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Abstract: Background:Chlamydia trachomatis is the most prevalent bacterial sexually transmitted
pathogen in humans worldwide. Since chlamydial infection is largely asymptomatic with the potential
for serious complications, a preventative vaccine is likely the most viable long-term answer to this
public health threat. Cell-free protein synthesis (CFPS) utilizes the cellular protein manufacturing
machinery decoupled from the requirement for maintaining cellular viability, offering the potential
for flexible, rapid, and decentralized production of recombinant protein vaccine antigens. Methods:
Here, we use CFPS to produce the full-length putative chlamydial type three secretion system (T3SS)
needle-tip protein, CT584, for evaluation as a vaccine antigen in mouse models. High-speed atomic
force microscopy (HS-AFM) (RIBM, Tsukuba, Japan) imaging and computer simulations confirm
that CFPS-produced CT584 retains a native-like structure prior to immunization. Female mice were
primed with CT584 adjuvanted with CpG-1826 intranasally (in.) or CpG-1826 + Montanide ISA
720 intramuscularly (i.m.), followed four weeks later by an i.m. boost before respiratory challenge
with 10* inclusion forming units (IFU) of Chlamydia muridarum. Results: Immunization with CT584
generated robust antibody responses but weak cell-mediated immunity and failed to protect against
in. challenge as demonstrated by body weight loss, increased lung weights, and the presence of high
numbers of IFUs in the lungs. Conclusion: While CT584 was not a protective vaccine candidate, the
speed and flexibility with which CFPS can be used to produce other potential chlamydial antigens
make it an attractive technique for antigen production.

Keywords: Chlamydia; vaccine; immunization; mice; type-three secretion system; CT584; cell-free
protein synthesis

1. Introduction

Chlamydia trachomatis (Ct) is the most common bacterial sexually transmitted pathogen
worldwide and a large public health threat [1]. Untreated infections, particularly in women,
can result in serious sequelae, including pelvic inflammatory disease and infertility [2,3].
Since Ct infections are often asymptomatic, community surveillance is key to understanding
prevalence. While the rates of infection have trended downward in the 2000s, that trend
has been reversing over the last decade [4]. Alarmingly, community surveillance and
testing for chlamydia seriously declined during the SARS-CoV-2 pandemic, with measured
rates of infection diverging from predicted case rates, suggesting the possibility of missed
diagnoses [5]. Due to the difficulties in controlling asymptomatic diseases or those with
long incubation times, as exemplified by SARS-CoV-2, it is clear that a vaccine against Ct
would be the most effective approach to limit infection spread and protect public health.
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Many different chlamydial antigens have been tried in vaccine development and
it remains an area of active investigation. Whole-cell fixed or attenuated chlamydial
elementary bodies (EBs) offer some of the best protection from subsequent infections in
mouse models [6], but ambiguity in the safety of previous human trachoma vaccine field
trials [7,8] and scalability of EB production in the context of mass human vaccinations
remain an important barrier. Recombinant protein antigens have seen some success in
animal vaccine trials, largely focused on the major outer membrane protein (MOMP), which
comprises ~60% of the mass of the chlamydial outer membrane [9]. While formulations
using variations of this antigen have shown the most promise, other protein antigens
present on the cell surface have been tested with varying results (reviewed in [10]).

One promising candidate is the chlamydial type III secretion system (T3SS) “injecto-
some” protein complex. The T3SS is responsible for the translocation of effectors from the
chlamydial cytosol into the host cell cytoplasm, promoting chlamydial virulence [11]. It
is comprised of over 10 different proteins, partially protruding from the chlamydial cell
surface, presenting a few potential antigenic targets. Importantly, the T3SS is present at all
stages of the chlamydial life cycle [12], and inhibition of the T3SS has been demonstrated
to reduce chlamydial infection in cells [13-15]. Recently, a recombinant protein antigen
consisting of a CopB, CopD, and CT584 fusion has been shown to confer partial protec-
tion, reducing fallopian tube pathology and bacterial load in Chlamydia muridarum (Cm)
challenge studies and bacterial load in Cf challenge studies in mouse models [16,17]. The
proteins CopB and CopD are thought to form the terminal translocon pore, while CT584
has been suggested to be the needle-tip protein of the T3SS [18-20].

CT584, as a putative needle tip protein in the chlamydial T3SS and a natural im-
munogen found in Ct-infected women [21], makes an excellent target for potential vaccine
formulations. Targeting and inhibition of other needle tip proteins, such as LerV in Yersinia
pestis, prevents the secretion of translocon and effector proteins, precluding apoptosis of
infected cells [22,23]. CT584 from Ct serovar D is highly conserved (97.27% identical) at
the amino acid sequence level with its homolog TC0873 in Cm (Supplementary Figure
51). Since Cm infection mouse models produce similar infection and long-term sequelae
to Ct infection in humans [24,25] and vaccine formulations containing Ct CT584 have
shown promising results in both Cr and Ct mouse models [16,17], we hypothesized using
CT584 alone as a vaccine antigen in Cm mouse models may induce protective adaptive
immune responses that limit infection and pathology and could potentially translate well
to the clinic.

Depending on the protein being tested, antigen production for immunization studies
can be challenging. Cell-free protein synthesis (CFPS) offers a rapid and flexible way to
express and test potential protein antigens. Coupled transcription-translation CFPS systems
utilize cell lysates containing an RNA polymerase, ribosomal complexes, amino acids,
nucleotides, and typically an ATP regeneration system to maintain protein synthesis, while
a plasmid DNA template is added to direct mRNA synthesis and protein production [26].
Escherichia coli-based lysates are currently the best-characterized and highest-performing
system for CFPS applications, yielding >2 mg protein per mL of reaction in less than 16 h
(Reviewed in [27]). CFPS is also scalable, offering the ability to rapidly switch gears and
produce other proteins—only the DNA template needs to be changed. CFPS methods are
gaining popularity due to their ease of use, scalability, and rapid production, and the first
CFPS-produced therapeutics [28,29] and vaccines [30] are entering clinical trials.

Here, we applied E. coli-based CFPS to rapidly produce and then characterize recom-
binant CT584 protein based on the Ct serovar D amino acid sequence as a potential vaccine
antigen. We produced >1 mg of pure, native-like protein per mL CFPS reaction for use in
immunization and testing in mouse models of chlamydial infection. We show that robust
IgG antibody responses to CT584 immunization are generated using different routes of
immunization and antigen/adjuvant formulations; however, the formulations of CT584
we tested were ultimately not protective against respiratory Cm challenges. Furthermore,
we did not detect CT584 protein in chlamydial EB using EB immune sera, while CT584
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immune sera could detect it, suggesting that CT584 is not as immunodominant as other Cm
EB proteins in mouse protection experiments.

2. Materials and Methods
2.1. Plasmids and Sequences

The amino acid sequence from Ct CT584 (PDB: 4MLK_A) was reverse-translated,
codon optimized for expression in E. coli and synthesized by Genscript with a short linker
(AAALE) sequence before a C-terminal 6x histidine affinity purification tag. The gene
fragment was cloned into the Ndel-BamHI sites in pIVEX2.3d for T7 polymerase-based
expression. Amino acid sequences from Cm TC0873 and Ct CT584 were downloaded from
Uniprot using accession ID’s Q9PJE6 and O84588, respectively. Cm tc0873 and Ct ct584
gene sequences were downloaded from NCBI through ChlamBase [31] using accession ID’s
NC_002620.2 (Iocus: 1010962.1011513, + strand) and NC_000117.1 (locus 657866.658417,
+ strand), respectively. Sequence homology was compared using the Smith-Waterman
algorithm in SnapGene, software version 7.2.

2.2. Stocks of C. muridarum

Cm (strain Nigg II; American Type Culture Collection) was grown in HeLa-229 cells
using high glucose Dulbecco’s medium, plus cycloheximide (1 ug/mL) and gentamycin
10 pg/mL, without fetal bovine serum. Elementary bodies (EB) were purified and stored
in sugar phosphate glutamate buffer (SPG) at —80 °C as described [9]. The number
of Cm inclusion forming units (IFU) in the stock was assessed in HeLa-229 cells using
immune-peroxidase staining with a Crm-MOMP specific mAb (MoPn-40) produced in our
laboratory [32].

2.3. Cell-Free Protein Synthesis of CT584 and Purification Strategies

CT584 protein was produced using cell-free protein synthesis kits in a continuous-
exchange cell-free (CECF) device (Biotech Rabbit, Berlin, Germany, #BR1400201) according
to manufacturer protocols at 1 mL scale. Briefly, lyophilized E. coli lysate, reaction buffer,
amino acids, and feed buffer were resuspended using the supplied reconstitution buffer
supplemented with an EDTA-free protease inhibitor tablet (Roche, Basel, Switzerland,
#5892791001). The individual components were combined, and CT584-His in pIVEX2.3d
plasmid was added to the reaction mixture at 15 ng/mL.

Small-scale reactions (25 pL) were performed by incubating the reaction mixture at 800
rpm and 30 °C overnight in a ThermoMixer C (Eppendorf, Hamburg, Germany). BODIPY
labeled tRNA-Lys (Promega, Madison, WI, USA, #L.5001) was included in the reaction at
1:200 v/v to track protein production. CT584 protein in total CFPS reactions was assessed
by SDS-PAGE using fluorescence readings from BODIPY tRNA-Lys incorporation and
SYPRO Ruby (ThermoFisher, Waltham, MA, USA, #512000) total protein stains. Larger-
scale reactions (1 mL) to produce protein for vaccine studies utilized the CECF device from
the kit manufacturer. The reaction was incubated at 30 °C for 16 h while shaking at 300 rpm
in a bacterial floor shaker.

After incubation of large-scale reactions, the CFPS reaction mixture was removed from
the CECF device and purified using Ni*2-Nitrilotriacetic acid (NTA) affinity chromatog-
raphy. 500 pL of Ni*2-NTA beads (Roche, Basel, Switzerland, #5893682001) were loaded
onto a 12 mL column and equilibrated into six packed bead volumes of equilibration buffer
(50 mM Tris, 300 mM NaCl, and 10 mM imidazole, pH 8.0). The CFPS reaction mixture was
applied to the column and allowed to incubate at 4 °C for 1 h while mixing on a nutator.
Afterward, the column was washed with 12 packed bead volumes of wash buffer (50 mM
Tris, 300 mM NaCl, and 20 mM imidazole, pH 8.0). CT584 was eluted in 300 uL fractions,
first with 1.8 mL of elution buffer (50 mM Tris, 300 mM NaCl, and 250 mM imidazole, pH
8.0) and then 300 pL of elution buffer containing 500 mM imidazole.

Elution fractions 2-7 were pooled and concentrated to 200 puL using a 10k MWCO
Amicon filtration column (MilliporeSigma, Burlington, MA, USA, #UFC501096). The
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concentrated protein was injected into a Superdex 200 Increase 10/300 GL (GE Healthcare,
Chicago, IL, USA, #28-9909-44) size exclusion column chromatography system (Waters,
Milford, MA, USA) to further purify the protein. Peak fractions were collected and pooled
for further downstream analysis.

2.4. Purification of C. muridarum recombinant MOMP (rMOMP)

Cm MOMP was produced in E. coli and extracted from inclusion bodies as described
previously [33]. Briefly, E. coli BL21 (DE3) cells were transformed with the plasmid contain-
ing C. muridarumn MOMP DNA and inoculated into LB broth. rMOMP was extracted from E.
coli inclusion bodies and purified using a Sephacryl-5-300 column (Sigma-Aldrich, St. Louis,
MO, USA) column (1 x 50 cm) which was pre-equilibrated with 100 mM Tris-HCl, pH
8.0, 200 mM NaCl, 10 mM EDTA, 0.02 mM DTT, and 0.05% Z3-14 and the peak fractions
containing rMOMP were pooled. Before immunization, recombinant protein was dialyzed
against PBS (pH 7.4) with 0.05% Z3-14. By the Limulus amoebocyte assay (Associates of
Cape Cod Inc.; East Falmouth, MA, USA), rMOMP preparations had less than 0.05 EU of
LPS/mg of protein.

2.5. HS-AFM Data Collection

HS-AFM images of protein complexes were acquired in tapping mode at room tem-
perature using an HS-AFM instrument (RIBM, Tsukuba, Japan) equipped with ultra-short
AFM cantilevers (Nanoworld, Neuchatel, Switzerland, USC-F1.2-k0.15-10) with EBD tip (ra-
dius < 5 nm). This instrument utilizes a dynamic proportional-integral-differential (PID)
controller [34,35] to eliminate probe “parachuting” artifacts from images and reduce the
tip-sampling forces. The HS-AFM fluid cell was filled with 120 uL buffer solution (20 mM
HEPES (pH 7.2), 150 mM KCl, 1 mM DTT, 1 mM EDTA, 1 mM EGTA), and constant volume
was maintained with a custom-built perfusion system. In a typical experiment, we collected
128 pixel x 128 pixel images from a 50 nm x 50 nm area at a scan rate of 3 frames per second.

2.6. HS-AFM Data Processing and Analysis

Raw HS-AFM image data were converted to Image] (developed by Wayne Rasband,
National Institutes of Health, Bethesda, MD, USA) stacks using custom software developed
in (10.1098 /rstb.2016.0226) [36]. The line plots were generated by a custom IgorPro 8 soft-
ware (WaveMetrics, Lake Oswego, OR, USA). The simulated AFM images were generated
by using open-source code [37]. The volume of protein oligomer from experimental data
and simulated AFM images was calculated by using Gwyddion software version 2.63 [38].

2.7. Vaccination of Female BALB/c Mice

For challenge studies, four-to-five-week-old female BALB/c (H-2d) mice (1 = 5 mice
per group, Charles River Laboratories, Wilmington, MA, USA) were obtained and housed in
the University of California, Irvine, vivarium and experiments carried out according to the
approved Institutional Animal Care and Use Committee (IACUC) protocol. Mice were vac-
cinated with CT584 (20 nug/mouse/immunization), ’IMOMP (20 pg/mouse/immunization),
or PBS using two different regimens: (1) Intranasal (i.n.) prime and intramuscular (i.m.)
boost in the quadriceps muscle at a four-week interval; and (2) i.m. prime and boost four
weeks apart in the quadriceps muscle. CT584 + rMOMP (10 png/mouse/immunization of
each antigen) was also tested in the i.n./i.m. vaccination regime. Crn EBs (10* IFUs) were
given in a single i.n. dose at the time of the first immunization as a positive control. The
following adjuvant combinations were used for all groups: CpG-1826 (Tri-Link, San Diego,
CA, USA) (10 ng/mouse/immunization) + Montanide ISA 720 VG (Seppic Inc., Fairfield,
NJ, USA) [32] at 70% (v/v) of the final dose. For i.n. immunizations, only CpG-1826
(10 ug/mouse/immunization) was used. For all i.m. vaccinations, Montanide ISA 720 VG
was mixed with CT584 and CpG-1826 using a vortex (Fisher Scientific, Waltham, MA, USA).
The formulation was vortexed for one minute, followed by one minute rest on ice. The
cycle was repeated five times.
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For alternative adjuvant studies, 5-week-old female BALB/c (H-2d) mice were ob-
tained and housed in the Lawrence Livermore National Laboratory vivarium, and experi-
ments were carried out according to the approved IACUC protocol. Mice were vaccinated
im. with CT584 (10 ng/mouse/immunization) adjuvanted with CAF01 (50 pg) + R848
(Invivogen, San Diego, CA, USA) (20 ug) or PBS alone (unadjuvanted) in a three-week
interval prime-boost-boost regime. CAF01 is a liposomal adjuvant [39] prepared by mix-
ing dimethyldioctadecylammonium (DDA) bromide (Avanti, Alabaster, AL, USA) and
a,a’-trehalose 6,6'-dibehenate (TDB) (Avanti). Briefly, DDA is mixed with TDB in a 5:1 pg
ratio, dried under a nitrogen stream with continuous agitation, and desiccated in a vacuum
overnight before resuspension in water. After resuspension, the liposomes are heated at
57 °C for 20 min while shaking and then sonicated for 10 min before addition to the antigen.

2.8. Intranasal Challenge with Cm EBs and Evaluation of the Course of the Infection in Mice

Anesthetized mice were challenged in. with 10* IFU of Cm four weeks after the
second immunization [40]. Daily body weight changes were assessed for 10 days post-
challenge (d.p.c.), after which the mice were euthanized, and their lungs were weighed and
homogenized (Seward Stomacher 80; Lab System, Fairham, Nottingham, UK) in 5 mL of
SPG. To establish the number of Cm IFUs, six serial dilutions of the lungs” homogenates
were used to infect Hela-229 cells grown in 48 well plates. Following incubation for 30 h at
37 °C in a CO; incubator, the IFU were visualized with mAb MoPn-40, and counted using
a light microscope [41]. The limit of detection (LD) was <50 Cm IFU/lungs/mouse.

2.9. Antibody Titer Determination

Blood from the periorbital plexus was collected the day before the respiratory chal-
lenge. Antibody titers to C. muridarum EBs (1 pg/well) were determined by ELISA using
96-well plates (Corning, Durham, NC, USA) as previously described [42]. Serial dilutions of
serum were added, and the antigen—antibody reactions were detected with HRP-conjugated
goat anti-mouse. Goat anti-mouse IgG, IgG1, and IgG2a (BD Bioscience, San Diego, CA,
USA) diluted 1:5000 for IgG and 1:1000 for the two isotypes were used. ABTS [2,2'-azino-
bis-(3-ethylbenzthiazoline-6-sulfonate)] (Sigma-Aldrich, St. Louis, MO, USA) was utilized
as the substrate and the plates were scanned in an ELISA reader at 405 nm (Labsystem
Multiscan; Helsinki, Finland). Titers were calculated using the OD of pre-immunization
sera &= 2 SD as a background and reported as geometric mean titer (GMT).

To evaluate the humoral immune responses to C. muridarum EBs in the genital mu-
cosa, vaginal samples were collected by washing twice with 20 pL./mouse using sterile PBS
before pooling for each group the day before in. challenge. Levels of IgG and IgA (ICN
Pharmaceuticals, Costa Mesa, CA, USA; diluted 1:3500) were determined as discussed above.

CT584-specific antibody titers were quantified by ELISA as previously described [42].
Briefly, sera from PBS immunized mice were used as negative control. Ninety-six-well,
high-binding plates (Corning™ 3690, Durham, NC, USA) were coated with 100 uL of CT584
at a concentration of 10 pg of protein/mL and incubated overnight at 4 °C. Serum was
added to each well in 3-fold serial dilutions after washing and blocking for nonspecific
binding. After overnight incubation, the plates were washed and incubated with one
of the following secondary antibodies: Horseradish peroxidase-conjugated (HRP) goat
anti-mouse IgG antibodies (KPL, Gaithersburg, MD, USA, #5220-0460), HRP rat anti-mouse
IgG1 (BD Biosciences, Franklin Lakes, NJ, USA, #559626), and HRP rat anti-mouse IgG2a
conjugate (BD Biosciences 553391). The binding was measured using a BioTek (Agilent,
Santa Clara, CA, USA) plate reader at an optical density (OD) of 405 nm, and IgG titers
were calculated using non-linear regression curve fit values.

2.10. Tissue Harvest and Single-Cell Isolation

For alternative adjuvant studies, mouse sera were collected 3 weeks after the last boost
by cardiac puncture. Spleens and popliteal draining lymph nodes were also harvested.
Single cells from spleens and draining lymph nodes were isolated by gently crushing
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the tissues individually through a sterile 70 pm cell strainer while passing sterile HBSS
(Gibco™, Grand Island, NY, USA, #14025092) supplemented with 2% heat-inactivated
FBS (Gibco™ #A5669801) to wash down the cells. Following centrifugation at 1500 rpm
for 5 min at 4 °C, red blood cells from the splenocytes and draining lymph node cells
were lysed by resuspending the cell pellets with 3 mL of ammonium-chloride-potassium
(ACK) lysing buffer (Gibco™ #A1049201) and incubation for 5 min at room temperature,
followed by dilution of the mixture with 27 mL of the wash buffer (HBSS + 2% FBS) to stop
the reaction. After lysis, cells were pelleted and resuspended with culture media (RPMI
1640 medium (Gibco™ #11875093) supplemented with 10% FBS) for ex vivo restimulation.

2.11. SDS-PAGE/WBs

Aliquots of total cell-free reaction or purified CT584 SEC fractions were diluted into
4x NuPAGE LDS Sample Buffer (ThermoFisher #NP0007) and 10x NuPAGE Sample Re-
ducing Agent (ThermoFisher #NP0009) before heat denaturing. Samples were loaded onto
4-12% NuPAGE Bis-Tris gradient gels (ThermoFisher #NP0323BOX) and run at 200 V for
35 min. Gels were stained with SYPRO-Ruby Protein Gel Stain (ThermoFisher #512000) or
Coomassie Brilliant Blue R-250 (Genscript, Piscataway, NJ, USA) according to manufacturer
directions and imaged on an Odyssey Fc Imager (Li-Cor) or iPhone camera on a lightbox.

Western blot was performed to detect CT584-specific antibody binding. Briefly, either the
recombinant CT584 or purified Cm EB’s were solubilized in SDS sample buffer (Novex, Life
Technologies, Carlsbad, CA, USA) in the presence of reducing agent (10 mM DTT), heated in
a water bath at 95-100 °C for 5 min and run on 10% SDS-PAGE gels. 1.8 ug of CT584 and 3 ug
of EB lysate were loaded in their respective lanes. After electrophoresis, the resolved protein
bands were transferred onto nitrocellulose membranes. The membranes were blotted with
pooled mouse sera, collected as described above the day before the Crm challenge and diluted
1:200 in PBS as the primary antibody. The resulting antibody binding was probed with HRP
goat anti-mouse immunoglobulins (IgG, IgA, IgM) (Cappel, MP Biomedicals, Santa Ana, CA,
USA) as the secondary antibody and visualized with chloronaphtol substrate.

2.12. Ex Vivo Restimulation

Splenocytes and lymph node cells were seeded in 24 well plates at 1 million cells/well/
sample and cultured with CT584 at a concentration of 10 pg of protein/mL or 2 uL of 500x
PMA /Ionomycin cocktail (BioLegend, San Diego, CA, USA, #423301) per mL of culture
media After 4 h of incubation, 1x monensin was added to enhance intracellular cytokine
staining signals by blocking transport processes during cell activation.

2.13. Flow Cytometric Analysis

A 10-color T cell panel was used for flow cytometry to delineate IFN-y and TNF«
expressing CD4+ and CD8+ T cells and to evaluate changes in both CD4 and CD8 T cell
subsets. Briefly, cultured splenocytes and lymph node cells were washed and resuspended
in FACS staining buffer (BioLegend #420201) containing 1 pg of purified Rat Anti-Mouse
CD16/CD32 (Mouse BD Fc Block) (BD Pharmingen, San Diego, CA, USA, #553141) and
were kept on ice throughout staining. Cell surface staining antibodies for CD3, CD4,
CDS8, and also propidium iodide dye (BioLegend: #100334, #100451, #563332, and #421301,
respectively) were added, and cells incubated on ice for 45 min. Cells were washed and
then fixed and permeabilized using the True-Nuclear™ Transcription Factor Buffer Set
(BioLegend #424401). Intracellular staining antibodies (IFN-y (BioLegend #505810) and
TNF« (BioLegend #506322)) were added as recommended in the permeabilization buffer.
Following incubation, cells were washed and resuspended in FACS staining buffer for
analysis on a BD FACS Celesta Cell Analyzer (BD Biosciences, San Jose, CA, USA). Flow
cytometry data were analyzed using FlowJo v10 (BD Biosciences, San Jose, CA, USA).
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2.14. Statistical Analyses

The Student’s t-test was employed to evaluate differences between changes in body
weight at day 10 post-challenge, lung weights, and CD4 and CD8 T cell populations. Two-
way repeated measures ANOVA with Sidak’s multiple comparison test was employed to
compare changes in mean body weight over the 10 days of observation following the Cm
in. challenge. The Mann-Whitney U Test was used to compare the number of Cm IFU
in the lungs. Welch’s t-test was used to compare antibody titers and data were reported
as geometric mean or non-linear regression curve fit. ANOVA using Dunnett’s multiple
comparisons test was used to compare IFN-y and TNF-« levels. A p-value of <0.05 was
considered to be significant. A p-value of <0.1 was regarded as approaching significance.

3. Results
3.1. High Yields of CT584 Can Be Produced Using Cell-Free Protein Synthesis

Optimal production of poly-histidine tagged Ct CT584 (hereafter CT584) through
CFPS requires a highly productive cell-free lysate, reaction buffer, and energy regeneration
solution, and a plasmid containing the codon-optimized ct584 DNA template (Figure 1A).
Codon optimization introduces silent mutations into the DNA coding sequence of the
template to better match tRNA frequencies and translation speeds encountered in the host
cell (E. coli) lysate to improve translation efficiency [43]. Codon optimization of the Ct
serovar D derived ct584 sequence resulted in the replacement of 25.14% of its DNA bases
(Figure 1B, Supplementary Figure S2). Nascent CT584 protein can be labeled through the
inclusion of a BODIPY dye-labeled tRNA-Lys in the cell-free reaction, which incorporates
labeled lysine residues into actively made proteins. Specific production and high yields
of CT584 can be seen through BODIPY fluorescence and SYPRO Ruby staining for total
protein on SDS-PAGE gels (Figure 1C).
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Figure 1. CT584 can be produced and purified using cell-free protein synthesis. (A) Schematic
of the cell-free protein synthesis (CFPS) approach to protein production. (B) Schematic of DNA
codon optimization performed on chlamydial ct584. (C) SDS-PAGE gel depicting a fluorescent image
of BODIPY labeled tRNA-Lys incorporation into CT584 (left) and SYPRO Ruby total protein stain
(right). (D) Coomassie blue stained SDS-PAGE gel showing typical affinity purification fractions
for CT584. M: Marker, T: Total, FT: Flow-through, W: Wash, E: Elutions. (E) Smoothed histogram of
size exclusion chromatography (SEC) retention times for affinity-purified CT584. (F) Coomassie blue
stained SDS-PAGE gel of SEC elution fractions. Fractions pooled and used for further experiments
are indicated (“Main Peak”).
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To remove impurities from the CFPS lysates, we purified CT584 using a combina-
tion of affinity chromatography and size exclusion chromatography (SEC). His-tag and
Ni*2-NTA affinity chromatography enriched CT584 away from other cell-free lysate pro-
teins (Figure 1D); however, commonly seen His-tag purification contaminants from E. coli
lysates [44] could potentially pose issues for further immunization studies and confound
results. To further enrich and purify CT584, we concentrated it and performed SEC on the
sample, leading to >99% pure protein, giving a final purified yield of 1.46 mg from a 1 mL
CFPS reaction (Figure 1E,F).

3.2. High-Speed Atomic Force Microscopy Reveals CFPS Produced CT584 Has a
Native-like Conformation

CT584 has been shown to exist in a hexameric structure [45], and since CFPS reactions
typically do not include many of the native chaperones and other protein folding ma-
chinery present in the original host cell, whether CFPS-made CT584 retains that structure
was an open question. Our attempts to generate full-length CT584 protein crystals for
structural studies were unsuccessful. However, to confirm that our cell-free produced
CT584 resembled the crystallized truncated CT584 structure, we performed high-speed
atomic force microscopy (HS-AFM) to visualize its geometry and gross structure. Purified
CT584 was adsorbed onto a mica surface and imaged in buffer solution using an AFM tip
with a nominal probe size of 5 nm. We were able to observe individual protein units bound
to the mica surface, which formed a globular shape with some sub-structure consistently
visible in the AFM images. When we used the AFM images to estimate the protein volume,
we obtained a value of 563.6 + 123.6 nm? (Figure 2A).

A

CT584, experimental

-

&2 \/olume: 1118nm?3 Volume: 469.7nm?

[ Mask [ Mask

Figure 2. CFPS-produced CT584 retains a native-like conformation. (A) Atomic force microscopy
(AFM) image of CT584. Color scale: 0.8 nm (purple) to 4.24 nm (yellow) Scale bar: 5 nm. (B) Space-
filling model of published CT584 crystal structure (PDB: 4MLK). (C) Simulated AFM images using
the CT584 crystal structure and a 5 nm (left) and 1 nm (right) probe size. Highlighted pink areas
show coverage.

From the known crystal structure of truncated CT584 [45] (PDB: 4MLK, Figure 2B), we
calculated the hypothetical volume of a CT584 hexamer from simulations using different
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AFM tip sizes as a model parameter (Figure 2C). Using a nominal AFM tip size of 5 nm
produced a poor fit (volume estimate of 1118 nm?) for several reasons. First, the simulated
AFM image assumed a perfectly rigid protein that does not deform like a physical sample
would. Second, because of the small physical dimensions of the protein, it is likely imaged
with individual asperities on the tip surface that can be significantly sharper than the
nominal AFM tip size, leading to overestimates of volume. Increasing the resolution by
simulating a 1 nm tip size produced a good fit with the volume estimated at 469.7 nm?,
which was close to our experimentally measured protein volume, suggesting that cell-free
produced full-length CT584 may indeed exist in a similar multimeric conformation to the
truncated CT584 crystal structure.

3.3. CT584 Is Immunogenic in Mouse Models and Generates an IgG Antibody Response

As a putative needle-tip protein of the T3SS, we hypothesized that CT584 could act
as a suitable antigen for immunization against chlamydial infection. Both mucosal and
systemic routes of immunization have been reported for recombinant protein antigens
against chlamydia [46], and a priori, it is difficult to know which route will perform better.
To investigate the utility of CT584 as a vaccine antigen and determine the effect of the
delivery route, we designed two separate but related experiments. We injected 20 ug of
CT584 or PBS adjuvanted with CpG-1826 and Montanide ISA 720 in a 28-day interval prime
(in. orim.) and i.m. boost, followed by an i.n. challenge regime using female BALB/c mice
(Figure 3A). rMOMP + CT584 (10 ug each) was included to examine potential combinatorial
effects, and rMOMP alone and live Cm EBs were included as positive controls in the i.n. /i.m.
experiment. Due to the incompatibility of Montanide for intranasal application, the i.n.
prime was only adjuvanted with CpG-1826. CpG-1826 has been reported to promote a Thl
response, while Montanide ISA 720 induces a mixed Th1/Th2 response [47,48]. Importantly,
the combination has been shown to be effective as an adjuvant for chlamydial vaccines [49].

Serum and mucosal anti-EB titers were determined by ELISA, using sera and vaginal
washes collected the day before the Cm challenge (Table 1). In both i.n. and i.m. regimes,
CT584 immunized mice generated an IgG response greater than PBS immunized groups,
although the response was weaker compared to rMOMP or EB immunized groups. Anti-
body titers from CT584 i.n./i.m. immunized mice showed a skew towards increased IgG2a
compared to IgGl, indicating a more Thl-biased immune response, while CT584 i.m./i.m.
immunized mice generated a more balanced Th1/Th2 immune response. Mucosal IgG and
IgA antibody titers from vaginal washes were low or negligible.

Table 1. Anti-Cm EB antibody titers from immunized mice.

in/i.m. Immunization Pooled Anti-EB Serum Dilution Titer Poofﬂt;f;%r};iie‘/r\lash
Group (n = 5 mice/group)
IgG1 IgG2a IgG2a/IgG1 IgG IgA
CT584 800 3200 4 160 <10
Cm rMOMP 51,200 51,200 1 640 80
CT584 + Cm rMOMP 25,600 51,200 2 160 80
Live Cm EB (i.n) 1600 25,600 16 640 1280
PBS <100 <100 - <10 <10
im./im. Immunization Anti-EB Serum Dilution Geometric Mean Titer Poo{iitZaE%r}liiXash
group (1= 5 mice/group) IgG1 (min—-max) IgG2a (min—-max) IgG2a/IgG1 IgG IgA
CT584 3676 (1600-6400) 3200 (200-25,600) 0.9 80 <10
Crm rMOMP (64082%%800) (102;(?(?;21?)99,600) +6 1280 20
PBS <100 <100 - <10 <10
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Figure 3. CT584 immunization fails to generate a protective response against an i.n. chlamydial
challenge in mice. (A) Schematic of immunization routes and schedule for challenge studies. (B) Line
graph depicting mean mouse weights & s.e.m. after intranasal challenge in i.n./i.m. immunized
mice. p-values calculated using two-way repeated measures ANOVA. (C) Scatter plot showing
percent body weight loss at day 10 post-challenge in i.n./i.m. immunized mice. The C + M group
indicates a combination vaccine using CT584 and rMOMP. The line indicates the median. p-values
calculated using Student’s t-test. (D) Scatter plot showing lung weights at day 10 post-challenge in
in./im. immunized mice. The C + M group indicates a combination of CT584 and rMOMP. The
line indicates the median. p-values calculated using Student’s t-test. (E) Scatter plot showing the
number of Cm IFUs in mouse lungs at day 10 post-challenge in in./im. immunized mice. The
C + M group indicates a combination of CT584 and rMOMP. The line indicates the median. p-values
calculated using the Mann-Whitney U test. (F) Line graph depicting mean mouse weights + s.e.m.
after intranasal challenge in i.m./i.m. immunized mice. p-values calculated using two-way repeated
measures ANOVA. (G) Scatter plot showing percent body weight loss at day 10 post-challenge in
im./im. immunized mice. The line indicates the median. p-values calculated using Student’s t-test.
(H) Scatter plot showing lung weights at day 10 post-challenge in i.m./i.m. immunized mice. The
line indicates the median. p-values calculated using Student’s t-test. (I) Scatter plot showing the
number of Cm IFUs in mouse lungs at day 10 post-challenge in i.m./i.m. immunized mice. The line
indicates the median. p-values calculated using the Mann-Whitney U test. n = 5 mice per group for
all groups. n.s. = not significant.

3.4. CT584 Immunization Is Not Protective against an Intranasal C. muridarum Challenge

To test whether the immune response generated with CT584 is protective, immunized
mice were challenged intranasally with 1 x 10* IFU of Cmn four weeks after boost (Figure 3A).
Mice body weights were tracked for ten days post-challenge before euthanasia, examination
of lungs” weights, and determination of the number of Cm IFUs.

EB, rMOMP, and rMOMP + CT584 immunized groups exhibited significant differences
to the PBS control group, showing lower body weight loss (Figure 3B,C,EG), lower lung
weights (Figure 3D,H), and lower IFUs recovered from the lungs (Figure 3E,I). Although
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both rMOMP immunized groups showed an initial rapid weight loss from days 2—4 after
challenge, they recovered to near initial body weights by day 10. In contrast, the mice
immunized with CT584 alone performed similarly to the PBS negative control group,
showing rapid body weight loss, increased lung weights, and higher lung IFUs recovered
compared to the EB and rMOMP positive control groups.

To determine whether the CT584-induced antibodies were antigen-specific, we used
pooled immune sera collected from mice one day before challenge as the primary antibody
in a western blot of purified CT584 protein (Figure 4, left). As expected, the CT584 immune
sera detected a single robust band at the correct molecular weight, while the PBS immune
sera did not detect any protein. Unexpectedly, sera from mice immunized with Cm EBs
also failed to detect CT584. Running the converse experiment, we blotted whole Cn EB
lysates onto membranes and probed with the same pooled immune sera (Figure 4, right).
Although CT584 immune sera could detect CT584 in EB lysates, EB immune sera could not,
raising the question of whether CT584 antigens are accessible or immunogenic in EBs for
antibody generation or are present in too low quantities.

Sample loaded

Cm EB Lysate Purified CT584
170 170
130 = 130
90
72 = 72
= 55
s 43
43 -
34
345 .
26
=
17
-— «
17
1 . B n
< 0 Q@ Q <« »n
Sera @ @ W W 2 o
Probe: = 0o g E - O
(&) (3] Qo O

Figure 4. CT584 immune sera detect the recombinant and native protein, but Crm EB immune sera
do not. (Left): Western blots of Crm EB lysates probed with the pooled sera of mice immunized with
Lane 1—recombinant CT584; Lane 2—PBS; Lane 3—live i.n. Cm EB: The black arrow indicates the
CT584 band. (Right): Western blots of purified recombinant CT584 probed with the pooled sera of
mice immunized with Lane 1—i.n. Cm EB; Lane 2—recombinant CT584; Lane 3—PBS. The black
arrow indicates the CT584 band.

Since adjuvant choice in formulations can have a significant influence on vaccine
effectiveness and outcomes, we also investigated the immune response generated towards
CT584 using CAF01 and R848 adjuvants in a 21-day interval i.m. prime-boost-boost
regimen in BALB/C mice (Figure 5A). These adjuvants have been described to stimulate
Th1/Th2 balanced and Th2-biased, respectively, immune responses [50,51]. Consistent
with our previous results, we observed an IgG response induced by CT584 immunization.
Furthermore, we observed elevated IgG1 vs. IgG2a antibody levels, suggesting a Th2-
favored response (Figure 5B,C). To determine what T cell immune responses were induced,
we examined the CD4 and CD8 T cell populations through flow cytometry after gating
for single live CD3* cells (Figure 5D,E, Supplemental Figure S3A) extracted from the ex
vivo restimulated draining lymph node cells and splenocytes of immunized mice. Using
the extracted cells, we also performed ex vivo antigen restimulation assays. We gated
for live cells in the splenocyte and lymph node cultures (Supplemental Figure S3B) and
assessed markers such as IFN-y (Figure SEG, left) and TNF-« (Figure SEG, right); however,
there were no significant differences between CT584 immunized mice and PBS controls for
any marker.
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Figure 5. CT584 adjuvanted with CAF01 + R848 induces antigen-specific antibodies but not T cell-
based responses. (A) Schematic of i.m./i.m. immunization routes and schedule for CT584 with
CAF01/R848. (B) Scatter plot showing CT584 specific IgG1 antibodies in mouse immune sera. The
line indicates the median. p-values calculated using Welch'’s t-test. (C) Scatter plot showing CT584
specific IgG2a antibodies in mouse immune sera. The line indicates the median. p-values calculated
using Welch'’s t-test. (D) Box and whiskers plot showing CD4 (left) and CD8 (right) expression in T
cell populations from the draining lymph nodes of immunized mice. p-values calculated by Student’s
t-test. (E) Box and whiskers plot showing CD4 (left) and CDS8 (right) expression in T cell populations
from the spleen of immunized mice. p-values calculated by Student’s t-test. (F) Scatter plot showing
the percentage of draining lymph node immune cells expressing IFN-y (left) and TNF-« (right) after
ex vivo restimulation with antigen. The line indicates the median. p-values calculated by one-way
ANOVA. (G) Scatter plot showing the percentage of splenocytes expressing IFN-y (left) and TNF-«
(right) after ex vivo restimulation with antigen. The line indicates the median. p-values calculated by

one-way ANOVA. n.s. = not significant.

4. Discussion

There is a growing need for access to vaccines in the world, especially against Ct,
where currently antibiotics are the only treatment modality. Although it is the most preva-
lent bacterial STI, its health consequences disproportionately impact poor and rural regions
worldwide, where myriad logistical challenges towards detection and administration of
aid remain [52]. Synthetic biology techniques such as CFPS can potentially address these
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gaps, promising the ability to rapidly produce recombinant protein vaccine candidates and
therapeutics at the point of use. CFPS lysates are amenable towards lyophilization and
reconstitution in a just-add-water system, removing the necessity of cold-chain storage,
making them ideal for low-cost low requirement solutions. Unlike recombinant single
proteins, lyophilized cell-free systems are flexible and can rapidly produce potentially any
target protein after reconstitution, as long as the correct DNA template is supplied. Ad-
vances in lyophilization techniques have enabled CFPS lysates to retain sufficient activity,
even after weeks of storage at elevated temperatures, to produce active therapeutic en-
zymes such as crisantaspase, as well as immunogenic doses of a conjugate vaccine against
enterotoxigenic E. coli. [53,54]. Demonstrably, pilot studies generating an on-demand vac-
cine against Francisella tularensis that is protective against lethal F. tularensis challenge in
mice have also been performed [55].

Due to the inherent flexibility of CFPS systems, it is also possible to produce and solu-
bilize even challenging chlamydial antigens, such as the integral membrane protein MOMP,
for immunization studies [42,56]. Although bacterially derived recombinant MOMP and
purified EBs performed the best overall in those studies, CFPS-produced MOMP was
able to generate both humoral and cytokine responses and measurable protection in mice
against respiratory challenge, with the added benefit of faster and easier production. Taking
advantage of this flexibility, we used CFPS to produce and characterize the effects of a T355
protein on protection against Cm infection.

T3SS function is highly conserved across chlamydial species and is required for infec-
tion [57], making it an attractive target for potential vaccines against Ct. While chlamydial
gene expression can vary over the course of infection due to its distinctive bi-phasic life
cycle, the T3SS is present in both EBs and RBs [12], suggesting a potential vaccine against
T3SS components could be useful at all stages of infection. T3SS needle tip antigens from
other organisms, such as Y. pestis [58,59] and Salmonella enterica [60,61], have been success-
fully used as vaccine antigens to protect against lethal challenge in mice and non-human
primate models. Because CT584 was identified as a putative needle-tip protein in the
chlamydial T3SS, we reasoned that it could be a suitable vaccine antigen candidate.

We produced and purified recombinant CT584 using CFPS and evaluated it for usage
as a protective chlamydial vaccine antigen. We confirmed that CFPS-produced CT584
resembles its known structure (PDB: 4MLK [45]) using AFM data and simulations. In
our mixed in./i.m. CT584 immunization regime, we observed an increase in IgG2a over
IgG1 production, suggesting a skewing towards Thl-biased immune responses. As Thl re-
sponses are important for protection against intracellular pathogens like chlamydia [46,62],
it was an encouraging result. However, we did not see any protection from mice immu-
nized with 20 pg of CT584, neither through i.m. nor i.n. routes, after i.n. challenge with Cm
EBs. The CT584 immunized mice showed no differences from the PBS control, resulting in
significant weight loss, increased lung weights indicative of ongoing inflammation, and
increased lung IFUs. Interestingly, although we saw some measure of protection when
combining 10 pg CT584 with 10 ug rMOMTP, the effect was not better than rMOMP alone,
suggesting that there were no synergistic effects and that the protection was likely driven
by the addition of rMOMP.

CT584 has been incorporated into a few potential chlamydial vaccine formulations
to date. As a recombinant protein fusion with other T3SS proteins, CopB and CopD,
CT584 elicited a reduction in bacterial shedding after i.n./in. immunization in both Cm
and Ct genital tract challenge models [16,17]. However, when using peptides designed
from B-cell specific epitopes conjugated to a bacteriophage Qf3-based virus-like-particle
(VLP) platform [63] through i.m. immunization, results were more mixed. Although
initial experiments showed a reduction in Ct burden upon transcervical challenge, repeated
experiments did not reach statistical significance. More recently, Cm CT584 (TC0873) was
used for i.m./i.m./i.m. vaccination in mice but also failed to protect against Cmn genital
challenge, giving similar bacterial load and pathology to the PBS and mock controls [64].



Vaccines 2024, 12, 1134

14 of 18

Crucially, the two groups to have used full-length CT584 in their vaccine formulations
obtained conflicting results: BD584 generated some partial protection as a vaccine candidate
against Cm genital challenge in mice, while TC0873 did not. Since Cn TC0873 and Ct CT584
are nearly identical, it is unlikely to be due to differences in protein sequence or structure
between the two antigens. There was a difference in the route of immunization between
the two studies, with BD584 being administered mucosally; however, our results would
suggest that both i.n. and i.m. routes are equally ineffective for CT584 alone. Thus, we can
infer from this evidence that the success seen in BD584 is likely due to the partial CopB and
CopD sequences in the fusion.

Additionally, it is important to point out that in the current study as well as the fusion
protein and peptide studies described above, vaccination elicited robust antigen-specific
antibody titers. While it is widely accepted that an effective chlamydia vaccine requires the
induction of a cell-mediated immune response, the contribution of humoral immunity is
less clear [65,66]. Pre-incubation of chlamydial EBs with immune sera from VLP-CT584
immunized mice from Webster et al. [63] before transplantation into naive mice resulted in
a significant reduction in upper genital tract bacterial burden compared to sera from VLP
alone, highlighting the potential role antibodies may play in protection against chlamydial
infection. However, it is important to note that while antibodies have been shown to reduce
bacterial burden, especially upon reinfections in mouse models [67], the same phenomenon
may not hold in human cohorts where antibody production for the prevention of pathology
is a more complex interaction [68].

This, however, begs the following question: Since pre-opsonized EBs showed a marked
reduction in bacterial load in mice and, presumably, infection efficiency, why are the anti-
bodies generated against CT584 generally insufficient for protection against challenge with
live EBs? Speculatively, it is possible that these antibodies merely recognize CT584 but are
not neutralizing. Another possibility is that they are not present in sufficient titers on the
mucosal surfaces—indeed, we observe significantly less IgG present in the vaginal washes
compared to sera, as well as negligible IgA production, in our experiments. Although we
used a respiratory challenge model, the reduced antibody titers on the mucosal surfaces
would naturally preclude their effectiveness regardless of their neutralizing ability. Alterna-
tively, there may be issues with CT584 antigen presentation in vivo. While CT584 immune
sera could detect CT584 protein in EB lysates or purified samples through WB, the converse
was not true. EB immune sera could not detect CT584 in any condition, suggesting that
CT584 antigen in EBs may not be as immunogenic as the recombinant CT584 or that the
antibodies generated against it only recognize a conformational epitope not detectable
through WB. Irrespective of the cause, our data suggest that CFPS-produced CT584, alone
or in combination with MOMP, may not be suitable as a vaccine candidate.

Although CT584 by itself did not elicit a protective immune response against Cm
respiratory challenge in our formulations, other proteins of the T3SS may still present
promising targets. T3SS function is crucial for chlamydial infection, and immunization
using fusions of the terminal translocon pore proteins CopB and CopD showed encouraging
results in both Cm and Ct mouse models [16,17]. Because fusion proteins, especially those
of integral membrane proteins, may not be in the properly folded state, it may be possible
to improve upon that antigen. Combining CFPS with nanodisc [56] technology would
allow for the de novo synthesis of intact CopB and CopD pore complexes in membrane
discs, mimicking their native structure, and could present a stronger immunogenic T35S
vaccine candidate for future studies.

5. Conclusions

We have demonstrated that CFPS-produced full-length Ct CT584 is not a protective
vaccine antigen when adjuvanted with CpG-1826 + Montanide ISA 720, either alone or in
combination with rMOMP, against respiratory chlamydial challenge in mice. Immunization
through both i.n. or i.m. routes with CT584 generated systemic humoral (IgG) immune
responses but negligible mucosal IgA production. Importantly, we saw no difference when
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comparing CT584 to PBS control groups in terms of weight loss, lung inflammation, and
bacterial load after challenge. Although CT584 is not effective as a vaccine antigen in
our mouse model, CFPS approaches are flexible and can enable the rapid production and
screening of other chlamydial antigens of interest.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/vaccines12101134/s1, Figure S1: Cm TC0873 and Ct CT584 are
nearly identical; Figure S2: E. coli DNA codon optimization for Ct ct584. Figure S3: Gating strategy
for T cell populations and Th1 cytokines.
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