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A B S T R A C T

Most existing vaccines use activators that polarize the immune response to T-helper (Th) 2 response for antibody
production. Our positively charged chitosan (Cs)-based nanocomplex (CNC) drives the Th1 response through
unknown mechanisms. As receptors for the positively charged CNC are not determined, the physico-chemical
properties are hypothesized to correlate with its immunomodulatory effects. To clarify the effects of surface
charge and size on the immune response, smaller CNC and negatively charged CNC encapsulating ovalbumin are
tested on dendritic cell (DC) 2.4 cells. The negatively charged CNC loses activity, but the smaller CNC does not. To
further evaluate the material effects, we replace Cs by poly-amino acids. Compared with the negatively charged
nanocomplex, the positively charged one preserves its activity. Using immature bone marrow-derived DCs
(BMDC) enriched from BALB/c mice as a model to analyze DC differentiation, treatments with positively charged
nanocomplexes evidently increase the proportions of Langerinþ dermal DC, CD11blo interstitial DC, and CD8aþ

conventional DC. Additionally, vaccination with two doses containing positively charged nanocomplexes are safe
and increase ovalbumin-specific IgG and recall T-cell responses in mice. Overall, a positive charge seems to
contribute to the immunological effect of nanocomplexes on elevating the Th1 response by modulating DC
differentiation.
1. Introduction

Biocompatible and biodegradable polymers are wildly used in med-
icine for applications such as dressings, sutures, stabilizers, implants, and
drug delivery systems. In particular, at the nanoscale, most drug delivery
systems focus on chemotherapy, gene engineering and vaccines [1–3]. In
addition, various strategies can be used to form nanocomplexes,
including ionic gelation, emulsion, and micellar systems. The formation
strategy is selected according to the physico-chemical properties of the
used materials. For charged polymers, like chitosan (Cs), ionic gelation is
simpler than other strategies [4]. Cs is a positively charged polymer that
allows to regulate immune responses [5]. However, as Cs has diverse
chemical modifications, its key factor regulating immune responses re-
mains unknown. We previously developed a positively charged nano-
complex (þNC) composed of two charged polymers, unmodified Cs, and
non-immunogenic poly-gamma-glutamic acid (PЕ) to clarify the immune
responses in mice. Cs derives from chitin, which is abundant in the
exoskeleton of animals or in the cell walls of microorganisms. To avoid
pyrogenic contamination, we use Cs with the quality of Chitoceuticals®
Standard (HMCþ) and testing negative by Pyrochrome® Kit (Cape Cod).
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As a vaccine, the positively charged Cs-based nanocomplex (þCNC) can
induce neutralizing antibodies and more balanced T-helper (Th) 1 and 2
responses than alum, a traditional adjuvant [6]. We found that a
balanced Th response is promoted by an elevated Th1 response through
unknown mechanisms. In general, naïve T cells are activated by antigen
presenting cells (APCs), especially dendritic cells (DCs). Although mac-
rophages can be activated by Cs through phagocytosis [7], the mecha-
nisms for Cs to promote a Th1-biased immune response through DCs
remain unknown. Although Cs has been observed to activate DCs through
toll-like receptor 4 [8], contaminated lipopolysaccharide (LPS) renders
this finding uncertain [9]. In addition to the materials, many studies have
shown that the size and surface properties of a nanocomplex (NC) affect
its biocompatibility rather than its immunological mechanisms [10]. In
general, size influences the internalization pathway of NCs, and þNC is
more likely to induce inflammatory cytokines [11]. However, the
detailed mechanisms of physico-chemical properties affecting immunity
have been poorly studied.

In DC activation, three important molecules on the surface mediate T-
cell activation: major histocompatibility complex (MHC), costimulatory
molecules, and cytokines [12]. The MHC molecules within epitopes can
bind to T-cell receptors (signal 1) with the help of costimulatory
W.-Y. Wang), second@mail.ncku.edu.tw (Y.-H. Chen).
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Abbreviations

T helper (Th)
chitosan (Cs)
positively/negatively charged chitosan-encapsulating

nanocomplex (þ/�CNC)
small positively charged chitosan-encapsulating

nanocomplex (þsCNC)
ovalbumin (OVA)
positively/negatively charged nanocomplex (þ/�NC)
antigen presenting cell (APC)
lipopolysaccharide (LPS)
bone marrow-derived dendritic cell (BMDC)
dendritic cell (DC)
major histocompatibility complex (MHC)
positively charged poly-lysine(PK)-encapsulating

nanocomplex (þPKNC)
positively charged poly-arginine (PR)-encapsulating

nanocomplex (þPRNC)
negatively charged poly-glutamic acid (PE)-encapsulating

nanocomplex (–PENC)
negatively charged poly-aspartic acid (PD)-encapsulating

nanocomplex (–PDNC)
dynamic light scattering (DLS)
conventional dendritic cell (cDC)
tumor necrosis factor (TNF)
granulocyte-macrophage colony-stimulating factor (GM-CSF)
bone marrow-derived cell (BMC)
inflammatory dendritic cell (iDC)
migratory dendritic cell (mDC)
lymphoid resident dendritic cell (rDC)
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molecules (signal 2), and then naïve T cells are activated. Simulta-
neously, DCs secrete cytokines (signal 3) that polarize naïve T-cell dif-
ferentiation into Th1, Th2, Th17, or regulatory-T cells [13]. Considering
the crucial role of DCs on T-cell activation, the þCNC can drive the Th1
response by modulating DCs.

To understand the immunomodulatory effects of size and surface
properties on DCs, we designed NCs with different sizes and surface
charges by various polymers encapsulating ovalbumin (OVA), which has
a low endotoxin grade (Worthington Biochemical). Only þCNC induced
DC 2.4 activation. Small þCNC (þsCNC) and polymers with different
molecular weights formed þNCs but did not change the effect on DC 2.4
activation. In addition to þCNC, other poly-amino acids were used to
form NCs with opposite surface charges by different ratios. Only þNCs
activated DC 2.4 cells and showed specific patterns of differential
markers. Using bone marrow-derived cells (BMCs) as a model, þNC
induced CD8aþ conventional DC (cDC) and Langerinþ dermal DC-
dominant DC population. Those DCs have been reported to be essential
for generating a Th1 response. Mice inoculated with þNC showed
elevated antigen-specific antibodies and CD4/8 positive T-cell activation.
We found that þNCs contribute to DC differentiation and then enhance
the Th1 response. Hence, the immunomodulatory effect of NCs may be
adjusted by the surface charge.

2. Materials and methods

2.1. Materials

We used Cs (#24601, HMCþ, Germany); PK, PR, PE, and PD
(#PLKC250, #PLR200, #PLE200, #PLD200, Alamanda Polymers, USA);
Saccharides including sorbitol (#13273, Thermo Fisher Scientific, USA),
glucose (#G7021, Merck, Germany), alginic acid (#A0733, TCI, Japan),
mannose (#M6020, Merck, Germany), or mannans (#M7504, Merck,
Germany); OVA (LS003059, Worthington Biochemical, USA); Alexa
Fluor™ 660 Protein Labeling kit (#A20171, Thermo Fisher Scientific,
USA); LPS (#L4391, Merck, Germany); and GM-CSF (#315–03, Pepro-
Tech, USA); DMSO (#D8418, Merck, Germany); HCl (#1943–0150,
Showa, Japan); NaOH (#0812–0150, Showa, Japan).
2.2. Cell lines

DC 2.4 and RAW 264.7 cells were cultured in RPMI 1640 medium
supplemented with 10% fetal bovine serum and 0.05 mM beta-
mercaptoethanol. The cells were maintained at 37 �C in a humidified
atmosphere containing 5% CO2.
2

2.3. Encapsulation of OVA

Cs, PK or PR solution (w/v ¼ 2.5% in 1% acetic acid or double-
distilled water) was added to a PE or PD acid solution (w/v ¼ 1% in
double-distilled water) pre-mixed with 0.25 mg OVA to form positively
charged nanocomplexes (þCNC, þsCNC, þPKNC, or þPRNC). The
negatively charged nanocomplexes (–CNC, –PENC, or –PDNC) was
formulated by increasing the ratio of PE or PD. For an uptake test, the
OVA was labeled by Alexa Fluor™ 660 Protein Labeling kit following a
standard protocol. All NCs contained OVA in equal volume (0.1 mg
mL�1) and were stored at 4 �C overnight for testing. The size, zeta po-
tential, and polydispersity index were determined by Malvern Zetasizer
Nano Series (Zetasizer Nano ZS, Malvern Panalytical, UK). The encap-
sulation efficiency was determined by the amount of free OVA in filtrate
passing through a column with a pore size of 100 kDa.

2.4. Transmission electron microscope

A drop of NCs (1 mg mL�1) was placed onto a formvar grid held by
tweezers. Further, the grid was air-dried for 8 h. The samples were
observed by TEM (H-7500, Hitachi, Japan) at 120 kV.

2.5. Preparation of endocytic inhibitors

The inhibitors were respectively dissolved in a proper solvent at a
working concentration as following: Amiloride (#A7410, Merck, Ger-
many), 300 mM in sterile filtered water; methyl-β-cyclodextrin (MBCD)
(#C4555, Merck, Germany), 20 mM in sterile filtered water; Tannic acid
(#16201, Honeywell, USA), 0.02% in sterile filtered saline; sucrose
(#1.07651, Merck, Germany), 5% in sterile filtered saline; phenyl arsine
oxide (PAO) (#P3075, Merck, Germany), 5 mM in DMSO; azithromycin
(#75199, Merck, Germany), 132 mM in DMSO; PD-98059 (#19–143,
Merck, Germany), 20 mM in DMSO; rottlerin (#557370, Merck, Ger-
many), 40 mM in DMSO; staurosporine (#19-123-M, Merck, Germany),
300 nM in DMSO; phorbol-12-myristate-13-acetate (PMA) (#79346,
Merck, Germany), 100 nM in DMSO; wortmannin (#W1628, Merck,
Germany), 100 nM in DMSO.

2.6. Isolation and enrichment of immature BMDCs

We selected 6-week-old male BALB/c mice to cut the muscle and
expose the femur bone above and below the joints. The center of the
femur was grasped and cut above and below the joints to leave the
epiphysis. The femur was transferred to a dish with 70% ethanol and then
to 10% fetal bovine serum in RPMI on ice. Using a sterile tweezer to cut
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each end of the bone, bone marrow was washed using a sterile syringe
(28G needle). BMCs were centrifuged at 400�g, and sterile filtered water
was added to lyse red blood cells. After 10 s, 10 � Dulbecco's phosphate
buffered saline was added to stop lysis. After counting, cells were plated
at a density of 1 � 106 per milliliter and maintained in RPMI medium
supplemented with 10% fetal bovine serum, 0.05 mM beta-
mercaptoethanol, and 25 ng mL�1 GM-CSF. After supplementing fresh
media at days 3 and 6, immature BMDCs were harvested at day 9 for
further experiments.

2.7. Ex vivo treatments with materials or charged NCs in cells

For an activation test, cell lines or BMDCs were counted and plated at
a density of 2 � 105 per milliliter in a 12-well plate. Different groups of
cells were treated by appointed amounts of materials as follows. For cell
lines, we added 1.25 μg of LPS, 20 μL of þCNC or þsCNC and 5, 10, 20,
40, or 80 μL of –CNC as well as 10, 5, 2.5, or 1.25 μL of þPKNC, þPRNC,
–PENC, or –PDNC in the culture medium. For BMDCs, we added 1 μg of
OVA only, 1 μg of OVA mixing 1.25 μg of LPS, 10 μL of þsCNC and 10, 5,
or 2.5 μL of þPKNC, þPRNC, –PENC, or –PDNC in the culture medium.
After 24-h incubation, cells were harvested for typing surface markers.
For an uptake test, cell lines were counted and plated at a density of 2 �
105 per milliliter in a 12-well plate. Cells were pre-incubated with in-
hibitors for 1 h, and 1 μg of OVA-Alexa 660 or 20 μL of þCNC encap-
sulating 1 μg of OVA-Alexa 660 were added in the culture medium. After
4-h incubation, cells were harvested for the detection of fluorescence.

2.8. Surface staining of cells

Upon treatments with materials or charged NCs for the appointed
time, cells were collected and kept at 4 �C for 40-min surface staining
with appointed antibodies including MHC-I-FITC (#MA5-17999), MHC-
II-FITC (#562003), MHC-II-SPRD (#1895–13), MHC-II-PE (#1895–09),
CD11b-BV510 (#562950), CD11c-APC (#561119), CD8-APC-H7
(#560182), Langerin-PE-Vio770 (#130-107-150), CD107b-PerCP-
Cy5.5 (#564248), DCIR-2-BB515 (#565171), and CD209a-BV421
(#747827). The corresponding isotype antibodies were mouse IgG-
FITC (#11-4724-81), mouse IgG2a-FITC (#555573), rat IgG2b-PE
(#0118–09), rat IgG2b-BV510 (#562951), hamster IgG1-APC
(#553956), rat IgG2a-APC-H7 (#560197), rat IgG2a-PE-Vio770 (#130-
102-647), rat IgG2a-PerCP-Cy5.5 (#560722), rat IgG2b-BB515
(#564421), and rat IgG2a-BV421 (#562602). The antibodies were pur-
chased from BD Biosciences (USA), SouthernBiotech (USA), or Miltenyi
Biotec (Germany). After washing twice with phosphate-buffered saline,
cells were fixed with 2% paraformaldehyde for FACSLyric analysis (BD
Biosciences).

2.9. Mice vaccination

Six-week-old male BALB/c mice were injected two doses of materials
through a subcutaneous route beginning at day 0 in a 14-day interval.
The volume per dose was 100 μL. All materials contained OVA in equal
volume (0.1 mg mL�1). Sera were sampled from the facial vein at days 0,
14, 21, and 28. Mice were sacrificed at day 28 to evaluate spleen
enlargement and recall response.

2.10. Enzyme-linked immunosorbent assay

Standard IgG or OVA was coated on 96-well plates at appropriate
concentrations overnight at 4 �C. Mouse sera were serially diluted and
added into the wells for 2 h at room temperature (18–27 �C). Anti-IgG
antibodies conjugated to horseradish peroxidase were added into the
wells for 1 h at room temperature. Then, TMB substrate was added to the
sample for color development, and the reaction was stopped using 2 N
HCl. Finally, the absorbance per well was measured using a microplate
reader (Infinite M200 Pro, Tecan Trading, Switzerland) at a wavelength
3

of 450 nm.

2.11. Recall response of T cells

At day 28 after the first injection, 2� 105 splenocytes were placed in a
24-well plate and incubated with 2 μg OVA per well for 5 days. Spleno-
cytes were collected and kept at 4 �C for 40-min surface staining with
appointed antibodies including CD3 (#553062), CD25 (#551071), CD4
(#553051), and CD8 (#553032) to then analyze flow cytometry. Anti-
bodies were purchased from BD Biosciences (USA).

2.12. Statistical analyses

Values were presented as mean � standard deviation and obtained
from one-way analysis of variance (ANOVA). We used notation *,# for p
< 0.05, **,## for p < 0.01, and ***,### for p < 0.001. We used n ¼ 3
per cell line group and n¼ 3 for the mockmouse group, n¼ 4 for the OVA
only group, and n ¼ 5 for the OVA þ LPS, þsCNC, þPKNC, þPRNC,
–PENC, and –PDNC groups.

2.13. Study approval

Animal experiments were conducted in accordance with the
“Guideline for the Care and Use of Laboratory Animals” as defined by the
Council of Agriculture, Taiwan and were approved by the Laboratory
Animal Center, College of Medicine, National Cheng Kung University
(IACUC number: 108036 and 109079).

3. Results

3.1. Activity of positively charged Cs or poly-amino acids encapsulating
NCs on DC 2.4 cells

We first encapsulated OVA by Cs and PE to form þCNC (409.7 nm,
37.2 mV) as in our previous study (Fig. 1A and B). Various studies have
reported the immunologic activity of Cs in vaccines [14–16], but the
mechanisms and receptors involved are still unclear [17]. To evaluate
physico-chemical effects ofþCNC on immune responses, we changed the
ratio of Cs and PE to form the –CNC (372.2 nm, �53.7 mV) (Fig. 1C and
D). The images of the þCNC and –CNC were observed by transmission
electron microscope which were comparable with DLS results (Fig. 1E).
Besides, both CNCs were nearly monodisperse and with a high encap-
sulation efficiency of antigen (Fig. 1F). After applying the þCNC to DC
2.4 cells for 24 h, surface expression of MHC-I and -II, which represent
antigen presentation and activation of DCs [18], was induced, differing
from the –CNC application with increased doses (Fig. 1G and H). Hence,
the positive zeta potential of nanomaterials is more likely to be inter-
nalized into cells [19]. Moreover, when the pH value of þCNC was
adjusted to 4 by HCl, the zeta potential was obviously increased. Along
with increased pH adjusted by NaOH, the zeta potential was decreased
until the pH was equal to 6, which made þCNC swelling and inhomo-
geneous (Fig. 1I). The activation of DC 2.4 induced by þCNC was obvi-
ously enhanced by the increase of zeta potential (Fig. 1J and K).
Accordingly, the property and degree of zeta potential on þCNC were
highly related to the DC 2.4 activation. However, the zetapotential of
nanomaterials is not conclusively related to DC activation due to a lack of
detailed study [20].

3.2. Saccharide and size effects of positively charged Cs or poly-amino
acids encapsulating NCs on DC 2.4 cells

To further determine the charge effect of þCNC on DC activation, the
characteristics of saccharide and size were manipulated. First, Cs in the
þCNC was replaced by positively charged poly-amino acids, including
poly-lysine (PK) and poly-arginine (PR). The negatively charged poly-
mers included PE and poly-aspartic acid (PD). These simple peptides are
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Fig. 1. The physical characteristics of þCNC or –CNC and its opposite activities on DC 2.4 cells. (A–D) Diameters and zeta potentials of þCNC (A,B) and –CNC
encapsulating OVA (C,D), with final OVA concentration of 0.1 mg mL�1 detected by DLS. (E) The images of þCNC or –CNC by transmission electron microscope. Scale
bar: 500 nm. (F) Polydispersity index and encapsulation efficiency of þCNC and –CNC determined from DLS or fluorescence intensity from free OVA. (G,H) After 24-h
incubation with LPS, þCNC, or –CNC, the surface MHC-I (G) and -II (H) were analyzed by specific antibodies conjugating fluorescence for detection of flow cytometry.
(I) Diameter, zeta potential, and polydispersity index of þCNCs within different pH values ranged from 4 to 6 and determined from DLS. (J,K) After 24-h incubation
with þCNCs within different pH values, the surface MHC-I (J) and -II (K) were analyzed by specific antibodies conjugating fluorescence for detection of flow
cytometry. Values are presented as mean � standard deviation, n ¼ 3. Statistical analyses were performed by one-way ANOVA followed by Tukey's multiple com-
parisons test. *, compared with untreated group. *p < 0.05, ***p < 0.001.

Fig. 2. Physical characteristics of poly-amino-acid-based NCs with completely opposite surface charge and activities on DC 2.4 cells. (A,B) Diameters (A) and zeta
potentials (B) of OVA encapsulating þPKNC, þPRNC, –PENC, –PDNC, and þsCNC with final OVA concentration of 0.1 mg mL�1 detected by DLS. (C) Polydispersity
index and encapsulation efficiency of þPKNC, þPRNC, –PENC, –PDNC, and þsCNC determined from DLS or fluorescence intensity from free OVA. (D) The images of
þPKNC, þPRNC, –PENC, –PDNC, and þsCNC by transmission electron microscope. Scale bar: 500 nm. (E,F) After 24-h incubation with 1.25 μg of LPS, 10 μL of
þPKNC, þPRNC, –PENC, –PDNC or þsCNC, the surface MHC-I (E) and -II (F) were analyzed by specific antibodies conjugating fluorescence for detection of flow
cytometry. Values are presented as mean � standard deviation, n ¼ 3. Statistical analyses were performed by one-way ANOVA, followed by Tukey's multiple com-
parisons test. *, compared with untreated group (mock). *p < 0.05, **p < 0.01, ***p < 0.001.
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known to be poorly immunogenetic in the immune system [21]. By
manipulating the polymer ratios, two groups of oppositely charged NCs
encapsulating equal OVA amounts were prepared (PK and PE form
þPKNC or –PENC; PR and PD form þPRNC or –PDNC). The diameters
and zeta potentials of four NCs were determined by dynamic light scat-
tering (DLS) (Fig. 2A and B) ranging from 123.3 to 226 nm and �66.5 to
66.2 mV. In addition, þsCNC was prepared (172.2 nm, 31.8 mV) as a
control. The five NCs were controlled within nearly same size and
monodisperse and showed a high encapsulation efficiency of antigen
(Fig. 2C). The electron microscopic images of the five NCs were consis-
tent with DLS results (Fig. 2D). Compared with þsCNC, þPKNC and
þPRNC equivalently induced MHC-I and -II expressions but –PENC and
–PDNC did not (Fig. 2E and F).

To evaluate the effect of saccharide on þCNC-induced DC activation,
several saccharides were added in þPKNC to form þNCs with nearly
same size and monodisperse asþsCNC (Fig. 3A). Compared withþPKNC
without saccharide, the þNCs with saccharide did not further induce
MHC-I and -II expressions of DC 2.4 cells (Fig. 3B and C), which showed
an invalid role of saccharide on DC activation. In addition, changing the
molecular weight of the poly-amino acids did not affect DC activation
(Fig. S1). Hence, the positive charge of NCs seems to play a crucial role in
DC activation. The materials of NCs, size and molecular weight are not
restricted to be saccharide or within a specific range.

3.3. The endocytic mechanisms for þCNCs on DC 2.4 cells

Because of the opposite charge between þCNC and plasma mem-
brane, þCNC was easily absorbed to the membrane for further uptake.
The APCs engulf foreign materials through various endocytic mecha-
nisms for antigen presentation. To understand the intracellular mecha-
nism of þCNC, endocytic mechanisms for its uptake needs to be defined
first. We conjugated OVA with Alexa 660 fluorescence for the intracel-
lular detection, and added different inhibitors for endocytic mechanisms
to clarify the pathway involved (Fig. 4A). In case of free OVA uptake,
broad inhibitors like tannic acid or ice certainly inhibited its uptake.
Further, fluid phase endocytosis and macropinocytosis were known to be
utilized by free OVA which was consistent with our results (Fig. 4B). Few
inhibitors were observed to increase the uptake of free OVA that might be
caused by complementary effects. On the other hand, compared with free
OVA, þCNC uptake was closely related to caveolin, ipid raft, clathrin or
unknown receptors (Fig. 4C). Accordingly, the endocytic pathways
induced by þCNC seem to be very different from free OVA.

3.4. Cytokine production and surface markers induced by þNCs on DC
2.4 cells

To understand the NC charge effect on DC, activation/differentiation
markers [22] and cytokines were analyzed in DC 2.4 cells. In general,
CD11b is a pan-myeloid marker [23], and CD11c is expressed on DCs in a
highly activation-dependent manner, like MHC-II. For the DC subtype
expressing CD8a, it can uniquely prime CD8þ T cells. In mouse subsets of
DC (CD11cþ), plasmacytoid DCs were characterized with positiveMHC-II
[24]. In addition, the cDC with positive MHC-II can be further divided
into cDC1 with positive CD8a and cDC2 with positive CD11b [25]. After
treating materials including þsCNC and þPKNC, CD11b, CD8a, MHC-II
and CD11c were generally elevated (Fig. 4D–G). In addition to surface
markers, cytokines secreted from DC 2.4 and RAW 264.7 cells upon
treatment with þsCNC or þPKNC were detected (Fig. S2). þPKNC
induced interleukin-4 production (Fig. S2B), and þsCNC induced tumor
necrosis factor (TNF)-α production (Fig. S2E). On the other hand, –CNC
did not induce cytokine productions on APCs.

Compared with LPS, although þNCs did not strongly induces cyto-
kines, they activated APCs to express both activation and differentiation
markers. As DC 2.4 cells are artificially created from bone marrow iso-
lates of C57BL/6 mice [26], they are transduced with retrovirus vectors
expressing murine granulocyte-macrophage colony-stimulating factor
6

(GM-CSF) and with oncogenesMyc and Raf [27]. Consequently, this may
not be a proper model to reflect the differential scenario of DCs in mice.

3.5. Bone marrow-derived DC differentiation modulated by þNCs

Tomimic the naïve DC differentiation in mice, we isolated BMCs from
murine femur and enriched an immature bone marrow-derived DC
(BMDC) population supplementing with 25 ng mL�1 GM-CSF in a me-
dium for 9 days [28] (Fig. 5A). Using BMDCs, DC differentiation by NCs
was further evaluated. We arranged eight surface markers for typing DC
subsets [29,30] (Fig. 5B-N), and the resulting typing chart is shown in
Fig. S3. With a proper hierarchy gating in dotplot by isotype staining
(Fig. S4), DC subsets were characterized in one vial of cells. In brief, DC
subsets in mouse can be distinguished into four groups by different
functions [31]: plasmacytoid DC, inflammatory DC (iDC), migratory DC
(mDC) and lymphoid resident DC (rDC). Plasmacytoid DCs locate in
lymphoid organs for the detection of pathogen-derived nucleic acids and
respond with rapid and massive production of type-I interferon. iDCs are
recruited to an inflammation site for multi-function in innate defense
(NO and TNF-α production) and T-cell activation. mDCs circulate in tis-
sues and migrate from local to lymph nodes to initiate and expand T-cell
responses. rDCs remain in lymphoid organs to initiate and expand T cell
responses. In our results, with a supplement of GM-CSF (mock), BMDC
was enriched to over 60% in BMC, mostly obtaining iDCs (mono-
cyte-derived DC) and mDCs (Langerin– dermal DC and CD11bhi inter-
stitial DC). Treatment with LPS mixing OVA or OVA only showed similar
patterns to those of the mock group. ForþsCNC treatment, several mDCs
(TIP-DC, CD11blo interstitial DC, and Langerinþ dermal DC) (Fig. 5D,M,
N) and rDCs (CD8aþ cDC) (Fig. 5F,H) increased in the BMDC population.
Moreover, þPKNC or þPRNC treatment induced proportions of mDCs
(CD11blo interstitial DC and Langerinþ dermal DC) (Fig. 5M and N) and
rDCs (CD8aþ cDC and CD8a– cDC) (Fig. 5F,H,J) in BMDCs. However,
–PENC or –PDNC treatment showed no difference with the mock group.

In addition to typing individual DC subsets, we organized a pie chart
to represent the proportion of individual DC subsets in the rDC and mDC
groups. Clearly, treatment with three þNCs (þsCNC, þPKNC, and
þPRNC) increased the proportion of CD8aþ cDCs in both rDC and DC
populations (Fig. 6A). For the mDC group, treatment with þNCs
increased the proportions of Langerhansþ dermal DC and CD11blo

interstitial DC (Fig. 6B). To understand the population change in four DC
groups, we deducted the overlapping percentage by a Venn diagram and
then calculated proportion of each DC group (Fig. S5). Treatments with
GM-CSF only (mock), OVA only, LPS mixing OVA, and two –NCs (–PENC
or –PDNC) drove an iDC-dominant DC population (Fig. 6C). On the other
hand, three þNC treatments increased the rDC group but decreased the
iDC group dominantly. In addition, we observed a dose-dependent effect
of the three þNC treatments. Accordingly, the positive charge seems to
play an important role in increasing rDC population and decreasing iDC
population. The increase in rDC population is dominantly CD8aþ cDCs.
Although the mDC group showed no difference in the three þNC treat-
ments, the population changed to Langerhansþ dermal DC and CD11blo

interstitial DC dominantly.

3.6. Antibody production and recall T cell responses induced by þNCs in
BALB/c mice

To confirm the immune response triggered by the three evaluated
þNCs, they were injected to BALB/c mice subcutaneously in two doses in
a 14-day interval. The safety of the threeþNCs was determined by spleen
enlargement assessment at day 28 post-injection (Fig. 7A). OVA-specific
IgG in sera at day 28 was elevated in mice groups injected with LPS
mixing OVA or three þNCs (Fig. 7B), but two –NCs showed no effects. In
addition, the antigen-specific recall T-cell responses were analyzed by
applying OVA to splenocytes from vaccinated mice. The CD4þ T cells
(Fig. 7C) from groups vaccinated by LPS mixing OVA or threeþNCs were
activated, and the activation was relatively elevated with OVA



Fig. 3. Activities of various saccharides encapsulating þPKNCs on DC 2.4 cells. (A) Saccharides encapsulating þPKNCs were fabricated with different weight ratio of
PK, PE, and saccharides including sorbitol, glucose, alginic acid, mannose, mannans, or chitosan. Diameters, polydispersity index, and zeta potentials were detected by
DLS. (B,C) After 24-h incubation with 1.25 μg of LPS, 80, 50, or 40 μL of saccharides encapsulating þPKNCs, the surface MHC-I (B) and -II (C) were analyzed by
specific antibodies conjugating fluorescence for detection of flow cytometry. Values are presented as mean � standard deviation, n ¼ 3. Statistical analyses were
performed by one-way ANOVA, followed by Tukey's multiple comparisons test. *, compared with untreated group. *p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 4. Endocytic mechanisms and surface markers on APCs induced by positively charged NCs. (A) Inhibitors for various pathways of endocytic mechanism. (B,C)
After incubation with endocytic inhibitors for 1 h, DC 2.4 cells were treated with OVA-Alexa 660 (B) or þCNC encapsulating OVA-Alexa 660 (C) for 4-h incubation.
The fluorescence was detected by flow cytometry. (D–G) After treatment with LPS, þsCNC or þPKNC, surface markers including CD11b (D), CD8a (E), MHC-II (F), and
CD11c (G) on DC 2.4 and RAW 264.7 cells were analyzed by specific antibodies conjugating fluorescence for detection of flow cytometry. Values are presented as
mean � standard deviation, n ¼ 3. Statistical analyses were performed by one-way ANOVA followed by Tukey's multiple comparisons test. *, compared with untreated
group (mock). #, compared with solvent only. *p < 0.05, **,##p < 0.01, ***,###p < 0.001.
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Fig. 5. Typing subsets of BMDCs in treatments with charged NCs. (A) BMCs were isolated from BALB/c mice and then enriched by 25 ng mL�1 GM-CSF for 9 days to
become immature BMDCs. (B) Proportion of CD11cþ cells (BMDCs) in total BMCs. (C–N) Proportions of plasmacytoid DCs (C), TIP-DCs (D), Langerhans cells (E),
CD11b– CD8aþ cDCs (F), CD11b– Langerinþ dermal DCs (G), CD11bþ CD8aþ cDCs (H), CD11bþ Langerin– dermal DCs (I), CD8a– cDCs (J), monocyte-derived DCs (K),
CD11bhi interstitial DCs (L), CD11blo interstitial DCs (M), and CD11blo Langerinþ dermal DCs (N) in BMDCs treated by appointed materials or charged NCs. Values are
presented as mean � standard deviation, n ¼ 3. Statistical analyses were performed by one-way ANOVA followed by Tukey's multiple comparisons test. *, compared
with untreated group (mock). #, compared with LPS mixing OVA. #p < 0.05, **,##p < 0.01, ***,###p < 0.001.
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coincubation for 5 days. The CD8þ T cells presented a similar pattern
only in groups vaccinated by the three þNCs but not in the group
vaccinated by LPS mixing OVA (Fig. 7D). These results indicate that
positive charges contribute to elevated Th responses, especially the Th1
response, by modulating DC differentiation.

4. Discussion

The immunomodulatory effect of NC is governed by various factors
including size, composition, morphology, and surface charge. The size of
NC is especially important to the pharmacokinetic. In general, smaller NC
(<500 nm) circulates through the venous and lymphatic vessels to in-
creases antigen presentation [32]. By manipulating composition and
morphology, NC can be sensitive to factors such as pH, temperature, and
photon to affect its pharmacokinetic. Regarding the surface charge of NC,
cell targeting and clearance are evaluated mostly. However, it is rarely
addressed whether surface charge is the key factor of NC to activate
immune system. The reason is that various strategies including chemical
modification and additives are used to fabricate NC for increasing the
immunomodulatory effect. In addition, an appropriate control of
9

oppositely charged NC is not always available because the complexity of
formation strategy. In this study, we fabricated NCs with the similar size
and opposite surface charges by same materials which made results
comparable. Though we proved the contribution of positive charge to
immune activation, it does not mean that only positively charged NC can
activate immune response. The additives including
diethylaminoethyl-dextran, toll-like receptor agonists, or cytokines
perform immune activators even in negatively charged platforms
[33–35]. Moreover, our system is performed in an artificial condition
with consistent plasma proteins from bovine serum albumin. Even when
our NC applied to intradermal injection, the plasma proteins are quite
rare in that region which makes our finding comparable. However, the
absorbed plasma proteins need to be considered when NC circulates in
blood. The plasma proteins can bind to NC through electricity and
topography dependent manners. Though the precise rules of protein
absorbed on NC remain unknown, the corona has been proved to affect
uptake, bio-distribution, and clearance [36], which indirectly influence
immune activation of NC.

The signaling pathways for NC-induced DC differentiation remain
unclear. Few studies hypothesize the toll-like receptor 4 as the chitosan's



Fig. 6. Proportions of individual DC subsets in rDCs, mDCs and BMCs in treatments of charged NCs. (A,B) Pie charts of proportions of individual DC subsets in rDCs
(A) or mDCs (B) for treatments with appointed materials or charged NCs. (C) Proportions of individual DC subsets deducted from overlapping percentage in Venn
diagrams. Values are presented by proportion of each DC group in BMCs. The tables below the pie charts show the sum of individual DC subsets in each DC group.
Individual DC subsets are color-coded.
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Fig. 7. Antibody and T-cell responses in BALB/c mice vaccinated by charged NCs. BALB/c mice were subcutaneously injected with two doses of appointed materials or
charged NCs in a 14-day interval. (A,B) At day 28 after the first injection, spleen enlargement (A) was measured to evaluate the vaccine. Titers of OVA-specific IgG in
mice sera (B) were determined by enzyme-linked immunosorbent assay. (C,D) At day 28 after the first injection, splenocytes were collected and incubated with OVA.
To evaluate the antigen specific activation of T cells, the surface CD3, CD25 and CD4 (C) or CD8 (D) were stained by appointed antibodies and fixed for flow cytometry
analysis. Values are presented as mean � standard deviation, n ¼ 3. Statistical analyses were performed by one-way ANOVA followed by Tukey's multiple comparisons
test. *, compared with treated/untreated (mock) group. #, compared with individual untreated group. *p < 0.05, **,##p < 0.01, ***,###p < 0.001.
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receptor to activate DC. In our finding, poly-amino-acids could induce DC
activation, and LPS induced DC differentiating to a distinct population
compared with þNCs. It addresses that þNCs activate DC through a
distinct signaling pathway from LPS. After activation and differentiation,
DCs secret cytokines and express different surface markers [37]. In
general, the GM-CSF induced BMDCs is majorly defined as the progenitor
of cDCs [38]. However, it was recently descripted that GM-CSF induced
BMDCs in fact yield a combination of monocyte-derived cells and
cDC-like cells [39]. Because the undefined cell types of GM-CSF induced
BMDCs, it is hard to type it by only few surface markers. Therefore, we
chose at least three positive or negative markers for each type of DCs. In
our typing assay of BMDCs, the treatments of þNC seemed to be inef-
fective to change the proportion of plasmacytoid DCs (Fig. 5C). The
reason could be that mouse plasmacytoid DCs were recently found to
predominantly originate from a progenitor distinct from that of most
cDCs [40]. Therefore, the effects on plasmacytoid DCs need to be further
evaluated by other suitable models. Regarding the proportion of mDCs,
three þNCs increase Langerinþ dermal DCs, indicating high mobility
cross-presenting antigen to CD8þ T cells, and promoting the development
of cytotoxic T-lymphocyte responses. Accordingly, the three evaluated
þNCs can induce CD8þ T-cell activation in mice. Interestingly, there is a
subtle difference between Cs- and poly-amino-acid-based NCs in TIP-DCs
and CD8a– cDCs. TIP-DCs produce TNF/inducible NO synthase for bac-
teria defense and CD8þ T-cell proliferation and increase TIP-DCs in the
þCNC group co-responding to more TNF-α secretion in DC 2.4 and RAW
264.7 cells (Fig. S2E). In addition, CD8a– cDCs present antigen to naïve
CD4þ T cells in an MHC-II context inducing either helper or regulatory T
cells. Increasing CD8a– cDCs in the poly-amino-acid-based NC group
co-responds to more interleukin-4 secretion in DC 2.4 and RAW 264.7
cells (Fig. S2B). It seems that the þCNC has a stronger effect on CD8þ T
cells, while the poly-amino-acid-based NC is better on CD4þ T cells.
Actually, foreign antigens always pass several intracellular organelles
and vesicles that determine their final destiny. For example, antigens
getting into endosome and then fusing with lysosomewill be degraded by
11
proteinases. Without escaping from endosome, MHC-I restricted epitopes
can be rarely transported into ER for presentation [41]. It is suggested
that the internalization of NCs can affect its presentation as well as
signaling pathways for immunity [42]. Therefore, the minor difference in
internalized pathway between Cs- and poly-amino-acid-based NCs may
be the reason to cause such a subtle difference in DC proliferation here.
Our findings also suggest the feasibility of positively charged NCs for DC
therapy, which requires immune activators, such as LPS, to trigger DC
uptake and activation [43]. Such activators induce DC activation along
with several cytokines, increasing the risk of developing inflammatory
and autoimmune diseases [44] and interfering with DC homeostasis [45].
The positively charged NC seems to activate and differentiate DCs
without a cytokines storm like LPS. Combining its activity to induce Th1
response, the positively charged NC can be a potential immune activator
ex vivo for DC therapy. Although the þNC contributing DC differentia-
tion is clear here, receptors and downstream signaling pathways remain
unknown. With further findings in mechanism, the precise control of
þNC-induced immunity become possible.

5. Conclusion

In summary, using poly-anmino-acids to replace Cs and extra addi-
tives of saccharides, the immunomodulatory effect of þCNC were clari-
fied. We found that a positive charge contributes to the immunological
effect of NCs on Th responses by modulating DC differentiation. The
positive charge plays a crucial role in differentiating DC populations to
become CD8aþ cDC dominant. CD8aþ cDCs cross-present exogenous
antigens to CD8þ T cells and are essential to generate cytotoxic effector T-
cell responses [46]. In addition to activate CD4þ T cells, the þNCs acti-
vated CD8þ T cells in mice without safety concerns. Our finding ad-
dresses the mechanism of surface charge in activating Th1 response that
for further developments of NC vaccines or even cell therapies.
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