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Abstract

Vaccine developmental strategies are utilizing antigens encapsulated in biodegradable polymeric nanoparticles. Here, we developed a
Chlamydia nanovaccine (PLGA-rMOMP) by encapsulating its recombinant major outer membrane protein (rMOMP) in the extended-
releasing and self-adjuvanting PLGA [poly (D, L-lactide-co-glycolide) (85:15)] nanoparticles. PLGA-rMOMP was small (nanometer size),
round and smooth, thermally stable, and exhibited a sustained release of rMOMP. Stimulation of mouse primary dendritic cells (DCs) with
PLGA-rMOMP augmented endosome processing, induced Thl cytokines (IL-6 and IL-12p40), and expression of MHC-II and co-
stimulatory (CD40, CD80, and CD86) molecules. BALB/c mice immunized with PLGA-rMOMP produced enhanced CD4" T-cells-derived
memory (CD44"Me" CD62L"EM), and effector (CD44"€" CD62L'°Y) phenotypes and functional antigen-specific serum IgG antibodies.
In vivo biodistribution of PLGA-rMOMP revealed its localization within lymph nodes, suggesting migration from the injection site via DCs.
Our data provide evidence that the PLGA (85:15) nanovaccine activates DCs and augments Chlamydia-specific tMOMP adaptive immune
responses that are worthy of efficacy testing.
© 2020 Elsevier Inc. All rights reserved.
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In recent years, subunit vaccines based on minimal elements ticles as delivery vehicles for subunit vaccines enhances the
of the pathogen are increasingly becoming a dogma.' Studies immunogenicity of the antigens by improving their uptake.?*?
have shown that the use of biodegradable polymeric nanopar- PLGA [poly (D, L-lactide-co-glycolide)] has been studied
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extensively as a nanomedicine delivery vehicle.* ® because of its
extended-release of antigens to selectively target dendritic cells
(DCs) and improve intracellular delivery via CD40 co-
stimulation to activate T-cells.”™’

Chlamydia trachomatis is the most reported bacterial sexually
transmitted infection globally, with over 100 million infections per
year.'”"'" Development of a Chlamydia vaccine is critical to
reducing the prevalence of infection, the socio-economic burden
associated with diagnosis and treatment, and providing relief in the
Chlamydia-induced sequelae such as infertility, pelvic inflamma-
tory disease, and ectopic pregnancy.'>"* Our vaccine efforts are
focused on biodegradable self-adjuvanting polymeric nanoparti-
cles as delivery vehicles for Chlamydia subunit vaccines,
especially its major outer membrane protein (MOMP).'> MOMP
is an immunogenic abundantly expressed surface-exposed protein
that triggers T-cell responses and neutralizing antibodies. '®

Our previous nanovaccine design using Chlamydia recom-
binant MOMP (rtMOMP) encapsulated in PLGA (50:50; lactide:
glycolide ratio) nanoparticles had a low encapsulation efficien-
cy (EE); yet it induced in vitro and in vivo Thl immune
responses.'’ Contrastingly, a Chlamydia peptide encapsulated
in the extended-releasing PLGA (85:15) nanoparticles had a
high EE that also stimulated Th1 immune responses in vitro.'®
Here, we designed a new Chlamydia nanovaccine by encapsu-
lating rIMOMP into PLGA (85:15) for its extended-releasing and
high EE attributes. We hypothesized that PLGA (85:15)
delivery of the immunogenic MOMP would augment Thl
immune responses correlating with Chlamydia protective
immunity. To address our hypothesis, we first characterized
the PLGA-rMOMP nanovaccine using a variety of nanotech-
nology techniques. Next, we employed primary mouse bone
marrow-derived DCs as antigen-presenting cells (APCs) to
evaluate the extended-release as well as activation and
intracellular processing of the nanovaccine to trigger key
cytokines, chemokines, co-stimulatory, and surface molecules.
Next, we performed in vivo live imaging to reveal the
biodistribution of the nanovaccine in mice. Finally, we
immunized mice to assess the capacity of our nanovaccine to
trigger cellular and antibody adaptive immune responses. We
present and discuss our results in the context of PLGA (85:15)
being an efficient delivery system and robust immune-
potentiator of our Chlamydia nanovaccine.

Methods

The details of the materials and methods are in the
supplementary file.

Preparation of nanoparticles

C. trachomatis tMOMP was cloned and encapsulated in PLGA
(85:15) biodegradable nanoparticles (PLGA-rMOMP) using a
water/oil/water double emulsion evaporation technique. '”

Encapsulation efficiency (EE) and protein loading capacity
(LC)

The EE was extrapolated from the quantification of the total
tMOMP encapsulated in PLGA nanoparticles.'” The LC was

calculated based on the amount of ’IMOMP in PLGA-rTMOMP. '®
Calculations of the EE and LC were conducted using the
formulas below, where A is the total amount of rMOMP, B is the
free IMOMP amount, and C is the weight of nanoparticles.

EE (%) = {%] 100

LC (%) = [A—CB] 100

Physical-structural characterization studies

The zeta-sizing and zeta-potential of nanoparticles were
measured using Nano-ZS (Malvern Instruments Ltd., Malvern,
UK) and reported as the mean size in diameter (nm) and zeta-
potential (mV).'”-'® Ultraviolet spectroscopy (UV-vis) was
conducted using the DU-800 spectrophotometer (Beckman
Coulter, Fullerton, CA, USA) to ascertain the encapsulation of
tMOMP.'” Temperature stability and the morphology of
nanoparticles were evaluated using differential scanning calo-
rimetry (DSC), scanning electron microscope (SEM), and atomic
force microscopy (AFM). 18.19

In vitro release of encapsulated-rMOMP

The release of encapsulated-rMOMP was assessed as
described. '8 Briefly, nanoparticles (100 mg each) were
suspended in phosphate-buffered saline (PBS) containing
0.01% sodium azide and incubated at 37 °C. At pre-
determined time-intervals (up to 31 days), supernatants were
collected and stored at —20 °C until quantification of protein.

Stimulation of DCs

Mouse primary-derived bone marrow DCs (Supplementary
file) were employed in dose—response, and time-kinetics studies.”
Cell-free culture supernatants were used to quantify cytokines, and
cell pellets for flow cytometry or to extract RNA for TagMan
qPCR studies.

Cytokines quantification

Cytokines (IL-6, IL-12p40, IL-10 and TNF-a) were quanti-
fied using Opti-EIA ELISA kits (BD Biosciences, San Jose, CA,
USA).?

Flow cytometry

Both stimulated and unstimulated DCs were stained with
fluorochrome-conjugated antibodies against CD11c, CD40,
CD80, CD86, MHC-I, and MHC-II surface receptors as
published.2 Splenocytes (ex-vivo) that were collected from
immunized mice were pooled per group and labeled with CD3-
APC-Cy7, CD4-PerCP-Cy5.5, CD62L-APC, and CD44-PE to
quantify memory and effector phenotypes.”"'® Data were
acquired on a LSR II flow cytometer (BD Bioscience, San
Jose, California, USA) with at least 5 x 10* events per sample
and analyzed using FCS Express 6 (De Novo Software,
Pasadena, CA, USA).
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Quantitative PCR

TagMan qPCR was employed to quantify the transcription
levels of chemokines, co-stimulatory molecules, surface binding,
and pathogen-sensing receptors.” The relative changes in gene
expression levels were calculated using “*CT, where all values
were normalized with respect to the glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) “housekeeping” gene mRNA levels.

Immunofluorescence for intracellular trafficking of nanoparti-
cles

Stimulated and unstimulated DCs were probed with antibod-
ies against early endosome (EEA1), late endosome (LE),
endoplasmic reticulum (ER), MHC-II and MOMP as reported.2
Colocalization of organelles with IMOMP was visualized and
imaged using a Nikon Eclipse-Ti fluorescence Microscope
(Nikon Instruments, Melville, NY, USA).

Mice immunization

Mice were divided into three experimental groups (6 mice/
group) as depicted (Supplementary file, Figure S1)." Mice in
the PLGA-TMOMP group each received three immunizations at
two-week intervals with 50 pg/100 uL (subcutaneous) or 50 ug/
20 pL (intranasal; 10 pL per nostril) of PLGA-rMOMP in sterile
PBS (calculations were based on the actual concentration of
rMOMP in nanoparticles). Two-weeks following the last
immunization (day 42), mice were sacrificed to collect spleen
and serum samples for cellular and antibody analyses,
respectively. Mice receiving sterile PBS served as negative
controls. The animal studies were performed according to an
approved protocol by the Alabama State University's Institu-
tional Animal Care and Use Committee (IACUC).

Serum antibody responses

Serum samples from mice were pooled per group for the
detection of IMOMP-specific IgG antibody.'”-'" The end-point
titer was considered to be the last sample dilution with readings
higher than the mean + 5 standard deviations of the negative
control serum.

Serum-immunoglobulin avidity

Serum samples were used for antigen-specific IgG avidity
assessment as published.'® The percent avidity index (AI) was
calculated as:

OD with urea

Al (%) = | ——————
(%) OD without urea

In vivo imaging with labeled rMOMP

Mice were each subcutaneously administered 50 pg of
infrared-labeled bare rIMOMP (rtMOMP-IR) or encapsulated-
rMOMP-IR (PLGA-rMOMP-IR). An equivalent weight of
PLGA-PBS-IR served as the negative control (Supplementary
file, Figure S2). All mice were continuously supplied anesthesia
(Isoflurane and oxygen blend) using a vaporizer and monitored
employing a live animal imaging system (Analytic Jena, Upland,

CA, USA). On day 7, mice were euthanized for collection of sera
to quantify rMOMP-specific IgM antibodies.

Statistical Analysis

Data were analyzed by the two-way analysis of variance
(ANOVA) followed by the Sidak multiple comparisons using
Prism 8 (GraphPad Software, Inc., San Diego, CA, USA).
P values <0.05 were considered significant.

Results
Physical-structural characterization

Particle size is vital in determining cellular uptake. Thus we
employed zeta-sizing to assess PLGA-PBS and PLGA-rMOMP
sizes, which were 180 and 182 nm, respectively (Figure 1, A, and
B, Table 1). Next, we measured their zeta-potential, a parameter
that affects particle stability, and observed —13.2 mV and — 12.6
mV surface charges, respectively, for PLGA-PBS and PLGA-
rMOMP (Figure 1, C and D, Table 1), suggesting their stability.
The lower polydispersity index (PDI) values of PLGA-PBS
(0.135) and PLGA-rMOMP (0.109) were indicative of their
closely uniformed nanoparticle sizes (Table 1). Collectively,
these findings suggest that the encapsulation of rMOMP did not
adversely change the property and size of nanoparticles.

The EE of biomaterials within biodegradable nanoparticles is
crucial for the delivery platform since it dictates the concentra-
tions of nanoparticles for immunization studies. Our results
showed both high EE (90%) and LC (4.67%) of the encapsulated
rMOMP (Table 1). More importantly, the UV-vis spectrum of
rMOMP had an optical absorption protein peak at 280 nm that
was absent from both PLGA-rMOMP and PLGA-PBS, thereby
confirming the encapsulation of tMOMP (Figure 1, E). As
shown in Figure 1, F, nanoparticles were thermally stable up to
93 °C, implying that encapsulation caused no adverse effects on
the physical properties of PLGA given their observed high
thermal stability properties.

AFM analysis depicted the morphology of PLGA-PBS
(Figure 1, G and H) and PLGA-rMOMP (Figure 1, I and J)
nanoparticles to be round and smooth. Nanoparticles were also in
the 100-200 nm size range and smooth as assessed by SEM
(Figure 1, K and L), thus corroborating the zeta-sizing and AFM
results. Of significance was the sustained slow release of up to
95% of total encapsulated-rMOMP over 31 days (Figure 1, M).

Dose and time-kinetic responses

Previously, we reported that PLGA (85:15) potentiated Thl
immune responses in macrophages as induced by an encapsu-
lated Chlamydia peptide.'® Herein, we investigated PLGA
(85:15) potentiating effect of encapsulated-rMOMP in mouse
DCs, as they are the primary professional APCs.?° DCs were
stimulated with 0.001, 0.01, 0.1, and 1 ug/mL of either bare
rMOMP or PLGA-rMOMP to discern their optimum concentra-
tion requirements for cytokines production. Overall, PLGA-
rMOMP triggered significantly (P < 0.0001) more cytokine
secretions than did bare rMOMP at all tested concentrations
(Figure 2). We observed that the differential production of
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Figure 1. Physical-structural characterization. Analyses of the zeta-sizing (A, B), and zeta-potential (C, D), UV-vis (E), DSC (F), AFM of PLGA-PBS at two-
dimension (G) and three-dimension (H); PLGA-rMOMP at two-dimension (I) and three-dimension (J), PLGA-PBS (K), and PLGA-rMOMP (L) and in vitro

release of IMOMP (M).

cytokines between PLGA-rMOMP- and bare rMOMP-
stimulated DCs were at the 0.1 and 0.01 pg/mL concentrations
(Figure 2). The Thl cytokines, IL-6 (Figure 2, A) and IL-12p40
(Figure 2, C) triggered by bare rMOMP were concentration-

dependent in comparison to the slow persistent release of
encapsulated-rMOMP from PLGA. Interestingly, PLGA-
rMOMP and bare rMOMP dose-dependently induced
(P <0.0001) the Th2 cytokine, IL-10 (Figure 2, E), albeit at
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Table 1
Properties of nanoparticles.
Nanoparticles Zeta-size (nm) Zeta-potential (mV) PDI Encapsulation efficiency Loading capacity
PLGA-PBS 180.7 £ 2.30 -132 +0.32 0.135 - -
PLGA-rMOMP 182.7 = 3.41 -12.6 + 0.13 0.109 90% 4.67%
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Figure 2. Secretion of cytokines induced by stimulated DCs. DCs were exposed to various concentrations (0.01, 0.1 and 1 ug/mL) of bare ’MOMP or PLGA-
rMOMP or an equivalent weight of PLGA-PBS. Cell-free supernatants were collected at 24 h, and quantifications of IL-6 (A), IL-12p40 (C), IL-10 (E), and
TNF-a (G) were performed using cytokine-specific ELISAs. Cumulative production of cytokines was determined after exposing DCs to 0.01 pg/mL of bare
rMOMP or PLGA-rMOMP. Cell-free supernatants were collected at 4, 24, 48, 72, and 96 h time-points to quantify IL-6 (B), IL-12p40 (D), IL-10 (F), and TNF-«

(H). Each bar represents the mean + standard deviation of triplicate samples. Experiments were repeated at least three times. Significance between groups was
established at ****P < (0.0001 **P < 0.01 and *P < 0.05.
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Figure 3. Differential transcriptional expression of chemokines and cell surface receptors. DCs were stimulated for 24 h with 0.01 pug of PLGA-rMOMP or bare
rMOMP or an equivalent weight of PLGA-PBS. TagMan gene expression assay probes were employed to quantify the expression of chemokines and receptors
mRNA gene transcripts. Each bar represents the mean + standard deviation of triplicate samples. Experiments were repeated at least three times. Significance
between groups was established at ****P < 0.0001 and **P < 0.01 and *P < 0.05.

lower levels. TNF-a was induced by bare rMOMP in a dose-
dependent fashion, while PLGA-rMOMP stimulation of TNF-a
decreased with increasing stimulant concentrations (Figure 2,
G). All cytokines were below the detection levels (4 pg/mL)
when DCs were stimulated with 0.001 pg/mL of stimulants or
with the PLGA-PBS control (data not shown).

The potentiating effect of PLGA was underscored in time-
kinetic experiments using the optimal differential stimulant
concentration of 0.01 pg/mL. Both IL-6 (Figure 2, B) and IL-
12p40 (Figure 2, D) production commenced as early as 4 h and
remained high up to 96 h, whereas IL-10 (Figure 2, F) and TNF-
o (Figure 2, H) levels decreased over time. PLGA-PBS did not
stimulate cytokine secretions (Figure 2), which confirms PLGA
non-stimulatory but potentiating nature. These results suggest
that PLGA (85:15) potentiated encapsulated-rMOMP stimulato-
ry capacity by providing its slow and sustained release at low
concentrations to trigger higher cytokine production by DCs in
contrast to bare rMOMP.

Quantitative PCR

Since our primary goal is to develop an improved Chlamydia
nanovaccine, the stimulatory strength of PLGA-rMOMP was
investigated via qPCR for the mRNA transcripts of genes that are
required for cellular trafficking and T-cell activation. The mRNA
gene transcripts of chemokines (CCL20, CCL7, CXCL2, CCL2,
and CXCL1) that are involved in neutrophils, immature DCs, and
monocyte trafficking were significantly upregulated (P < 0.0001)

in PLGA-rMOMP-stimulated DCs as compared to bare rMOMP
(Figure 3, A and B). We also observed that PLGA-rMOMP
induced significant expression (P < 0.01 and P < 0.05) of CCL4
and CCL3 that participate in T-cell activation as well as monocyte
and immature DCs trafficking (Figure 3, B). CCLS, which triggers
Th?2 response, was similarly upregulated (Figure 3, B).

We evaluated surface receptor molecules that are essential in
innate and adaptive immune responses. Our results showed that
PLGA-rMOMP significantly enhanced (P < 0.0001, P < 0.01
and P < 0.05) the expression of co-stimulatory molecules
(CD40, CD80, and CD86), implying their activation for the
subsequent triggering of adaptive immune responses (Figure 3,
(). Induced expression of the pathogen-sensing receptor TLR2
by PLGA-rMOMP was seen, suggesting that encapsulated-
rMOMP recognition is consistent with its reported TLR2
signaling pathway.?' PLGA-rMOMP also upregulated the
surface binding receptor Fc gamma (FCGR1) that functions in
innate and adaptive immunity. Caveolin-1 (CAV1) enhance-
ment, especially on PLGA-rMOMP and PLGA-PBS stimulated
DCs, may suggest a role for caveolin-mediated endocytosis in
the uptake of nanoparticles (Figure 3, D). PLGA-PBS did not
enhance the gene expression of other examined molecules
(Figure 3).

Flow cytometry for DCs surface markers

DCs are the main linkers of innate and adaptive immune
responses, which drive naive T-cells into specific memory/


Image of Figure 3

Cells (CD11c +) gating
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with fluorochrome-conjugated antibodies. Stained cells were subjected to flow cytometric analysis of surface molecules by gating on CD11c* cells, CD40 (A-C),
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Figure 5. Intracellular trafficking and colocalization of the released rMOMP in DCs. DCs were stimulated with 0.01 ug of PLGA-rMOMP or bare rMOMP for 24
h. Cells were stained for subcellular organelles (green), including early endosomes (EEA1) (A), late endosomes (LE) (B), endoplasmic reticulum (ER) (C) and
major histocompatibility complex-II (MHC-II) (D). Colocalization was confirmed by probing for ’IMOMP (red) in DCs. DAPI (blue) was used as nuclei stain.
The top row (merge) indicates the overlay of images. Direct visualization and imaging were performed by employing immunofluorescence microscopy.

Experiments were repeated at least two times.

effector T-cells by antigen presentation through MHC proteins.
The process of DCs maturation for an efficient antigen
presentation requires the expression of co-stimulatory molecules
along with key cytokines and chemokines, as observed herein.
We employed flow cytometry to determine the translational
expression of the co-stimulatory molecules, CD40, CD80, and
CD86, as triggered by stimulants for the activation and
maturation of DCs. DCs were stimulated with PLGA-rMOMP,
bare tMOMP, or PLGA-PBS and stained with specific
fluorochromes-conjugated antibodies. Results as indicated in
the upper right quadrants show that PLGA-rMOMP stimulated
higher expressions of CD40 (78.32%), CD80 (86.44%) and
CD86 (87.07%) (Figure 4, A, D, G) compared to bare IMOMP
with CD40 (72.97%), CD80 (79.81%) and CDS86 (75.13%)
(Figure 4, B, E, H). PLGA-PBS stimulated weak expressions of
CD40 (11.73%), CD80 (49.09%) and CDS86 (45.28%) (Figure 4,
C, F, I) as compared to PLGA-rMOMP or rMOMP.

Next, we evaluated how PLGA-rMOMP would affect the
expression levels of MHC-I and MHC-II molecules that are
crucial for antigen presentation. PLGA-rMOMP increased the
expression of MHC-II (69.35%) relative to rMOMP (48.17%) or
PLGA-PBS (37.15%) (Figure 4, J, K, L). Contrastingly, MHC-I
expression was weakly induced by PLGA-rMOMP or PLGA-
PBS (Figure 4, M, O) as compared to a higher expression
induced by rMOMP (Figure 4, N). Our results show that PLGA-
rMOMP functionally induced the expression of co-stimulatory
and MHC-II molecules for presentation to T-cells.

Intracellular trafficking of nanoparticles

The observation that DCs efficiently endocytosed PLGA-
rMOMP nanoparticles prompted further evaluation of their
endocytic route for internalization and processing. DCs were
exposed to all stimulants, and after 24 h intracellular organelles
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Figure 6. Chlamydia-specific memory and effector T-cells and antibody responses. Mice were immunized with 50 pg of PLGA-rMOMP (subcutaneous or
intranasal) three times at two-week intervals and sacrificed two-weeks after the third immunization. Splenocytes were isolated and stained with fluorochrome-
conjugated antibodies; anti-CD3-APC-Cy7, anti-CD4-PerCP-Cy5.5, anti-CD62L-APC, and anti-CD44-PE. Stained splenocytes were subjected to flow
cytometry analysis by gating on CD3™ cells to quantify CD3*CD4" derived memory (CD44*CD62L") and effector (CD44*CD62L") phenotypes of T-cells for
the PBS (A, B), subcutaneous (SC) PLGA-rMOMP (C, D) and intranasal (IN) PLGA-rMOMP (E, F) immunized groups. Sera collected and pooled per group of
mice were diluted at a two-fold serial dilution to determine the end-point IMOMP-specific IgG antibody titers via ELISA (G). Avidity index of rIMOMP-specific
IgG antibodies was determined at lower sera dilutions using ELISA. Percent (%) avidity index (H); avidity absorbance values (I). Sera samples were run in

triplicates, and experiments were repeated at least three times.

and MHC-II molecules were labeled with specific antibodies and
an anti-MOMP antibody. There was more uptake of PLGA-
rMOMP in EEA1 (Figure 5, A) with enhanced colocalization
with the released rIMOMP, thus confirming rMOMP uptake by
DCs and its slow release in comparison to bare rMOMP.
Similarly, the colocalization of encapsulated-rMOMP was
observed within LE (Figure 5, B) and the ER (Figure 5, C).
Expression of MHC-II (Figure 5, D) was enhanced in PLGA-
rMOMP-stimulated DCs than those of bare rtMOMP, further
confirming that PLGA-rMOMP successfully triggered the

MHC-II-dependent antigen processing and presentation path-
way. PLGA-PBS did not enhance the expression of molecules
(Figure 5).

Induction of memory and effector T-cells and antigen-specific
serum IgG antibodies

Given that PLGA-rMOMP triggered robust immune re-
sponses, we next immunized mice via the subcutaneous and
intranasal routes to evaluate the effect of immunization routes on
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the induction of adaptive immune responses. Groups of mice
received three subcutaneous or intranasal immunizations with
PLGA-rMOMP; the PBS control group only received subcuta-
neous immunizations (Supplementary file, Figure S1). Spleno-
cytes were pooled per group after sacrifice and stained with
labeled antibodies to quantify CD4* specific memory (CD44"€"
CD62L"#") and effector (CD44"=" CD62L'Y) T-cells. Our
results showed that mice immunized with PLGA-rMOMP
(subcutaneous or intranasal) had elevated CD3"CD4"* T-cells
(Figure 6, C and E) compared to the PBS group (Figure 6, A).
Nonetheless, the PLGA-rMOMP subcutaneously immunized
mice produced more CD4* memory (11.61%), and effector
(9.71%) T-cells (Figure 6, D) as compared to the intranasal
group with fewer CD4" memory (8.34%) and effector (6.01%)
T-cells (Figure 6, F). The PBS group had similar CD4" memory
(7.66%) and effector (6.52%) T-cells (Figure 6, B) as the
intranasal group.

The PLGA-rMOMP subcutaneously immunized mice pro-
duced an 8-fold higher rtMOMP-specific IgG antibody titer
(8 x 10%) as compared to the intranasally immunized mice
(1 x 10°). The PBS mice did not produce rMOMP-specific IgG
antibodies (Figure 6, G). Notably, mice immunized via the
subcutaneous route also produced high-avidity functional
specific IgG antibodies in comparison to the intranasal mice
(Figure 6, H and I). Collectively, the produced cellular and
antibody immune responses suggest that the administration route
of the nanovaccine may influence the sustained release of the
antigen, which is crucial in bolstering adaptive immune
responses.

Nanovaccine in vivo tracking

The triggering of adaptive immune responses requires antigen
processing via DCs and presentation to naive T-cells for activation
and differentiation in lymph nodes. We hypothesized that our
nanovaccine would traffic to the nearest lymph nodes of the
administration site. Our results showed that the subcutaneous
administration of PLGA-rMOMP-IR remained at the site for a
longer time (Figure 7, A, D, and G) than the bare rIMOMP-IR
(Figure 7, B, E, and H) and PLGA-PBS-IR (Figure 7, C, F, and I).
The fluorescence intensity of PLGA-rMOMP-IR (Figure 7, J) was
strongly visible compared to that of the ’IMOMP-IR (Figure 7, K),
and PLGA-PBS-IR (Figure 7, L) exposed mice. We observed the
biodistribution of PLGA-rMOMP-IR in the lymph nodes (cervical,
axillary and inguinal) upon opening the peritoneal cavity and
scanning of mice on the LI-COR Odyssey imager for better
resolution (Figure 7, M). Conversely, only a weak signal intensity
of the ’IMOMP-IR appeared in the popliteal lymph node (Figure 7,
N). PLGA-PBS-IR did not traffic to lymph nodes (Figure 7, O).
These results suggest that dermal DCs efficiently internalized the
PLGA-rMOMP-IR with trafficking to lymph nodes for antigen
presentation. Further quantification of rMOMP-specific serum
IgM antibodies supports our hypothesis since mice administered
the PLGA-rMOMP-IR produced higher IgM antibodies compared
to the rIMOMP-IR and PLGA-PBS-IR mice (Figure 7, P, Q, and
R). These findings confirm the efficient delivery of our
nanovaccine in vivo for elicitation of the observed adaptive
immune responses.

Discussion

Strategies in vaccine designs should consider a delivery
vehicle that protects the conformation and degradation of
antigens while ensuring their slow and sustained release.®'"
Biodegradable polymeric nanoparticle-delivery systems have
been explored extensively and are attractive for improving the
therapeutic values of encapsulated biomolecules.’>”** Indeed,
the size range of nanoparticles (100-200 nm) remains critical as
it influences the uptake by APCs.”% Encapsulating antigens
within polymeric nanoparticles facilitates their controlled-
release, depending on the matrix degradation rate, and also
their recognition and uptake by APCs to enhance immune
responses.”*'® The biodegradable polymeric delivery platform
provides a novel approach for vaccine designs with or without
adjuvants.''*?> PLGA is a promising delivery system for subunit
vaccines due to its safety and proven capacity to increase the
efficacy of vaccine candidates.”**-%*

Nanotechnology has opened doors to overcome the hurdles of
developing efficacious vaccines against Chlamydia.'"'"~"%-* Tt is
recognized that many Chlamydia vaccine constructs with conven-
tional approaches are still in the pre-clinical developmental stages.*®
Because of that a vaccine strategy based on the employment of
targeted antigens and extended-releasing nanoparticles, in all
likelihood, maybe an alternative approach that is critical for
Chlamydia prevention. Previously, we designed a rMOMP-
encapsulated PLGA (50:50) nanovaccine formulation that triggered
Thl adaptive immune responses in mice.'” The extended-release
and self-adjuvanting properties of PLGA led''**?"-% us to
develop, characterize, and test a new subunit nanovaccine using
the slower degrading PLGA (85:15) delivery system for ’MOMP.

Here the characterization of our new PLGA-rMOMP revealed
that it exhibited all prerequisites criteria as a chlamydial
nanovaccine candidate, including a nanometer size, low PDI
values, smooth surface, thermal stability, negative zeta-potential,
and high EE.* These characteristics are an improvement over
the larger size and lower EE of the previous PLGA (50:50)
formulation.'” Perhaps the more hydrophobic nature of PLGA
(85:15) led to the higher EE and improved LC as reported by
other investigators.29’3° Indeed the characterization properties of
our newly designed nanovaccine are in agreement with other
PLGA formulations, '”-'8-28-3135

The potential to trigger immune responses by encapsulated
proteins depends on the nanoparticle release pattern.28 In this
study, PLGA-rMOMP had an initial burst releasing ~30% of
rMOMP within 24 h and a gradual release up to 31 days
accounting for more than 60% of the released rMOMP, which is
likely attributable to its high EE or LC as observed by others
using the more hydrophobic PLGA. '®-?%:3¢ Although polymeric
formulations exhibit an initial burst that can be reduced with the
polymer compositions, those exhibiting an initial burst, none-
theless, are still useful in triggering immune responses>>**%-%" as
confirmed here.

The interaction of PLGA-rMOMP with DCs induced high
levels of the Th1 cytokines, IL-6, and IL-12p40 that are essential in
defense against chlamydial infections and less of the Th2 cytokine,
IL-10, indicating that the continuous slow release of tMOMP
predominantly triggered Thl immune responses.'’*'8:3%
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Figure 7. In vivo tracking of nanoparticles uptake in BALB/c mice. Mice were administered rMOMP-IR, PLGA-rMOMP-IR, or PLGA-PBS-IR once via the
subcutaneous route (shown in white circles). Images of mice were acquired using a live animal imaging system on day 0 (A, B, C), day 1 (D, E, F), day 2 (G, H,
I), followed by sacrificed on day 7. Dorsal images (J, K, L) were taken on day 7 to locate the fluorescence signals at the administration site. Mice were opened
and imaged on the ventral side (peritoneal cavity) to observe fluorescence signals for localization within the cervical, axillary, inguinal and popliteal (M, N, O)
lymph nodes (LN). Sera were collected from groups of mice on day 7 to determine the rMOMP-specific IgM antibodies using ELISA (P, Q, R). Sera samples

were run in triplicates, and experiments were repeated at least three times.

Evidently, PLGA induces potent Thl immune responses by
delivering encapsulated antigens intracellularly,”® as supported
herein. Also, we observed that PLGA-rMOMP stimulation of
IL-10 and TNF-a, but not of IL-6 and IL-12-p40, was
concentration-dependent. This dichotomy in the cytokines pro-
duction dynamics may be attributable to PLGA potentiation of Th1
cytokines, whereby a slow release of the encapsulated-rMOMP
stimulates maximal cytokine saturation levels'® opposite to the
dynamic production patterns for IL-10 and TNF-a that probably
ensue from the initial burst release. Of support for the observed Th1
and Th2 cytokine production imbalance is that DCs pulsed with
rMOMP trigger CD4" Thl and not Th2 cytokine responses
in vitro.”® The selective increase of Thl cytokines, by lower

PLGA-rMOMP concentrations may arise from the overall initial
burst coupled with the extended-release time. The enhancement of
the transcriptional activation of crucial chemokines that play
critical roles in the maturation, activation, and differentiation of
DCs lend compelling support for the efficient intracellular delivery
of ’IMOMP by PLGA*'” to trigger Th1 immune responses.
Activation of adaptive immune responses is a prerequisite for an
efficacious vaccine, and the expression of co-stimulatory molecules
on DCs is required for T-cell activation.*' Increased expression of
co-stimulatory and MHC-II molecules on DCs underscores the
efficient intracellular delivery, processing, and antigen presentation
of PLGA-rMOMP. PLGA-rMOMP also upregulated the expres-
sion of FCGR1, a potentiator of cellular and humoral immune
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responses that participates in protective immunity against
Chlamydia and other intracellular pathog,gens.z"u’43 The signifi-
cance of TLR2 upregulation by PLGA-TMOMP substantiates
rMOMP recognition by its putative receptor. *-*>

It is acknowledged that the hydrophobicity of PLGA
nanoparticles increases their uptake by APCs.*® The intracellular
delivery of vaccines by biodegradable nanoparticles via the
caveolin endocytosis pathway is well-known for the 20-200 nm
size range nanopar‘[icles.z’47 Interestingly, CAV1 was upregu-
lated in DCs by PLGA-rMOMP and PLGA-PBS, which is
consistent with its upregulation by a rMOMP peptide encapsu-
lated in PLA-PEG [poly(lactic acid)-poly(ethylene glycol)]
nanoparticles.2 Upregulation of CAV1 by nanoparticles here
and previously reported® is suggestive of their caveolin-
dependent cellular uptake®® due to their nanometer sizes.
Notably, the uptake and endosomal processing of PLGA-
rMOMP within DCs strikingly bears a resemblance to the
rMOMP peptide encapsulated in PLA-PEG nanoparticles.” As
such; it seems that ’IMOMP and its peptide encapsulated in PLA—
PEG or PLGA nanoparticles employ a similar trafficking
pathway for the induction of immune responses.

The immunogenic potential of vaccines in activating T-cells is
critical for the clearance of intracellular pathogens such as
Chlamydia. A vaccine candidate inducing CD4* memory T-cells
against Chlamydia may provide long-lasting immunity.25 42,49
Stary et al. 2015, elegantly demonstrated that systemic or mucosal
immunization of mice with a chlamydial vaccine stimulates
memory T-cells; however, only the mucosal route generated
effector T-cells.> Other investigators have shown that PLA-based
co-polymeric nanoparticles are more efficient when administered
via the subcutaneous route for nanovaccines.'®'®>" In our
study, mice immunized subcutaneously with PLGA-rMOMP
generated CD4* memory (CD44"E" CD62L"EM) and effector
(CD44"e" CD62L™) T-cells, indicating that self-adjuvanting
biodegradable polymeric delivery nanocarriers are conducive for
this route. %7 Contrastingly, the intranasal route only enhanced
CD4"* T-cells but not memory (CD44™&" CD62L"€") and effector
(CD44"¢" CD62L"*™) T-cells phenotypes, perhaps suggesting that
this route may require an adjuvant to enhance its efficiency. ">’

The humoral immune response plays a pivotal role in
preventing the spread of infection and antibodies produced during
a chlamydial infection contribute to protective immunity.>* Here
PLGA-rMOMP subcutaneously immunized mice produced higher
levels of rMOMP-specific antibodies in comparison to the
intranasal mice, further underscoring that systemic immunization
induces chlamydial antigen-specific IgG antibodies.'” Despite the
increased production of antibodies against an antigen, functionality
reflects maintaining long-term humoral memory responses.'?->>
Lack of functional antibodies has an impact on reducing the
vaccine's efficacy.” In the current study, the subcutaneous route
provided highly functional antibodies in contrast to the mucosal
route.

Overall, the immune responses triggered by PLGA-rMOMP
indicate the involvement of lymph nodes. The visual confirma-
tion from the live imaging uptake of the nanovaccine with a high
signal intensity in lymph nodes is proof of concept that PLGA-
tMOMP is a compatible and immunogenic formulation.’
Worthy of mention is that the labeling of IMOMP with the IR

dye did not compromise its integrity as confirmed by the
production of IgM in mice injected with the PLGA-rMOMP-IR.
Reportedly, PLGA can be formulated to target lymph nodes
specifically.’>>° Although bare rMOMP-IR was observed
adjacent to the popliteal lymph node with a low signal intensity,
the absence of IgM production in mice suggests that our PLGA
(85:15) nanocarrier delivery system plays a crucial role in the
induction of antibodies.

Predicting nanoparticles behavior is a complex issue in
animal models, especially when it pertains to intracellular
pathogens. PLGA nanoparticles are gaining attention as vaccine
delivery systems for intracellular pathogens,”'”"*®->7 though
they may be hydrolyzed at mucosal surfaces. Nevertheless,
coating their surface with a glycol or chitosan can control this
problem.”®*** Hamdy et al. 2011, described the relationship
between systemic immunization and activation of DCs, which
may become more robust with an adjuvant,7’60 particularly for
the mucosal route. The present study employed the self-
adjuvanting PLGA (85:15) nanoparticles for the extended-
release of chlamydial rMOMP for intracellular processing and
presentation by DCs?° to induce immune responses. Our data
disclose that the PLGA-rMOMP (85:15) nanovaccine enhanced
the activation of DCs and augmented Chlamydia-specific
rMOMP CD4" memory, and effector T-cells and antibody
adaptive immune responses in immunized mice. This alternative
approach in the development of a chlamydial rMOMP
nanovaccine using an extended-releasing biodegradable-
polymeric nanoparticle delivery platform is worthy of future
efficacy testing.
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