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Abstract

Induction of CD8™ cytotoxic T-cell response is essential for the protection from intracellular pathogens. It requires major
histocompatibility complex class | processing of newly synthesized proteins transported from the cytosolic pathway.
Presentation of mature soluble proteins occurs via a cross-presentation (CP) pathway that is much less efficient in the
activation of cytotoxic response. Encapsulation of proteins into polymeric nanoparticles (NPs) can modulate the efficacy
of antigen CP. In this article, a model antigen lactoferrin (L) was encapsulated into polysaccharide NPs with different
physicochemical properties (size, charge, and hydrophobicity) and used as an immunogen. CD8" or CD4" associated
IgG2a or IgG| subclasses of L-specific antibodies, respectively, served as a measure of CD8" versus CD4" T-cell
activation. Among five types of NPs produced, only succinylchitosan—galactomannan (LSG) and succinylchitosan—PEG-
chitosan (LSPC) NPs induced a significant 1gG2a response. IgG| production was comparable in all but hydrophobic
succinyl-dodecyl-chitosan (LSD) NPs, where it was only marginal. Confocal studies demonstrated that galactomannan-
equipped LSG-NPs induced vacuolar type of CP, while positively charged LSPC-NPs were transported mostly via the
cytosolic CP pathway.
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via a process called cross-presentation (CP). The mechan-

isms of CP are still a matter of debates.” Currently, “cyto-
solic” and “vacuolar” pathways are considered as the main

Introduction

A major goal in the development of effective vaccines
against intracellular pathogens is the induction of a protec-
tive T-cell immunity mediated by CD8" cytotoxic T cells.
Modernly attenuated viral vaccines are used to elicit T-cell
cytotoxic response in humans." Protein vaccines could pro-
vide a complementary approach; however, they are poorly
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immunogenic for CD8™" cytotoxic T cells even when admi-
nistered repeatedly in high doses. It is known that major
histocompatibility complex (MHC) class I processing is the
most efficient for newly synthesized viral proteins trans-
ported from the cytosolic pathway of infected antigen-
presenting cells (APCs). Mature long-living endogenous and
exogenous proteins are presented by APCs to CD8™ T cells
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models explaining how antigens can be processed to load
MHC class I molecules for CP. In the cytosolic model,
antigens are released from the endosomal compartment of
APC to the cytoplasm where they are ubiquitinated and
processed via proteosomal machinery like endogenous
proteins.>* In the vacuolar model, antigens, degraded by
endosomal or early lysosomal enzymes, are in situ loaded
onto MHC I molecules. Fusion between the membrane of
the endoplasmic reticulum and the endosome provides a
source of MHC I molecules.” It is generally accepted that
the vacuolar form of CP occurs at high levels of antigen
delivered into the endocytic pathway.

Analysis of antigen-specific CD4 " or CD8" T cells is a
complicated problem due to low number of these cells.
Antigen-specific [gG1 and IgG2 serve as surrogate markers
of their activation due to a direct dependence of B-cell
switch to IgG1l or IgG2a on corresponding cytokines
interleukin-4 and interferon-y produced by APC during
CD4" or CD8" T-cell activation.””

Encapsulation of proteins into polymeric nanocarriers
enhances MHC I antigen presentation. Coupling of an anti-
gen to beads mediated its delivery via the cytosolic path-
way as was shown by Kovacsovics-Bankowski and Rock. '’
Moreover, the structure of antigen carrier severely affects
MHC T presentation. Antigen delivery by hyperbranched
and cross-linked polymer nanoparticles (NPs) enhanced
in vitro MHC I antigen presentation in comparison with
linear constructs or free antigens.''

Chitosan (C) is an attractive biopolymer with multiple
reactive groups used to develop drug carries with different
physicochemical properties such as charge, hydrophobi-
city, and particle size. Multiple reactive groups can be
used to equip C NPs with targeting vectors. Folate-
modified C NPs containing melanoma-associated antigen
induced specific cytotoxic effect and inhibited tumor pro-
gression in mice.'?

Among targeting vectors, Burgdorf et al. showed that
mannose receptor ligands promote the formation of cyto-
toxic response due to the prevention of lysosome matura-
tion."* Mannose receptor—depended antigen CP of soluble
proteins occurred in early endosomes, which is consistent
with the vacuolar hypothesis.'> Mannosylation of peptides
enhances CP as was shown by Rauen et al.'* The effect of
mannose receptor targeting vectors on the cytotoxic
immune response induced by encapsulated antigens was
not previously shown.

The role of NP surface charge in hydrophilic/hydrophobic
properties in CP is not well understood. Negatively charged
poly(lactid-co-glycolid) NPs were transported to lysosomal
compartment and effectively induced cytotoxic response.'
At the same time, amino group—modified but not carboxyl-
modified polystyrene NPs were found in lysosomes.'® Hydro-
philic poly(lactide-co-hydroxymethylglycolic acid) NPs
were effective in the CD8" cytotoxic response induction to
a model antigen.'” The data on the CP of antigens delivered
by hydrophobic NPs are lacking.

The aim of this article was to compare CP efficacy of a
model antigen lactoferrin (L) encapsulated into NPs with dif-
ferent physicochemical properties. The role of charge, hydro-
phobicity, and mannose receptor vector was considered.

Materials

Chitosan (C) with molecular weight (MW) 20 kDa and
deacetylation degree (DD) 90% and succinylchitosan (S)
obtained from C with MW 50 kDa and DD 70% (ZAO
“Bioprogress,” Moscow region, Russian Federation) were
purified by extensive dialysis. Lactoferrin (L), galactoman-
nan (G), and polyethylene glycol 2000 kDa (Sigma-
Aldrich, St. Louis, MO, USA) were used as purchased.
N-[2-(3)-(dodec-2'-en-1"-yl)succinyl]chitosan (SD) was
synthesized as described earlier'® from 50 kDa C.

Methods

Formation of NPs

Core NPs were prepared by controlled thermal treatment
of either pure L 1 mg/ml solution (L-NPs); or weight 1:1
ratio mixtures of L, S, and polyethyleneglycol (PEG)
(LSP-NPs); L, S, and G (LSG-NPs); or L and SD. L or
L-polymer mixtures were rapidly heated to 85-90°C and
incubated for 5-10 min. Core-shell LSPC-NPs were pre-
pared from LSP-NPs resuspended in 10 mg/ml of C solu-
tion and incubated for 15 min. NPs were separated from
free L and polymers by centrifugation for 15 min at 14,000
r/min. NPs were resuspended in 50 mM phosphate-
buffered saline (PBS) of pH 7.4. L content was around
10%. For confocal and flow cytometry experiments, L was
labeled with fluorescein isothiocyanate (FITC) (Sigma-
Aldrich) and used to form NPs.

Dynamic light scattering

The diameter of NPs was characterized by dynamic light scat-
tering (90 Plus Particle Size Analyzer; Brookhaven Instruments
Corporation, Vernon Hills, Illinois, USA). All measurements
were performed using a 661-nm laser light at room temperature
with a 90° angle of detection. The zeta potential of y was
determined in 10 mM potassium chloride using identical equip-
ment with an additional ZetaPALS apparatus.

Atomic force microscopy

Particle size and morphology were measured by atomic
force microscopy (AFM) on NTEGRA Prima microscope
(NT-MDT, Russia) in tapping mode with the use of NSGO1
cantilevers. The preliminary sample was placed on a mica
surface and air dried.
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Figure |. Characterization of nanoparticles. Schematic structure of small (I 10—140 nm) L-NPs (a), LSD-NPs (b), large (300—420 nm)
LSP-NPs (d), LSPC-NPs: LSP-NPs nfnoparticles additionally coated by chitosan; (e), and LSG-NPs (f); AFM images of small (c) and large
(g) NPs; cytotoxicity of NPs against tumor Colo-357 (h) and control HEK293 (i) cell lines. L-NPs: lactoferrin-nanoparticles; LSD-NPs:
nanoparticles from lactoferrin mixed with dodecenyl-succinyl-chitosan; LSP-NPs: nanoparticles from lactoferrin mixed with succinyl-
chitosan and PEG2000; LSG-NPs: nanoparticles from lactoferrin mixed with succinyl-chitosan and galactomannan; LSPC-NPs:
nanoparticles from lactoferrin mixed with succinyl-chitosan and PEG2000 and additionally coated with chitosan; AFM: atomic force

microscopy. (See Table | for the abbreviations).

Table |. Characterization of nanoparticles.

# Designation Antigen Polymer {-potential (mV) Size (nm)
| L-NPs Lactoferrin None +22 + 3 110-130
2 LSD-NPs Lactoferrin Dodecylsuccinylchitosan —14 + 3 120-140
3 LSP-NPs Lactoferrin Succinylchitosan-PEG —16 +5 300400
4 LSPC-NPs Lactoferrin (Succinylchitosan-PEG)chitosan +19 + 4 350420
5 LSG-NPs Lactoferrin Succinylchitosan-galactomannan —15+ 4 300—-350

L-NPs: lactoferrin-nanoparticles; LSD-NPs: nanoparticles from lactoferrin mixed with dodecenyl-succinyl-chitosan; LSP-NPs: nanoparticles from lacto-
ferrin mixed with PEG2000; LSG-NPs: nanoparticles from lactoferrin mixed with galactomannan.
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Figure 2. In vitro NP binding to and penetration into macrophage and epithelial cells. Control cells are shown in black lines; NP bound
to cells are shown by green lines, and intracellular NPs were identified after trypan blue quenching and shown in blue lines. Binding and
penetration of L-NPs (a and g), LSD-NPs (b and h), LSP-NPs (c and i), LSPC-NPs (d and j), and LSG-NPs (e and k) into RAW264.7 (a to f)
and Colo-357 (g to ). Summary results on intracellular localization of NPs in RAW264.7 (f) and Colo-357 (I). (See Figure | legend and

Table | for the abbreviations).

Cell lines

Human pancreatic carcinoma Colo-357, fetal human kid-
ney HEK-293, and murine macrophage RAW264.7 cell
lines were grown in Dulbecco’s modified Eagle medium
supplemented with 7% fetal calf serum (HyClone, New

Kensington, PA, USA), pen—strep—glut, and 2 mercaptoethanol
(2-ME) 5 x 107> M (all from PanEco, Moscow, Russian
Federation). Cells were passaged by trypsinization
using trypsin/ethylenediaminetetraacetic acid solution
(PanEco) twice a week. Twenty-four hours before
assays, cells were seeded in the appropriate plates
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Figure 3. Colocalization of positively charged NPs with lysosomes. RAW264.7 cells were incubated with 50 pg/ml of FITC-labeled
L-NPs (a to c) or LSPC-NPs (d to f) (green) for 24 h; LyzoTrackerRed was added for the last hour. Overlaid, green and red images
are shown from left to right. Scale bar corresponds to 5 um. Noncoinciding staining is shown with a circle. (See Figure | legend and

Table | for the abbreviations).

(96- or 24-well plates) adjusted to 3 x 10° cells per
milliliter and incubated overnight to achieve standar-
dized growth conditions.

Confocal microscopy

For confocal microscopy, cells were grown overnight on
sterile cover slips in 200 pl of a complete culture medium
in 6-well plates (CoStar, Cambridge, MA, USA). NPs (50
pg/ml) were added and incubated with the cells for 24 h.
Hoechst 33342 (Sigma-Aldrich), MitoTracker® Red,
LysoTracker® Red DND-99, human transferrin-Alexa
Fluor® 568 Conjugate, and Wheat Germ Agglutinin-
Alexa Fluor® 555 Conjugate (all from Life Technologies,
Waltham, MA, USA) used to localize NPs inside cells were
added for the last 1 h of incubation. Before the analysis,
extracellular FITC fluorescence was quenched with Trypan
blue solution (0.1%) for 10 min as described earlier.'” After
that, cells were washed with a fresh medium, fixed with 1%
paraformaldehyde, washed, and polymerized with Mowiol
4.88 medium (Calbiochem, Germany). Slides were ana-
lyzed using an Eclipse TE2000 confocal microscope
(Nikon, Japan).

MTT assay

The cytotoxic effect of NPs was estimated by a standard 3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide

(MTT; Sigma-Aldrich) test as was described earlier.”* The
inhibitory index (II) was calculated as II = [1 — (ODgxperi-
ment/ODcontrol))s Where OD is the MTT optical density.

Flow cytometry

NP binding to cells was estimated by flow cytometry. NP
samples (50 pg/ml) were incubated with the cells for 24 h,
trypsinized, and analyzed by flow cytometry using a
FACScan device (BD, San Jose, CA, USA). Before the
analysis, extracellular FITC fluorescence was quenched
with Trypan blue solution (0.1%) for 10 min. A total of
10,000 events were collected. The results were analyzed
using Flowing software.

Experiments in vivo

C57Bl/6 mice (8 weeks of age) were purchased from Push-
chino Farm (Moscow Region, Russian Federation) and kept
at minimum disease conditions. Mice (n = 4) were immu-
nized subcutaneously in hind paw with 10 pg per mouse of
L equivalent three times with a 5-day interval. Sera were
collected 2 weeks after the last immunization.

Enzyme-linked immunosorbent assay

Levels of L-specific serum IgG, IgGl, and IgG2a were
measured as elsewhere described. L (10 pg/mL) in PBS was
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Figure 4. Colocalization of negatively charged NPs with lysosomes. RAW264.7 cells were incubated with 50 pg/ml of FITC-labeled
LS-NPs (a to c), LSG-NPs (d to f), or LSD-NPs (g to i) (green) for 24 h; LyzoTrackerRed was added for the last hour. Overlaid, green
and red images are shown from left to right. Scale bar corresponds to 5 um. (See Figure | legend and Table | for the

abbreviations).

coated onto microtiter plates and kept at 4°C overnight.
Plates were washed three times with PBS containing
0.05% Tween 20 between each step. Unspecific binding was
blocked with 10% of bovine albumin. Antimouse conjugate
of immunoglobulin G (IgG-HRP) (Sigma-Aldrich),
conjugates of immunoglobulin G1 or G2a with alkaline
phosphatase (IgG1-AP, and IgG2a-AP) (SantaCruz, CA,
USA) were used at the dilutions recommended by the firm.
The mean plus 3 standard deviations of absorbance values in
control wells was used as the cutoff to determine immunoglo-
bulins (Ig) titers. The results are shown as Ig titers that were
determined as the last serum dilution above cutoff values.

Statistics

Statistical analysis was performed using Student’s #-test.
Comparison values of p <0.05 were considered statistically
significant.

Results and discussion

Characterization of antigen-loaded NPs

The main idea was to encapsulate a model antigen L into
a polymeric matrix with a difference in surface charge
and hydrophobicity or equipped it with a mannose recep-
tor ligand G (Figure 1 (a) to(f)). L was selected as a
model antigen due to its ability to bind L receptors
expressed by tumor cells.?! Besides, due to a globular
structure of L, stable NPs can be formed by a simple
method that does not require chemical conjugation.”? L
to polymer ratio was optimized by titration of polymer
against L to obtain high protein content. Finally, 1:1 w/w
L/polymer ratio was selected, which provided approxi-
mately 50% protein content in all NPs developed. The
yield of NPs from L mixed with succinylchitosan
(LS-NPs) was low and inclusion of PEG2000 (LSP-NPs)
or galactomannan (LSG-NPs) significantly increased it. L
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Figure 5. Colocalization of positively charged NPs with endoplasmic reticulum. RAW264.7 cells were incubated with 50 pg/ml of
FITC-labelled L-NPs (a to c) or LSPC-NPs (d to f) (green) for 24 h; endoplasmatic reticulum (EPR) tracker was added for the last hour.
Overlaid, green and red images are shown from left to right. Scale bar corresponds to 5 um. Vesicular structures are shown with green
arrow, EPR cisternae structures are shown with red arrows. (See Figure | legend and Table | for the abbreviations).

with hydrophobic C derivative dodecenyl-succinyl-
chitosan (LSD-NPs) formed compact stable NPs with a
high yield. Four of five NPs were developed in a single-
step procedure. Positively charged LSPC-NPs were
obtained by polyelectrolyte complex formation between
LSP-NPs and C. The final NPs were dissolved in water at
500 pg/ml of L. The main characteristics of all NPs are
shown in Table 1. Representative images of small and
large NPs obtained by AFM are shown for L-NPs (Figure
1(c)) and LSP-NPs (Figure 1(g)).

Cytotoxicity of L-based NPs was estimated by MTT assay
using tumor (Colo-357) and control (HEK-293) epithelial cell
lines. On average, cytotoxicity was comparable between cell
lines (Figure 1(h) and (i)) and decreased in a row: LSPC-NPs
>LSD-NPs LSGNPs >L-NPs > LSP-NPs. Of note, positively
and negatively charged NPs were opposite in their toxicity,
which is in line with many other observations.>***

In vitro interaction of L-based NPs with cells

L-based NPs were designed to deliver the antigen to the
immune cells for CP, which takes place in APC. Thus, it
was essential to analyze the interaction of NPs with pha-
gocytic cells. Epithelial cells were included as a control.
Preliminary experiments showed that NPs effectively
bound cells within minutes; however, a significant amount

of particles were localized on cell membranes as was esti-
mated using Trypan blue quenching'® (data not shown).
Coincubation for 24 h resulted in a complete phagocytosis
of LSPC-NPs and LSG-NPs but not of other NPs by
RAW?264.7 murine macrophages (Figure 2(a) —(f)). Con-
trary to macrophages, an inverse situation was found for the
epithelial cells that completely absorbed L-NPs and LSD-
NPs but not LSP-NPs or LSPC-NPs (Figure 2(g) to (1)).
LSG-NPs equipped with a mannose receptor ligand G
penetrated effectively both macrophage and epithelial cells
presumably via a receptor-mediated uptake. Expression of
mannose receptor by epithelial cells and especially by
tumor epithelial cells was shown earlier.”>?® High LSP-
NPs and LSPC-NP uptake by macrophages can be
explained by their phagocytic activity, which epithelial
cells lack. High L-NPs uptake by epithelial cells probably
occurs via L receptor binding,?” while LSD-NP penetration
into epithelial but not macrophage-like cells is likely a
result of mucoadhesive properties of hydrophobic C that
is able to bind mucin.*®

Traffic of polymeric NPs via endosomal/lysosomal
pathway

Localization of NPs in endosomal/lysosomal compartment
corresponds to a classical transport of exogenous and even
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Figure 6. Colocalization of negatively charged NPs with endoplasmic reticulum. RAW264.7 cells were incubated with 50 pg/ml of
FITC-labeled LS-NPs (a to c), LSG-NPs (d to f), or LSD-NPs (g to i) (green) for 24 h; EPR tracker was added for the last hour. Overlaid,
green and red images are shown from left to right. Scale bar corresponds to 5 pm. Vesicular structures are shown with green arrow and
EPR cisternae structures are shown with red arrows. (See Figure | legend and Table | for the abbreviations).

endogenous mature long-living proteins, which results in
humoral IgG1-dominated immunity. Localization of posi-
tively charged L-NPs and CSPC-NPs slightly differed. A
significant amount of L-NPs did not colocalize with the
lysosomal tracker (Figure 3(b) shown with a green circle),
while CSPC-NPs were found mostly in endosomal vesicles
(Figure 3). All negatively charged NPs were found in lyso-
somes (Figure 4).

Colocalization of NPs with endoplasmic
reticulum (EPR)

Colocalization with EPR means that either MHC I mole-
cules associated with the fragments of EPR membranes are
fused to endosomes or that large fragments on NPs are
transported directly to EPR. Despite partial overlap of

different light colors, EPR and endosomes/lysosomes could
be distinguished by different morphology. EPR represents a
cisternae membrane network (Figure 5, red arrows), while
lysosomes are spherical vesicles (Figure 5, green arrows).
Positively charged L-NPs and LSPC-NPs were found both
in vesicles and among EPR network (Figure 5), while all
negatively charged NPs were predominately found in vesi-
cular compartments (Figure 6). Among three types of nega-
tively charged NPs, those that contain G induced the
deposition of EPR fragments into vesicles most efficiently
(Figure 6(d) to (f)), while LSP-NPs were the least effective
(Figure 6(a) to (c). Earlier effect of G on CP was
shown.'*"'* Hydrophobic LSD-NPs were also found within
the vesicular compartment; however, their location seemed
to be outside of the cells (Figure 6(g) to (i)), probably due to
exocytosis of lysosomes.
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Figure 7. Distribution of immunoglobulins specific to lactoferrin. (a) IgG| (black) and IgG2a (gray) titers in individual mice immunized
with different NPs. Statistical difference (p < 0.05) shown in gray bars was found only in 1gG2a, but not IgG| for the exception for
LSD-NPs, which induced lower IgG | titers (shown with asterisk). (b) Average titers of IgG (stripped), IgG| (black), and 1gG2a (gray).

(See Figure | legend and Table | for the abbreviations).

In vivo effect of L-based NPs

Mice were immunized with 10 pg per mouse of L equiva-
lent three times with a 5-day interval. Sera were collected 2
weeks after the last immunization. IgG1 and IgG2a titers of
individual mice are shown in Figure 7(a). The lowest
immunogenicity was found for hydrophobic LSD-NPs,
which only slightly increased L-specific I[gG1 production.
Among others, NPs IgG1 production was comparable (p >
0.05), while IgG2a titers increased in a row: L-NPs < LSP-
NPs < LSPC-NPs < LSG-NPs. A direct correlation was
found between NP penetration into RAW264.7 cells (Fig-
ure 2(a) to (f)) and IgG2a response (Figure 7) (p < 0.05).
The only exception was hydrophobic LSD-NPs that were
unable to mount IgG2a response and induced only low
titers of I[gG1. It can be hypothesized that hydrophobic NPs
were retained by epithelial cells preventing efficient
entrapment by APC.

As expected, the titers of IgG1 were 3—10 times higher
than that of IgG2a, meaning that STAT6 transcription
factor was activated and mostly Th2 cytokines were pro-
duced.?” However, IgG2a production associated with
STATI activation and interferon gamma synthesis®® was
also found in mice immunized with LSP-, LSPC, or LSG-
NPs. Of note, L was shown to preferentially mount IgA and
IgG2b responses in mice.>!

Modernly, CP is thought to occur through two main
pathways: by endosomal processing where antigen is
degraded by the enzymes into peptides that bind to MHC
I molecules within the endocytic pathway or by cytosolic
processing where the antigen is delivered into cytosol by
unknown mechanisms and degraded by proteosomes.
Despite intensive research, the mechanisms of the latter
process are mostly speculative.*?

Earlier, we have shown that positively charged C and C-
based NPs poorly penetrated epithelial cells and were

engulfed mostly by macrophages.>® At the same time,
negatively charged succinylchitosan and corresponding
NPs easily penetrated all types of cells and were trans-
ported into lysosomal compartment. Based on our earlier
results and the results obtained in this study, it can be
hypothesized that CP via cytosolic pathway is effective for
positively charged molecules. Cell membranes are nega-
tively charged. Positive charge of NPs is likely to interfere
with the capacitance of the membrane barrier in cells lead-
ing to their shedding into extracellular space as it was found
for LSD-NPs (Figure 6(g) to (i)). During this process, some
amount of positively charged material may have excess
into cytosol of cells. Interaction of positively charged poly-
mers with negatively charged cell membrane is likely to
induce membrane shedding. During this process, some
amount of positively charged material may have excess
into cytosol of cells.

Conclusions

Taken collectively, encapsulation of antigens into poly-
meric matrix can significantly change the traffic of proteins
within APC and affect both humoral and cellular immune
responses. Decorating NPs with mannose receptor ligand
results in increased CP via vacuolar pathway, while posi-
tively charged polymers facilitate cytosolic pathway. When
comparing the effect of vacuolar and cytosolic CP,
G-mediated fusion of EPR membranes with endosomal
vesicles seems to be more efficient.
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