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Abstract

To begin to optimize the immunization routes for our reported PLGA-rMOMP nanovaccine [PLGA-encapsulated Chlamydia muridarum
(Cm) recombinant major outer membrane protein (rMOMP)], we compared two prime-boost immunization strategies [subcutaneous
(SC) and intramuscular (IM-p) prime routes followed by two SC-boosts)] to evaluate the nanovaccine-induced protective efficacy and
immunogenicity in female BALB/c mice. Our results showed that mice immunized via the SC and IM-p routes were protected against
a Cm genital challenge by a reduction in bacterial burden and with fewer bacteria in the SC mice. Protection of mice correlated
with rMOMP-specific Th1 (IL-2 and IFN-y) and not Th2 (IL-4, IL-9, and IL-13) cytokines, and CD4+ memory (CD44"8"CD62L igh) T-cells,
especially in the SC mice. We also observed higher levels of IL-1«, IL-6, IL-17, CCL-2, and G-CSF in SC-immunized mice. Notably, an
increase of cytokines/chemokines was seen after the challenge in the SC, IM-p, and control mice ({MOMP and PBS), suggesting a
Cm stimulation. In parallel, rMOMP-specific Th1 (IgG2a and IgG2b) and Th2 (IgG1) serum, mucosal, serum avidity, and neutralizing
antibodies were more elevated in SC than in IM-p mice. Overall, the homologous SC prime-boost immunization of mice induced
enhanced cellular and antibody responses with better protection against a genital challenge compared to the heterologous IM-p.
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Introduction

Development of a safe and effective vaccine is only the first step
to control a human infectious pathogen. In recent years, vaccine
development efforts against human pathogens are rapidly pro-
gressing toward biodegradable nanoparticle-based delivery of en-
capsulated subunit antigens (Lung et al. 2020). Due to the weak
immunogenicity of subunit vaccines, they require a delivery sys-
tem, an adjuvant to bolster immune responses, and often mul-
tiple dosages to induce adequate protective immune responses
(Singh et al. 2015, Tsoras and Champion 2019, Kumar et al. 2020).
Vaccine-induced immunity is also profound upon the immuniza-
tion route to elicit anamnestic immune responses (Estcourt et
al. 2005, Herzog 2014, Pais et al. 2019). Targeting mucosal routes
for immunization has been effective since most infections oc-
cur through mucosal surfaces (Holmgren and Czerkinsky 2005).
Nevertheless, multiple studies have indicated that nonmucosal
routes can induce better immune responses for vaccines against
some cancers (Chen et al. 2018, 2019), bacteria (Khan et al. 2017,
Khademi et al. 2019), viruses (Lin et al. 2014, Gebauer et al. 2019),
and parasites (Noormehr et al. 2018, Pandey et al. 2018). Currently,
many subunit vaccines that are in preclinical development inter-
changeably use systemic and mucosal routes or a combination of

both for immunization (Holmgren et al. 2013, 2018, Manoff et al.
2015, Kumar et al. 2020, Lakatos et al. 2020).

Chlamydia trachomatis (Ct) is the most common etiologic agent
of bacterial sexually transmitted diseases, leading to considerable
reproductive morbidities worldwide (Low et al. 2016). Generally,
females are more prone to long-term persistent infections that
pose significant risks, often causing pelvic inflammatory disease,
infertility, ectopic pregnancy, and chronic abdominal pain (Clu-
ver et al. 2017, Poston et al. 2019). Reportedly, Chlamydia infections
can boost human immunodeficiency virus (HIV) transmission and
may serve as a cofactor in human papillomavirus-induced cervi-
cal neoplasia (Simonetti et al. 2009, Jensen et al. 2014, Masia et
al. 2020), thereby posing a considerable burden on public health
globally. Despite these significant public health challenges, there
is no approved chlamydial vaccine. The development of a vaccine
against genital Chlamydia could greatly aid in the amelioration of
the induced morbidities and comorbidities.

Chlamydia is an infectious pathogen whereby vaccine-induced
immunity is exceptionally challenging since an attenuated or in-
activated whole chlamydial elementary bodies (EBs) vaccine is not
practical due to the induction of immunopathology (Mabey et al.
2014). Also, the need for serovar-specific protection (de la Maza et
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al. 2017) further stifles the process. Available evidence indicates
that protection against Chlamydia involves coordination from cell-
mediated and humoral immunity such as CD4" T-cells, Thil-
secreting cytokines (i.e. IFN-y, IL-2), and antibodies (IgG and IgA),
to clear the bacterial infection (Farris et al. 2010, Fiorino et al. 2013,
Lorenzen et al. 2015, Wern et al. 2017). Other investigators show
that an immunomodulatory Th17 response also plays a role in
Chlamydia vaccine-induced immunity (Vicetti Miguel et al. 2016).

Chlamydia major outer membrane protein (MOMP) has been
studied for years and is a prime subunit vaccine target because
it is immunogenic and elicits cellular and humoral immune re-
sponses that are requisites for protective immunity against gen-
ital Chlamydia (O’'Meara et al. 2013, de la Maza et al. 2017, Pos-
ton et al. 2019). Recombinant MOMP adjuvanted with DDA/MPL
and chlamydial Pmps (Yu et al. 2014), CAF01, and CAF09 (Pal et al.
2017), TLR agonists (Cheng et al. 2011, 2014, Pal et al. 2020, Tifrea
et al. 2020) or cholera toxin subunits (Singh et al. 2006, Ekong et al.
2009) have all protected mice against genital Chlamydia. Nonethe-
less, the protection afforded by the MOMP vaccine candidates is
short-term and does not induce sterilizing or long-lasting protec-
tive immunity, probably because of ineffective adjuvants to bol-
ster mucosal immune responses (Singh et al. 2006, Stary et al.
2015), efficient delivery systems (Dixit et al. 2018), or inadequate
routes of administration (Fiorino et al. 2013, Lorenzen et al. 2015,
Pais et al. 2019).

The vaccine-delivery route has a significant impact on the in-
duction of efficacious host immune responses. Moreover, an opti-
mal vaccine-delivery system can profoundly dictate the outcome
of the elicited immune responses. Efforts to develop and opti-
mize a vaccine against Chlamydia have sought numerous delivery
routes (Berry et al. 2004, Ralli-Jain et al. 2010, Pais et al. 2017) and
prime-boost immunization strategies (Brown et al. 2012, Loren-
zen et al. 2015, Badamchi-Zadeh et al. 2016). Our effort in the pre-
clinical development of a Chlamydia vaccine has focused primar-
ily on delivery systems using biodegradable-polymeric nanopar-
ticles with self-adjuvanting properties. Using such an adjuvant-
delivery system, we have successfully developed several potential
Chlamydia nanovaccine candidates against MOMP or its peptides
(Taha et al. 2012, Fairley et al. 2013, Dixit et al. 2014, Verma et al.
2018, Sahu et al. 2020). We recently reported that our chlamydial
PLGA-rMOMP nanovaccine consisting of recombinant major outer
membrane protein (fMOMP) encapsulated in extended-releasing
PLGA (85:15) nanoparticles-triggered activation of dendritic cells
to produce robust Th1 cytokines, adaptive immune responses, and
MHC-II antigen presentation (Sahu et al. 2020). Our data showed
that PLGA-rMOMP administered via a homologous prime-boost
subcutaneous (SC) route protected mice against a Chlamydia muri-
darum (Cm) genital challenge but failed to confer complete pro-
tection. Given the impact of prime-boost immunization routes on
a vaccine’s protective potential, herein, we determined the impact
of the SC homologous versus a heterologous intramuscular (IM-
p) prime-boost immunization on the PLGA-rMOMP nanovaccine-
induced immunogenicity and protective efficacy against a Cm
genital challenge. Here, we present and discuss our results from
the prime-boost studies conducted in the female BALB/c mouse
model.

Materials and methods

Reagents

Cm [strain Nigg II; previously called C. trachomatis mouse pneu-
monitis (MoPn) biovar] expressed as inclusion forming units

(IFU/ml) was purchased from Virusys Corporation (Taneytown,
MD, USA). The mouse-derived McCoy fibroblasts cell line and Dul-
becco’s Modified Eagle’s Medium (DMEM) with high glucose and
L-glutamine were both purchased from American Type Culture
Collection (ATCC) (Manassas, VA, USA). PLGA polymer (85:15 poly-
lactide: poly-glycolide), dichloromethane (DCM), polyvinyl alco-
hol (PVA), and mitomycin-C were purchased from Sigma-Aldrich
(St Louis, MO, USA). ELISA MAX™ Deluxe kits for IL-2 and IFN-y
were purchased from BioLegend® Inc. (San Diego, CA, USA). Anti-
CD 90.2 magnetic beads and MACS columns were purchased from
Miltenyi Biotech (Auburn, CA, USA). CellTrace™ CFSE (carboxyflu-
orescein succinimidyl ester) cell proliferation assay kit (C34554),
Remel™ PathoDx™ Chlamydia culture confirmation kit (R62210),
RPMI-1640 with GlutaMax™ and HEPES, heat-inactivated fetal
bovine serum (FBS), and ACK lysing solution were purchased from
ThermoFisher Scientific (Waltham, MA, USA). The Fc block anti-
CD16/32 antibody (BD:553141), fluorochrome-conjugated anti-
bodies: CD3-APC-Cy7 (BD:560590), CD4-PerCP-Cy5.5 (BD:550954),
CD62L-APC (BD:553152), CD44-PE (BD:553134), and BD OptEIA kits
IL-1e, IL-6, and IL-4 were obtained from BD Biosciences (San Jose,
CA, USA). Cytokines/chemokines Bio-plex assays were purchased
from Bio-Rad (Hercules, CA, USA). Medroxyprogesterone acetate
(Depo-Provera) was purchased from Pfizer (New York, NY, USA).
Cycloheximide was obtained from EMD Biosciences (La Jolla, CA,
USA).

PLGA-rMOMP nanovaccine formulation

The PLGA-rMOMP nanovaccine was formulated, as previously re-
ported (Sahu et al. 2020, 2021). Briefly, PLGA 85:15 (150 mg) was dis-
solved in DCM, followed by the addition of 2 mg of rMOMP, homog-
enization, and then the addition of 1% PVA. The resulting double-
emulsion was gently stirred overnight at room temperature (RT)
to allow evaporation of the DCM organic solvent, harvested by ul-
tracentrifugation, washed, and then lyophilized in the presence
of a 5% trehalose solution. Lyophilized nanoparticles were stored
at —80°C in a sealed container until used.

Mice immunization and challenge

Female BALB/c mice (4-6 weeks old) were purchased from Charles
River Laboratory (Raleigh, NC, USA) and housed under standard
pathogen-free and controlled environmental conditions and pro-
vided with food and water ad libitum. Mice were acclimatized for
2-weeks before all experimental procedures as approved by Al-
abama State University Institutional Animal Care and Use Com-
mittee (IACUC). Mice were divided into experimental groups (12
mice/group) for the immunization studies and were primed on
day 0 via the IM-p (heterologous) or SC (homologous) routes with
PLGA-TMOMP (50 ng). Twwo boosters of PLGA-TMOMP (50 ng) were
administered via the SC route on days 14 and 28 (Fig. 1A). A total
of 2-weeks following the last immunization (day 42), 6 mice/group
were sacrificed to collect spleen, serum, and mucosal wash sam-
ples for analyses of cellular and humoral immune responses, re-
spectively. Mice in the PBS and rMOMP groups, respectively, were
administered SC with 100 pl of sterile PBS or 50 pug of rtMOMP.

For the challenge studies, immunized mice (six per/group) were
each administered 2.5 mg of Depo-Provera (day 42) SC and chal-
lenged (day 49) intravaginally with 1 x 10> IFU of Cm in sucrose
phosphate glutamate (SPG) buffer (Verma et al. 2018, Sahu et al.
2021). Cervico-vaginal swabs were collected at 3-day intervals for
3-weeks, and mice were sacrificed on day 70 (Fig. 1B). All swabs
were collected in SPG buffer and stored at —80°C to quantify the
Cm vaginal bacterial burden (Verma et al. 2018, Sahu et al. 2021).
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Figure 1. Schematic of immunization and challenge. (A) Female BALB/c mice (six per group) were each given PLGA-rMOMP (50 ug) on day O for priming
(p) via the IM-p (heterologous) or SC (homologous) routes. IM-p and SC mice each received two boosters (b) immunization of PLGA-TMOMP (50 pg) via
the SC route on days 14 and 28 and then sacrificed on day 42 (six per group) for immunogenicity studies. (B) For efficacy studies, immunized mice (six
per group) were each challenged via the intravaginal route with live Cm IFU (1 x 10°) on day 49, followed by a collection of cervico-vaginal swabs at
3-day intervals up to 3-weeks to quantify Cm IFU followed by sacrifice on day 70. Some mice received rMOMP (50 pg) or PBS via the SC route to serve as
controls. After each sacrifice (days 42 and 70), spleens (for T-cells), blood (for serum), and mucosal washes were collected to evaluate cellular and
humoral immune responses before and after a challenge. (Illustration created in Biorender.com).

Quantification of Cm from vaginal swabs

Swabs were propagated in McCoy cell monolayers containing
0.5 pg/ml cycloheximide, centrifuged at 750 x g for 1 h at RT
and then incubated for 2 h at 37°Cin a 5% CO, humidified atmo-
sphere. After that, the media was replaced with fresh media con-
taining 0.5 pg/ml cycloheximide and further incubated for 30 h.
The cells were washed, fixed in 95% ethanol, and stained with
a FITC-labeled Chlamydia antibody using the Remel™ PathoDx™
Chlamydia Culture confirmation kit. Inclusions were captured us-
ing a fluorescent microscope (Nikon, Melville, N, USA), visually
counted and calculated as IFU/ml (Verma et al. 2018, Sahu et al.
2021).

Antigen-specific T-cells proliferation, and
memory and effector phenotypes quantification
Spleens were pooled per group and kept in RPMI-1640 supple-
mented with 10% FBS and antibiotics-antimycotic. Single-cell
suspensions were obtained and filtered through a 40-micron ny-
lon mesh strainer and washed before red blood cells lyses using
ACK lysing solution. Total T-cells were purified from splenocytes
with anti-CD 90.2-conjugated magnetic beads by positive selec-
tion over MACS columns and subjected to CFSE-based prolifera-
tion assay, as previously described (Dixit et al. 2018, Verma et al.
2018, Sahu et al. 2020, 2021). CFSE-labeled T-cells (1 x 10°) were co-
cultured with mitomycin-C (25 pug/ml) treated APCs (1 x 10°) and
stimulated with rtMOMP (5 ng/ml) in round bottom-polypropylene
tissue culture tubes and incubated for 120 h at 37°Cin a 5% CO;-
humidified atmosphere. Cells were harvested and stained using
CD3-APC-Cy7,CD4-PerCP-Cy5.5, CD62L-APC, and CD44-PE to eval-
uate T-cells proliferation, and memory (CD44Me" CD62LMg") and
effector (CD44Meh CD62L!9") phenotypes. Following the staining,
cells were washed, fixed, and data were acquired on a BD LSR II
flow cytometer and analyzed using FCS Express FLOW6 (De Novo
Software, Pasadena, CA, USA). Gating on CFSE™ T-cells was used
for the selection of CD3*CD4* T-cell populations (Figures S1-S8,
Supporting Information). Histogram fluorescence intensities were
used to quantify the proliferating and resting T-cells amongst the
total CFSE*CD3*TCD4* T-cells.

Cytokines quantification

Purified T-cells were co-cultured with APCs and stimulated with
TMOMP (5 pg/ml), and cell-free culture supernatants were col-
lected at 120 h by centrifugation for cytokines quantification, as
described previously (Dixit et al. 2018, Verma et al. 2018, Sahu et

al. 2020, 2021). The Th1 and Th2 cytokine ratios were calculated
using the following equation:

Th1(IL — 2 or IFN — y)

Ratio =
aro Th2 (L — 4)

Quantification of antigen-specific serum and
mucosal antibody isotypes

Antibody isotypes (IgG2a and IgG2b (Th1) and IgG1 (Th2)) A were
quantified from pooled sera or vaginal wash (including IgA) sam-
ples, as described previously (Singh et al. 2006, Fairley et al. 2013,
Dixit et al. 2014, Verma et al. 2018, Sahu et al. 2021). Briefly,
ELISA plates were coated with 100 ul (1 pg/ml) of purified rMOMP
and kept overnight at 4°C. The TMOMP-coated plates were then
washed with PBS-Tween 20 (PBST) and blocked in 3% nonfat dry
milk. In a separate plate, samples were serially diluted (2-fold),
starting at 1:4000 (serum IgG1), 1:500 (serum IgG2a and IgG2b),
1:25 (mucosal wash IgG1, IgG2a, and IgG2b), and 1:5 (mucosal
wash IgA) to determine the endpoint titers. Antigen-specific IgG2a
and IgG2b (Th1) and IgG1 (Th2) antibodies were detected using
isotype-specific HRP-conjugated antibodies (goat antimouse) and
TMB substrate. The endpoint titer was considered to be the last
sample dilution with readings higher than the mean + 5 stan-
dard deviations (SD) of the negative control serum or vaginal wash
(IgG isotypes) or the mean + 3 (SD) of the negative control vagi-
nal wash samples (IgA). All samples were run in triplicates, and
experiments were repeated at least three times. The Th1 and Th2
antibody ratios were calculated using the following equation:

Th1 (IgG2a or IgG2b)

Ratio = —— 37 ligc1)

Quantification of antibody isotypes avidity index

Serum antibody isotypes avidity index (Al) was determined as pre-
viously described (Verma et al. 2018, Sahu et al. 2020, 2021). ELISA
plates were coated with purified rMOMP, as described above in the
serum and mucosal antibodies section. Sera were diluted (1:50,
1:100, 1:200, and 1:400) and then added to wells in parallel (two
sets per plate) and incubated for 2 h at RT. Plates were washed
with PBST, and one set for each sample was treated with urea
(8 M in PBST), and the other set was treated with PBST for 5 min
at RT. After washing, rMOMP-specific IgG2a and IgG2b (Th1) and
IgG1 (Th2) isotypes Al was detected using isotype-specific HRP-
conjugated goat antimouse antibodies and TMB substrate. The
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Figure 2. SC rather than the IM-p prime-boost immunization provides better protection against a genital chlamydial challenge. Mice were each given
PLGA-rMOMP (50 pg) as priming via the IM-p (heterologous) or SC (homologous) routes. IM-p and SC mice each received two booster immunization of
PLGA-TMOMP (50 pg) via the SC route at 2-week intervals and then challenged via the intravaginal route with live Cm IFU (1 x 10°). Cervico-vaginal
swabs were collected at 3-day intervals up to 3-weeks and propagated in McCoy fibroblasts to quantify recovered Cm IFU from swabs. (A) Each floating
bar represents the minimum and maximum range for the IFU counts (IFU/ml) from individual swabs, and the horizontal middle dotted line represents
the mean of IFU/ml for each group of mice after challenge. (B) Graph insert represents the average of total IFU/ml (mean =+ SE) calculated for each
group between days 3 and 18, and presented as a % reduction of IFU compared to the PBS control. Immunofluorescence microscopic visualization of
Cm IFU (green) cytoplasm in fibroblasts (red). Fibroblasts were exposed to swabs collected from mice on day 12 after the challenge. (C) PBS, (D) rMOMP,
(E) IM-p, and (F) SC groups. Statistical analyses were performed using two-way ANOVA followed by Tukey’s Post-test (A) and average IFU comparison
was performed using one-way ANOVA (B). Significant differences in IFU counts were considered at xP < .05, %P < .01, and s#**P < .0001. No exclusions

were applied for IFU counts.

experiments were repeated at least two times, and each sample
was run in triplicates. The Al was calculated using the following
equation:

AL (%) = ( OD with urea )

OD without urea

Neutralization of Chlamydia in vitro

Neutralization of Cm EBs by sera from immunized (pre) and
immunized-challenged (post) mice was performed in McCoy cells,
as previously described (Verma et al. 2018, Sahu et al. 2021). Briefly,
McCoy cell monolayers were infected with EBs (pretreated with
sera) by centrifugation for 1 h at 750 x g and incubated for 30 h in
a 37°C incubator. Cells were fixed, stained with Chlamydia confir-
mation kit (Remel, ThermoFisher, USA). Inclusions were captured
using a fluorescent microscope (Nikon, Melville, NY, USA), counted
and calculated as IFU/ml.

Statistical analysis

Data were analyzed by two-way analysis of variance (ANOVA)
followed by Tukey’s multiple comparison to compare the num-
ber of Cm IFU, and cellular and humoral immune responses
from rMOMP, SC and IM-p using GraphPad Prism 10 (San

Diego, CA, USA) to observe the differences between immunized
(pre), immunized-challenged (post) and control groups. One-way
ANOVA was used for the average of total IFU to compare the %
reduction in recovered IFU between immunized-challenged (post)
groups. P-values < .05 were considered statistically significant.

Results

Homologous (SC) is more effective than
heterologous (IM-p) prime-boost immunization
against clearance of genital Chlamydia

Exploring various prime-boost immunization strategies in the
preclinical development of an efficacious vaccine against geni-
tal Chlamydia is essential (Brown et al. 2012, Badamchi-Zadeh et
al. 2016). To begin to optimize the immunization routes for our
chlamydial PLGA-rMOMP nanovaccine, we used two prime-boost
immunization strategies to compare the nanovaccine-induced
protective efficacy and immunogenicity in mice. As depicted in
Fig. 1, mice received PLGA-TMOMP either via the IM-p (heterolo-
gous) or SC (homologous) routes followed by two SC route booster
immunizations and then a challenge via the mucosal intravaginal
route with Cm IFU (1 x 10°). Cervico-vaginal swabs were collected
at 3-day intervals up to 3-weeks to evaluate protection by quan-
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immunized-challenged (post) and plotted as comparison between pre and post. Ratio (A) (IL-2/IL-4) and (B) (IFN-y/IL-4).

tifying the recovered IFU from swabs. Both SC and IM-p immu-
nizations confer significant protection (P < .05-.01) against genital
Chlamydia in comparison to the rMOMP and PBS control groups, by
their lower IFU and faster bacterial clearance (Fig. 2A). Of note, SC
mice had significantly less IFU (P < .01) with accelerated bacterial
clearance compared to the IM-p mice. An average of the total re-
covered IFU/group (days 3-18) revealed the lowest recovered IFU
in the SC group with 88.42% reduction versus IM-p (63.14%) and
rMOMP (40.21%) as compared with the PBS control (Fig. 2B). These
findings indicate that the homologous SC route affords the best
protection of mice against a Cm genital challenge. Visualization
of Cm in fibroblasts employing immunofluorescence microscopy

validated the lower IFU in the SC, followed by IM-p and then the
rMOMP and PBS groups (Fig. 2C-F).

Nanovaccine-induced antigen-specific cellular
immune responses in mice

Itis well-known that cell-mediated immunity, as elicited by a vac-
cine, is key to protecting against genital Chlamydia with activated
T-cells and Th1 cytokines serving as pivotal protagonists (Bak-
shi et al. 2018, Helble et al. 2020). We evaluated T-cell-mediated
immune effectors that may correlate with PLGA-rMOMP protec-
tive efficacy against genital Chlamydia in immunized mice. Purified
splenic T-cells from immunized (pre) and immunized-challenged
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Figure 5. Chlamydia-specific CD4" T-cells proliferation and memory and effector phenotypes in immunized and immunized-challenged mice. Groups
of mice were immunized and challenged, as described in Fig. 1 legend. Immunomagnetic purified splenic T-cells (1 x 10°) from immunized (pre) and
immunized-challenged mice (post) were cocultured with mitomycin-C treated APCs (1 x 10°) and stimulated with TMOMP (5 pg/ml) for 120 h at 37°C
in a 5% CO,-humidified atmosphere. Cocultures were centrifuged, and cells were stained with fluorochrome-labeled specific antibodies for CD3, CD4,
CD44, and CD62 L surface markers. Cells were acquired on a flow cytometer and analyzed by gating on CD3" T-cells with secondary gating on
CFSE*CD3*CD4" T-cells for proliferating memory (CD44* CD62L*) and effector (CD44" CD62L~) T-cells phenotypes. Immunized mice (pre); (A, B, and
C) PBS, (D, E, and F) rIMOMB, (G, H, and I) IM-p, and (], K, and L) SC. Immunized-challenged mice (post); (M, N, and O) PBS, (P, Q, and R) rMOMP, (S, T, and U)
IM-p, and (V, W, and X) SC groups. (C, F, I, L, O, R, U, and X) Dotted red box; CD4 memory (CD44" CD62L") T-cells % population, Dotted green box;
effector (CD44+ CD62L~) T-cells % population.

Pathogens and Disease, 2024, Vol. 82

250+ T
&
10° CD3+CD4+ g g ootk rm—————
35.85% ; M2 = = = = = == CD44+ CDB2L+|
1881 I— 1.48% 1053 > 2.25%
——
D £ T 104
o 3125 e
~— o Q 3
0 ¢ 107y
m 63 CD44- CD62L+
o 104 0.46%
o- ]_g] T T T T
100 10° 100 10" 10°
cD3 CD4 CD62L
2507 o} coaar coeat- |
H 10 7§ -1
10°4 CD3+CD4+ o
30.83% 31.69% M2 |l0._9i%__
0,
6\ |— 1.89% 10°1
ol ] 3
o - 2 104
S 8 4 o
o 3 .
= & 2 g0t
&
@) ::i “CD44- CD62L+
] 2 ©1.15%
= /) 10°3
£\ \
] g @&.‘.’A\.
A A o T i
1 2 3 4 5 i ¢ 5 ;
107 10% 10" 107 10 10t 10° 100 10° 10
CcD3 CFSE CD4 CD62L
2= s Jcnsas coezL |
5 1073 -
4 CD3+CD4+ -
= 4527% [LL08% o wlIED
1881 10°
—_—
@
i S 'g' g 10%4
S |3 31251 S
~— © Q 3
o © 1074
1
— 634 5  aga
= 10°] 1,90%
0- 10" T T T T
10 100 10 10 10°
cD3 CD4 CD62L
0 s I cpas+ cosaL-!
10°4 CD3+CD4+ 10 3 6 21% gl Frpp———
46:903 I — = — = JjCcD44+ cDB2L+
188 107 e 2000
—_
o) E 3 ]
= 3 5 1251 g 10
85 s :
O S 10’4 :
634 CD44- CDB2L+
w
10%1 2.17%
0- 101 T T T T
100 10° 100 10 10°
cD3 CD4 CD62L

¥20g dunr Gz uo Jasn STTVENLYN A SYLOVXT SYIONTIO 3A avL1NOV4 'van Aq 292169./7009el/pPdsway/e601 0 1/10p/3|01e/pdsius)/wod dno-olwepese//:sdyy wody papeojumod



Sahuetal. | 7

T — === p=—====
s | 10 4 CD44+CD62L- ) lcD44+CDB2L+
10 CD3+CD4+ ! 1
e 30.70% e 25.56% 1 1.99% |
. | 2.04% s i i )
- :
8 ; X ot ; :
o é 3
S é 3
10
% CD44-CDB2L+
. 0.63%
o
10'2 1 "2 "5 5 B
10° 10° 10° 100 10
CD4 CD62L
5 M1 10°d cpaa+coszL. | IopasropeaL
e CD3+CD4+ 37.24% 31.79% Iy 1.75%_‘
e, 10°
z i
Y g IIJ‘1 : : -
é o B
. bl 7
3 S CD44-CDB2L+
2 i : 0.48%
[
10’
: 1 : 2 : 3 I4 ; 5
100 10° 10° 100 10
CD4 CD62L
o Tl Eoa!
5 | 10 + = D44+CD62L+
10 CD3+CD4+ o I
Spae 44.80% i 35.28% 2.49% |
10° '
=
7] sl -
8 10 A
(o} g 3 ‘
g 8 o]
o - :
T ) i . CD44-CD62 L+
g 100 O:78ce
: 10°4 v T T r
1 2 3 s 5
10 10 10 10 10
CD4 CD62L
2507 o T T p======
| 10 3 CD44+CD62L- | CcD44+CD62L+
10 CD3+CD4+ 9 1 I
61.63% ahe mz oy Fa%y
188- A 10°
= I
(73] i g 10*
o8 125 o
0. [* )
= & % 10
Q 634 gl o CD44-CDB2L+
b > 0.61%
w 1' é' 10 .
ot
o 7 1
10 + v T T v
1 3 5 5
10 o’ 10" 10 100 10® 100 10° 10
cD3 CFSE cD4 CD62L

Figure 5. Continued.

(post) mice were co-cultured with mitomycin-C treated APCs
and stimulated with rMOMP for 120 h. Post-stimulation, cell-free
supernatants were collected and used to quantify various cy-
tokines/chemokines that are necessary for clearance of chlamy-
dial burden in the genital tract (Helble et al. 2020).

As depicted in Fig. 3(A), T-cells from SC- and IM-p-immunized
mice (pre) were found to significantly (P < .0001) produce more
Th1 cytokines (IL-2, and IFN-y) compared to those from the
rMOMP and other control groups of mice. It is worth noting that

both cytokines were significantly enhanced (P < .0001) after a Cm
genital challenge (post).

We also observed (Fig. 3B) that T-cells from the SC and IM-
p immunized mice (pre) produced significantly (P < .001) higher
levels of IMOMP-specific IL-6 (a pro-inflammatory cytokine) com-
pared to the control groups (pre). After a genital challenge (post),
T-cells from all groups secreted high levels of IL-6, with SC mice
showing the highest level. IL-17 production was significantly high
(P <.0001) in the rMOMP-, SC-, and IM-p-immunized (pre) groups.
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Figure 6. Production of systemic rMOMP-specific antibodies after immunization (pre) and challenge (post). Groups of mice were immunized and
challenged, as described in the legend of Fig. 1. Sera collected from groups of immunized (pre), and immunized-challenged (post) mice were pooled per
group and used to quantify rMOMP-specific antibody isotypes by ELISA. Immunized mice (pre); (A) IgG, (C) IgG2a, (E) IgG2b, and (G) 1gG1, and
immunized-challenged mice (post); (B) IgG, (D) IgG2a, (F) IgG2b, and (H) IgG1. Sera were diluted at a 2-fold serial dilution to determine the endpoint
antibody isotype titers. Each data point represents the mean =+ SD of triplicate samples.
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Figure 7. Production of mucosal rMOMP-specific antibodies after immunization (pre) and challenge (post). Groups of mice were immunized and

challenged, as described in Fig. 1 legend. Vaginal washes collected from groups of immunized (pre) and immunized-challenged (post) mice were

9

pooled per group and used to quantify rMOMP-specific antibody isotypes by ELISAs. Immunized mice (pre); (A) 1gG, (C) 1gG2a, (E) IgG2b, (G) IgG1, and (1)
IgA, and immunized-challenged mice (post) groups; (B) IgG, (D) 1gG2a, (F) IgG2b, (H) IgG1, and (J) IgA. Mucosal washes were diluted at a 2-fold serial
dilution to determine the antibody isotype endpoint titers. Each data point represents the mean + SD of triplicate samples.
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Lower levels of IL-17 was observed in the negative control groups.
We also observed enhanced IL-17 production (> 8-fold) in all
groups of mice after the Cm genital challenge (post).

Figure 3(C) shows that CCL-2 (also known as monocyte
chemoattractant protein 1 (MCP1)) production was significantly
(P <.05) induced in SC- and IM-p-immunized mice (pre), which de-
creased after Cm genital challenge (post). The granulocyte colony-
stimulating factor (G-CSF) (Fig. 3C), a stimulator of stem cells to
produce more leukocytes, was significantly (P < .0001) high in
SC- and IM-p-immunized mice (pre). In addition, we noticed that
the SC mice produced 2-fold higher levels of G-CSF in compari-
son to the IM-p mice. The production of G-CSF was significantly
(P < .0001) enhanced after a Cm genital challenge (post) but inter-
estingly, slightly higher in IM-p mice compared to SC mice (post).

In Fig. 3(D), it can be seen that T-cells from SC- and IM-p-
immunized mice (pre) secreted significantly (P < .0001) higher
IL-1e than the rtMOMP and other control groups. After challenge
(post), the levels of IL-1a were significantly (P < .0001) enhanced
for SC, followed by IM-p and rMOMP compared to the negative
control groups. The production of IL-4, a prototype Th2 cytokine,
was low in SC-, IM-p-, and rMOMP-immunized mice (pre), and was
further reduced in challenge mice (post). On the other hand, IL-13
production was elevated significantly (P < .001) in SC (post) com-
pared to all other groups (pre and post). Additionally, IL-9 pro-
duction was significantly (P < .0001) induced in all pre and post
groups, especially in SC. Overall, Th2 cytokines were lower than
Th1 cytokines in SC and IM-p mice. The PLGA-PBS negative con-
trol responses were similar to those of PBS; thus, thus statistical
comparison was not included in the graphs for clarity.

Further analyses of the Th1l (IL-2, IFN-y) and Th2 (IL-4) cy-
tokines ratio (Fig. 4A and B) revealed that the SC immunized mice
(pre) produced higher rMOMP-specific Th1 (IL-2/IL-4; 7.70 and IFN-
y/IL-4; 9.13) cytokines compared to the IM-p (IL-2/IL-4; 4.45 and
IFN-y/IL-4; 5.93), which were than enhanced after a Cm genital
challenge (post) in SC (IL-2/IL-4: 17.71) and (IFN-y/IL-4; 17.46) and
IM-p (IL-2/IL-4; 11.10 and IFN-y/IL-4; 13.24). Whereas, the tMOMP
(not shown in Fig. 4) immunized mice (pre) produced Th1 (IL-2/IL-
4; 1.47 and IFN-y/IL-4; 2.2) cytokines and slightly enhanced Th1
(IL-2/IL-4; 5.26 and IFN-y/IL-4; 6) after a Cm genital challenge
(post). Overall, these results demonstrate that the SC homologous
prime-boost induced higher Th1 cytokine responses to enhance
the protection against a genital Chlamydia challenge. The PBS con-
trol group comparison (pre and post) was not included (Fig. 4) due
to low or no significant change in IL-4 production (Fig. 3D) after a
Cm challenge.

Assessment of a chlamydial vaccine efficacy also entails evalu-
ating the vaccine’s capacity to induce activation of T-cells and the
formation of memory and effector cells. Here, the ability of PLGA-
rMOMP to activate T-cells after immunization and challenge of
mice was investigated. We focused on CD4* T-cells proliferation
and differentiation into memory (CD44Meh CD62LMeM), and effec-
tor (CD44MeP CD62L") phenotypes that contribute to bacterial
clearance. Our comparative results, as depicted in Fig. 5(A)—(L),
show that after immunization (pre), T-cell activation was in the
order of magnitude SC > IM-p > rMOMP > PBS. The increase in
the CD4* T-cell percentages was comparable for SC (46.90%) and
IM-p (45.27%) but higher than those of the IMOMP (39.83%) and
PBS (35.85%) groups (Fig. 5A, D, G, and J). Proliferating CD4* T-
cells (M1) were also similar and higher in numbers between the
SC (40.37%) and IM-p (39.69%) than the rMOMP (31.69%) and PBS
(25.87%) mice (Fig. 5B, E, H, and K). An essential, memory (CD44Men
CD62LMer) T-cell phenotype was induced by immunization of mice
in both the SC (5.68%) and IM-p (5.36%), compared to the IMOMP

(3.24%) and PBS (2.25%) groups (Fig. 5C, F, I, and L). However, the
CD4* effector (CD44MeP CD62L°") phenotype was higher for the
SC (16.21%) compared to IM-p (11.06%), IMOMP (10.95%) and PBS
(5.41%) groups (Fig. 5C, F 1, and L).

Similarly, activated CD4* T-cells increased more in the SC and
IM-p mice after a genital challenge (Fig. 5M, P, S, and V), followed
by the rMOMP and PBS mice. CD4* T-cell numbers increased in the
sequential order of magnitude SC > IM-p > TMOMP > PBS (51.63%,
48.33%. 41.78%, and 36.72%), along with heightened proliferation
(respectively, 48.07%, 44.80%, 37.24%, and 30.70%) (Fig. 5N, Q, T,
and W). The impact of a Cm challenge was also evident with the
induction of more effector CD4" T-cells in mice being higher in
SC (38.61%), followed by IM-p (35.28%), IMOMP (31.79%), and PBS
(25.56%) groups (Fig. 50, R, U, and X). Conversely, a reduction of the
CD4" T-cells memory phenotype was seen after challenge in SC
(3.04%), IM-p (2.49%), IMOMP (1.76%), and PBS (1.99%) mice due to
the higher numbers of effector cells (Fig. 50, R, U, and X). Together
these findings suggest that both prime-boost strategies elicited
cell-mediated immune effectors that correlated with their pro-
tected status. However, the SC homologous prime-boost induced
the highest cellular immune effectors that possibly enhanced the
protection of mice against a genital Chlamydia challenge.

Nanovaccine-induced antigen-specific serum
and mucosal antibodies in mice

Next, we evaluated the humoral protective immunity induced
in mice by measuring antigen-specific total IgG and Th1 (IgG2a
and IgG2b) and Th2 (IgG1) systemic and mucosal antibody iso-
types before and after a chlamydial genital challenge. Sera ob-
tained from immunized (pre), and immunized-challenged (post)
mice were pooled per group to quantify tMOMP-specific antibody
isotype endpoint titers by ELISA. Our results show that SC or IM-
p mice produced elevated (2-fold or more) IgG antibodies (pre or
post) compared to the rMOMP mice (pre or post) (Fig. 6A and B; Ta-
ble 1). Higher Th1 (IgG2a and IgG2b) and Th2 (IgG1) IgG antibody
isotypes were produced in the SC than the IM-p mice after im-
munization with both exhibiting a mixed Th1/Th2 antibody pro-
file. The rMOMP-immunized mice (pre) also produced predomi-
nant Th1 than Th2 antibodies (Fig. 6C, E, and G; Table 1). After a
genital challenge (post), all antibody isotypes receded in the SC,
but the IM-p mice had an enhanced Th1 with reduced Th2 anti-
bodies. Only IgG2b was increased in rMOMP mice after challenge
while other isotypes remained unchanged (Fig. 6D, F, and H; Ta-
ble 1). Except for a weak IgG2b production after a genital chal-
lenge, the PBS control mice (pre) did not produce antigen-specific
antibodies (Fig. 6A-H; Table 1).

Further, we evaluated rMOMP-specific mucosal antibodies
by collecting mucosal washes from immunized (pre) and
immunized-challenged (post) mice, as described above for sera.
We observed (Fig. 7A and B; Table 2) that SC and IM-p immu-
nizations (pre) induced 2-4-fold higher IgG antibody titers that
increased by 128-fold after challenge in SC (post) relative to the
rMOMP mice. Collectively, all groups of immunized mice (pre)
produced low mucosal IgG isotypes (Fig. 7C, E, and G). The data
shows an interesting pattern for mucosal responses in SC (post)
with marked increase of Thl (IgG2a; 2-fold and IgG2b; 16-fold),
Th2 (IgG1; 128-fold), and IgA (2-fold) antibodies, which were not
seen in other groups (Fig. 7D, F, and H; Table 2). PBS mice (pre)
did not produce antigen-specific mucosal antibodies (Fig. 7A-J;
Table 2).

Overall, our results demonstrate that the PLGA delivery
system enhanced the production of Thl and Th2 antibod-
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Table 1. Antigen-specific serum antibody endpoint titers of immunized (pre) and immunized-challenged (post) mice.
Antibodies PBS rMOMP IM-p SC
Serum Pre Post Pre Post Pre Post Pre Post
IgG - - 256 000 256 000 1024000 1024000 1024000 512000
IgG2a - - 128000 128000 128000 256 000 256 000 128000
1gG2b - 500 128000 256 000 128000 256 000 512000 256 000
IgG1 - - 32000 32000 256 000 128000 512000 128000
Table 2. Antigen-specific mucosal antibody endpoint titers of immunized (pre) and immunized-challenged (post) mice.
Antibodies PBS rMOMP IM-p SC
Serum Pre Post Pre Post Pre Post Pre Post
IgG - - 100 200 200 400 400 25600
IgG2a - - 50 100 - 50 100 800
1eG2b - - 100 100 50 50 100 1600
IgG1 - - 25 25 100 200 100 12800
IgA - - 10 - 20 20 5 10

ies against TMOMP at both systemic and mucosal sites in
mice. More importantly, the SC homologous prime-boost strat-
egy was more effective in eliciting robust humoral protective
immunity.

Evaluation of the Th1/Th2 ratios after immunization in the SC
and IM-p mice revealed that their IgG2a/IgG1 ratios (pre) were
similar and suggestive of a Th2-type response, which skewed
toward a Thil-type response after challenge (post) for the IM-p
and not SC mice (Fig. 8A). The 1gG2b/IgG1 ratios (pre) were sim-
ilarly of the Th2-type in immunized (pre) mice, which skewed to-
ward the Thil-type after challenge (post) in the SC and IM-p mice
(Fig. 8B). On the contrary, mucosal Th1/Th2 antibody ratios af-
ter immunization (pre) were indicative of a Thl-type that were
dominated after challenge (post) by Th2-type response (Fig. 8C
and D). IgG2a production (pre) did not reach an endpoint titer
to calculate the IgG2a/IgG1 ratio for the IM-p mice (Fig. 8C; Ta-
ble 2). The rMOMP immunization induced lower Th1 responses
and were not changed after a Cm challenge, except IgG2b (serum)
and IgG2a (wash). PBS and rMOMP were not included in the graphs
for clarity (Fig. 8). Overall, these results show that the SC and
IM-p prime-boost immunizations induces Th1 response, whereas
genital challenge because of bacteria skews it to a Th2 response
(mucosal).

Nanovaccine-induced antigen-specific avidity
serum antibodies in mice

The avidity or functional affinity of antigen-specific antibodies in-
duced by an effective vaccine renders specificity for the inactiva-
tion of the pathogen. The boosting of antigen-specific antibodies
by PLGA-rMOMP in immunized mice, especially SC, led us to mea-
sure the avidity of serum IgG isotypes as a correlate of the hu-
moral protective immunity. We used urea at a molar concentra-
tion of 8 M as a chaotropic agent to release the low-affinity an-
tibodies from antigen-antibody complexes. Our results show an
increase of IgG2a avidity after immunization (pre) being higher
in SC and then IM-p, and rMOMP (Fig. 9A), with further increases
after a genital challenge (post), notably in SC mice (Fig. 9B). Both
SC and IM-p mice (pre) had similar and higher IgG2b avidity as
compared to rMOMP (Fig. 9C), which slightly decreased in the SC,
remained unchanged in IM-p, but increased in the rMOMP mice
(post) after challenge (Fig. 9D). IgG1 avidity in the SC mice (pre)

was high in comparison to the IM-p or ’MOMP miice (Fig. 9E), which
then drastically reduced in the SC, but slightly increased in the
IM-p and rMOMP mice following challenge (post) (Fig. 9F). These
results show that immunization with PLGA-rMOMP elicited high
avidity antibodies. The high avidity Th1 antibodies produced by
the SC homologous prime-boost may correlate as a measure of
their biological functions in the humoral protective immunity of
mice against a genital challenge.

Nanovaccine-induced serum antibodies
neutralization of EB

Neutralizing antibodies bind to the surface of EBs and prevent the
infectivity of the cells. Therefore, assessment of neutralizing an-
tibodies from sera of immunized (pre) and immunized-infected
(post) mice was performed in vitro. EBs were preincubated with
sera and then added to the confluent layer of McCoy cells, follow-
ing 30 h incubation to allow the development of inclusions. The
results (Fig. 10A) show that the SC or IM-p immunization (pre) in-
duced antibodies that significantly (P < .0001) neutralized Cm EB,
when compared to the PBS group. Moreover, sera from both SC
and IM-p mice (post) were significantly (P < .0001) more effective
in neutralizing Cm EB in comparison to the non-immunized PBS
(post) group. Even though, the sera from rMOMP-immunized (mice
pre) significantly (P < .1) neutralized Cm EB, there was no signifi-
cant increase after challenge (post). In addition, the TMOMP sera
showed significantly (P < .01 and P < .0001) less neutralization of
EB compared to those of the SC (pre and post) and (P < .1) IM-p
groups (post).

We also analyzed the immunized (pre) and immunized-
challenged (post) % sera neutralization of EB (Fig. 10B) in each
group of mice. The analysis shows that SC and IM-p (pre) sera neu-
tralized chlamydial EB by 55% and 42%, respectively, compared to
the PBS group. Moreover, the SC and IM-p immunized-challenged
(post) sera enhanced the neutralization of EB by 77% and 64%,
respectively. IMOMP-immunized mice (pre) showed 26% neutral-
ization with an increase to 34% after challenge (post) compared
to the PBS group. Overall, the results show that the SC and IM-
p immunization routes induce neutralizing antibodies. However,
SC-route induced more than 20% additional neutralizing antibod-
ies compared to the IM-p route.

¥20g dunr Gz uo Jasn STTVENLYN A SYLOVXT SYIONTIO 3A avL1NOV4 'van Aq 292169./7009el/pPdsway/e601 0 1/10p/3|01e/pdsius)/wod dno-olwepese//:sdyy wody papeojumod



12 | Pathogens and Disease, 2024, Vol. 82

- IM-p (IgG2a/lgG1) & SC (IgG2a/lgG1)
2.5

e

2.0
1.5
1.0

Th1/ThZ2 ratio
(serum)

0.5

0.0

pre post

G

1.5

"o \
A

0.5

Th1/Th2 ratio
(mucosal)

0.0

pre post

C

S

- IM-p (IgG2b/IgG1) & SC (IgG2b/igG1)
25
2.0
15

(serum)

1.0

Th1/Th2 ratio

0.5

0.0

pre post

15

1.0

0.5

Th1/Th2 ratio
(mucosal)

0.0

pre post

Figure 8. Serum and mucosal wash Th1/Th2 antibody ratios after immunization (pre) and challenge (post). Groups of mice were immunized and
challenged, as described in Fig. 1 legend. Sera collected from groups of immunized (pre), and immunized-challenged (post) mice were pooled per group
and used to quantify rMOMP-specific antibody isotypes by ELISA. Serum and mucosal antibodies endpoint titers were used for calculating the Th1/Th2

ratios; (A) and (B) serum, (C) and (D) mucosal wash.

Discussion

Overwhelming research efforts to develop a subunit vaccine
against Ct has encountered significant hurdles, including deliv-
ery platforms, adjuvants, and administration routes (Ralli-Jain et
al. 2010, Fiorino et al. 2013, Dixit et al. 2014, Stary et al. 2015), to
elicit efficacious protective immunity. Routes of vaccine admin-
istration are critical for inducing efficient cell-mediated and hu-
moral immune responses to protect against a pathogen. Impor-
tantly, protection against Ct is dependent on robust CD4* T-cells
and antibody effector responses for bacterial clearance (Farris et
al. 2010). An effective immunization strategy may require prime-
boost delivery routes to influence the persistence of antigens and
enhance T- and B-cell responses (Zacharias et al. 2018). Studies
have shown that the SC route administration is considered ap-
propriate for delivering antigens due to efficient draining to lym-
phoid organs to activate immune responses (Zhao et al. 2023).
Notably, the SC route is gaining attention for the extended deliv-
ery of drugs and subunit vaccines using biodegradable nanopar-
ticles (Taha et al. 2012, Van de Ven et al. 2012, Fairley et al. 2013,
Zakeri-Milani et al. 2013, Dixit et al. 2014, Singh et al. 2015, Verma
et al. 2018, Sahu et al. 2020). Likewise, subunit vaccines are also
paving the way toward an IM immunization route that is more
widespread for commercial vaccines (Herzog 2014, Ols et al. 2020)
due to ease of administration and acceptability. Recently, Ols et
al. (2020) demonstrated in nonhuman primates that the SC and
IM immunization routes induced early differences in HIV-1 glyco-
protein antigen trafficking with SC delivering to primary and IM
to secondary lymph nodes (LNs); however, with similar induction
of antigen-specific cellular and humoral responses.

A variety of immunization routes are being tested for a Ct vac-
cine (Badamchi-Zadeh et al. 2016, Wern et al. 2017), albeit some
may undeniably and humanly impose challenges. Therefore, vac-
cines preferentially employing the most common immunization
routes approach are always desirable. We previously reported that
SC immunization of our chlamydial PLGA-rMOMP nanovaccine

induced robust adaptive immune responses in mice along with
memory and effector formation (Sahu et al. 2020), but did not af-
ford complete protection of mice against a Cm genital challenge
(Sahu et al. 2021). Given that vaccine delivery routes can appre-
ciably impact the outcome of efficacious protective immune re-
sponses, here in the present study, we explored two prime-boost
immunization strategies to compare the chlamydial nanovaccine-
induced immunogenicity and protective efficacy in mice against
a chlamydial genital challenge.

We have demonstrated here that SC (homologous) and IM-
p (heterologous) prime-boost immunization strategies effectively
protected mice against genital Chlamydia by enhancing an early
bacterial clearance and reduced bacterial burdens in contrast to
the TMOMP and control mice. However, the IM-p mice had higher
bacterial burdens, probably due to a lack of tolerance against es-
tablishing a Cm infection. Conversely, the SC mice prevented the
establishment of infection by the reduced bacterial burden and
early clearance of infection with total of 88% IFU reduction, sug-
gesting enhanced protection afforded by the homologous immu-
nization. Ralli-Jain et al. (2010) investigated systemic (IM and SC)
and mucosal (sublingual and colonic) immunization routes, alone
and in combinations using chlamydial rtMOMP, against a respira-
tory chlamydial challenge. Their results revealed that the com-
bined mucosal and systemic routes were most effective, espe-
cially a simultaneous combination of the sublingual, IM, and SC
routes (Ralli-Jain et al. 2010). Similarly, Carmichael et al. (2011) re-
ported that a combined systemic and intravaginal mucosal route
enhanced protection against a Chlamydia genital challenge. How-
ever, the mucosal routes require a high antigen dose for immu-
nization due to rapid clearance (de la Maza et al. 2017). Ideally, mu-
cosal routes are more favorable for mucosal pathogens to induce
local protective immune effectors. Indeed some preclinical vac-
cines against mucosal pathogens do employ mucosal routes such
as intranasal for Yersinia pestis (Wang et al. 2020), influenza virus
(Quan Le et al. 2020), and Leishmania (infantum) chagasi (Leal et al.
2015). Oral immunization is also acceptable for some vaccines, i.e.
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Figure 9. Antigen-specific serum IgG2a, [gG2b, and IgG1 avidity antibodies. Groups of mice were immunized and challenged, as described in the legend
of Fig. 1. Avidity-ELISAs were conducted using pooled sera from immunized (pre) and immunized-challenged (post) mice to determine the avidity
index (%) for IMOMP-specific (pre) (A) IgG2a, (C) IgG2b, and (E) IgG1 antibodies and post (B) IgG2a, (D) IgG2b, and (F) IgG1 antibodies. Each data point
represents the mean =+ SD of triplicate samples.
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Figure 10. PLGA-rMOMP nanovaccine-induced serum neutralizing antibodies. Groups of mice were immunized and challenged as shown in the legend
of Fig. 1. Pooled sera from immunized (pre) and immunized-challenged (post) mice were collected to determine their neutralization of EBs in vitro.
McCoy cells were infected with sera-pretreated EBs and incubated for 30 h. Cells were fixed, stained, and observed under immunofluorescent
microscope to count [FUs from three fields of one well. (A) Cm neutralization results are shown as IFU/ml. Each symbol represents mean + SD of IFU
counts from triplicate wells. The horizontal red line represents mean IFU/ml from each group. (B) The % neutralization (mean + SEM) of Cm EB.
Statistical analyses were performed using two-way ANOVA followed by Tukey’s multiple comparisons and significant differences were considered at
xxP < .01 and #*xP < .0001.
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the poliovirus vaccine (Holmgren and Czerkinsky 2005). Several
Chlamydia vaccines in preclinical development similarly are being
administered via the mucosal route (Pal et al. 1996, Manam et al.
2013). Herein, our findings reveal a paradigm shift from a mucosal
pathogen mandating a mucosal route for vaccine administration
and efficacy, which could be attributed to the PLGA delivery sys-
tem’s versatility for various immunization routes to elicit protec-
tion against genital Chlamydia. Earlier research indicated manda-
tory requirements for T-cells with a minimal role for antibodies
in protective immunity and clearance of Chlamydia (Su and Cald-
well 1995, Li et al. 2008). Now compelling evidence reveals that
protection against Chlamydia requires cell-mediated and humoral
immune effectors for bacterial clearance (Farris et al. 2010).

The role of antigen-specific CD4" T-cells producing Thl cy-
tokines, particularly IFN-y is well-recognized in the clearance of
Chlamydia (Lin et al. 2019, Tifrea et al. 2020). In the current study,
we observed that T-cells from SC and IM-p mice secreted higher
levels of IMOMP-specific [FN-y after immunization and challenge
compared to the rMOMP and control mice. IFN-y production ac-
companied by IL-2 is a clear indicator of T-cell proliferation and
is congruent with our previous reports of PLGA-rMOMP (Sahu et
al. 2021) or PLA-PEG-M278 (a peptide of MOMP) (Verma et al. 2018)
immunization of mice via the SC-route that exhibited a predomi-
nant Th1limmune response. The presence of IL-2 along with IFN-y
is a dynamic relationship as IL-2 directly acts to stimulate T-cells
to produce IFN-y (Kasahara et al. 1983), a requisite cytokine for
protection against Chlamydia (Helble et al. 2020). Therefore, the
enhanced IL-2 and IFN-y production in the current study under-
scores the described relationship in the above study. We also ob-
served an upregulated production of the immunoregulatory IL-17
cytokine in the SC, IM-p, and tMOMP immunized mice (Pre) fa-
cilitated by the PLGA-rMOMP nanovaccine, and in all groups of
mice after Cm genital challenge, which is similar to our previous
findings (Sahu et al. 2021). IL-17 is a common cytokine produced
by Th17 T-cells, however its role in Chlamydia infection is still de-
batable between protection and pathology. Andrew et al. (2013)
study demonstrated that IL-17 KO mice that were infected with
Chlamydia and then immunized intranasally with MOMP, cholera
toxin and CpG adjuvant were unable to clear the infection and ex-
hibited less pathology, IFN-y production, and T-cell proliferation.
Upregulation of IL-17 producing T-cells also has been linked with
IL-6 producing T-cells as reported by Moore-Connors et al. (2013)
and Zhou et al. (2013) in Chlamydia. The protection afforded by SC
and IM-p groups of mice may be correlated with IL-6 regulation
of IL-17 coupled with increased T-cell producing IFN-y, which are
induced by IL-2 proliferation. It can be said that IL-17 plays an im-
portant role in protection but may not be directly associated with
pathology.

We also observed that immunized and protected mice pro-
duced IL-4, IL-9, and IL-13, all Th2 cytokines, albeit at lower levels
compared to the predominant levels of the Th1 cytokines, IFN-y
and IL-2, which underscores our previous observation for immu-
nization via SC or IN routes (Sahu et al. 2021). In addition, ele-
vated levels of G-CSF were seen in SC mice (pre) followed by IM-p,
which were further increased after Cm challenge, as well as in
other groups of mice. In general, G-CSF functions as survival, pro-
liferation and differentiation of neutrophils and inducing leuko-
cytes cell production from bone-marrow (Link 2022) but its role
in Chlamydia is yet to be defined. Of note, SC and IM-p mice ex-
hibited rMOMP-specific CD4* T-cell activation, proliferation, and
differentiation into memory (CD44"e? CD62L eh) phenotypes but
with a higher effector (CD44Meh CD62L!°V) phenotype in SC, which
is consistent with our previous report (Verma et al. 2018, Sahu et

al. 2021) and others (Li et al. 2008, Helble et al. 2020). Interestingly,
CCL-2 production (Fig. 3C) in SC or IM-p mice (pre) is additional ev-
idence of inducing recruitment of memory T-cells, especially IFN-
y producing T-cells. It was reported that Chlamydia induce CCL-2
production (Belay et al. 2002, Schrader et al. 2007), however, CCL-2
production by SC and IM-p immunization is an interesting finding
in the current study. The differences in cellular responses between
SC and IM-p mice may infer differences in antigen processing, as
demonstrated in nonhuman primates with SC targeting primary
LNs and IM secondary LNs (Ols et al. 2020). Our recent publication
revealed that PLGA-rMOMP increased MHC class II antigen pre-
sentation and targeted primary LNs in SC-immunized mice (Sahu
et al. 2020). Collectively, we could speculate that efficient process-
ing with higher cell-mediated immune effectors could, in part, ex-
plain the better protection of SC than the IM-p mice against gen-
ital Chlamydia.

That antibodies are essential for the clearance of Chlamydia
was elegantly demonstrated by Farris et al. (2010) in B-cell defi-
cient mice lacking vaccine-induced protection and by Pal et al.
(2005) linking Chlamydia-specific Th1 (IgG2a and IgG2b) antibodies
to protection. Herein, protection of the SC and IM-p mice involved
the engagement of Th1l (IgG2a and IgG2b) and Th2 (IgG1) anti-
bodies, given their high antibody titers, especially in SC mice. In-
terestingly, Th2-type antibody responses dominated after immu-
nization with a bias toward Thil-type after challenge, facilitated
by the bacterial infection. After immunization, the dominant Th2
antibodies may have ensued from the self-adjuvanticity of PLGA
since mice immunized with TMOMP induced mainly Th1 antibod-
ies. Even though, we observed a reduction in rMOMP-specific sys-
temic antibodies titer after Cm challenge in SC mice, this con-
trasted with the IM-p mice. Nevertheless, SC and IM-p mice in-
duced mixed Th1/Th2 antibodies, but only Th1 antibodies exhib-
ited high avidity, especially in SC mice. This finding, further cor-
relates with Th1isotypes preventing establishment of early infec-
tion (Hawkins et al. 2002, Ralli-Jain et al. 2010) and supposedly the
differences in the protection levels between the IM-p and SC mice
in clearing genital Chlamydia.

In this study, higher rMOMP-specific IgA occurred in the IM-p
than SC mice, a pattern we previously observed in PLGA-rMOMP
SC-immunized mice (Sahu et al. 2021). Results from studies indi-
cate antigen-specific IgA can only provide a partial reduction of
chlamydial infections (Armitage et al. 2014, Erneholm et al. 2019).
Armitage et al. (2014) revealed that rMOMP-specific IgA antibod-
ies reduced chlamydial infection by 44% in the absence of CD4"
T-cells. There is documentation of IgA and IgG producing plasma
cells in the genital tract of pigs following an IM vaccination with
UV-inactivated bacteria/CAF01 and a Chlamydia intravaginal chal-
lenge (Erneholm et al. 2019). A vaccine developed by Jiang et al.
(2017) comprised of multiepitopes peptides of MOMP with Hepati-
tis B virus core antigen (HBcAg) enhanced immunogenicity with
increased IFN-y, IgG, and IgA effectors that improved efficacy and
clearance of genital infection earlier than the controls. Presum-
ably, the protective immunity against Chlamydia infection requires
a synergistic effort facilitated by cellular and humoral immune
responses, as shown here, since specific antibodies only partially
reduce the Chlamydia mucosal burden (Darville et al. 2019).

Onset of neutralizing antibodies to clear the pathogen directly
correlates with memory B-cells (Young and Brink 2021). As a re-
sult, these memory cells are responsible for inducing humoral
protective responses against pathogen and are important for an
efficacious vaccine. Serum antibody-mediated Chlamydia neutral-
ization in vitro is an important tool to predict the effectiveness
of a Chlamydia vaccine (de la Maza et al. 2017). There are mul-
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tiple reports indicating that promising Chlamydia vaccine candi-
dates induce neutralizing antibodies (Olsen et al. 2021, Tifrea et al.
2021, Zuo et al. 2021). Our results show that the levels of EB neu-
tralization enhanced after the Cm intravaginal challenge, which
are similar to our previous studies (Verma et al. 2018, Sahu et al.
2021). Chlamydial MOMP is the most proposed vaccine candidate
for Chlamydia (Sahu et al. 2021, Huynh et al. 2022, Pal et al. 2023)
and have shown that MOMP-specific antibodies possess neutral-
ization functionality (Collar et al. 2022). In this study, we demon-
strated that the nanovaccine homologous (SC) route is superior
over the heterologous (IM-p) priming immunization route against
a Cm genital challenge.

Conclusions

In conclusion, the homologous SC prime-boost immunization of
mice with PLGA-TMOMP induced higher cell-mediated and hu-
moral immune responses and conferred better protection against
a Cm genital challenge compared to the heterologous IM-p. This
study is the first to report the comparison of IM-p versus SC prime-
boost immunization routes for immunogenicity and protective ef-
ficacy in Chlamydia vaccine development strategy. With further
optimization, perhaps including an adjuvant, PLGA-rMOMP holds
promise as a nanovaccine candidate that can confer even higher
protection against genital chlamydial infections.

Acknowledgments

The authors would like to thank Yvonne Williams, LaShaundria
Lucas, and Juwana Smith-Henderson of CNBR for their excellent
administrative assistance. Special thanks go to Marion L. Spell, the
University of Alabama at Birmingham, CFAR Flow Core Facility
(An NIH-funded program-P30 AI027767), for assistance with the
FACS data acquisition.

Author contributions

Rajnish Sahu (Data curation, Formal analysis, Methodology, Soft-
ware, Writing — original draft, Writing — review & editing), Richa
Verma (Data curation, Methodology, Software, Writing — review &
editing), Timothy E. Egbo (Data curation, Software, Writing — re-
view & editing), Guillermo H. Giambartolomei (Formal analysis,
Writing - review & editing), Shree R. Singh (Formal analysis, Fund-
ing acquisition, Resources, Writing — review & editing), and Vida
A. Dennis (Conceptualization, Funding acquisition, Investigation,
Project administration, Resources, Supervision, Validation, Visu-
alization, Writing - review & editing).

Supplementary data
Supplementary data is available at FEMSPD Journal Online.

Conflict of interest: The authors declare no conflict of interest.

Funding

This research was supported by the National Institute Of Al-
lergy And Infectious Diseases of the National Institutes of
Health under Award Number R21AI111159, NIH-NIGMS-RISE
(1IR25GM106995-01) and the National Science Foundation (NSF)-
CREST (HRD-1241701), NSF-HBCU-RISE (HRD-1646729), NSEF-
HBCU-UP (1911660), and NSF-EIR (2200529) grants.

Sahuetal. | 15

Data availability

The original contributions presented in the study are included in
the article. Further inquiries can be directed to the corresponding
author.

References

Andrew DW, Cochrane M, Schripsema JH et al. The duration
of Chlamydia muridarum genital tract infection and associated
chronic pathological changes are reduced in IL-17 knockout mice
but protection is not increased further by immunization. PLoS
ONE 2013;8:e76664.

Armitage CW, O'meara CP, Harvie MCG et al. Evaluation of intra- and
extra-epithelial secretory IgA in chlamydial infections. Immunol-
0gy 2014;143:520-30.

Badamchi-Zadeh A, Mckay PF, Korber BT et al. A multi-component
prime-boost vaccination regimen with a consensus MOMP anti-
gen enhances Chlamydia trachomatis clearance. Front Immunol
2016;7:162.

BakshiRK, Gupta K, Jordan §J et al. An adaptive Chlamydia trachomatis-
specific IFN-gamma-producing CD4(+) T cell response is asso-
ciated with protection against Chlamydia reinfection in women.
Front Immunol 2018;9:1981.

Belay T, Eko FO, Ananaba GA et al. Chemokine and chemokine recep-
tor dynamics during genital chlamydial infection. Infect Immun
2002;70:844-50.

Berry LJ, Hickey DK, Skelding KA et al. Transcutaneous immuniza-
tion with combined cholera toxin and CpG adjuvant protects
against Chlamydia muridarum genital tract infection. Infect Immun
2004;72:1019-28.

Brown THT, David J, Acosta-Ramirez E et al. Comparison of immune
responses and protective efficacy of intranasal prime-boost im-
munization regimens using adenovirus-based and CpG/HH2
adjuvanted-subunit vaccines against genital Chlamydia muri-
darum infection. Vaccine 2012;30:350-60.

Carmichael JR, Pal S, Tifrea D et al. Induction of protection against
vaginal shedding and infertility by a recombinant Chlamydia vac-
cine. Vaccine 2011;29:5276-83.

Chen K, Wu Z, Zang M et al. Immunization with glypican-3 nanovac-
cine containing TLR7 agonist prevents the development of
carcinogen-induced precancerous hepatic lesions to cancer in a
murine model. Am ] Transl Res 2018;10:1736-49.

Chen Q, Bao Y, Burner D et al. Tumor growth inhibition by mSTEAP
peptide nanovaccine inducing augmented CD8(+) T cell immune
responses. Drug Deliv Transl Res 2019;9:1095-105.

Cheng C,Jain P, Bettahilet al. A TLR2 agonist is a more effective adju-
vant for a Chlamydia major outer membrane protein vaccine than
ligands to other TLR and NOD receptors. Vaccine 2011;29:6641-9.

Cheng C, Pal S, Tifrea D et al. A vaccine formulated with a combina-
tion of TLR-2 and TLR-9 adjuvants and the recombinant major
outer membrane protein elicits a robust immune response and
significant protection against a Chlamydia muridarum challenge.
Microbes Infect 2014;16:244-52.

Cluver C, Novikova N, Ericksson DO et al. Interventions for treat-
ing genital Chlamydia trachomatis infection in pregnancy. Cochrane
Database Syst Rev 2017;9:CD010485.

Collar AL, Linville AC, Core SB et al. Epitope-based vaccines against
the Chlamydia trachomatis major outer membrane protein variable
domain 4 elicit protection in mice. Vaccines 2022;10:875.

Darville T, Albritton HL, Zhong W et al. Anti-Chlamydia IgG and
IgA are insufficient to prevent endometrial Chlamydia infec-
tion in women, and increased anti-Chlamydia IgG is associated

¥20g dunr Gz uo Jasn STTVENLYN A SYLOVXT SYIONTIO 3A avL1NOV4 'van Aq 292169./7009el/pPdsway/e601 0 1/10p/3|01e/pdsius)/wod dno-olwepese//:sdyy wody papeojumod


https://academic.oup.com/femspd/article-lookup/doi/10.1093/femspd/ftae004#supplementary-data

16 | Pathogens and Disease, 2024, Vol. 82

with enhanced risk for incident infection. Am J Reprod Immunol
2019;81:e13103.

De La Maza LM, Zhong G, Brunham RC. Update on Chlamydia tra-
chomatis vaccinology. Clin Vaccine Immunol 2017;24:e00543-16.
Dixit S, Sahu R, Verma R et al. Caveolin-mediated endocytosis of
the Chlamydia M278 outer membrane peptide encapsulated in
poly(lactic acid)-Poly(ethylene glycol) nanoparticles by mouse
primary dendritic cells enhances specific immune effectors
mediated by MHC class II and CD4(+) T cells. Biomaterials

2018;159:130-45.

Dixit S, Singh SR, Yilma AN et al. Poly(lactic acid)-poly(ethylene gly-
col) nanoparticles provide sustained delivery of a Chlamydia tra-
chomatis recombinant MOMP peptide and potentiate systemic
adaptive immune responses in mice. Nanomedicine 2014;10:1311—
21.

Ekong EE, Okenu DN, Mania-Pramanik J et al. A Vibrio cholerae ghost-
based subunit vaccine induces cross-protective chlamydial im-
munity that is enhanced by CTA2B, the nontoxic derivative of
cholera toxin. FEMS Immunol Med Microbiol 2009;55:280-91.

Erneholm K, Lorenzen E, Boje S et al. Genital infiltrations of CD4(+)
and CD8(+) T lymphocytes, IgA(+) and IgG(+) plasma cells
and intra-mucosal lymphoid follicles associate with protection
against genital Chlamydia trachomatis infection in minipigs intra-
muscularly immunized with UV-inactivated bacteria adjuvanted
with CAFO1. Front Microbiol 2019;10:197.

Estcourt MJ, Létourneau S, Mcmichael AJ et al. Vaccine route, dose
and type of delivery vector determine patterns of primary CD8+
T cell responses. Eur ] Immunol 2005;35:2532-40.

Fairley §J, Singh SR, Yilma AN et al. Chlamydia trachomatis recombi-
nant MOMP encapsulated in PLGA nanoparticles triggers primar-
ily T helper 1 cellular and antibody immune responses in mice: a
desirable candidate nanovaccine. Int ] Nanomedicine 2013;8:2085—
99.

Farris CM, Morrison SG, Morrison RP. CD4+ T cells and antibody
are required for optimal major outer membrane protein vaccine-
induced immunity to Chlamydia muridarum genital infection. Infect
Immun 2010;78:4374-83.

Fiorino F, Pettini E, Pozzi G et al. Prime-boost strategies in mucosal
immunization affect local IgA production and the type of th re-
sponse. Front Immunol 2013;4:128.

Gebauer M, Hurlimann HC, Behrens M et al. Subunit vaccines based
on recombinant yeast protect against influenza A virus in a one-
shot vaccination scheme. Vaccine 2019;37:5578-87.

Hawkins RA, Rank RG, Kelly KA. A Chlamydia trachomatis-specific Th2
clone does not provide protection against a genital infection and
displays reduced trafficking to the infected genital mucosa. Infect
Immun 2002;70:5132-9.

Helble JD, Gonzalez R], Von Andrian UH et al. Gamma interferon is re-
quired for Chlamydia clearance but is dispensable for T cell hom-
ing to the genital tract. mBio 2020;11:e00191-20.

Herzog C. Influence of parenteral administration routes and addi-
tional factors on vaccine safety and immunogenicity: a review of
recent literature. Expert Rev Vaccines 2014;13:399-415.

Holmgren J, Bourgeois L, Carlin N et al. Development and preclinical
evaluation of safety and immunogenicity of an oral ETEC vaccine
containinginactivated E. coli bacteria overexpressing colonization
factors CFA/I, CS3, CS5 and CS6 combined with a hybrid LT/CT
B subunit antigen, administered alone and together with dmLT
adjuvant. Vaccine 2013;31:2457-64.

Holmgren J, Czerkinsky C. Mucosal immunity and vaccines. Nat Med
2005;11:545-53.

Holmgren J, Nordqvist S, Blomquist M et al. Preclinical immunogenic-
ity and protective efficacy of an oral Helicobacter pylori inactivated

whole cell vaccine and multiple mutant cholera toxin: a novel
and non-toxic mucosal adjuvant. Vaccine 2018;36:6223-30.

Huynh DT, Jong WSP, Koningstein GM et al. Overexpression of the
Bam Complex improves the production of Chlamydia trachomatis
MOMP in the E. coli outer membrane. Int ] Mol Sci 2022;23:7393.

Jensen KE, Thomsen LT, Schmiedel S et al. Chlamydia trachomatis
and risk of cervical intraepithelial neoplasia grade 3 or worse in
women with persistent human papillomavirus infection: a cohort
study. Sex Transm Infect 2014;90:550-5.

Jiang P, Cai'Y, Chen J et al. Evaluation of tandem Chlamydia trachoma-
tis MOMP multi-epitopes vaccine in BALB/c mice model. Vaccine
2017;35:3096-103.

Kasahara T, Hooks JJ, Dougherty SF et al. Interleukin 2-mediated im-
mune interferon (IFN-gamma) production by human T cells and
T cell subsets. ] Immunol 1983;130:1784-9.

Khademi F, Yousefi A, Derakhshan M et al. Enhancing immunogenic-
ity of novel multistage subunit vaccine of Mycobacterium tubercu-
losis using PLGA:DDA hybrid nanoparticles and MPLA: subcuta-
neous administration. Iran J Basic Med Sci 2019;22:893-900.

Khan A, Singh S, Galvan G et al. Prophylactic sublingual immuniza-
tion with Mycobacterium tuberculosis subunit vaccine incorporat-
ing the natural killer T cell agonist alpha-galactosylceramide
enhances protective immunity to limit pulmonary and extra-
pulmonary bacterial burden in mice. Vaccines 2017; 5:47.

Kumar S, Sunagar R, Gosselin EJ. Preclinical efficacy of a triva-
lent human FcgammaRI-targeted adjuvant-free subunit mu-
cosal vaccine against pulmonary pneumococcal infection. Vac-
cines 2020;8:193.

Lakatos K, Mcadams D, White JA et al. Formulation and preclinical
studies with a trivalent rotavirus P2-VP8 subunit vaccine. Hum
Vaccin Immunother 2020;16:1957-68.

Leal JM, Mosquini M, Covre LP et al. Intranasal vaccination with
killed Leishmania amazonensis promastigotes antigen (LaAg) asso-
ciated with CAF01 adjuvant induces partial protection in BALB/c
mice challenged with Leishmania (infantum) chagasi. Parasitology
2015;142:1640-6.

Li W, Murthy AK, Guentzel MN et al. Antigen-specific CD4+ T cells
produce sufficient IFN-gamma to mediate robust protective im-
munity against genital Chlamydia muridarum infection. J] Immunol
2008;180:3375-82.

Lin H, He C, Koprivsek JJ et al. Antigen-specific CD4(+) T cell-derived
gamma interferon is both necessary and sufficient for clearing
Chlamydia from the small intestine but not the large intestine.
Infect Immun 2019;87:e00055-19.

Lin W-HW, Pan C-H, Adams R]J et al. Vaccine-induced measles virus-
specific T cells do not prevent infection or disease but facilitate
subsequent clearance of viral RNA. mBio 2014;5:e01047.

Link H. Current state and future opportunities in granulocyte colony-
stimulating factor (G-CSF). Support Care Cancer 2022;30:7067-77.

Lorenzen E, Follmann F, Bgje S et al. Intramuscular priming and in-
tranasal boosting induce strong genital immunity through secre-
tory IgA in minipigs infected with Chlamydia trachomatis. Front Im-
munol 2015;6:628.

Low N, Redmond S, Uuskula A et al. Screening for genital chlamydia
infection. Cochrane Database Syst Rev 2016;9:CD010866.

Lung P, YangJ, Li Q. Nanoparticle formulated vaccines: opportunities
and challenges. Nanoscale 2020;12:5746-63.

Mabey DCW, Hu V, Bailey RL et al. Towards a safe and effective
chlamydial vaccine: lessons from the eye. Vaccine 2014;32:1572-8.

Manam S, Chaganty BKR, Evani SJ et al. Intranasal vaccination
with Chlamydia pneumoniae induces cross-species immunity
against genital Chlamydia muridarum challenge in mice. PLoS ONE
2013;8:€64917.

¥20g dunr Gz uo Jasn STTVENLYN A SYLOVXT SYIONTIO 3A avL1NOV4 'van Aq 292169./7009el/pPdsway/e601 0 1/10p/3|01e/pdsius)/wod dno-olwepese//:sdyy wody papeojumod



Manoff SB, George SL, Bett AJ et al. Preclinical and clinical de-
velopment of a dengue recombinant subunit vaccine. Vaccine
2015;33:7126-34.

Masia M, Fernandez-Gonzalez M, Garcia JA et al. Infection with
Chlamydia trachomatis increases the risk of high-grade anal in-
traepithelial neoplasia in people living with human immunod-
eficiency virus. Clin Infect Dis 2020;70:2161-67.

Moore-Connors M, Fraser R, Halperin SA et al.
CD4(4)CD25(+)Foxp3(+) regulatory T cells promote Thl7
responses and genital tract inflammation upon intracellular
Chlamydia muridarum infection. ] Immunol 2013;191:3430-9.

Noormehr H, Zavaran Hosseini A, Soudi S et al. Enhancement of Th1
immune response against Leishmania cysteine peptidase A, B by
PLGA nanoparticle. Int Immunopharmacol 2018;59:97-105.

O’'meara CP, Armitage CW, Harvie MCG et al. Immunization with a
MOMP-based vaccine protects mice against a pulmonary Chlamy-
dia challenge and identifies a disconnection between infection
and pathology. PLoS ONE 2013;8:e61962.

Ols S, Yang L, Thompson EA et al. Route of vaccine administration
alters antigen trafficking but not innate or adaptive immunity.
Cell Rep 2020;30:3964-71e7.

Olsen AW, Rosenkrands I, Holland MJ et al. A Chlamydia trachoma-
tis VD1-MOMP vaccine elicits cross-neutralizing and protective
antibodies against C/C-related complex serovars. NPJ Vaccines
2021;6:58.

Pais R, Omosun Y, He Q et al. Rectal administration of a chlamydial
subunit vaccine protects against genital infection and upper re-
productive tract pathology in mice. PLoS ONE 2017;12:e0178537.

Pais R, Omosun Y, Igietseme JU et al. Route of vaccine administra-
tion influences the impact of Fms-like tyrosine kinase 3 ligand
(F1t3L) on chlamydial-specific protective immune responses. Front
Immunol 2019;10:1577.

Pal S, Ausar SF, Tifrea DF et al. Protection of outbred mice against
a vaginal challenge by a Chlamydia trachomatis serovar E recom-
binant major outer membrane protein vaccine is dependent on
phosphate substitution in the adjuvant. Hum Vaccin Immunother
2020;16:2537-47.

Pal S, Peterson EM, De La Maza LM. Intranasal immunization induces
long-term protection in mice against a Chlamydia trachomatis gen-
ital challenge. Infect Immun 1996;64:5341-8.

Pal S, Peterson EM, De La Maza LM. Vaccination with the Chlamydia
trachomatis major outer membrane protein can elicit an immune
response as protective as that resulting from inoculation with live
bacteria. Infect Immun 2005;73:8153-60.

Pal S, Slepenkin A, Felgner ] et al. Evaluation of four adjuvant com-
binations, IVAX-1, IVAX-2, CpG-1826+Montanide ISA 720 VG and
CpG-1018+Montanide ISA 720 VG, for safety and for their abil-
ity to elicit protective immune responses in mice against a res-
piratory challenge with Chlamydia muridarum. Pathogens 2023;
12:863.

Pal S, Tifrea DF, Follmann F et al. The cationic liposomal adjuvants
CAF01 and CAF09 formulated with the major outer membrane
protein elicit robust protection in mice against a Chlamydia muri-
darum respiratory challenge. Vaccine 2017;35:1705-11.

Pandey RK, Ali M, Ojha R et al. Development of multi-epitope driven
subunit vaccine in secretory and membrane protein of Plasmod-
ium falciparum to convey protection against malaria infection. Vac-
cine 2018;36:4555-65.

Poston TB, Gottlieb SL, Darville T. Status of vaccine research and de-
velopment of vaccines for Chlamydia trachomatis infection. Vaccine
2019;37:7289-94.

Quan Le M, Ye L, Bernasconi V et al. Prevention of influenza
virus infection and transmission by intranasal administration

Sahuetal. | 17

of a porous maltodextrin nanoparticle-formulated vaccine. Int ]
Pharm 2020;582:1193438.

Ralli-Jain P, Tifrea D, Cheng C et al. Enhancement of the protective
efficacy of a Chlamydia trachomatis recombinant vaccine by com-
bining systemic and mucosal routes for immunization. Vaccine
2010;28:7659-66.

Sahu R, Dixit S, Verma R et al. A nanovaccine formulation of Chlamy-
dia recombinant MOMP encapsulated in PLGA 85:15 nanopar-
ticles augments CD4(+) effector (CD44(high) CD62L(low)) and
memory (CD44(high) CD62L(high)) T-cells in immunized mice.
Nanomedicine 2020;29:102257.

Sahu R, Dixit S, Verma R et al. Encapsulation of recombinant MOMP
in extended-releasing PLGA 85:15 nanoparticles confer protective
immunity against a Chlamydia muridarum genital challenge and
re-challenge. Front Immunol 2021;12:660932.

Schrader S, Klos A, Hess S et al. Expression of inflammatory
host genes in Chlamydia trachomatis-infected human monocytes.
Arthritis Res Ther 2007;9:R54.

Simonetti AC, Humberto De Lima Melo J, Eleutério De Souza PR et al.
Immunological’s host profile for HPV and Chlamydia trachomatis,
a cervical cancer cofactor. Microbes Infect 2009;11:435-42.

Singh D, Somani VK, Aggarwal S et al. PLGA (85:15) nanoparticle
based delivery of rL7/L12 ribosomal protein in mice protects
against Brucella abortus 544 infection: a promising alternate to tra-
ditional adjuvants. Mol Immunol 2015;68:272-9.

Singh S, Hulett K, Pillai S et al. Mucosal immunization with recombi-
nant MOMP genetically linked with modified cholera toxin con-
fers protection against Chlamydia trachomatis infection. Vaccine
2006;24:1213-24.

Stary G, Olive A, Radovic-Moreno AF et al. VACCINES. A mucosal vac-
cine against Chlamydia trachomatis generates two waves of protec-
tive memory T cells. Science 2015;348:aaa8205.

Su H, Caldwell HD. CD4+ T cells play a significant role in adoptive
immunity to Chlamydia trachomatis infection of the mouse genital
tract. Infect Immun 1995;63:3302--8.

Taha MA, Singh SR, Dennis VA. Biodegradable PLGA85/15 nanoparti-
cles as a delivery vehicle for Chlamydia trachomatis recombinant
MOMP-187 peptide. Nanotechnology 2012;23:325101.

Tifrea DF, He W, Pal S et al. Induction of protection in mice against
a Chlamydia muridarum respiratory challenge by a vaccine formu-
lated with the major outer membrane protein in nanolipoprotein
particles. Vaccines 2021;9:755.

Tifrea DF, Pal S, Le Bon C et al. Improved protection against Chlamy-
dia muridarum using the native major outer membrane protein
trapped in Resiquimod-carrying amphipols and effects in protec-
tion with addition of a Th1 (CpG-1826) and a Th2 (Montanide ISA
720) adjuvant. Vaccine 2020;38:4412-22.

Tsoras AN, Champion JA. Protein and peptide biomaterials for en-
gineered subunit vaccines and immunotherapeutic applications.
Annu Rev Chem Biomol Eng 2019;10:337-59.

Van De Ven H, Vermeersch M, Vandenbroucke RE et al. Intracellular
drug delivery in Leishmania-infected macrophages: evaluation of
saponin-loaded PLGA nanoparticles. ] Drug Target 2012;20:142-54.

Verma R, Sahu R, Dixit S et al. The Chlamydia M278 major outer mem-
brane peptide encapsulated in the poly(lactic acid)-poly(ethylene
glycol) nanoparticulate self-adjuvanting delivery system pro-
tects mice against a Chlamydia muridarum genital tract challenge
by stimulating robust systemic and local mucosal immune re-
sponses. Front Immunol 2018;9:23609.

Vicetti Miguel RD, Quispe Calla NE, Pavelko SD et al. Intravaginal
Chlamydia trachomatis challenge infection elicits TH1 and TH17
immune responses in mice that promote pathogen clearance and
genital tract damage. PLoS ONE 2016;11:e0162445.

¥20g dunr Gz uo Jasn STTVENLYN A SYLOVXT SYIONTIO 3A avL1NOV4 'van Aq 292169./7009el/pPdsway/e601 0 1/10p/3|01e/pdsius)/wod dno-olwepese//:sdyy wody papeojumod



18 | Pathogens and Disease, 2024, Vol. 82

Wang X, Singh AK, Zhang X et al. Induction of protective antiplague
immune responses by self-adjuvanting bionanoparticles derived
from engineered Yersinia pestis. Infect Immun 2020;88:e00081-20.

Wern JE. Simultaneous subcutaneous and intranasal administration
of a CAFO1-adjuvanted Chlamydia vaccine elicits elevated IgA and
protective Th1/Th17 responses in the genital tract. Front Immunol
2017;8:569.

Young C, Brink R. The unique biology of germinal center B cells. Im-
munity 2021;54:1652-64.

Yu H, Karunakaran KP, Jiang X et al. Evaluation of a multisubunit
recombinant polymorphic membrane protein and major outer
membrane protein T cell vaccine against Chlamydia muridarum
genital infection in three strains of mice. Vaccine 2014;32:4672—
80.

Zacharias ZR, Ross KA, Hornick EE et al. Polyanhydride nanovac-
cine induces robust pulmonary B and T cell immunity and con-
fers protection against homologous and heterologous influenza
A virus infections. Front Immunol 2018;9:1953.

Zakeri-Milani P, Loveymi BD, Jelvehgari M et al. The char-
acteristics and improved intestinal permeability of
vancomycin PLGA-nanoparticles as colloidal drug de-
livery system. Colloids Surf B Biointerfaces 2013;103:
174-81.

Zhao H, Li Y, Zhao B et al Orchestrating antigen delivery
and presentation efficiency in lymph node by nanoparti-
cle shape for immune response. Acta Pharm Sin B 2023;13:
3892-905.

Zhou X, Chen L, Zhou W et al. Relationship between CD4 + CD25
+ Foxp3 + regulatory T cells and Th17 responses in Chlamydia
muridarum pulmonary infection. Wei Sheng Wu Xue Bao 2013;53:
74-81.

Zuo Z, Zou Y, Li Q et al Intranasal immunization with inac-
tivated chlamydial elementary bodies formulated in VCG-
chitosan nanoparticles induces robust immunity against
intranasal Chlamydia psittaci challenge. Sci Rep 2021;11:
10389.

Received 30 October 2023; revised 8 January 2024; accepted 10 June 2024

© The Author(s) 2024. Published by Oxford University Press on behalf of FEMS. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original

work is properly cited.

¥20g dunr Gz uo Jasn STTVENLYN A SYLOVXT SYIONTIO 3A avL1NOV4 'van Aq 292169./7009el/pPdsway/e601 0 1/10p/3|01e/pdsius)/wod dno-olwepese//:sdyy wody papeojumod


https://creativecommons.org/licenses/by/4.0/

	Introduction
	Materials and methods
	Results
	Discussion
	Conclusions
	Acknowledgments
	Author contributions
	Supplementary data
	Funding
	Data availability
	References

