C. trachomatis and other sexually 
transmitted pathogens such as Neisseria gonorrhoeae and 
human immunodeficiency virus (HIV).60

Both the OMV-CTH522 and OMV-HtrA vaccines were 
found to promote biased responses of CD4+ Th1 and Th17 
cells. This was evidenced by significant levels of antigen- 
specific IFN-γ and IL-17a in the culture media of cells derived 
from draining cLNs and spleens. While both OMV vaccines 
stimulated splenic T cells to release IFN-γ, the presence of 
peptide-specific IFN-γ-expressing CD4+ and CD8+ T cells 
was only observed in the OMV-CTH522 vaccinated mouse 
groups. We hypothesize that the presence of CTH522- 
specific IFN-γ/CD4+ T cells accounts for the detected IgG2a 
isotype switching in these mice. Additionally, the production 
of CTH522-specific IFN-γ/CD8+ T cells may reflect the cross- 
presentation of OMV-associated antigens on MHC class 
I molecules, as previously observed.17 The OMV-HtrA vaccine 
also induced detectable ex vivo HtrA-specific IFN-γ produc
tion, indicating CD4+ Th1 cell responses.

Studies so far have not unanimously identified a specific 
immunogenicity profile correlating with protection to 
C. trachomatis infection. In humans, a humoral response, 
particularly IgA in cervical secretion, correlates with bacter
ial clearance.61 In both human and mice a Th1/Th17 skewed 
CD4+ T cell response seems essential for immune 
protection.62–64 The role of CD8+ T cells is less clear, 

although CD8+ T cell responses played a pivotal role in 
a non-human primate model, i.e. CD8 depletion abrogated 
the protective effect of previous vaccination.41,63 In this 
animal model, it was also shown that both cellular CD4+ 

and CD8+ T cell responses in combination with IgG1 anti
body response accelerated the clearance of infection.65 As 
described above, in our study, OMV-vectored vaccination 
was able to induce both a Th1/Th17-skewed immune 
response and an antigen-specific IgG immune response sys
temically and locally. This immune profile is in good agree
ment with the presumed correlates of protection and 
underscores the potential use of OMVs in C. trachomatis 
vaccine development.

Interestingly, the short 8-mer MOMP132-139 peptide was 
able to stimulate both antigen-specific CD4+ and CD8+ T cell 
responses (see Figure S6). The apparent overlap of MHC-I and 
MHC-II epitopes seems counterintuitive, particularly because 
the latter are typically between 13 and 25 residues. Yet, the 
MHC-II binding core usually is much smaller,66 possibly down 
until a length of five amino acids. For instance, searching the 
IEBD (settings: T cell & MHC binding, MHC II, mouse) with 
filter on 5-mer peptides returns three hits. When filtering for 
peptides with a length of eight amino acids, 847 records are 
found. In addition, antigens usually contain both CD4+ and 
CD8+ T cell epitopes, although the antigen processing path
ways differ. As both pathways are by no means 100% efficient, 
it is conceivable that different molecules follow different 
routes. As an example, in an HPV16 mouse tumor model, 
the E7 oncoprotein was found to contain the sequence 
DRAHYNIVTF comprising a 7-mer helper T cell epitope 
(DRAHYNI) overlapping with a 9-mer CTL epitope 
(RAHYNIVTF).67 Thus, although less common, CD4+ T cell 
epitopes may be smaller than 9 amino acids and may overlap 
with CD8+ T cell epitopes.

In conclusion, our proof-of-concept study provides evi
dence for the potential of the Salmonella OMV platform in 
the development of intranasal C. trachomatis vaccines. Due to 
their intrinsic adjuvant properties, OMVs displaying CTH522 
elicited strong humoral and cellular immune responses, 
including both CD4+ Th1/Th17 and CD8+ T cells. On the 
other hand, OMV-HtrA primarily enhanced humoral 
responses and stimulated CD4+ Th1/Th17 immune responses 
in mice. Whether these responses translate to actual protection 
against chlamydia, and how the candidate vaccines stand up 
against e.g. the existing adjuvanted CTH522 subunit vaccine,22 

remains to be tested by in vivo challenge studies. These are not 
trivial since vaginal infection with C. trachomatis, a human 
pathogen, does not lead to an ascending infection or tubal 
pathology in mice. On the other hand, rodent-specific counter
part C. muridarium is controlled by a different immune 
response, making this pathogen not representative for human 
Chlamydia infection.64,68 To address these limitations, an 
intracervical murine infection model has been developed in 
which C. trachomatis infection in mice upper genital tract can 
be established.62,69 We aim to use this model to evaluate the 
efficacy of the OMV vaccine formulations, both individually 
and in combination, including the exploration of a single, 
bivalent formulation incorporating both C. trachomatis anti
gens coupled to the same OMV.70
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