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ABSTRACT

Natural products comprise an important class of biologically active molecules. Many of these compounds
derived from natural sources exhibit specific physiologic or biochemical effects. An example of a natural
product is chitosan, which is enriched in the shells of certain seafood that are frequently consumed
worldwide. Like other natural products, chitosan has the potential for applications in clinical medicine and
perhaps in cancer therapy. Toward this end, the immunomodulatory or anti-cancer properties of chitosan
have yet to be reported. In this study, we discovered that chitosan enhanced the anti-tumor activity of
natural killer (NK) cells by activating dendritic cells (DCs). In the presence of DCs, chitosan augmented IFN-y
production by human NK cells. Mechanistically, chitosan activated DCs to express pro-inflammatory
cytokines such as interleukin (IL)-12 and IL-15, which in turn activated the STAT4 and NF-«B signaling
pathways, respectively, in NK cells. Moreover, chitosan promoted NK cell survival, and also enhanced NK cell
cytotoxicity against leukemia cells. Finally, a related in vivo study demonstrated that chitosan activated NK
cells against B16F10 tumor cells in an immunocompetent syngeneic murine melanoma model. This effect
was accompanied by in vivo upregulation of IL-12 and IL-15 in DCs, as well as increased IFN-y production
and cytolytic degranulation in NK cells. Collectively, our results demonstrate that chitosan activates DCs
leading to enhanced capacity for immune surveillance by NK cells. We believe that our study has future
clinical applications for chitosan in the prevention or treatment of cancer and infectious diseases.
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Introduction
in food to modulate immune cell function with the goal of can-

Natural products are compounds isolated from plant or animal
sources. Many have biological properties, and thus have become
attractive targets for scientific study. A number of natural prod-
ucts are studied for their medical or therapeutic potential,
including cancer prevention. Certain natural products can
induce or maintain immune responses while also directly target-
ing tumor cells through mechanisms of apoptosis or epigenetic
modification."? Previous research by our group supports these
observations, including our recent studies of the following natu-
ral products: phyllanthusmin C, curcumin, and a novel ellagic
acid derivative.”> Other compounds may have similar potential
against tumor cells in the body, or may in fact prevent newly
developed malignancies in healthy individuals. Indeed, many
natural products have been studied extensively and utilized for
chemoprevention, and some have shown a capacity to eliminate
premalignant cells without harming normal cells.*” In this cur-
rent study, we envision the use of a compound found naturally

cer treatment and prevention.

Chitosan is a non-toxic, biodegradable, and biocompatible
natural product. This compound is naturally found in certain
types of seafood such as shrimp, with a particularly high con-
tent in the shell.® Chitosan has numerous medical applications.
The U.S. Food and Drug Administration (FDA) has approved
the use of chitosan for drug delivery.” Our recent collaborative
study also showed that chitosan can deliver doxorubicin to the
tumor microenvironment to eliminate tumor-initiating cancer
stem cells.'” Another group showed that chitosan has direct
anti-tumor activity, inhibiting the growth of sarcoma 180
tumor cells in mice.!! However, the function of chitosan in reg-
ulating innate immune responses for cancer treatment or pre-
vention has not been explored.

NK cells are a critical component of innate immunity and are
large granular lymphocytes that provide a first line of defense
against viral infections and malignant cells. The effector
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functions of NK cells are primarily mediated by one of two
mechanisms: production of interferon-gamma (IFN-y) or direct
cytolytic activity. IFN-y is the prototypic NK cell cytokine,
which not only has intrinsic antiviral activity, but also influences
other pathways of innate and adaptive immunity. Secretion of
IFN-y by NK cells allows activation and regulation of other
immune cells (e.g., monocytes/macrophages and CD8" T cells).
These interactions can enhance tumor immunogenicity,
increase antigen presentation, and induce tumor cell apopto-
sis.'>!* Deficiency in IFN-y production is associated with an
increased incidence of both malignancy and infection.'* NK cells
can also directly lyse target cells (including infected or malignant
cells) through mechanisms of natural cytotoxicity or antibody-
dependent cellular cytotoxicity (ADCC)." It has been reported
that abnormally low levels of NK cell cytotoxicity are associated
with an increased incidence of familial forms of cancer.'®

Dendritic cells (DCs) are traditionally classified as innate
immune cells, yet they can initiate responses of both the innate
and antigen-specific (adaptive) arms of the immune system.'”
DCs can be activated through their surface pattern-recognition
receptors (PRRs), which include the Toll-Like Receptors (TLRs).
Many pathogen-associated molecular patterns (PAMPs) such as
lipopolysaccharide (LPS) or poly(I:C) have been reported to acti-
vate DCs by interacting with a specific class of TLRs."® TLR sig-
naling activates a number of downstream pathways that further
enhance the secretion of inflammatory and immunomodulatory
cytokines (e.g, IL-12 and IL-15)."" In the adaptive immune
response, DCs have the ability to impact the priming of Thl,
Th2, and non-polarized T cells.*® In mice, in vivo depletion of
CD11c* DCs abrogates priming of CD8" T cells by exogenous
cell-associated antigens.*' Furthermore, DCs can interact with
NK cells to promote stronger innate immune responses.”> We
previously reported that CD11c™8" DCs produce IL-15, promot-
ing survival and proliferation of mature NK cells in mice.*> How-
ever, the regulation of these cross-talk interactions between
various immune cell populations by biologically active natural
products is not fully understood.

In this study, we describe a newfound phenomenon by
which the natural product chitosan can induce innate immune
responses, particularly by facilitating cross-talk between DCs
and NK cells. We discovered that chitosan directly activates
DCs, which serves to enhance the effector functions of human
NK cells. The downstream effects of chitosan are multifaceted,
ultimately leading to increased NK cell INF-y production, cyto-
toxic activity, and cell survival. Using a B16 melanoma mouse
model, we report that DC activation by chitosan enhances NK
cell function leading to improved anti-tumor activity in vivo.

Results

Chitosan-induced IFN-y production by human NK cells
requires interactions with DCs

We observed that enriched human NK cells treated with chito-
san had increased production of IFN-y compared to untreated
cells. A dose-dependent response to chitosan treatment was
demonstrated using RT-PCR, ELISA, and intracellular flow
cytometry (Fig. 1A-C). The population of enriched NK cells con-
tained approximately 1~1.5% DCs (Supplemental Fig. 1A).

Interestingly, after NK cells were subsequently FACS-purified to
nearly 100% purity to exclude DCs, treatment with chitosan did
not induce IFN-y production in NK cells (Fig. 1D-F). In con-
trast, when FACS-purified NK cells were co-cultured with
FACS-purified DCs, treatment with chitosan did induce IFN-y
production by NK cells (Fig. 1G-I), suggesting that DCs have an
important role in this mechanism. To further explore the immu-
nomodulatory properties of chitosan, we compared its effects on
the subsets of CD56™¢™ versus CD56"™ NK cells treated with
chitosan. While CD56 is commonly used as a marker to identify
NK cells, the intensity of this surface marker varies among NK
cell subsets. NK cells with either “bright” or “dim” expression of
CD56 can be identified and distinguished in peripheral blood.
The resting CD56"™ NK cells have greater expression of certain
activating receptors (including CD16) and also have higher cyto-
toxic potential. Activated CD56™*™ NK cells can produce
greater levels of cytokines and are thus believed to have an
important immunomodulatory role.** Recently, it was discov-
ered that CD56"" NK cells, which normally have lower cyto-
toxic activity compared to CD56"™ NK cells, can in fact acquire
enhanced effector functions when “primed” by IL-15 stimula-
tion.”” In light of this distinction, we further analyzed the effect
of chitosan within these subsets of CD56" NK cells. Treatment
with chitosan enhanced IFN-y production, and this effect was
more pronounced for CD56"" NK cells compared to CD56%™
NK cells (Supplemental Fig. 2A-B). In multiple reports, DCs
have been shown to activate NK cells.**>*® We thus speculate that
chitosan may activate NK cells indirectly via interactions with
DCs. To test this hypothesis, FACS-purified DCs were treated
with chitosan. Expression of activating receptor TLR4,” as well
as cytokines IL-12 and TL-15,"® were significantly increased at
both the transcript and protein levels after chitosan treatment
(Fig. 2A-B).

As IL-12 and IL-15 are important cytokines for NK cell acti-
vation,” the above data suggest that chitosan can activate DCs
to produce IL-12 and IL-15, both of which in turn activate NK
cells. To validate this, blocking antibodies against IL-12 and/or
IL-15 were added to the above DC/NK co-culture experiments.
In these cases, addition of the antibody against either IL-12 or
IL-15 attenuated the increase in IFN-y production by NK cells
when in the presence of chitosan and the combination of the
two neutralizing antibodies resulted in more profound attenua-
tion (Fig. 2C-D). We also determined whether intracellular sig-
naling pathways were responsible for chitosan-induced IFN-y
production. We found that the phosphorylation levels (but not
total protein levels) of both STAT4 and NF«B-p65 were indeed
increased (indicative of activation) in NK cells treated with chito-
san in the presence of a small number of DCs (Fig. 2E). These
data suggest that chitosan induces the expression of IL-12 and
IL-15 by human DCs, which in turn can augment INF-y produc-
tion by human NK cells.

Enhanced NK cell cytotoxicity mediated by chitosan
is dependent on DCs

Cytotoxicity is another critical effector function of human NK
cells. We tested whether chitosan can activate NK cell cytotoxic-
ity against tumor cells. Additionally, based on our findings
described above that DCs are involved in inducing IFN-y
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Figure 1. Chitosan (Chi) induces IFN-y production in human NK cells co-cultured with DCs. (A) RT-PCR analysis of interferon-gamma (IFNG) gene expression in enriched
NK cells (containing approx. 1~1.5% DCs) treated with different concentrations of chitosan for 12 hours. (B) ELISA analysis of IFN-y in the supernatants collected from
enriched NK cells treated with different concentrations of chitosan for 24 hours. (C) Intracellular flow cytometric analysis and quantification of IFN-y™* NK cells in enriched
NK cells following treatment with different concentrations of chitosan for 24 hours. The left panel shows the data from one representative donor and summary data are
shown on the right. (D) RT-PCR analysis of IFNG expression in FACS-purified NK cells (excluding DCs) treated with different concentrations of chitosan for 12 hours. (E)
ELISA analysis of IFN-y in the supernatants collected from FACS-purified NK cells (excluding DCs) treated with different concentrations of chitosan for 24 hours. (F) Intra-
cellular flow cytometric analysis and quantification of IFN-y* NK cells in FACS-purified NK cells following treatment with different concentrations of chitosan for 24 hours.
The left panel shows the data from one representative donor and summary data are shown on the right. (G) RT-PCR analysis of IFNG expression in FACS-purified NK cells
co-cultured with FACS-purified DCs (25:1 ratio) and treated with different concentrations of chitosan for 12 hours. (H) ELISA analysis of IFN-y in the supernatants collected
from FACS-purified NK cells co-cultured with FACS-purified DCs (25:1 ratio) and treated with different concentrations of chitosan for 24 hours. (I) Intracellular flow cyto-
metric analysis and quantification of IFN-* NK cells in FACS-purified NK cells co-cultured with FACS-purified DCs (25:1 ratio) and treated with different concentrations of
chitosan for 24 hours. The left panel shows the data from one representative donor and summary data are shown on the right. Data analyzed by the Students’ t test and
shown as mean =+ SEM (A-l). n = 4-6. ***, P < 0.001; **, P < 0.01; ¥, P < 0.05; ns, P > 0.05.

production, we hypothesized that DCs may be similarly required myeloid leukemia), U266 (multiple myeloma), as well as
to promote cytotoxicity. A standard *'Cr-release assay was first Kasumi-1 and MV4-11 (acute myeloid leukemia). In the pres-
conducted to determine the effects of chitosan treatment on NK  ence of DCs, chitosan enhanced NK cell cytotoxicity against all
cell cytotoxicity against different cell lines: K562 (chronic four cell lines (Fig. 3A). Expression of CD107a, a degranulation
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Figure 2. Induction of NK cell IFN-y production by chitosan occurs via activating DCs to produce IL-12 and IL-15. (A) RT-PCR and flow cytometric analysis of TLR-4 (TLR4)
expression in DCs cultured in the presence or absence of chitosan (10 mg/L). (B) RT-PCR and flow cytometric analysis of IL-12 (IL72B) and IL-15 (IL15) expression in DCs cul-
tured in the presence or absence of chitosan (10 mg/L). (C) Flow cytometric analysis and quantification of IFN-y™ NK cells when co-cultured with DCs and treated with or
without chitosan (10 mg/L) in the presence of antibodies against IL-12 and/or IL-15. The left panel shows the data from one representative donor and summary data are
shown on the right. (D) ELISA analysis of IFN-y in the supernatants of NK cells co-cultured with DCs and treated with or without chitosan (10 mg/L) in the presence or
absence of IL-12 and/or IL-15. Fig. 2A-D were analyzed by Student's t test and shown as mean + SEM. n = 3-5. "%, P < 0.01; *, P < 0.05; ns, P > 0.05. (E) Immunoblot of
lysates from NK cells treated with different concentrations of chitosan using antibodies against STAT4, p-STAT4, NF«B-p65, p-NF«B-p65, and S-Actin (control). Data shown

are representative of three donors with similar data.

marker that correlates with tumor lysis capacity, was also mea-
sured. In the presence of DCs, chitosan significantly increased
the CD107a expression of NK cells in a dose-dependent manner
when co-cultured with K562, U266, Kasumi-1, or MV4-11 cells
(Fig. 3B). We compared the relative increase in degranulation in
the CD56""8" versus CD56%™ NK cell subsets. Following treat-
ment with chitosan, CD56%™ NK cells had a significant increase

in CD107a expression, yet this was not observed for CD56"" €™
NK cells, thus suggesting that chitosan preferentially activates
the cytotoxicity of CD56%™ NK cells compared to CD56""¢"
NK cells (Supplemental Fig. 2C).

Furthermore, we determined whether the expression of gran-
zyme B (GZMB), a critical cytolytic effector, was also increased
in NK cells. Immunoblot showed that in the presence of DCs,
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Figure 3. Chitosan enhances NK cell cytotoxicity in the presence of DCs. (A) >'Cr-release assays of NK cells in the presence of DCs pretreated with or without chitosan
(10 mg/L) for 12 hours and co-cultured with K562, U266, Kasumi-1, or MV4-11 target cell lines for 4 hours at effector: target ratios of 10:1, 5:1, or 2.5:1. Data shown are
representative of three donors with similar data. (B) Flow cytometric analysis and quantification of CD107a™ NK cells in the presence or absence of chitosan and cultured
with each of the target cell lines (E: T ratio = 1:1) for 4 hours. The left panel shows the data from one representative donor and summary data are shown on the right.
Data analyzed by the Student’s t test and shown as mean + SEM. n = 4. ™%, P < 0.001; **, P < 0.01; *, P < 0.05; ns, P > 0.05. (C) Immunoblot of lysates from NK cells
treated with different concentrations of chitosan using antibodies against GZMB and B-Actin (control). Data shown are representative of three donors with similar data.

the expression of GZMB protein was increased in NK cells after
chitosan treatment in a dose dependent manner (Fig. 3C). As
was similarly the case for IFN-y production, chitosan did not
increase NK cell cytotoxicity in the absence of DCs (data not
shown). Taken together, these results demonstrate that chitosan
can enhance NK cell cytotoxicity against tumor cells, and that
this effect is also dependent on the presence of DCs.

Chitosan induces IL-15 production by DCs to promote NK
cell survival

We and others previously demonstrated that IL-15 is a key fac-
tor for NK cell survival.’>*! Based on our results that chitosan
can induce IL-15 production by DCs, we next tested whether
chitosan improves the survival of human NK cells in the



14310856 (&) X.LIETAL

presence of DCs. To address NK cell survival, cells were stained
with Annexin V and 7-AAD prior to analysis by flow cytome-
try. After treatment with chitosan, there was an increase in the
proportion of live (Annexin V"%¥/7-AAD"®¥) NK cells and a
decrease in the proportion of late apoptotic (Annexin VP*/7-
AADP*) cells. Thus chitosan significantly reduces apoptosis
and promotes NK cell survival in the presence of DCs
(Fig. 4A). Addition of a blocking antibody against IL-15
resulted in decreased survival in the presence of DCs (Fig. 4B).
These results demonstrate that chitosan induces DCs to pro-
duce IL-15, which is responsible for promoting NK cell sur-
vival. NK cells treated with chitosan also had decreased
expression of cleaved-PARP and cleaved-caspase-3, indicating
inhibition of apoptosis (Fig. 4C). Collectively these results indi-
cate that chitosan supports IL-15-mediated survival and inhib-
its apoptosis of NK cells.

Chitosan inhibits tumor growth in a melanoma mouse
model

Having shown that chitosan enhances NK cell function and
survival in vitro, we next tested whether chitosan can inhibit
tumor progression in the BI6F10 melanoma mouse model.
Mice were pretreated with chitosan prior to and after implanta-
tion of BI6F10 tumor cells, and NK cells were depleted using
anti-asialoGM1 as previously described’ to investigate whether
chitosan affects tumor progression by modulating NK cell func-
tion (Fig. 5A). Treatment with chitosan significantly reduced
metastatic melanoma nodules in the lung. However, NK cell
depletion abolished this effect, suggesting that the anti-tumor
activity of chitosan is mediated by NK cells (Fig. 5B). In both
the spleen and lung, the proportion of CD11c"" MHCII™ DCs
was significantly increased in the groups treated with chitosan
(Fig. 5C). This effect was observed independently of NK cell
depletion. Chitosan treatment also increased the proportion of
NKp46*CD3e~ NK cells in the spleen and lung (Fig. 5D).
However, the proportion of tumor-infiltrated CD4* and CD8*
T cells in the lung were not significantly changed (Supplemen-
tal Fig. S3A-B).

Chitosan enhances NK cell IFN-y production,
degranulation, cytolytic and survival gene expression, and
DC activation in vivo

We validated our in vitro studies using a B16F10 melanoma
mouse model to determine the mechanisms responsible for
enhanced in vivo tumor eradication. From lung infiltrated with
tumor, we measured the expression of IFN-y, CD107a, Klrgl,
Gzmb, and Prfl in FACS-sorted NKp46"CD3e™ NK cells, and
measured the expression of I112b and Il15 in FACS-sorted DCs.
The expression of IFN-y, CD107a, and Klrgl was significantly
increased in NK cells treated with chitosan compared to
untreated control (Fig. 6A-C). The mRNA expression levels of
both Gzmb and Prfl, two important mediators of cytolytic
activity, were significantly increased following chitosan treat-
ment (Fig. 6D). The mRNA expression of the cell survival
marker, Mcl-1,>> was also significantly increased (Fig. 6E). To
determine the extent of IFN-y production within the tumor
microenvironment, the lung tissue was harvested and the cell-

free supernatants were analyzed by ELISA. Cells from the lungs
of chitosan-treated mice produced greater amounts of IFN-y
compared to untreated mice. This effect was dependent on the
NK cell response (Fig. 6F). We also confirmed that CD4" or
CD8"' T cells are not significant sources of IFN-y, demon-
strated by the lack of IFN-y* cells detected in these conditions
(Supplemental Fig. S3C-D). Of note, previous data has shown
that the B16 cell line used may not express MHC I or loses
MHC expression.** Consistent with our in vitro results shown
above, we similarly observed within the mouse model an
increase in I112 and II15 mRNA transcripts in murine DCs
treated with chitosan compared to untreated controls (Fig. 6G).
These results support what we observed in vitro, namely that
chitosan induces IL-12 and IL-15 expression by DCs within the
microenvironment, leading to activation of NK cell effector
functions and targeting of tumor cells.

To further confirm that chitosan can activate murine NK
cells, we repeated some of the aforementioned human in vitro
studies with murine cells. For this purpose, murine NK cells
were pretreated in vitro with chitosan in the presence of DCs.
We observed that chitosan increased IFN-y production com-
pared to untreated control (Supplemental Fig. 4A-B). Although
murine DCs had detectable expression of I112b and 1115 mRNA
transcript, we discovered that only IlI2b was significantly
increased following treatment with chitosan, suggesting that
co-stimulation with cytokines or tumor cells might be needed
to see 1115 induction by chitosan (Supplemental Fig. 4C).

Discussion

Here we have demonstrated the effects of the natural product
chitosan on the activation of the innate immune system. Innate
immune responses comprise the body’s initial, non-specific
defense mechanisms against pathogens. Among the various
classes of innate immune cells, NK cells are particularly impor-
tant for overcoming viral infections. NK cells are also active in
tumor surveillance. In both cases, NK cells become activated
against cells with decreased expression of class I MHC mole-
cules. Viral infection or malignant transformation can result in
MHC I downregulation, identifying these cells as targets for
NK cell-mediated recognition and lysis."” In contrast to cyto-
toxic T cells, NK cells do not identify target cells in an antigen-
specific manner. Instead, NK cells are regulated via signaling
through activating or inhibitory surface receptors. The ongoing
balance between activation and inhibition dually enables NK
cells to spare an individual’s own cells (“self-tolerance”), while
retaining the capacity to target infected or malignant cells.>
Signaling through these surface receptors relies on various
interactions with different types of ligands. Human NK cells
express the genetically polymorphic class of killer immunoglob-
ulin-like receptors (KIRs), which bind class I MHC molecules.
Another activation mechanism involves natural cytotoxicity
receptors (NCRs) such as NKG2D or NKp46 that facilitate NK
cell activation following binding of specific ligands.***’

It is expected that these pathways can be modulated by bio-
chemical signals, allowing for regulation of NK cell activation.
However, there is still much unknown regarding how NK cell
function is affected by small molecules. Our group previously
showed that the natural product phyllanthusmin C directly
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Figure 4. Chitosan promotes NK cell survival in the presence of DCs. (A) Flow cytometric analysis for Annexin V and 7-AAD staining in NK cells treated with differ-
ent concentrations of chitosan for 48 hours in the presence of DCs. Quantification of the percentages of live (Annexin V"9/7-AAD") and late apoptotic (Annexin
VP/7-AADP%) NK cells following treatment with varying doses of chitosan. (B) Flow cytometric analysis for Annexin V and 7-AAD staining in NK cells treated with
different concentrations of chitosan for 48 hours in the presence of DCs and in the presence or absence of a blocking antibody against IL-15. Quantification of
the percentages of live (Annexin V"9/7-AAD") and late apoptotic (Annexin VP°/7-AADP*) NK cells in the presence or absence of chitosan (10 mg/L) and/or
anti-IL-15 blocking antibody. Data in A and B were analyzed by Student’s t test and shown as mean & SEM. n = 3. ™, P < 0.001; ™, P < 0.01. (C) Immunoblot
of lysates from NK cells treated with different concentrations of chitosan using antibodies against cleaved-PARP, cleaved-caspase-3, and B-Actin (control). Data

shown are representative of three donors with similar data.
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Figure 5. Chitosan enhances the DC and NK cell response in vivo in the B16F10 melanoma mouse model. (A) Timeline for the in vivo experiment. (B) Gross appearance
and quantification of tumor nodules in the lungs of B16F10 mice (n = 5). ***, P < 0.001. (C) Flow cytometric analysis and quantification of MHCII*CD11c"9" DCs in spleen
and lung tissues harvested from experimental and control groups. The left panels show the data from one representative mouse and summary data (n = 3) are shown on

the right.

*, P < 0.05. (D) Flow cytometric analysis and quantification of the relative proportions of NKp46*CD3e™ NK cells in spleen and lung tissues harvested from the

experimental groups. The left panels show the data from one representative mouse and summary data (n = 5) are shown on the right. ***, P < 0.001. Data were analyzed

by Student’s t test and shown as mean =+ SEM (B-D).

stimulates IFN-y production by NK cells.” We hypothesized
that other natural products could similarly activate NK cells,
with respect to both IFN-y production and cytotoxicity. In the
current study we demonstrate that chitosan, a natural product
enriched in the shells of seafood such as shrimp and crab, can
activate innate immune cells. Our data showed that chitosan
directly induces IL-12 and IL-15 production by DCs. This leads
to subsequent activation of NK cells, as the increase in IL-12
and IL-15 promotes increased survival and enhanced effector
functions (IFN-y production and cytotoxicity).*®

A robust and efficient immune response involves communi-
cation between different populations of immune cells. Thus, acti-
vation of one specific class of immune cells can impact its
resultant interactions with other cells in the microenvironment.
An example of this important “cross-talk” includes interactions

between DCs and NK cells. In lymphoid tissues such as the
human tonsil or lymph node, NK cells and DCs exist in close
proximity.*** DCs have the ability to enhance the function of
NK cells, presumably through the secretion of cytokines. Inter-
mediate NK cells co-cultured with human DCs acquire a mature
phenotype and functional capacity.*’ In mice, DCs activate NK
cells to inhibit the growth of MHC class I-negative tumors.*'
Chitosan has an apparent role in the DC/NK cell activation
mechanism. We observed that chitosan exhibits multiple effects
on NK cells: inducing IFN-y production, increasing survival,
and enhancing cytotoxicity. However, these effects did not occur
in a purified population containing only NK cells. Our data
showed that DCs were required for NK cell activation under
these conditions, further reinforcing the importance of immune
cell cross-talk during activation of innate immunity. We
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demonstrated that chitosan directly induces TLR signaling in
DCs, which may lead to IL-12 and IL-15 production, subse-
quently causing NK cell activation. Consistent with this, a previ-
ous study showed that chitosan activates TLR4 in DCs,”” and
our group showed that the expression of TLR4 in NK cells them-
selves is in fact very low.*” Our data supports the prevailing
model that the activating effects of chitosan on NK cells are not
due to a direct-acting mechanism, but instead require prior acti-
vation of DCs.

Natural products continue to be a significantly important
source of FDA-approved compounds for pharmaceutical use.
Many drugs derived from natural products are studied for their
biological activity against cancer or infection. Various chemical
compounds from natural sources are currently involved in

preclinical or clinical trials.*’ Chitosan is currently used for vari-
ous biomedical applications including tissue engineering, drug
delivery, vaccine application, and wound healing.**** In an anti-
tumor drug delivery system, chitosan may partially contribute to
the efficacy of these therapies by concurrently activating certain
immune responses. It was previously shown that chitosan, when
taken as a dietary supplement, caused decreased body weight
and lowered serum lipids of overweight and obese adults.*®
Therefore, in the scenarios where chitosan has been used in the
clinic, we may have understated or neglected the effect of chito-
san on the immune system. Since chitosan is already FDA-
approved for drug delivery, there is great potential to expand its
indications to include its immunomodulatory properties for a
newfound clinical application. In fact, some old drugs including
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aspirin, a painkiller, and metformin, a drug for the treatment of
diabetes, have been recently repurposed for cancer treatment.*”**

In a preclinical cancer therapy model, our previous study
showed that chitosan employed as an encapsulated nanoparticle
can deliver doxorubicin into the tumor microenvironment,
allowing elimination of cancer stem cells.'” Chitosan can also act
as a pH-sensitive carrier for targeted drug delivery, and it is
hoped that such a mechanism can be applied in therapy for solid
tumors.”” Considering applications in adaptive immunity, previ-
ous murine studies have shown that chitosan used as a vaccine
adjuvant can enhance the humoral and cellular immune
responses against influenza, pertussis, diphtheria, and tetanus.™
Chitosan also promotes maturation of murine DCs to further
enhance the antigen-specific T helper 1 (Thl) response that
occurs in the T cell area of the lymph node.” The effects of chito-
san on NK cell activation and anti-tumor activity have not previ-
ously been explored. Our data show that chitosan enhances
activation of NK cells through interactions with DCs, resulting in
stronger anti-tumor activity in peripheral lymphoid organs. In
chitosan-treated mice, the percentage of NK cells was increased
in metastatic organs such as the spleen and lung, suggesting that
chitosan enhances NK cell proliferation, survival, and/or traffick-
ing in the tumor microenvironment. Because our data showed
that chitosan exhibits an anti-tumor effect in immunocompetent
mice, this provides a useful in vivo model to study the function
of natural products, especially their ability to modulate the
immune response to cancer. Interestingly, in comparison to our
previous study on phyllanthusmin C,” chitosan not only enhan-
ces IFN-y production, but also boosts cytotoxicity of NK cells
against tumor targets. This may be due to the fact that chitosan
activates NK cells indirectly through interactions with DCs, while
phyllanthusmin C has a direct effect on NK cells.”

In summary, our research establishes an important role of chi-
tosan in activating human and murine innate immune cells. These
studies are the first to elucidate a mechanism by which chitosan
can enhance NK cell anti-tumor activity. By inducing DCs to pro-
duce cytokines (e.g., IL-12 and IL-15), chitosan ultimately pro-
motes NK cell survival, cytotoxicity, and IFN-y production. Our
work emphasizes the potential for chitosan as a valuable natural
product that supports the innate immune system in its anti-tumor
response. As an FDA-approved drug, its utility may be further
expanded for cancer treatment and/or prevention.

Materials and methods
Mice

C57BL/6 female mice (8 weeks old) were purchased from Jack-
son Laboratory. All mice were bred and housed in specific
pathogen-free conditions. All animal work was approved by
The Ohio State University Animal Care and Use Committee
and carried out according to an approved protocol.

Isolation of NK cells and DCs

Human NK cells and DCs were isolated from peripheral blood
samples obtained from healthy donors (American Red Cross,
Columbus, OH, USA). Enriched NK cells were obtained from
peripheral blood mononuclear cells (PBMCs) by using a

MACSxpress® NK cell isolation kit (Miltenyi Biotec, San Diego,
CA, USA) plus an erythrocyte depletion kit (Miltenyi Biotec,
Auburn, CA, USA) as described previously.”> Flow cytometric
analysis revealed that the purity of the isolated NK cells
(CD567CD3™ cells) was >95% (Supplemental Fig. 1B). Cells
were further purified by fluorescence activated cell sorting
(FACS) using a FACS Aria II cell sorter (BD Biosciences) after
gating on CD567CD3™ cells to >99% purity. DCs were FACS-
purified to >99% purity from PBMCs by gating on
CD37CD14~CD197CD56 HLA-DR*CD11c* cells.”** Murine
NK cells and DCs were isolated from splenic leukocytes of
C57BL/6 female mice. Murine NK cells were purified by FACS
using a FACS Aria II cell sorter after gating on
CD45"NKp46+CD3e™ cells to >99% purity. Murine DCs were
FACS-purified to >99% purity from splenic leukocytes by gat-
ing on CD45" CD11c" MHCI™" cells.

Cell culture

All tumor cell lines (K562, U266, Kasumi-1, and MV4-11) were
obtained from the American Type Culture Collection and were
maintained in Roswell Park Memorial Institute 1640 (RPMI-
1640) medium (Invitrogen, Carlsbad, CA, USA) supplemented
with 10% heat-inactivated fetal bovine serum (FBS) (Sigma, St.
Louis, MO, USA). B16F10 cells were received from the labora-
tory of Gregory Lesinski and maintained in Dulbecco’s Modi-
fied Eagle Medium (DMEM) (Invitrogen, Carlsbad, CA, USA)
supplemented with 10% FBS. These cell lines were routinely
tested for absence of mycoplasma using MycoAlert™ PLUS
Mycoplasma Detection Kit from Lonza (Walkersville, MD,
USA). All cell lines were incubated at 37°C in 5% CO, and
maintained with penicillin (100 U/mL) and streptomycin
(100 pg/mL). Purified human and murine NK cells and DCs
were maintained in RPMI-1640 medium (Invitrogen, Carlsbad,
CA, USA) supplemented with 20% FBS. Cells were incubated
at 37°C in 5% CO, and maintained with penicillin (100 U/mL)
and streptomycin (100 pg/mL).

For stimulation of DCs, FACS-purified DCs (1 x 10%mL)
were seeded into a 96-well culture plate. Chitosan (10mg/L)
was added for 12 or 24 hours. For stimulation of NK cells,
enriched or FACS-purified NK cells (1 x 10°/mL) were seeded
into a 96-well culture plate, followed by treatment with chito-
san (0.1 mg/L, 1 mg/L, or 10 mg/L) for 12 or 24 hours with
human IL-2 (10 ng/mL). For NK cells and DC co-culture
experiments, 1 X 10%mL NK cells or their CD56"#" and
CD56%™ subsets were co-cultured with 4 x 10*/mL DC in a
96-well culture plate with human IL-2 (10 ng/mL), followed by
treatment with chitosan, anti-hIL-12 (50 wg/mL), and/or anti-
hIL-15 (50 pg/mL) for 12, 20 or 24 hours. After treatment,
some cells were co-cultured with K562 cells, then harvested for
analysis by real-time PCR, flow cytometry, or western blot.
Cell-free supernatants were collected to quantify IFN-y produc-
tion by ELISA using commercially available mAb pairs
(Thermo Fisher Scientific, Rockford, IL, USA), according to the
manufacturer’s protocol as described previously.”

Intracellular flow cytometric analysis

Intracellular flow cytometric analysis was performed as
described previously.”” First, 1 mg/mL GolgiPlug (BD



Biosciences) was added 5 hours before cell harvest. Cells were
incubated with antibodies against surface markers, then washed
and resuspended in Cytofix/Cytoperm solution (BD Bioscien-
ces, San Jose, CA, USA) at 4°C for 20 min. Fixed and permeabi-
lized cells were stained with anti-hIFN-y, anti-hIL-12, anti-hIL-
15, and anti-mIFN-y for analysis by flow cytometry (LSR II, BD
Biosciences). Data were analyzed using FlowJo V10 software
(Tree Star, Ashland, OR, USA).

Cytotoxicity assay

*ICr cytotoxicity assays were performed as described previ-
ously.” Effector cells (NK: DC ratio = 25:1) were pretreated
with chitosan (10 mg/L) for 12 hours. K562, U266, Kasumi-1,
and MV4-11 cells were labeled with *>'Cr for 1 hour and co-cul-
tured with the effector cells in a 96-well V-bottom plate at vari-
ous E/T ratios for 4 h at 37°C. At the end of the co-culture,
100 pL supernatants were harvested and transferred into scin-
tillation vials with 3 mL liquid scintillation mixture (Thermo
Fisher Scientific, Waltham, MA, USA). The release of >'Cr was
counted on a TopCount counter (Canberra Packard, Meriden,
CT, USA). Target cells incubated in 1% SDS or complete
medium were used to determine the levels of maximal or spon-
taneous >'Cr release. The standard formula of 100 X (CPMexperi-
mental ~ Cpmspontaneous)/(Cpmmaximal - Cpmspontaneous) was used to
calculate the percentage of specific lysis. Degranulation was
quantified by expression of CD107a on NK cells, a marker
known to positively correlate with the tumor-lysis capacity of
immune cells.””> Tumor cells were co-cultured with effector
cells, together with the addition of GolgiPlug (1 mg/mL) and
anti-CD107a antibody, for 4 hours prior to detection of
CD107a expression by flow cytometry in NK cells, CD56""8"
NK subset, or CD56%™ NK subset.

B16F10 melanoma mouse model

To assess the anti-tumor efficacy of chitosan on NK cells,
C57BL/6 female mice were i.p. injected with chitosan (1 mg/
mouse) on days 0 and 2. On day 3, mice were iv. injected
with 0.125 x 10° B16F10 melanoma cells in 200 uL PBS to
establish a melanoma model. On days 3, 10, and 17, mice
were 1.p. injected with 50 pL anti-asialoGMI1 antibody to
deplete NK cells. On days 4, 6, 8, 10, 12, 14, 16, and 18,
mice were i.p. injected with chitosan (1 mg/mouse). On day
19, mice were sacrificed and lung tumor nodules were
counted. Immune cells were isolated from lung and spleen
tissues by centrifugation over Ficoll gradient after the tissues
were minced to single cells. NK cells and DCs were sorted
by FACS from the isolated immune cells after red blood cell
lysis for RT-PCR analysis to determine the expression levels
of the genes of interest. The supernatants of lung cell lysates
from tissue sections were collected to detect IFN-y secretion
in the tumor environment by ELISA.

Statistical analysis

Data were transformed by log base 2 for variance stabilization
(i.e. ELISA or mRNA expression data). Student’s t test or gener-
alized linear model was used to compare two or more
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independent groups. Paired t test or linear mixed model was
used to compare two or more groups by taking into account
the repeated measures from the same donor. P values were
adjusted for multiple comparisons by Holm’s procedure. A P
value of 0.05 or less was considered statistically significant.
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