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ABSTRACT In the quest to treat intracellular infectious diseases and virus infection, 5 - A

igen
pH-responsive PLGA NPs
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nanoparticles (NPs) have been considered to be efficient tools for inducing potent immune
responses, specifically cellular immunity. Antigen processing and presenting by antigen
presenting cells (APCs) could influence immune response, especially the priming of T-cell-
mediated cellular immunity. Here, we fabricated pH-responsive poly(p,L-lactic-co-glycolic
acid) (PLGA) NPs with rapid antigen intracellular release behavior in APCs. The NPs, which
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had thin shells and large inner space, contain ammonium bicarbonate (NH4HCO3), which

could regulate release in endosomes and lysosomes, acting as an antigen release promoter

in dendritic cells (DCs), and were coencapsulated with antigen (ovalbumin, OVA).
Hydrogen ions (H™) in DC endosomes and lysosomes (pH ~5.0 and 6.5) could react with NH,HCO; to generate NH; and C0,, which broke NPs and
released antigens. After uptake by DCs, antigens encapsulated in pH-responsive PLGA NPs could escape from lysosomes into the cytoplasm and be cross-
presented. Moreover, the NPs induced up-regulation of co-stimulatory molecules and stimulated cytokine production. Mouse immunization with pH-
responsive PLGA NPs induced greater lymphocyte activation, more antigen-specific (D8 T cells, stronger cytotoxic capacity (IFN-y and granzyme B),
enhanced antigen-specific G antibodies, and higher serum 1gG2a/lgG1, indicating cellular immunity. The NPs also improved generation of memory T cells

to protect against reinfection. Thus, pH-responsive PLGA NPs, which induced strong cellular immune responses and offered antibody protection, could be

potentially useful as effective vaccine delivery and adjuvant systems for the therapy of intracellular infectious diseases and virus infection.

KEYWORDS: antigen intracellular rapid release - dendritic cells - pH-responsive - PLGA nanoparticles -
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infection have contributed to worldwide

morbidity and mortality, and such a glob-
al burden induced by pathogens such as
HBV, tuberculosis, and HIV emphasizes the
urgent need for new and effective vaccina-
tions and infection treatment strategies.’
Vaccination is one of the oldest and still
most useful methods for generating hu-
moral and cellular immune responses to
prevent infectious diseases. Recent findings
have indicated that T cell immunity is key to
limiting disease severity, and induction
of antigen-specific T-cell-mediated cellular
immune responses is the ultimate goal of
vaccination, requiring specific antigens and

I ntracellular infectious diseases and virus
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appropriate adjuvants. Although aluminum
salts such as aluminum hydroxide or phos-
phate have been used for many antigens,
they are not suitable for all antigens and
have disadvantages of side effects and
safety concerns.>> Moreover, aluminum-
based vaccines, which function as an “anti-
gen depot” for retaining antigen at the
injection site, are thought to induce poor
activation and maturation of APCs and
offer only weak T-cell-mediated immune
responses, which are indispensable for kill-
ing intracellular pathogens.*™” To over-
come these limitations, new biocompatible
particulate antigen-delivery systems are
being developed? Nanoparticle (NP)-based
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vaccine formulations are available in diverse sizes and
comprise various materials. The materials that have
been investigated in the past included polysaccharide
(e.g., starch, alginate, agarose), proteins (e.g., gelatin,
albumin), fats and fatty acids (e.g., palmitic acid), lipids,
and polymers. Each of these materials could offer their
own advantages, and to date, a series of NPs, such as
poly(lactic acid) (PLA), poly(p,.-lactic-co-glycolic acid)
(PLGA), and chitosan (CS), have been applied as ad-
juvants to enhance vaccine efficiency.”~"" However,
PLGA, an FDA-approved synthetic biodegradable poly-
mer, has gained a lot of attention and has also been
used for NP formation and extensively applied in
vaccine delivery. While, cellular immunity was still
limited since surface modification was necessary for
NPs to enhance adjuvant effects.'?~'°

Induction of immune response involves several
steps that feature antigen presenting cells (APCs),
which take up and process antigens, prime T cells,
and activate B cells. Dendritic cells (DCs), the most
potent and crucial APCs, are essential for initiating and
regulating vaccine-induced immune responses.'®'’
Upon immunization, DCs capture antigens and mi-
grate into lymph nodes and spleen, where they present
the digested antigen peptides to CD4" and CD8" T
cells and then trigger adaptive cellular immune re-
sponses with the help of co-stimulatory molecules.'®
Moreover, DCs release numerous cytokines upon acti-
vation, regulating both innate and adaptive immu-
nity.'”” DCs also participate in antibody generation
through their interactions with B cells.?® With such a
pivotal role of DCs in vaccine-induced immune re-
sponses, researchers focused on designing particulate
antigen-delivery systems based on DCs. Recent studies
have indicated that the intracellular environment
where interactions between antigens and DCs oc-
curred could deliver signals instructing them to gen-
erate the appropriate immune responses.?’ Effective
vaccination to kill intracellular pathogens often re-
quires CD8" cytotoxic T cell responses, which only
occur when antigens are processed via cross-presenta-
tion after uptake by DCs.>? Particle physicochemical
characteristics dictate whether they will be suitable
for antigen delivery, and how NPs release antigens
intracellularly to modulate the immune response is
uncertain.

To address this question, we developed pH-responsive
PLGA NPs for rapid antigen release based on differ-
ent intracellular pH values of DCs and compared the
induced immune response with normal PLGA NPs
(slow release of antigens). PLGA NPs with narrow size
distribution were prepared by both a facile method
combining W/O/W emulsion—diffusion—extraction
approach and the premix membrane emulsification
technique. We adjusted the structure of normal PLGA
NPs to have thinner shells and a larger inner space,
while coencapsulating NH4HCOs5 as an antigen release
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promoter to interact with protons in DC endosomes/
lysosomes (pH ~5.0 and 6.5). Production of CO, and
NHs disrupted the NP shell wall, causing antigen
release. Very recently, Ruff et al. described the synthesis
of antigen-loaded, pH-sensitive polymethacrylamide
hydrogel NPs. These agents utilized an acid-sensitive
cross-linker, which was copolymerized with acrylamide
by inverse emulsion polymerization. The NPs thus
produced were taken up and presented by bone-
marrow-derived dendritic cells (BMDCs) in vitro and
DCs and monocytes in vivo.?* Unlike their work, PLGA
and NH4HCO; were used in our methodology, where
PLGA was the FDA-approved synthetic biodegradable
polymer and NH4HCO3, a simple and more commer-
cially amenable agent, was used as an antigen release
promoter. Combined with adjusting the ratio of the
inner water phase and oil phase, we succeeded in
endowing biodegradable PLGA NPs with intracellular
rapid antigen release behavior for vaccine adjuvants in
this paper. Here, pH-responsive and normal PLGA NPs
were used to investigate whether and how antigen
release within DCs affected antigen processing, pre-
sentation, and subsequent immune response, specifi-
cally T-cell-mediated responses.

RESULTS AND DISCUSSION

Characteristics of pH-Responsive PLGA NP-Based Vaccine
Adjuvants. Using the W/O/W emulsion—diffusion—
extraction method combined with the premixed mem-
brane emulsification technique, we successfully fabri-
cated uniform-sized pH-responsive PLGA NPs with
rapid antigen release behavior by adjusting the ratio
of the inner water phase and oil phase and adding
NH4HCO3 (2.5 mg/mL) in the inner water phase. For
PLGA polymers, a lactic/glycolic molar ratio of 75:25
was chosen. NPs prepared from copolymers with high
lactic acid concentration degrade slower than those
with a high glycolic acid content. Uniform-sized normal
PLGA NPs without the designed structure or antigen
release promoter were also prepared using the W/O/W
emulsion—diffusion—extraction method combined
with the premixed membrane emulsification tech-
nique. Both normal and pH-responsive PLGA NPs were
of similar size, size distributions, surface zeta potential,
and antigen loading efficiency (Table 1). Compared to
normal PLGA NPs, pH-responsive NPs designed in this
study had thinner shells and larger cavities, as shown
with scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM) images (Figure 1A,
B). X-ray diffraction (XRD) patterns (Figure 1C) re-
vealed that NH4HCO; as an antigen release promoter
was successfully entrapped within the NPs, and
loaded antigen activity was retained from the analysis
results of fluorescent and CD spectra (Supporting
Information, Figure S1). Both pH-responsive PLGA
NPs and normal PLGA NPs were nonporous from the
analysis results of adsorption—desorption isotherms
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TABLE 1. Characteristics of PLGA NP-Based Vaccine Adjuvants (Means + SEM)

particles diameter (nm) PDI* zeta potential" (mV) antigen content (..g/mg)
pH-responsive PLGA NPs 893.63 + 7.93 0.061 & 0.01 —1222 £ 237 49.22 + 258
normal PLGA NPs 909.23 + 4.51 0.088 4 0.02 —17.74 £+ 3.88 50.45 + 2.17

“PDI, polydispersity index from dynamic light scattering (DLS). ° Zeta potential of different NPs was detected in ultrapure water.

and Brunauer—Emmett—Teller (BET) specific surface
area (Supporting Information, Figure S2). Antigen re-
lease behaviors from NPs under different pH values
(7.4, 6.5, and 5.0) were studied to evaluate antigen
intracellular release behavior in the endosome/
lysosome and cytoplasm environment of DCs. Normal
PLGA NPs offered controlled release at the same pHs
within 24 h, and cumulative release efficiency was less
than 10% (Figure 1E). However, pH-responsive NPs had
pH-dependent antigen release (minimal at pH 7.4 and
10% within 24 h; more than 85% antigen release at
pH 5.0 and 6.5 for 24 h; Figure 1D). SEM images were
used to exhibit the morphological changes in pH-
responsive PLGA NPs and normal PLGA NPs during
antigen release incubated in media with different
pH values mimicking the intracellular environment of
DCs (Supporting Information, Figure S3). Antigen re-
lease was depicted in Figure 1H. In acidic environ-
ments, the proton infiltrated the PLGA shell and
reacted with NH4HCO; to produce gas bubbles, and
the thinner pH-responsive NP shell was disrupted to
release encapsulated antigens. To test whether the
mechanism worked, we added the indicated amounts
of proton scavenger during the release of antigen
encapsulated by pH-responsive PLGA NPs in the acidic
environment. The NPs were immersed in the acidic
environment mimicking the DC intracellular endo-
some/lysosome (pH 6.5 and 5.0), respectively. Addition
of indicated amounts of proton scavenger took place
after 1,2, and 8 h since these time points were thought
to be the early, middle, and late stage during antigen
release (Figure 1D). The results showed antigen release
encountered different degrees of influence after addi-
tion of proton scavenger at the early (1 h), middle (2 h),
and late stage (8 h) of the release period. In the
environment of pH 5.0 (Figure 1F), after addition at
1 h, antigen release stagnated and maintained a
relatively low cumulative release efficiency, which in-
dicated that antigen release depended on the reaction
between NH,4HCO; contained in the inner space of NPs
and proton in the environment. The antigen release
got blocked by the added proton scavenger at the
early stage. After addition of proton scavenger at 2 h,
the following release continued to increase at a rela-
tively slow rate until reaching a plateau at 12 h. After
addition of proton scavenger at 8 h, antigen release
was hardly affected by the proton scavenger. At the
middle and late stage of antigen release, the proton
infiltrated the PLGA shell and reacted with NH,HCO5 to
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produce gas bubbles; then, the thinner pH-responsive
NP shell was disrupted to release encapsulated anti-
gens. Thus, antigen release was less affected by proton
scavenger at the middle stage. At the late stage, the
addition scarcely altered the antigen release. In the
environment of pH 6.5, the same release behavior
occurred when indicated amounts of proton scavenger
were added at 1, 2, and 8 h (Figure 1G). These ex-
periments determined the significance of NH4HCO;
contained in the inner space of NPs for regulating
antigen release behavior. Whether and how antigen
intracellular release affected antigen presentation, DC
activation and maturation, and in vivoimmune response
were further investigated in subsequent studies.
pH-Responsive PLGA NPs Promoted Antigen Cross-Presenta-
tion in Vitro. DCs, the most potent APCs, were necessary
for inducing protective immunity. After uptake by DCs,
the intracellular fate of antigens (including intracellular
localization and presentation) dramatically influenced
the magnitude and quality of the immune response.?’
First, the biocompatibility of pH-responsive NPs con-
firmed in BMDCs in vitro with CCK-8 assays indicated
excellent biocompatibility (Supporting Information,
Figure S4). NPs could also deliver antigen to BMDCs,
and pH-responsive NPs slightly promoted antigen
uptake compared with normal PLGA NPs (Supporting
Information, Figure S5). This was probably due to the
slightly increased zeta potential of pH-responsive
PLGA NPs (Table 1), which could facilitate interactions
between the NPs and the negatively charged cell
membrane.?*?® After antigen uptake, intracellular traf-
ficking of internalized NPs was measured via localiza-
tion of antigens in NPs (labeled with FITC-OVA in
green) and lysosomes, the key intracellular organelles
during antigen processing and presentation (labeled
with Lyso-Tracker in red). (OVA = ovalbumin; FITC =
fluorescein isothiocyanate.) Efficient exogenous anti-
gen endosomal escape was important for antigens to
be presented through the MHC | pathway to activate
CD8" T cells and elicit a robust CTL response.® Con-
focal images revealed that normal PLGA NPs taken up
by DCs mostly colocalized with lysosomes, whereas
most of antigens from pH-responsive NPs existed in
the cytoplasm, indicating lysosome escape and the
ability to induce a strong cytotoxic T lymphocyte (CTL)
immune response (Figure 2A). As shown in Figure 2A,
when BMDCs were pretreated with chloroquine, which
could be used as an inhibitor of endosomal acidifica-
tion, the confocal images revealed that antigens from
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Figure 1. Characteristics of pH-responsive PLGA NP-based vaccine adjuvants: (A) SEM and (B) TEM micrographs of pH-
responsive PLGA NPs; (C) XRD patterns of NH;HCO3, empty PLGA NPs, and pH-responsive PLGA NPs; in vitro release of
antigens from (D) pH-responsive PLGA NPs and (E) normal PLGA NPs incubated in test media with different pH values to mimic
the cytoplasm (pH 7.4), early endosomes (pH 6.5), and late endosomes/lysosomes (pH 5.0) at 37 °C. In vitro release of antigens
from pH-responsive PLGA NPs after addition of indicated amounts of proton scavenger at 1, 2, and 8 h in the acidic
environment of (F) pH 5.0 and (G) pH 6.5 at 37 °C. Data were expressed as means + SEM (n = 6). (H) Schematic illustrating the
composition/structure of the as-constructed pH-responsive PLGA NPs and their working mechanism.
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Figure 2. (A) Antigen intracellular localization from pH-responsive PLGA NPs in BMDCs, normal PLGA NPs in BMDCs, and
pH-responsive PLGA NPs in BMDCs pretreated with chloroquine was observed by CLSM. Antigens were labeled by FITC (green
points); lysosomes were labeled by Lyso-Tracker Red (red points). (B) Different groups of vaccine adjuvant-based OVA and (C)
indicated concentrations of OVA were cross-presented by DCs and B3Z in vitro. Cross-presentation of B3Z cells was determined
by f-galactosidase activity using a colorimetric LacZ assay (absorbance 570/620 nm). Graphs shown represent results of three
independent coculture experiments. Data are expressed as means = SEM (n = 6) (*p < 0.05; **p < 0.01; ***p < 0.001).

pH-responsive PLGA NPs mostly colocalized with the
lysosome. This indicated that antigen intracellular
release of pH-responsive PLGA NPs needed to be in
an acidic environment. Without the interaction be-
tween the pH-responsive PLGA NPs and the proton,
the NPs lost the rapid antigen release behavior and
acted the same as normal PLGA NPs.

After confirming that pH-responsive NPs could
efficiently be captured by DCs and escape from the
lysosome into the cytoplasm, we analyzed their capa-
city to cross-present NP-encapsulated antigens in a

LIU ET AL.

B3Z cell line. B3Z, a SIINFEKL-specific CD8" T cell hy-
bridoma line, could be activated by SIINFEKL, which
was the final peptide of NP-based antigens cross-
presented by DCs.” Cross-presentation could be eval-
uated by measuring activation of B3Z with a LacZ
method. After coculturing DCs and B3Z with titrated
amounts of NPs-OVA (1 ug/well), data indicated that
pH-responsive NPs significantly enhanced cross-
presentation of OVA (Figure 2B). Specifically, pH-
responsive NPs cross-presented OVA 230% and
1100% of that cross-presented by normal NP-antigen
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and antigen alone (p < 0.001). These results fully de-
monstrated that rapid antigen release within DCs
greatly promoted antigen escape to the cytoplasm
and enhanced cross-presentation.

To ensure NPs promote antigen cross-presentation,
we compared cross-presentation of different concen-
trations of soluble OVA (Figure 2C). Notably, higher
concentrations of soluble OVA were required to
achieve a similar response with pH-responsive NP-
encapsulated OVA. More than 1000 times soluble
OVA was required to stimulate the same response
observed with 1 ug/well NPs-OVA. Thus, uptake of
antigen-loaded NPs and rapid antigen release behavior
were essential for antigen cross-presentation, and we
concluded that antigen intracellular rapid release by
pH-responsive PLGA NP-based vaccine adjuvants of-
fered efficient endosomal escape and superior cross-
presentation for priming CTL killing.

pH-Responsive PLGA NPs Promoted DC Activation and Mat-
uration in Vitro. After antigen processing and presenta-
tion, BMDCs expressed activation markers to prime T
cells, thereby inducing antigen-specific immune re-
sponses. These results showed that the expression of
CD86 and CD40 co-stimulatory markers was signifi-
cantly up-regulated in the presence of pH-responsive
PLGA NPs (p < 0.05; for CD40, compared to antigen
alone, p < 0.01; Figure 3A,B).

Next, we tested whether activation also promoted
cytokine secretion during DC maturation. pH-responsive
PLGA NPs indeed induced greater production of pro-
inflammatory cytokines IL-18 and IL-6 than other
groups (Figure 3C,D). Secretion of Th1-polarizing cyto-
kines IL-12p70 and TNF-a followed the trends of
pH-responsive NPs that had an enhanced effect on
maturation. pH-responsive NPs significantly increased
production of IL-12p70 and TNF-a (Figure 3E,F). Pro-
duction of typical Th-1 cytokine IL-12p70 and pro-
inflammatory cytokine IL-6 were both time-depen-
dent, especially for pH-responsive NPs (Figure 3G,H).
Such a sustained enhancement of cytokine production
was observed during the first few hours and plateaued
at 12—24 h, which reflected rapid antigen release
within DCs. This immune response could provoke the
activation of CD8" T cells and potentiate cytotoxic
killing of CD8™ T cells.®

pH-Responsive PLGA NPs Promoted Lymphocyte Activation
and T-Cell-Mediated Immune Response in Mice. To confirm
pH-responsive PLGA NP-based vaccine adjuvanticity
with regard to cellular immunity, we immunized mice
with pH-responsive NPs, normal NPs, and antigen
alone and evaluated lymphocyte activation, antigen-
specific CD8" T cell responses, and memory T cell
responses in mouse splenocytes restimulated ex vivo.

CD69, an activation marker, was used to measure
activation of effector immune cells. B cells, CD4"
T cells, and CD8" T cells of splenocytes from each
test group were labeled with specific FACS antibodies.

LIU ET AL.

pH-responsive NPs significantly enhanced the activa-
tion of T cells more than antigen alone (for CD4* T cells,
p < 0.01; for CD8'T cells, p < 0.001) (Figure 4A—C;
Supporting Information, Figure S6). Also, activation of B
cells and CD8™ T cells was both significantly improved
with pH-responsive NPs more than with normal PLGA
NPs (p < 0.01) (Figure 4A—C; Supporting Information,
Figure S6). The effective activation of effector immune
cells by pH-responsive PLGA NP-based vaccine adju-
vants was necessary because activation of effector
immune cells initiated the whole immune response.

Next, we assessed antigen-specific CD8" T cell
response, which was a prerequisite of cellular immu-
nity, using SIINFEKL-MHC | (H-2KP) pentamer staining
in immunized mouse splenocytes after restimulation.
The frequency of antigen-specific CD8™ T cells in mice
immunized with pH-responsive NPs was the greatest
among other groups (p < 0.001) (Figure 5A; Supporting
Information, Figure S7). Only limited accumulation
of antigen-specific CD8" T cells was observed with
normal PLGA NPs and antigen alone, suggesting po-
tential differences in effector T cell proliferation, which
depended on immunization with NPs with different
antigen release behaviors.

T cell response to intracellular pathogens could be
characterized by differentiation of CD8™ T cells into
CTLs, which killed infected cells via granzyme secretion
and differentiation of CD4" ThO cells into CD4™ Th1
cells, which secrete cytokines such as IFN-y.2%3° pH-
responsive PLGA NPs significantly augmented the
expression of granzymes and secretion of IFN-y com-
pared to other treatments (p < 0.001; for IFN-y, com-
pared to normal NPs, p < 0.05) (Figure 5B,C).

The ultimate goal of vaccination is to generate
immune memory that can rapidly respond to patho-
gens upon reinfection, and memory T cells are im-
portant components of these memory immune
responses.>’ CD44"CD62L'°Y and CD44MCD62L" are
regarded as markers for effector-memory T cells (Tgw)
and central-memory T cells (Tcy), respectively. FACS
data suggested that pH-responsive NPs generated
significantly more Tgy of CD4" T cells than normal
NPs (p < 0.05) and antigen alone (p < 0.01) and re-
markably more Tgy of CD8™ T cells than normal NPs
(p <0.05) and antigen alone (p < 0.01) (Figure 6B,C). Tcy
production was similar to Tgy, and pH-responsive PLGA
NPs offered advantages over antigen alone and normal
NPs (Figure 6A). In summary, pH-responsive PLGA NPs
induced the strongest memory T cell responses, which
might provide excellent protection against reinfection.

pH-Responsive PLGA NPs Promoted Production of Antigen-
Specific Antibodies in Mice. To investigate whether anti-
gen release affected humoral immunity, we assessed
total antigen-specific IgG, which is indispensable for
screening experimental immunological efficacy. Fe-
male C57BL/6 mice were vaccinated with 25 ug of
OVA (im) with or without NPs three times at 14-day
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Figure 3. Expression of the co-stimulatory molecules CD86 and CD40 on DCs stimulated with NPs. DCs were stimulated for
24 h, then harvested, stained with anti-CD11c antibody, and analyzed for CD86CD11c* or CD40"CD11c" cell percentages
within the gated CD11c" cell population. Percentages of (A) CD86"CD11¢" and (B) CD40"CD11c™ cells were analyzed. Data
are expressed as means + SEM (n = 6). (C—F) Cytokine (IL-1f, IL-6, TNF-a, and IL-12) release of BMDCs stimulated with NPs
for 24 h. Cytokine release of (G) IL-6 and (H) IL-12 at dictated time points. Data are expressed as means + SEM (n = 6) (*p < 0.05;

**p < 0.01; ***p < 0.001).

intervals. On day 14 after priming, titers of all groups
were low, but pH-responsive PLGA NPs were higher
than other groups. The weakest response, immunized
with antigen alone, was almost below the detection
limit. On day 21, such differences still existed, and IgG

LIU ET AL.

titers with NPs increased slightly. At this time point,
pH-responsive PLGA NPs produced maximum titers
compared to the normal NPs group and antigen alone.
A second immunization boosted titers for all groups.
On day 28, IgG titers treated with pH-responsive PLGA
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Figure 5. Evaluation of effector T cell immune response. (A) Numbers of SIINFEKL-MHC I CD8™ T cells using the antigenic
peptide-MHC pentamer staining method. (B, C) Cytokine release of splenocytes from immunized C57BL/6 mice restimulated
ex vivo. Data are expressed as means + SEM (n = 6) (*p < 0.05; **p < 0.01; ***p < 0.001).

NPs increased to 4.167 (log 10), followed by alum,
normal PLGA NPs, and antigen alone. The booster
vaccination produced the highest IgG titers for all
groups. On day 35, titers induced by pH-responsive
PLGA NPs increased more, by 1000%, 3900%, and
6300% of titers compared with alum, normal PLGA
NPs, and antigen alone (Figure 7A).

Next, we measured the effect of NP-based
adjuvants on Th1 and Th2 cell polarization. 1gG sub-
class switching is regulated by Th cells (IgG2a is
directed by Th1 cells; IgG1 is directed by Th2 cells).>?
Here, sera collected on the day of animal sacrifice were
assessed for IgG2a/lgG1 (Figure 7B). The significantly
higher ratio of 19G2a/IgG1 (p < 0.05) revealed that pH-
responsive NPs induced Th1 polarization. These data
were consistent with greater IFN-y production, which
was representative of Th1 cytokines.

DISCUSSION

Compared with traditional vaccine adjuvants such as
alum, NP-based adjuvants were potent for inducing
cell-mediated immune responses to cytotoxic dam-
age.® Previously, investigators have utilized PLGA NPs
as a promising tool for inducing an immune response,
but the immune potency was still limited."*"® Thus, we
created PLGA NPs that could release antigens intra-
cellularly rapidly in response to DC pH. These NPs had
thin shells and large cavities to enable disintegration
and encapsulated NH,HCO;, which promoted antigen
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release while ensuring antigen integrity and antigeni-
city. Our previous research found that normal PLGA
NPs were shown to have a certain degree of cell-
mediated responses by the lysosome escape and
cross-presentation of antigens.'' Recently, researchers
proved that the slow release of antigens from PLGA
NPs might more closely approximate the presence of
soluble antigens during infection, which would not be
optimal,®*** so their prolonged antigen release offered
antigen persistence during infection that correlated
with a T cell response.'"*%37 Cross-presentation of
NP-based antigens involved antigen internalization,
trafficking through the endocytic compartment, anti-
genic peptide generation, and peptide loading onto
MHC class | molecules. Recent studies suggested that
active alkalization of phagosomes was required for
cross-presentation,®® but this phenomenon was tran-
sient. When antigens could be processed for cross-
presentation, ROS production ceased, resulting in pha-
gosome acidification and activation of lysosomal
proteases.>® This permitted generation of peptides
from antigens within the phagosomes, which then
could be loaded onto MHC Il molecules.*® Hence, NP-
based antigen events occurred sequentially: first, cross-
presentation occurred, and then antigens were loaded
onto MHC Il molecules. With a view to this question, our
pH-responsive PLGA NPs with rapid antigen release
behaviors could amplify cross-presentation aiming at
enhancing the cellularimmune response. We observed
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Figure 6. Frequency of central (CD44™CD62L")/effector (CD44"CD62L'°") memory CD4*+ and CD8™ T cells. Mice (n = 6) were
immunized three times as described in the Method section. Splenocytes were harvested on day 35 after the firstimmunization
and stimulated ex vivo with antigen for 72 h. The frequency of CD44"CD62LM /CD4™ T cells, CD44™CD62L'°"/CD4™ T cells,
CD44"CD62L"/ CD8™ T cells, and CD44"CD62L'"" /CD8" T cells were measured by flow cytometry. FACS plots in (A) are
representative of the mean percentages of six mice in each group. Data of (B) CD44"CD62L'°"/CD4™ T cells and (C)
CD44MCD62L'°"/CD8™ T cells are expressed as means + SEM (n = 6) (*p < 0.05; **p < 0.01; ***p < 0.001).

that pH-responsive NP-based antigens possessed ex-
cellent endosome-escape ability and the highest cross-
presentation frequency in the widely accepted in vitro
B3Z assays. However, the exact location of antigen
release (early endosomes, late endosomes, and
lysosomes) was uncertain, and this would be a subject
of future research.

Priming and polarization of T and B cell responses
required not only the presentation of antigenic entities
but also the expression of co-stimulatory molecules
and production of cytokines by DCs. Specifically, TNF-a
and IL-12p70 were greatly stimulated by pH-responsive
PLGA NPs, which suggested that a Th1-like response
occurred. Also, secretion of pro-inflammatory cytokines,
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IL-6 and IL-1, which was associated with the NRLP3
inflammasome, suggested that pH-responsive PLGA
NP-based vaccine adjuvants could activate DCs in a
way that was potentially inflammatory. The stimulation
of DCs by pH-responsive PLGA NP-based vaccine
adjuvants was time-dependent. The rapid and tremen-
dous secretion of cytokines stimulated by pH-responsive
PLGA NPs could activate and potentiate CD8™ T cells.?®
Thus, pH-responsive PLGA NP-based vaccine adjuvants
not only guided antigens for cross-presentation but
also boosted the immune response by efficiently acti-
vating and maturing APCs.*'42

Vaccine potency tests were conducted in mice.
Compared with antigen, alum, and normal PLGA NPs,
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Figure 7. Production of antigen-specific antibodies in the sera of C57BL/6 mice. (A) Antigen-specific IgG titers of indicated
time points. (B) Ratio of IgG2a/lgG1. Data are expressed as means &+ SEM (n = 6) (*p < 0.05; **p < 0.01; ***p < 0.001).
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Figure 8. Schematic illustration of the proposed mode of action of pH-responsive PLGA NPs.

pH-responsive NPs augmented anti-OVA antibody re-
sponses, which might be attributed to their immuno-
stimulatory effects of DC activation and maturation.
Surprisingly, pH-responsive NPs potently enhanced
secondary lgG2a. Rapid antigen release produced by
pH-responsive PLGA NPs increased the probability of
antigens interacting with T and B cell responses in
immunological synapses, facilitating subclass switching.*
The 1gG2a/lgG1 ratio suggested that pH-responsive
NPs promoted Th1-like responses. The efficacy of pH-
responsive NP-based vaccine adjuvants for stemming
and eliminating intracellular pathogens had been in-
creased through enhanced CTL, but this was based on
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better cross-presentation of exogenously delivered
antigens. In the effector phase after immunization with
pH-responsive PLGA NPs, a large pool of antigen-
specific CD8" T cells was recruited. CTLs of mice
immunized with these NPs secreted effector cytokines
such as IFN-y and granzyme B in response to antigenic
stimulation.

Another goal of vaccination was to generate long-
lived immunological memory that protected hosts
from reinfection of specific intracellular pathogens.*®
A component of immunological memory was cellular
immunity (mostly memory CD8" T cells).** Our pH-
responsive PLGA NP-based vaccine adjuvants favored
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more memory T cell formation. First, effector memory
CD8"' and CD4" T cells elicited immediate effector
functions in response to pathogen entry and rapidly
expanded to kill the pathogens. In agreement with this
idea, our data indicated that large amounts of CD8"
Tem and CD4T Tgy produced by pH-responsive PLGA
NP-based vaccine adjuvants had effector phenotypes
and functionality characterized by higher IFN-y pro-
duction. Also, large amounts of CD8" Ty and CD4™
Tcw guaranteed long-lasting cellular memory. pH-
responsive NPs maintained the strength for forming
T cell memory that was similar to that of normal PLGA
NPs with controlled release behavior.*® This rapid
antigen intracellular release behavior contributed
greatly to vaccine efficacy.

From the data presented here, we propose the
following model to explain the underlying mode of
action of pH-responsive PLGA NPs (Figure 8). First, after
uptake by DCs, antigens could be released rapidly from
the NPs and escape from the endosomes/lysosomes
and then be cross-presented (Figure 2). Meanwhile,
pH-responsive  PLGA NP-based vaccine adjuvants
activated and maturated DCs to prime T cells by
up-regulating co-stimulatory molecules and secreting

MATERIALS AND METHODS

Materials and Reagents. With a lactic/glycolic molar ratio of
75:25 and an inherent viscosity of 0.16 dL/g, PLGA was obtained
from Lakeshore (Westerville, OH, USA). Ovalbumin and organic
solvents were purchased from Sigma (St. Louis, MO, USA).
Poly(vinyl alcohol) (PVA-217, degree of polymerization 1700,
degree of hydrolysis 88.5%), used as a stabilizer in an outer
water phase, was provided by Kuraray (Tokyo, Japan). SPG
membranes (Shirasu Porous Glass) with pore sizes of 2.9 and
5.3 um were used in this study. NH,HCO; (analytical grade) was
purchased from Beijing Chemical Works. Premixed membrane
emulsification (FMEM-50M) was provided by National Engineer-
ing Research Center for Biotechnology (Beijing, China). Con-
canavalin A was from Roche (Germany). Roswell Park Memorial
Institute (RPMI) 1640, Dulbecco's modified Eagle medium
(DMEM), and fetal bovine serum (FBS) were purchased from
Gibco (Grand Island, NY, USA). Alexa 635-phalloidin and Lyso-
Tracker probes were from Invitrogen (Grand Island, NY, USA).
FITC was purchased from Sigma-Aldrich. Fluorochrome-labeled
MHC 1I, CD86, CD80, CD11¢, CD69, CD44, CD62L, CD4, CD8,
CD19, and CD3 antibodies were purchased from eBioscience
(San Diego, CA, USA). Recombinant mouse GM-CSF and IL-4
were obtained from Peprotech (Rocky Hill, NJ, USA). Mouse
cytokine ELISA kits were purchased from eBioscience. OVA-
derived (H-2Kb, SIINFEKL) specific MHC | pentamers were
purchased from Proimmune (Oxford, UK).

Fabrication and Characterization of OVA-Containing PLGA NP-Formu-
lated Vaccine. Uniform-sized PLGA NPs were prepared by com-
bining the emulsion—diffusion—extraction approach and
premixed emulsification technique. For pH-responsive PLGA
NPs, 100 mg of OVA was dissolved in 5 mL of water, which was
already added to 12.5 mg of NH4HCO3 (aqueous phase), and
0.33 g of PLGA was dissolved in 10 mL of ethyl acetate (organic
phase). Subsequently, 5 mL of the aqueous and 10 mL of the
organic phase were mixed and homogenized under 7500 rpm
for 30 sin an ice bath to obtain the primary W/O emulsion. Then,
the primary emulsion was added to 75 mL of aqueous PVA
(1.9%) and stirred at 400 rpm for 2 min using a magnetic stirrer
(IKA, Germany) to form the W/O/W double-emulsion, which was
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cytokines (Figure 3). Effective lymphocyte activation
initiated the whole immune response (Figure 4). Then,
more potent antigen-specific immune responses were
elicited and memory T cell responses were maintained
(Figures 5 and 6). As well as T cell responses, B cells
produced adequate antibody protection (Figure 7).
Therefore, pH-responsive PLGA NPs enhanced anti-
gen-specific immune responses, which especially
achieved better cellular immunity to eliminate intra-
cellular pathogens.

CONCLUSIONS

Here we offered proof-of-concept that pH-responsive
PLGA NPs could rapidly release antigens, and these
safe and biocompatible NPs might be suitable for
vaccine delivery. Our NPs could deliver antigens to
the cytoplasm, cross-present them, and activate and
mature DCs to induce humoral and strong cellular
immune responses. These effects were also “remem-
bered” by the immune system. This work was novel
because pH-responsive PLGA NP-based vaccine adju-
vants with rapid antigen release behavior could cross-
present antigens and increase the quality and magni-
tude of the vaccine response.

then transferred into the premix reservoir. Subsequently,
uniform-sized nanodroplets were achieved by repeatedly ex-
truding the emulsions through the membrane pores under high
pressure. After that, the resultant double-emulsion was trans-
ferred into 900 mL of water that contained 0.9% NaCl, and the
mixture stirred for 4 h at room temperature to extract ethyl
acetate and solidify the NPs. The obtained NPs were collected
by centrifugation (4000g, 10 min), washed three times with
ultrapure (UP) water, and freeze-dried for storage. For injection,
the NPs were dispersed in phosphate-buffered saline (PBS).
To observe the shape and surface morphology, NPs were
resuspended in UP water, coated with gold using a gold sputter
in a high-vacuum evaporator, and observed using a JSM-6700F
scanning electron microscopy (JEOL, Japan). To observe the
inner structure, NPs were prepared by dropping a dispersed
solution on a carbon film supported by a copper grid (230-mesh,
Beijing Zhongjingkeyi Technology Co. Ltd.), dried, and then
observed using a JEM-1400 transmission electron microscope
operated at 80 kV (JEOL, Japan). For size and zeta potential
measurements, NPs were analyzed using a NanoSizer ZS
(Malvern Instruments, Malvern UK). To confirm NH4HCO; en-
capsulation, XRD patterns were obtained using an X'Pert-PRO
MPD powder diffractometer (PANalytical, The Netherlands).
NP-encapsulated OVA content was measured in triplicate by
incubating approximately ~10 mg of NPs in 5 mL of a solution
of 0.1 M sodium hydroxide at room temperature overnight and
assaying protein using a Micro BCA protein assay kit (Pierce).
NP-encapsulated OVA release profiles in vitro were obtained
by immersing NPs in test tubes containing 10 mL of PBS
with different pH values (pH 7.4, 6.5, 5.0). pH-responsive PLGA
NP-encapsulated OVA release profiles in vitro were obtained by
immersing NPs in test tubes containing 10 mL of PBS with pH
values of 6.5 and 5.0. Indicated amounts of proton scavenger
(sodium hydroxide) were added at indicated times (1,2,and 8 h)
to neutralize the acids and raise the pH to 7.4. For the test
medium with pH values of 5.0 and 6.5, 47 and 35 uL of a solution
of 2 M sodium hydroxide were added, respectively. Test tubes
were gently shaken in a thermostatic rotary shaker (100 rpm,
37 °C). Samples were then removed at predetermined time
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points, and an equal amount of the same medium was added to
maintain a constant volume. Next, OVA released from the NPs
was measured using a Micro BCA protein assay kit. Finally, test
NPs received were examined by SEM.

Far-UV circular dichroism (CD) (190—250 nm) was used to
monitor changes in antigen secondary structures encapsulated
in pH-responsive PLGA NPs. All CD spectra were collected on a
Jasco J-810 (Easton, MD, USA) instrument with a 1 cm quartz
cell. Using Jasco software, the background solution (polymer
degradation product in deionized water) was subtracted from
each protein spectrum. A minimum of three protein spectra
were collected per sample and averaged. To detect changes in
the tertiary structure of antigens encapsulated in the pH-
responsive PLGA NPs, fluorimetry was performed (F-4500 fluo-
rescence spectrometer, Hitachi, Japan). The emission spectrum
(300—450 nm) of each sample was collected at an excitation
wavelength of 280 nm. When excited at 280 nm, the emission
spectrum was a result of contributions from protein tryptophan
and tyrosine residues.*® Each protein spectrum was corrected
by subtracting the spectrum of the appropriate blank solution
(no protein).

The adsorption—desorption isotherms and BET specific
surface area were measured by nitrogen with an ASAP 2010
accelerated surface area and porosimetry system (Norcross, GA,
USA). Briefly, weighed amounts of NPs were placed in the glass
cells and outgassed with nitrogen at 30 °C for 4 h before
analysis. Subsequently, the sample and the reference cells were
immersed in liquid nitrogen at —196 °C, and isotherms were
obtained from the volume of nitrogen adsorbed/desorbed onto
the surface of NPs as a function of relative pressure. The
adsorption—desorption isotherms and BET specific surface area
of NPs were obtained using ASAP 2010 software.

Endotoxin Levels. The endotoxin level in the final formulation
was determined by the LAL assay method with a commercially
available endotoxin assay kit (Pyrosate 0.25 EU/mL) from As-
sociates of Cape Cod (Falmouth, MA, USA). According to the
manufacturer's instructions, the endotoxin levels of all formula-
tions were tested, and the levels were less than 0.05 EU/mg NPs.
All materials used were sterile, and the endotoxin levels were
also less than 0.05 EU/mL.

Antigen Uptake and Intracellular Localization by BMDCs in Vitro.
BMDCs were cultured from bone marrow cells using an estab-
lished protocol.47 In brief, bone marrow cells were isolated from
C57BL/6 mouse femurs and tibias and cultured in RPMI medium
1640 supplemented with GM-CSF and IL-4 (10 and 50 ng/mL,
respectively) at 37 °C for 6 days to harvest immature DCs. For
antigen uptake, immature DCs were cultured with FITC (Sigma-
Aldrich)-conjugated OVA or NP-encapsulated FITC-OVA at 37 °C
for a specific time. Cells were then washed twice with PBS
(10 mM, pH 7.4) and stained with anti-CD11c antibody diluted
with flow cytometry staining buffer (eBioscience) to specifically
identify DCs. The percentage of CD11c"FITC-OVA™ cells on
gated CD11c* cells was measured using a Beckman Coulter
CyAnTM ADP flow cytometer and analyzed using Summit soft-
ware (version 4.3).

Cell viability was assessed using the colorimetric cell count-
ing kit-8 (CCK-8) from Dojindo Laboratories (Kyoto, Japan). CCK-
8is based on a colorimetric assay utilizing a highly water-soluble
tetrazolium salt, WST-8 [2-(2-methoxy-4-nitrophenyl)-3-(4-
nitrophenyl)-5-(2,4-disulfophenyl)-?H-tetrazolium, monosodium
salt]. To assess cell viability, cells were plated in 96-well plates
at a density of 1x 10° cells in 150 uL of growth medium per
well. The wells were then treated with 50 ul of different
concentrations of pH-responsive PLGA NP solutions diluted in
growth medium. After 24 h, 10 uL of CCK-8 reagent was added
to each well and incubated at 37 °C for 4 h. Absorbance at
450 nm was measured, and the results were calculated from
the ratio of the average OD,so values of wells containing
NP-stimulated cells to the average ODyso values of wells con-
taining only cells with medium.

To evaluate antigen intracellular localization in DCs, imma-
ture DCs were plated onto a poly-p-lysine-coated Petri dish
for 1 h, and nonadherent DCs were removed. FITC-OVA and
NPs-encapsulated-FITC-OVA were added into the Petri dish.
For inhibition of lysosomal acidification, DCs were incubated
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with 100 uM chloroquine (tlrl-chql; InvivoGen) (San Diego, CA,
USA) for 1 h before adding the pH-responsive PLGA NP-
encapsulated-FITC-OVA. After 16 h of incubation, the cells were
washed three times in PBS (10 mM, pH 7.4). To label the
lysosomes, cells were incubated in prewarmed media (37 °C)
containing LysoTracker-Red DND-99 (Molecular Probes-Invitro-
gen, CA, USA). The corresponding fluorescent images were
obtained using CLSM TCS SP5 (Leica, Germany).

Activation and Maturation of BMDCs by NPs in Vitro. Immature DCs
were stimulated with soluble OVA or OVA-containing NPs for a
specified time and labeled with fluorochrome-labeled antibo-
dies diluted with flow cytometry staining buffer against CD86
and CD40. CD86 and CD40 expression on BMDCs was measured
by cytometry as depicted above. Cytokines in culture super-
natants of BMDCs were quantified by using mouse IL-6,
IL-12p70, IL-153, and TNF-o. ELISA kits according to the manu-
facturer's protocol (eBioscience) and calculated using a five-
parameter curve obtained from the absorbance values of
standards provided by the manufacturer.

Detection of Antigen Presentation with a LacZ T Cell Hybridoma
Assay. Antigen cross-presentation of OVA,s;_,s4 Was detected
using a CD8" T cell hybridoma B3Z cell line that expressed
B-galactosidase under control of the IL-2 promoter.?” B3Z cells
were kindly provided by Prof. Bin Gao and Prof. Juan Ma from
Institute of Microbiology, Chinese Academy of Sciences
(Beijing). Hybridoma cells (1 x 10°) were incubated with BMDCs
(2 x 10°) per well of a 96-well plate. Cells were co-incubated
with indicated amounts of NP-encapsulated antigens. After 18 h
of incubation at 37 °C, in 5% CO,, plates were washed with PBS,
and 100 uL of LacZ buffer [0.13% Nonidet P-40, 9 mM MgCl,,
0.15 mM chlorophenol red-f-p-galactopyranoside (Roche) in
PBS] was added for up to 4 h at 37 °C. Absorbance was
measured at 570/620 nm using a microplate reader (Tecan,
Germany).

Animals and Immunization. Specific-pathogen-free female
C57BL/6 mice were purchased from the Beijing Laboratory
Animal Center and housed in a specific-pathogen-free facility.
Mice (4—6 weeks of age) were used for DC isolation. Mice (6—8
weeks of age) (N = 6 mice/group) were immunized with a 100 uL
suspension of NP (pH-responsive PLGA NPs, normal PLGA NPs)-
encapsulated OVA in PBS, PBS plus OVA, or aluminum plus OVA
by im injection on days 0, 14, and 28. On days 14, 21, 28, and
35 after the first immunization, sera were collected from the
venous plexus of mice's posterior orbits for antibody analysis.
Mice were sacrificed to collect spleens for immunological tests
on day 35. All animals were treated according to the regulations
of Chinese law and the local Ethical Committee.

Antigen-Specific 19G Determination by ELISA. Serum was har-
vested from blood after clotting at RT and centrifugation. ELISA
plates (96-well) were coated with 2 ug per well of OVA in coating
buffer (50 mM Na,CO3;—NaHCOs, pH 9.6) overnight at 4 °C. After
washing six times with PBS—0.05% Tween 20 (v/v), the plates
were blocked with 1% (w/v) BSA in PBS for 90 min at 37 °C. The
concentration of antigen-specific IgG in sera was monitored
using a 2-fold dilution series beginning at an initial 100-fold
dilution. Plates were incubated at 37 °C for 1 h and washed six
times with PBS—0.05% Tween 20. The HRP-conjugated anti-
mouse antibody (Abcam) was then added into each well at a
1:10 000 dilution and incubated at 37 °C for 40 min. Plates were
washed six times and developed with TMB solution in the dark
for 15 min. The enzymatic reaction was stopped by adding 2 M
H,SO,, and the OD,so values were read using a microplate
reader. End-point titers were shown as the sample dilution
resulting in an ODg4so equal to twice the mean background
(negative serum) of the assay.

Cytokine Measurements and Granzyme Expression in Restimulated
Splenocytes with ELISA. Next, 35 days after the first immunization,
spleens were harvested, and splenocytes were prepared by
mincing against a 200-mesh cell strainer. Erythrocytes were
lysed by 0.9% ammonium chloride, and splenocytes were
washed three times with RPMI 1640. Splenocytes (4 x 10°%) were
cultured with OVA (50 ug/mL) or concanavalin A (1 mg/mL) as a
positive control at 37 °C, 5% CO,, and 95% humidity. Super-
natants were harvested at 72 h and stored at —70 °C until ana-
lyzed. Granzyme B and IFN-y cytokine were measured with ELISA
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kits according to the manufacturer's protocol (eBioscience). Cyto-
kines in supernatants were calculated using a five-parameter
curve obtained from the absorbance values of standards pro-
vided by the manufacturer.

Evaluation of Lymphocyte Activation and T Cell Response by Flow
Cytometry. Flow cytometry was performed to evaluate the effect
of pH-responsive PLGA NPs on lymphocyte activation, memory
T cell response, and antigen-specific CD8" T cell response.
C57BL/6 mice (n = 6) were intramuscularly vaccinated twice at
a 2-week interval. On day 35 after the first immunization, mice
were euthanized, and splenocytes were harvested and stimu-
lated with OVA (OVA, 50 ug/mL; splenocytes, 5.0 x 106 cells/mL)
for 72 h in a 37 °C humidified incubator with 5% CO,. After
washing, cells were stained with fluorescent-labeled anti-
mouse antibodies against CD4, CD8, CD19, CD69, CD44, and
CD62L (eBioscience) and peptide-MHC pentamers (PE-labeled
SIINFEKL/H-2K® pentamer, Proimmune, UK). A CyAn ADP flow
cytometer measured the percentages of activated lymphocytes
(CD69), effector memory T cells (CD44MCD62L'%), central
memory T cells (CD44hiCD62Lhi), and antigen-specific D8t T
cells (CD8™ SIINFEKL-MHC 7). Data analysis was performed
using Summit software.

Statistical Analysis. All statistical analyses were performed
using GraphPad Prism 5 software (San Diego, CA, USA). Results
were expressed as means + SEM. Differences between two
groups were tested using an unpaired, two-sided Student's
t test. Differences among more than two groups were evaluated
by one-way ANOVA with significance determined by Tukey-
adjusted t-tests.
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