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CpG and transfer factor assembled on
nanoparticles reduce tumor burden in mice glioma
model

Yi-Feng Miao,T Tao Lv,T Ran Wang, Hui Wu, Shao-Feng Yang, Jiong Dai
and Xiao-Hua Zhang*

This work describes the use of a transfer factor, a low molecular protein that can transfer cell mediated
immunity from donor to recipient, and CpG, a clinically relevant toll-like receptor agonist, for treating
glioma. Transfer factor and CpG were assembled onto gold nanoparticles via layer-by-layer assembly.
The modified nanoparticles (i.e. particles assembled with transfer factor and CpG) were characterized by
size, zeta potential, and loading. An in vivo tumor study revealed that the nanoparticles can inhibit tumor
progression more effectively than using either TF or CpG alone or using an equivalent dose of CpG and
TF in a soluble mixture. To investigate the anti-tumor mechanism, the modified nanoparticles were
interacted with dendritic cells, macrophages. Viability tests showed that the modified nanoparticles did
not affect cell viability, and neither did the use of soluble TF or CpG alone. Cell activation assessments
showed that the modified nanoparticles can activate DC surface markers (CD80+, CD86+, and CD40+),
and promote the production of cytokines (GM-CSF, TNF, and IL-6) from macrophages. In addition, the in
vivo study revealed that the modified nanoparticles promoted the production of both inflammatory and
effector cytokines in mice serum. Finally, the study also revealed that the production of inflammatory
cytokines came primarily from the CpG component, not TF. This study may provide us with a new
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Introduction

Glioma is one of the most aggressive and lethal tumors that
thrives in the human central nervous system - specifically, the
brain."* Despite the fact that multimodal treatments (e.g
surgical resection, radiotherapy, and cytotoxic chemotherapy,
or a combination of these therapies) have been employed to
eradicate this disease, the 5 year survival rate of glioma patients
is still extremely low (<5%).> While glioma immunotherapies
are a rapidly expanding frontier,** developing effective immu-
notherapeutic strategies is hindered by multiple challenges,
such as the strong immune suppressive environment from the
tumor or lack of glioma specific antigens.*” Thus it is necessary
to search for new immune therapeutic strategies for this lethal
disease.

Transfer factors (TFs) are small molecular peptides that are
usually dialyzed from immune cells. These peptides possess the
capability to transmit cell mediated immunity from sensitized
donors to naive recipients.® Current studies identified that TFs
possess a high ratio of tyrosine and glycine that is similar to the
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immune therapeutic strategy for treating glioma.

N-terminal of some neuropeptides (i.e. encephalin peptide), but
more detailed information on TF is still missing.**> Although
current studies are still unclear as to the molecular mechanism
of TFs, multiple clinical trials demonstrated the effectiveness of
TFs for treating a wide variety of diseases, such as infectious
diseases (i.e. leishmaniasis; toxoplasmosis), immuno-
deficiencies (chronic granulomatosis) and even cancers.'***
For example, in one clinical study, TF from lymphocytes of
blank donors was employed to treat 356 patients with non-small
cell lung cancer (NSCLC); the patients that received TF showed
a remarkably improved survival rate, indicating that the
administration of TF directly improved lung cancer survival
rate.’ In another clinical trial, 5 patients at the advanced stage
of breast cancer were treated with TF donated from healthy
subjects for 21 to 310 days. While no detectable inflammation
or hypersensitivity was detected, regression of the tumor that
lasted for 6 months was observed in the recipients, demon-
strating the anti-tumor functions of TF."” CpG is an adjuvant
that binds and activates toll like receptor 9 in immune cells.
These receptors survey the body for pathogens such as viral RNA
and, bacteria that are not common in humans, and they
promote the activation of innate and adaptive immunity once
they encounter such danger signals. CpG is being employed in
multiple clinical trials for the treatment of various cancers.'®>°
While these trials are promising, striking discoveries in recent
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years found that a combination of TLR agonist the tumor
antigens can generate synergistic effects in the treatment.*>*
Thus in this study we used CpG and TF together for the treat-
ment of glioma.

In this work, TF was extracted from donor mice implanted
with an experimental glioma tumor. CpG and TF were assem-
bled onto gold nanoparticles (NP) via layer-by-layer assembly —
a technique that uses electrostatic interactions to assemble
oppositely charged material onto substrates.>** The assembly
of multilayers of materials onto nanoparticles has been widely
employed for a variety of applications including radiation
therapy, immune therapy and drug delivery,”** and showed
unique advantages in delivering multiple functional cargos at
the nanoscale. We therefore employed this strategy to deliver TF
and CpG together for treating glioma.

Materials and methods

Materials

Gold(m) chloride tri-hydrate salt (99.9%) was from VWR. 1x
phosphate buffered saline (PBS) was from Sigma. (4-,6-
Diamidino-2-phenylindole) (DAPI) was from Invitrogen. The
positive isolation beads for isolating dendritic cells were from
Miltenyi Biotec. Chitosan (MW = 20 000) was from Sigma.
Fluorescently labeled antibodies for CD80 (PE), CD86 (PE-Cy7),
CD40 (APC) were purchased from Biolegend. RPMI cell culture
medium was obtained from VWR.

Cells and animals

All experiments that involve mice were approved by the Animal
Research Committee Board of Shanghai Jiaotong University,
and animal experiments were performed by following the
Institutional Animal Care and Use Committee (IACUC)
approved by the committee. Mice sacrifice was performed by
exposing mice to CO,; the CO, concentration was increased
gradually. Cervical dislocation was employed to ensure
a successful sacrifice. C6 glioma cells were obtained from
School of Medicine, Shanghai Jiaotong University. The cells
were cultured in Dulbecco's modified Eagle's medium plus 10%
fetal calf serum. Method for generating C6 glioma cells was
established as followed. Briefly, 1 x 10° glioma cells were
implanted into mice (10-12 weeks) intraperitoneally. Tumor
will be established to sizes ranging from 1 cm” to 1.5 cm” in 10
to 15 days. The tumor was then dissected from mice, and
minced to pieces with size smaller than 1 mm?®. The minced
tumor tissues were then processed through a cell strainer (40
pm pore size) by mechanical force to obtain cell suspension.
After washing with PBS twice, the cells were collected by
centrifuging at 500 rpm for 5 min.

Glioma antigen preparation

The freshly dissected tumor tissues were processed into cell
suspensions via mechanical forces. After washing with PBS
twice, the cells was counted via a cell counter. The cells were
frozen to —80 °C and thaw to room temperature. This process
was repeated for at least 4 to 5 times to ensure a complete lysis
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of the cells. The cellular lysate was centrifuged at 1500g for 5
min to remove the large debris from the cells, followed by
passing the supernatant to a filter (0.22 pm). The proteins
collected was then quantified with a Nanodrop 2000 (Thermo-
scientific) and stored at —80 °C before use.

TF generation

Mice (N = 12) were treated with the glioma antigen (75 pg) plus
CpG (25 ng) via intradermal injection on day 0, followed with
a boost on day 14. The mice were sacrificed on day 21 with the
whole blood collected and treated with EDTA (2 mg mL ™" in
blood). The blood was centrifuged at 500g for 25 min to remove
the buffy coat. After washing the leukocytes with PBS twice, the
cells were frozen to —80 °C and thawed to room temperature.
This process was repeated for 10 cycles to ensure a complete
lysis of cells. The lysate was collected and dialyzed in a dialysis
membrane (MW cut-off = 12 000). The TF was dialyzed through
the membrane and freezing dried and stored at —80 °C before
use. This process also ensures that no pathogen will be collected
in the TF since all pathogens have a diameter larger than the
dialysis membrane pore.

Nanoparticle synthesis and characterization

The nanoparticles were synthesized according to literature.*
Briefly, 50 mL chitosan was dissolved in acetic acid (1%) at
a concentration of 0.5% w/v (pH = 5.1). The chitosan solution
was heated to 100 °C and stirred at 650 rpm. Aqueous chlor-
oauric acid (HAuCl,, 1 mM, 75 pL) was added into the chitosan
solution. After 30 min, the solution turned into a red wine color.
The solution was then moved to 4 °C fridge to stop the reaction.
Nanoparticles in solution was stored at 4 °C fridge before use.
Surface modification of the nanoparticles was performed
through conventional layer-by-layer assembly by following the
literatures.>*>® Briefly, the nanoparticles were collected from
the solution through centrifuge (15 000 rpm, 25 min). The
nanoparticles (1.5 mg in 100 pL water, pH = 7.1) were deposited
with 1.5 mL TF (200 ug mL ™", pH = 5.1) layer for 10 min. The
particles were washed with water (pH = 5.1) to remove the free
TFs. Following the deposition of TF, the nanoparticles was then
assembled with chitosan layer (1.5 mL, 0.1% in water, pH = 5.3)
to generate a positively charged surface on the particles. After
washing the particles with water to remove free chitosan, CpG
(1.5 mL, 200 ug mL ', pH = 5.7) was then coated onto the
particles as the third layer. These process of deposition was
repeated until a desired number of layer was coated onto the
particles. Each deposition took 10 min, followed by a washing
step with water. The unmodified nanoparticles were imaged
using transmission electron microscope (TEM, JEOL JEM-
3100F). Zetasizer Nano ZS (Malvern) was employed to measure
the size and zeta potential of the particles. The measurement
was performed in water (pH = 7.1) and was repeated 3 times.
Loading of TF and CpG was performed by an indirect method.
Briefly, a certain amount of CpG and TF (i.e. 200 pg for each) was
added to the particles. After the assembly, the supernatant was
collected by centrifugation (15 000 rpm, 25 min). The amount of
CpG and TF in the supernatant was character by UV-Vis
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spectroscopy. The absorbance at 262 nm and 278 nm was used
to characterize CpG and TF respectively. The amount of CpG
and TF loaded onto the particles were calculated by subtracting
the amount of CpG and TF in the supernatant with the original
materials added.

In vitro test

For viability test, splenic dendritic cells were collected by
sacrificing the mice and collecting the spleen. The spleen was
minced to size smaller than 1 mm?, followed by treating with
dissociation medium (Miltenyi Biotec), and collected by positive
magnetic collection. DCs were then treated with different
samples (i.e. TF (25 pg mL "), CpG (5 pg mL~ "), NP (50 pg mL ™)
or NP modified with TF and CpG (50 pg mL ™)) for 24 hours,
followed by staining with DAPI, assessed with follow cytometry
to test their viability. To test the impact of samples to macro-
phage viability, a same procedure was followed. Activation of
DCs were studied by staining the cells with fluorescently labeled
antibodies (Invivogen), and assessed via flow cytometry.
Production of cytokines from macrophages was performed by
using ELISA Kkits by following the manufacturer's instructions.
To test the level of cytokines in serum, C57/BL6 mice (female, 4-
8 week old) was immunized with different samples (i.e. TF, CpG,
NP or NP modified with TF and CpG) on day 0, and peripheral
blood was collected from mice on day 3. The blood was centri-
fuged at 18 000g for 15 min to collect the serum. The serum was
stored for ELISA test by following the manufacturer's
instructions.

Tumor study

C57/BL6 mice (female, 4-8 week old) were immunized with
different samples (i.e. TF, CpG, NP, TF + CpG, or NP modified
with TF and CpG) on day 0, followed with a boost on day 15. The
mice were implanted with 3 x 10’ glioma tumor cells on the
flank of mice on day 16. Tumor size was measured every day,
and determined by using W x L. Mice were sacrificed when the
tumor size reached 1.5 cm”.

Results

The first task was to synthesize positively charged gold nano-
particles to act as carriers through the layer-by-layer method
reported in literature.®* The particles had a spherical shape, as
imaged under transmission electron microscope, although
other shapes were also observed (Fig. 1A). The particles were
then modified with TF and CpG through layer-by-layer deposi-
tion of TF, chitosan, and CpG - the positively charged chitosan
served as a bridge that connected the negatively charged TF and
CpG onto the nanoparticles. The sizes of the surface modified
nanoparticles were studied via dynamic light scattering, in
which the particle sizes increased after the deposition of each
layer of material. For particles with 0 to 2 trilayers, the average
sizes were 18, 91, and 189 nm, respectively (Fig. 1B). Sizes of the
particles from TEM is smaller than the number measured by
dynamic light scattering probably because the dynamic light
scattering tends to collect information from larger particles or
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Fig.1 Characterization of nanoparticles modified with transfer factor
and CpG. (A) Gold nanoparticles imaged by transmission electron
microscopy (TEM). (B) Size of nanoparticles modified with different
number layers of materials, i.e. NP/(TF/Chi/CpG), n = 1 to 3. Sizes
were measured with dynamic light scattering. Sizes of nanoparticles
increased with the number of layers deposited. (C) Zeta potential of
nanoparticles after the deposition of each layer of materials. There was
a reverse of surface charge after depositing each layer of material,
indicating the successful deposition of each layer. (D) Loading of TF
and CpG on nanoparticles. The nanoparticles had a composition of
NP/(TF/Chi/CpG),, n = 1to 2.

aggregates. Zeta potentials of the nanoparticles were also
measured. The surface charges of the particles reversed after the
deposition of each layer of material, indicating successful
deposition. For particles with 0 to 7 single layers of materials,
the surface charges were +27.2, —17, +23.7, —15.3, +21.9, —11.9,
+20.2, and —12.5, respectively. Briefly, the originally synthesized
nanoparticles was positively charged since it was reduced by
positively charged chitosan. Once deposited with negatively
charged TF, there was a reverse in the surface charge. Another
positively charged chitosan was deposited onto the particles to
generate a positively charged surface, so that the negatively
charged material, CpG, can be deposited onto the particles.
Such a deposition was repeated until a desired number of
material was assembled (Fig. 1C). The loading levels of the
cargo materials (i.e. TF and CpG) were studied by an indirect
measurement as well. The particles with 1 and 2 bilayers of (NP/
(TF/Chi/CpG),, n = 1 or 2) had 78.6 ug TF, 126 CpG (for 1 tri-
layer), and 181.2 pg TF and 251.8 ng CpG (for 2 trilayers),
respectively (Fig. 1D).

The modified nanoparticles (i.e. NP/(TF/Chi/CpG)) as well as
other samples (TF or CpG) were employed for an in vivo anti-
tumor study. The mice with no treatment were used as a nega-
tive control (CTRL). The treated mice were injected with these
aforementioned samples on day 0 and boosted on day 14. They
were then implanted with glioma tumor on day 15 and observed
daily. NP/(TF/Chi/CpG) had more dramatic anti-tumor effects
compared to the other samples (Fig. 2A). The use of CpG or TF
alone also generated an anti-tumor effect — although this tumor

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra17395k

Open Access Article. Published on 27 September 2016. Downloaded on 2/14/2026 3:21:44 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

>
w
1)

~#-CTRL 4~NP/TF/CPG  =%~TF
& 2 ~m-CpG —o—TF +CPG E,” 1.5
S =g
‘;1. %D 1
2, Z0s
S g
8. E >
E ‘60?’ R '\Q QO C?C')\{L
01 »\Q ,\Q\
0 10 15 20 Q\\
Time (day) A

Fig. 2 Anti-tumor study using NP/TF/Chi/CpG and other control
samples. (A) Daily measurement of tumor in mice treated with different
samples. (B) Tumor weight on day 17 after tumor cell implantation. The
mice were treated with NP/TF/Chi/CpG or other control samples
(soluble TF or CpG, or a mixture of soluble TF and CpG). Those mice
with no treatment were used as negative control.

growth rate was faster than that in mice treated with modified
nanoparticles (Fig. 2A). These anti-tumor effects were measured
through tumor weight. On day 18, the mice were sacrificed and
measured with tumor weight. The mice treated with NP/(TF/
Chi/CpG) had the lowest tumor weight among the four
groups, indicating NP/(TF/Chi/CpG) is the most potent in
inhibiting tumor progression in all groups (Fig. 2B). Similar to
the tumor volume study, TF or CpG alone also reduced the
tumor weight in mice compared to CTRL (Fig. 2B). In both
measurement, we noticed that a mixture of CpG and TF (i.e. TF +
CpG) can also inhibit tumor progression as compared to CTRL
or mice treated only either CpG or TF. However, NP/(TF/Chi/
CpG) has a stronger potency in tumor inhibition compared to
the mixture (Fig. 2A and B).

The surface modified nanoparticles (i.e. NP/TF/Chi/CpG) were
then utilized to interact with immune cells (i.e. DCs, macro-
phages, and lymphocytes). The modified nanoparticles were
designed for intradermal (i.d.) injection, where dendritic cells
and macrophages would be two of the major cells to take up the
nanoparticles. Thus, these two cell types were first interacted with
NP/TF/Chi/CpG to test the uptake. Fluorescence labeled chitosan
(FITC-Chi) as well as TF and CpG were employed to compose the
nanoparticles (i.e. NP/(TF/FITC-Chi/CpG)) so as to facilitate flow
cytometry analysis. The resulting flow cytometry assay showed
that the uptake of nanoparticles by DCs and macrophages was
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dose dependent (Fig. 3A). When a high dose of nanoparticles was
employed (i.e. 1x to 4x dilution), a high percentage (>70%) of
cells took the fluorescence labeled nanoparticles; in contrast,
when the dose of nanoparticles was diluted 8 to 16 times (i.e. 8x
to 16x), a lower percent (~60%) of DCs and macrophages took
the nanoparticles (Fig. 3A). Under flow cytometry, the cells
treated with nanoparticles had a stronger fluorescence signal
than cells with no treatment (CTRL) (Fig. 3B), again confirming
the uptake of nanoparticles by DCs and macrophages (Fig. 3B). A
viability assay was used to investigate the impact of nanoparticles
on the viability of DC and macrophages (Fig. 3C). Compared to
cells with no treatment, the surface modified nanoparticles did
not affect the viability of dendritic cells, macrophages (Fig. 3C).
Other samples (e.g. CpG, NP, TF, or CpG + TF) were employed to
test their impact on cell viability as well. Assessments showed
that none of these components affected cell viability (Fig. 3C).
The surface modified NPs (i.e. NP/TF/Chi/CpG) were used to
test their impact on primary DCs - the key antigen presenting
cells that bridge adaptive and innate immunity. Briefly, primary
DCs isolated from mice spleens were used to interact with NP/
TF/Chi/CpG and assessed through a flow cytometry assay to
test the activation of major markers (i.e. CD86+, CD80+, CD40+,
and CD11c+). Other samples (i.e. no treatment, NPs with no
modification, TF, CpG, and TF + CpG in soluble form) were used
as controls. Flow cytometry assessments showed that the NP/
TF/Chi/CpG promoted CD 86+ activation on DC surfaces
(Fig. 4A). Similarly, other important DC activation markers (i.e.
CD80+ and CD40+) were also activated by NP/TF/Chi/CpG
(Fig. 4B and C). TF in soluble form also slightly activated
these surface markers, but the unmodified NP did not have this
function compared to CTRL (Fig. 4A-C). Furthermore,
compared to TF and CpG in a soluble mixture (TF + CpG), NP/
TF/Chi/CpG induced a more potent activation of these
markers (Fig. 4A-C). While CD11c+ markers were all at a rela-
tively high level in all DCs, NP/TF/Chi/CpG increased the acti-
vation of this marker on DCs compared to TF + CpG in soluble
form and CTRL (Fig. 4D). CpG, a toll like receptor that naturally
activated all the markers, served as a control in this study, and
activated these markers at high efficiency (Fig. 4A-D). These
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Fig.3

In vitro interactions of NP/TF/Chi/CpG with immune cells for viability test. (A) Dose dependent uptake of NP/TF/Chi/CpG by macrophages

and DCs. Chitosan (Chi) was conjugated with fluorescence dye to facilitate flow cytometry detection. The uptake of nanoparticles by the cells
were dose dependent. (B) Representative flow cytometry assessment showing the fluorescence shift of macrophages and DCs after nano-
particles uptake. For cells with no nanoparticles treatment, almost no fluorescence signal was detected under flow cytometry; after feeding the
cells with nanoparticles, strong fluorescence was detected in the cells, indicating the nanoparticles were uptake by the cells. (C) Viability of
macrophages, DCs and lymphocytes after interacting with NP/TF/Chi/CpG. The nanoparticles did not affect viability of the cells.
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Fig. 4 Activation of DCs by NP/TF/Chi/CpG and other control
samples. Expression of (A) CD86+ (B) CD80+, (C) CD40+ (D) CD11lc+
on DCs after treating with different samples. Control samples includes,
nanoparticles with no modification (i.e. NP), TF or CpG in soluble form,
mixture of TF and CpG (i.e. TF + CpG). Those cells with no treatment
were employed as control.

data showed that the co-delivery of TF and CpG can promote the
activation of dendritic cells in vivo.

NP/TF/Chi/CpG was employed to test their impact on
macrophage activation. Briefly, these particles - as well as other
controls (i.e. CpG, NP, TF or CpG + TF) - were co-cultured with
macrophage cell line J774.A1. ELSA was employed to test the
efficacy of these samples on the secretion of three major cyto-
kines: tumor necrosis factor-a (TNF-a), IL-6, and G-CSF, which
are three of the major cytokines that are involved in the
macrophage associated anti-cancer process. NP/TF/Chi/CpG
enhanced TNF-o. secretion more than TF + CpG in soluble
form, showing the synergistic effect by delivering the two
immune cargos in particulate form (Fig. 5A). The use of TF or
CpG alone also promoted TNF-a production compared to CTRL
group, indicating that both cargos can stimulate the activation
of macrophages. Compared to the CpG group, the capacity of TF
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in stimulating TNF-a. production is relatively low (Fig. 5B).
Similar trends were also observed in the secretion of another
two cytokines (G-CSF and IL-6). The use of CpG alone promoted
G-CSF and IL-6 secretion, since CpG was a TLR9 agonist and
stimulates macrophages naturally. TF alone also slightly stim-
ulated the production of both cytokines, despite the fact that
their production levels were relatively low compared to the CpG
group (Fig. 5C and D). The use of CpG + TF in soluble form
showed a similar level of G-CSF and IL-6 production compared
to the use of CpG alone, indicating that no synergistic effect was
generated during the combinational use of G-CSF and IL-6.
The impact of NP/TF/Chi/CpG on cytokine production in
serum was also assessed. To perform this study, mice were
immunized with NP/TF/Chi/CpG as well as with other controls
(i.e. no treatment, TF, CpG, TF + CpG, and NP) on day 0.
Peripheral blood was drained from mice on day 3 and centri-
fuged at high speed (20 000 rpm, 5 min) to collect serum for
ELISA. IL-1p level was relatively high in mice treated with NP/
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Fig. 6 Expression of cytokines in serum of mice treated with NP/TF/
Chi/CpG and other control samples. Expression of (A) IL1-B, (B) IL-8,
(C) IFN-y and (D) TNF in mice serum. The mice were treated with NP/
TF/Chi/CpG. Control samples include TF or CpG in soluble form,
nanoparticles with no modification (i.e. NP), TF and CPG in soluble
mixture form (i.e. TF + CpG). Cells with no treatment was employed as
negative control. Mice were treated with different samples on day
0 and peripheral blood was collected from mice on day 3. Serum was
collected from blood through centrifugation and employed for ELISA
assessment.
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Fig.5 Secretion of cytokines from macrophages treated with NP/TF/Chi/CpG and other control samples. Expression of (A) GM-CSF, (B) TNF and
(C) IL-6 by macrophages treated with NP/TF/Chi/CpG. Control samples include TF or CpG in soluble form, nanoparticles with no modification
(i.e. NP), TF and CpG in soluble mixture form (i.e. TF + CpG). Cells with no treatment was employed as negative control. Macrophages was treated
with the samples for 24 hours. Supernatant was collected for ELISA assessment.
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TF/Chi/CpG, CpG, or TF + CpG - all of these groups involved the
use of CpG. This suggests that CpG plays a significant role in the
production of IL-1p. In contrast, IL-1f level in mice treated with
TF or NP was relatively low, meaning that neither of these
components regulates IL-1f expression (Fig. 6A). Similar trends
were observed in the production of another inflammatory
cytokine, IL-8. All the groups that involved the use of CpG (i.e.
CpG, CpG + TF, and NP/TF/Chi/CpG) showed an enhanced
production of IL-8, but the use of TF or NP alone did not show
this enhancement (Fig. 6B). As for the effector cytokines (i.e.
TNF and IFN-y), NP/TF/Chi/CpG promoted both cytokines'
production in mice; a striking discovery was that TF alone
increased TNF and IFN-y expression compared to CTRL (Fig. 6C
and D). In particular, compared to TF + CpG in soluble form,
NP/TF/Chi/CpG promoted a higher level of IFN-v, although this
trend was not obvious in the production of TNF (Fig. 6C). It is
worth mentioning that the use of NP alone did not promote any
of the above-mentioned cytokines (Fig. 6A-D), indicating that
the nanoparticles are immune inert.

Discussion

Immune suppression is one of the major issues associated with
immune therapy of cancers, including glioma. Cancer
progression is usually associated with impaired immune func-
tion; specifically, suppressed effector T cell function but
enhanced regulatory T cell function.® The search for effective
immune cargos to combat these suppressions has therefore
become one of the key goals in the therapeutic treatment of
cancers. Broadly, toll-like receptor agonists - a group of
“danger” signals (i.e. pathogens) that exists widely in viruses
and bacteria but not in humans - have been employed in
different ways to treat cancers.>*** For example, CpG has been
conjugated to nanoparticles to activate macrophages for the
immune therapy of cancer; the use of CpG enhanced the
secretion of cytokines associated with the anti-cancer process.*
In another study, polyIC - a TLR3 agonist - was assembled with
a model peptide onto nanoparticles to expand antigen-specific
T cells in vivo.*® Similarly, dramatic examples also include the
co-use of TLR adjuvants for clinical trials of cancer treat-
ment.*>** As for glioma - one of the most challenging cancers in
the world - immune therapies have also drawn extensive
attention in recent years. For example, the delivery of genes that
encode cytokines that can modulate the immune suppressed
tumor environment have showed promising results by
promoting DC activation and effector T cell proliferation.*® In
a clinical trial, CpG was used in a phase 1 trial to treat patients
with recurrent glioblastoma; preliminary evidence of this study
found that two in six patients had a median survival period of
7.2 months.*”

Transfer factor is a low molecular peptide that can be ob-
tained from humans and animals that have developed immu-
nity against certain type of diseases.*® Studies over transfer
factors have drawn considerable attention in the past
century.®**'*33% n particular, multiple clinical trials were
carried out for various diseases, ranging from infectious disease
to cancers, with both failure and success reported in these
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trials.>****** For example, in one trial, 6 in 9 humans had
a reduced hypersensitive immune response to M. Jerpase anti-
gens after being treated with transfer factor.” In another study,
two antigens (i.e. tuberculin, and keyhole limpet hemocyanin)
were employed to test for immune specificity and the potency
immune response transited from donors to recipients by
transfer factor; this study demonstrated in a human trial that
the recipient of transfer factor could generate the very same
specific immune response as in the donors.*® Cytosine-phos-
phate-guanine (CpG) is a potent toll like receptor agonist that
activates both innate and adaptive immunity. CpG can promote
the synthesis of inflammatory cytokines as well as other co-
stimulatory molecules; it also promotes effector CD8+ T cell
production. CpG shows great potential in combating cancer and
has already been employed in several clinical trials.®** We
therefore combined these two immune cargos in our study to
treat glioma. In our study, TF and CpG were assembled onto
positively charge nanoparticles via layer-by-layer assembly; this
technique uses electrostatic interactions to integrate oppositely
charged materials into thin films. Through this technique, we
noticed that there was a non-linear increase in particle size after
the deposition of each layer of materials (Fig. 1A). This is
probably because a certain degree of aggregation was induced
during the preparation. We prepared the particles with well-
defined properties. The particles showed a reversal of surface
charge after the deposition of each layer of material - a result
that is expected in the process of layer-by-layer assembly to
prove the successful deposition of each layer of material
(Fig. 1B). The particle modified with TF and CpG (i.e. NP/TF/
Chi/CpG), as well as other control samples, was then
employed to treat glioma tumor in mice. NP/TF/CpG had more
potent anti-tumor effects compared to using each component
alone or a mixture of the two cargos (Fig. 2A). Similar result was
confirmed by tumor weight measurement (Fig. 2B).

Flow cytometry showed that the particles were taken up by
two major immune cells, macrophages and DCs, indicating that
the aggregation did not affect the application of the particles
(Fig. 3A and B). Viability tests also confirmed the safety of NP/
TF/CpG - neither TF nor CpG impaired cell viability compared
to cells with no treatments (Fig. 3C). In this study, TF and CpG
were assembled together for treating glioma; this is because
previous studies found that the co-delivery of different immune
cargos (i.e. different toll like receptor agonists or antigen plus
adjuvant) could generate potent synergistic effects much greater
than from using each component alone.*® This was consistent
with what was demonstrated in our study: the nanoparticles (i.e.
NP/TF/Chi/CpG) induced a higher expression of DC surface
markers compared to TF + CpG in soluble form (Fig. 4A-C - DC
activation). TF alone slightly activated DC surface markers (i.e.
CD80+ and CD86+), although the activation level was lower than
CpG (Fig. 4A-C). This data indicated that TF was involved in
adaptive immunity through interactions with DCs - an impor-
tant antigen presenting cell that bridges antibody and cellular
immunity. On the other hand, TF slightly promoted cytokine
production from macrophages — an immune cell that plays an
important role in both antibody and cellular immunity (Fig. 5A-
C). These data confirmed that TF was involved in adaptive
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immunity and potentially joined with antibody immunity
through macrophages. However, since this study did not
investigate the role of B cell functions, the role of TF in antibody
immunity has not yet be concluded.

To investigate the in vivo functionality of NP/TF/Chi/CpG, we
treated mice with the different samples on day 0 and collected
the peripheral blood on day 3 to test the secretion of inflam-
matory and effector cytokines via ELISA (Fig. 6). NP/TF/Chi/CpG
induced a higher level of IL-18 production than the TF + CpG in
soluble form (Fig. 6A and B). Similarly, NP/TF/Chi/CpG
promoted effector cytokines (i.e. IFN-y and TNF-a) production
to a higher level compared to TF + CpG in soluble form (Fig. 6A-
D). This is probably either because the CpG in particulate form
has an improved adjuvant effect, or because of the synergistic
effect of delivering CpG and TF together. We also noticed that
TF alone yielded a very low level of IL-18 and IL-8, indicating TF
was not involved in promoting the production of inflammatory
cytokines. Instead, TF promoted the production of TNF
(Fig. 6C), but not IFN-y (Fig. 6D). Putting everything together,
these data suggest that the TFs involved were involved in
effector but inflammatory immune response. While the in vivo
tumor study illustrated a synergistic effect of NP/TF/Chi/CpG
against glioma, these DC activation and in vivo and in vitro
assays partially explained the mechanism underlying this
synergistic performance. For a better understanding of using TF
and CpG for cancer treatment, further study requires the
investigation of the role of the B cell - a major immune cell for
antibody immunity in these processes. In addition, studies of
the activation pathway of immune cells as well as infiltration of
immune cells into tumor tissue will also help us understand the
mechanism in this study.

Conclusion

This study investigated the use of TF and CpG for the treatment
of glioma. These two immune cargos were loaded onto nano-
particles to ensure the co-delivery of both. An in vivo study
showed that particles carrying TF and CpG (i.e. NP/TF/Chi/CpG)
had a more potent anti-tumor effect than TF or CpG alone or TF
+ CpG in soluble mixture. An in vitro activation study showed
that NP/TF/Chi/CpG activated DC markers and promoted cyto-
kine productions from macrophages. In vivo serum cytokine
secretion analysis showed that NP/TF/Chi/CpG promoted the
production of both inflammatory and effector cytokines; among
these cytokine productions, our study indicated that TF
contributed to the production of effector cytokines but not
inflammatory cytokines. These in vitro assays partially explained
the immune mechanism involved in the anti-tumor immunity
of NP/TF/Chi/CpG. Further studies such as infiltration of
immune cells to the tumor as well as B cell immunity will be
performed to better understand the mechanism of using TF and
CpG together.
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