The Soluble and Particulate Form of
Alginates Positively Regulate Immune
Response

Fei Ge', Longbao Zhu', Liangjun Yang', Wanzhen Li', Shenghua Wei', Yugui
Tao", Guocheng Du'*?

'School of Biochemical Engineering, Anhui Polytechnic University, Wuhu, Anhui, 2Key Laboratory of
Industrial Biotechnology, Ministry of Education, School of Biotechnology, Jiangnan University, Wuxi, China

ABSTRACT

Background: Alginate materials have been widely employed for biomedical
applications ranging from wound healing to cancer treatment. However, how alginate
materials affect the immune system is largely unknown. Objective: To explore the
impact of alginate materials on immune system. Methods: The effect of three types of
alginate materials, low viscosity, high viscosity and particulate alginate, were examined
by both in vivo and in vitro analyses. C57BL/6J (B6) mice were treated with alginate
and peripheral blood was tested by ELISA for cytokine production. Dendritic cells,
macrophages and splenocytes isolated from mice were analyzed for the response to
alginate treatment. Administration of alginates by intra lymph node injection (I.L.N.)
yielded more potent cytokines productions than other injection routes. Results: Alginate
materials did not affect the viability of lymphocytes. Particulate alginate induced the
most potent inflammatory reaction as determined by the production of cytokines, such
as, IL-1pB, IL-8, TNF-a and IFN-y. Low viscosity and particulate alginates are more
effective than high viscosity alginates in activating dendritic cells as indicated by the
expression of dendritic cells surface markers (CD80, CD86 and CD40). Similarly, the
level of G-CSF was slightly higher in particulate alginate treated macrophages.
Conclusion: Alginate materials could affect immune response through different ways,
including promoting inflammatory cytokine production, and activating dendritic cells.
Therefore, alginate materials, especially in particulate form, have the potential to be
applied in inflammation related diseases.
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INTRODUCTION

Biomaterials are widely employed to treat multiple diseases including infectious
conditions, traumatic injuries and cancer (1). They possess unique advantages, such as
biosafety, low-cost and easy accessibility (2). Using biomaterials as carriers or implants
for delivering therapeutic cargos to modulate the host responses in a controlled manner
is a new direction in biomedical field (3,4). Alginate is a biodegradable polysaccharide
with negative charges commonly extracted from seaweed. It is composed of 1,4-linked
-d mannuronic acid (M) and a-l-guluronic acid (G) units, that are assembled at variable
numbers and sequence distributions (5). Alginate is characterized by its bio-
compatibility, low cost and non-toxicity. Upon exposure to divalent cations, alginate
can form hydrogels that are similar in structure to extracellular matrix. These hydrogels
can maintain a certain degree of moisture and reduce infection by pathogens, hence
promoting wound healing. Therapeutic cargos, such as macromolecular proteins, can be
loaded onto the gel and released in a controlled manner (6). Alginate hydrogels have
been applied in vivo for tissue engineering, drug delivery, and encapsulating live cells in
order to protect therapeutic agents from rejection by host immune system. For example,
human cadaveric pancreatic islets have been encapsulated into alginate microsphere to
treat diabetic patients, where glycemic correction has been achieved (7,8). On the other
hand, studies have shown that alginates are able to elicit strong innate immune
responses that lead to fibrotic deposition and tissue necrosis (9,10). In other studies,
innate immune response was observed in preclinical diabetic mouse models and
nonhuman primate models when alginate gel encapsulated xenogeneic islets or
pancreatic progenitor cells were implanted (11,12). These studies suggest that it is of
great significance to investigate the impact of alginate material on immune system in
order to favor their clinical application. The effect of alginate materials on immune cells
has been reported by several groups. In one study, sodium alginate and poly-L- lysine
were assembled onto a sacrificial solid core and then dissolved in order to generate
hollow microcapsules. After that, these microcapsules were allowed to interact with
macrophages and lymphocytes. They found that the alginate and poly-L-lysine together
promoted the production of cytokines, such as IL1-3 and TGF-B (13). In another study,
similar hollow capsules composed of alginate and poly-L-lysine were employed to treat
lymphocytes; these capsules were able to promote the proliferation of lymphocytes and
enhance the production of IL-1 and TNF-a (14). Although these two studies revealed
that alginate and poly-L-lysine promote inflammation by activating lymphocytes and
producing inflammatory cytokines, the role of each component in this process is yet to
be fully elucidated. Moreover, it is reported that alginate can promote the productions of
pro-inflammatory cytokines in macrophages in a time- and dose-dependent manner.
Furthermore, alginate is capable of inducing innate immune responses through
activating the same pathways as pathogen recognition (15).

In the present work, three forms of alginates (i.e. soluble high viscosity alginate (H.V.),
soluble low viscosity alginate (L.V.) and particulate alginate) were employed ex Vvivo
and in Vvivo to assess their impact on immune response. Specifically, these alginates
were administrated in vivo to test their impact on the production of cytokines through
ELISA. Further analyzed was the effect of different ways of administration.
Additionally, the alginate materials were employed to interact with specific immune
cells, i.e. macrophages and dendritic cells, two major antigen-presenting cells that

Iran.J.Immunol. VOL.15 NO.3 September 2018 229



GeF, etal.

bridge innate and adaptive immunity, so as to examine their impact on immune response
in vitro.

MATERIALS AND METHODS

Materials.Low and high viscosity alginates were purchased from VWR (Radnor, USA).
The average molecular weight (MW) was reported to be 1.43 x 10° g/molin low
viscosity alginate and 3.5 x 10° g/mol in high viscosity alginate. CaCl,.2H,O was
purchased from Sigma, and phosphate buffered saline (PBS 1x) was purchased from
VWR. ACK (Ammonium-Chloride-Potassium) Lysis Buffer was obtained from Thermo
scientific (San Diego, USA), and DAPI (4',6-diamidino-2-phenylindole) from
Invivogen (San Diego, USA). RPMI cell culture medium, fetal bovine serum, penicillin
and streptomycin were obtained from VWR (Radnor, USA).

Animals and Cells. All animal experiments were approved by the Animal Care and Use
Committee of Jiangnan University. C57BL/6J (B6) mice, 8-10 weeks old, and ~25g,
were purchased from Animal center in Jiangnan University (Wuxi, China). Mice were
injected with alginate materials through different injection routs. To test the cytokine
levels in serum, peripheral blood was drawn from mice 24 hours following alginate
treatment. The blood was centrifuged at 20000 rpm for 5 min at 4°C. Serum was
collected and stored at -80°C prior to ELISA test. Dendritic cells were cultured in RPMI
medium supplemented with 10% fetal bovine serum, penicillin (100 units/mL) and
streptomycin (100 pg/mL).

Preparation of Particulate Alginate. Particulate alginate was prepared by ionic
gelation method as reported in the literature. Briefly, CaCl, (5 mL, 0.5 mM) was added
into alginate solution dropwise. The alginate was stirred by a magnetic bar at 800 rpm
(Velp Scientifica, Usmate, Italy) at room temperature. After 2 hours of reaction, the
nanoparticles were collected by centrifugation at 17500 g for 25 min (Bio-Rad, San
Diego, USA). The particles were then filtered through a 40 pm filter (Stemcell,
Vancouver, Canada) to remove the large particles, washed with water for three times
and collected for further use.

Splenocyte Isolation. The mice, treated with different samples for 48 hours, were
sacrificed via carbon dioxide, followed by cervical dislocation to ensure complete
sacrifice. Spleen was collected from the mice and the tissue was minced into pieces
smaller than 1 mm3, and treated with dissociation medium (Stemcell Technologies,
Vancouver, Canada) for 30 min. After that, the cells were twice washed with PBS buffer
(1x) and cultured in a cell culture medium for further use.

Dendritic Cell Isolation: Similar to splenocytes isolation, mice spleen was collected
from the mice sacrificed by carbon dioxide and cervical dislocation. The spleen was
minced into small pieces and treated with dissociation medium for 30 min to process the
tissue into cell suspension. EDTA buffer (2 mM) was added to preclude cell aggregation.
The cells were magnetic beads for dendritic cell isolation, where dendritic cells were
selected positively. The collected cells were twice washed with PBS and then cultured
in medium.

Viability Test. The viability of cells were assessed through staining with trypan blue
(1:100 dilution), followed by cell viability analysis with a cell counter (Countess™
automated cell counter).

Macrophage Isolation. Macrophages were isolated from mice bone marrow based on
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well-established protocols reported elsewhere (16). Briefly, abdomen and hind legs were
removed from the sacrificed mice. The femur and tibia were separated by cutting the
knee joint. Next, the bones were flushed with lymphocytes medium by use of a syringe
with needle (5 mL syringe and 25gauge needle). The cells were subsequently cultured in
a humidified incubator with 5% CO2 at 37°C and washed twice every 2 days with PBS
buffer. The macrophage progenitors were not washed away since they were attached to
the petri dish surface. After 6 to 7 days, the macrophages were employed for further
analysis.

Dendritic Cell Activation and Staining. Dendritic cells were employed to interact, for
24 h, with three types of alginate, L.V., H.V. and particulate alginates. After that, DCs
were collected, washed with PBS and treated with Fc antibody (BD bioscience, CA,
USA) to block non-specific binding. These cells were then stained with antibodies
against surface markers (i.e. CD80+, CD86+ and CD40+, BD bioscience, CA, USA)
followed by flow cytometry analysis.

Flow Cytometry Analysis. For activation tests, dendritic cells were stained with
fluorescence labeled antibodies against the surface markers, CD80 (FITC) CD86 (APC)
and CD40 (PECy7) (BD bioscience, CA, USA). Briefly, the cells were treated with
different samples for a certain amount of time. After the treatment, the cells were
collected and washed with PBS to remove the debris. Subsequently, they were treated
with Fc block to prevent non-specific binding of antibodies. Then, the cells were stained
with the fluorescence labeled antibodies in order to test the expression of these markers.
ELISA. The production of cytokines by co-cultured macrophage and alginate samples
were analyzed by ELISA, which kits were employed for IL-1f, IL-6, TNF, IFN-y (BD
Bioscience, San Diego, USA). All the operations were performed by following the
producer’s instructions and read by Microplate Photometer (Fisher Scientific, San
Diego, USA). Employed for each test was 10 puL of supernatant. The level of cytokine
concentration was calculated via comparison with standard curves established from the
standards provided by the producer. Samples were examined on Microplate Absorbance
Reader (Bio-Rad, San Diego, USA).

Statistical Analyses. All statistical data were analyzed using GraphPad Prism 6
software. In each experiment, significant difference (P<0.05) is indicated in the results
and/or figure legends. Data are representative of results obtained in at least three
independent experiments.

RESULTS

To test the in vivo inflammatory response induced by alginate materials, the mice were
treated with or without three types of alginates, L.V., H.V., and particles. Compared with
the controls, only particulate alginate treated mice had a slightly reduced activity. Mice
serum was collected from each group for ELISA analysis: all three types of alginate
yielded an enhanced production of Interleukin-1B (IL-1B), a key pro-inflammatory
cytokine that defends body against infections and injury (Figure 1A). The particulate
alginate induced a higher level of IL-1 compared with L.V. and H.V. alginates which
were in a soluble form (Figure 1A). A similar trend was also found in the production of
another inflammatory cytokine, IL-8 (Figure 1B and Figure 1C). As for TNF-a, a
similar level of production was achieved by L.V., H.V. and particulate alginate (Figure
1C).

Iran.J.Immunol. VOL.15 NO.3 September 2018 231



GeF, etal.

A B
~450 40
—E‘ *k -y
S E
(=] = *%
%300 gso
*

(2]
<150 M 210
= £
! [=¢]
BT =9

CTRL L.V. H.V. Particles CTRL L.W. H.V. Particles
C100 D75
E z .
g 75 * * ESO
E E *
E 50 2 *
» * &
£ c25
w 25 >
= =z
= [

CTRL LW H.V. Particles CTRL L.V. H.V. Particles

Figure 1. Soluble and particulate alginates modulate cytokines production in vivo.
Production of (A) IL1-B, (B) IL-6, (C) TNF and (D) IFN-y were examined after administrating
alginate materials in vivo with the dose of 50 mg/kg weight. The mice with no treatment (CTRL)
were employed as controls. Injection was performed via tail vein. After 48 hours of injections,
peripheral blood was collected from mice and serum was isolated from the blood and employed
for ELISA test. H.V., high viscosity alginate; L.V., low viscosity alginate; Particles, particulate
alginate. Data are obtained from at least 3 independent experiments. Data represent means +
SD from three independent experiments. *p<0.05, **p<0.01.

Further examined was the production of interferon gamma (IFN-y), the only member of
type II class of interferon that regulates both innate and adaptive immune responses. All
three types of alginates produced IFN-y; alginate in the particulate form, on the other
hand, generated a slightly higher level of IFN-y, compared to those in soluble forms;
L.V. and H.V. alginates had a similar potency in inducing IFN-y (Figure 1D).
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Figure 2. Injection routs of alginate materials impact cytokine production level in mice.
Production of (A) IL1-B, (B) IL-6, (C) TNF and (D) IFN-y after administrating alginate materials in
vivo. Four types of injection routs were employed: I.LM. I.D., T.V. and I.L.N., H.V. and L.V alginate
was used at 50mg/Kg weight. Peripheral blood was collected from mice and serum was isolated
from the blood and employed for ELISA test 48 hours after injections. .M. (intra muscular), 1.D.
(intra dermal), T.V. (tail vein) and I.L.N. (intra lymph node injections). Data are obtained from at
least 3 independent experiments. Data represent means * SD from three independent
experiments. *p<0.05, **p<0.01.
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After testing the production of cytokines in serum, the impact of injection routs on
cytokine productions was investigated. L.V. alginate was injected via four different
injection routs: intramuscular (I.M.), intradermal (I.D.), tail vein (T.V.) and intra-lymph
node (I.L.N.) (Figure 2A to 2D). Among all the injection routs, I.L.N. yielded the most
potent inflammatory responses, strongly producinglL-1B, IL-8, TNF-o and IFN-y
(Figure 2A to 2D). T.V. injection resulted in the second highest level of IL-1p and IL-8
cytokine production among the four injection routs (Figure 2A to 2D). I.D. injection
resulted in a slightly lower level of TNF-a and IFN-y production compared to T.V.
injection. .M. injection had the weakest cytokine production among the selected
injection routs (Figure 2A to 2D).After the in vivo test, we assessed the impact of
alginate on the viability of lymphocytes, a mixture of different immune cells such as
macrophages, T cells and dendritic cells. The lymphocytes were collected from mice
spleen and processed into single cells through dissociation medium. In the present study,
three types of alginates were applied at different doses, namely 5 pg/mL, 50 pg/mL and
500 pg/mL. No significant reduction was observed in the lymphocyte viability of the
three types of alginates, even when a relatively high concentration of alginate (i.e. 500
ng/mL) was employed (Figure 3). Consistent with the findings by other studies,
alginates, either in soluble or particulate form, were non-toxic with regards to
lymphocytes.
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Figure 3. Impact of three types of alginate materials on lymphocyte viability. Lymphocytes
were isolated from mice spleen. Cells were treated with the alginate materials at the indicated
dose for 48 hours before viability test. Data are obtained from at least 3 independent
experiments.

These alginates were further employed to interact with dendritic cells, a major cell type
that functions at the interface of innate and adaptive immunity. The dendritic cells were
collected from mice spleen through selecting the CD11c positive group. Three types of
alginates (L.V., H.V. and particulate) were used to interact with dendritic cells for 24
hours, where flow cytometry was employed to test the activation of surface markers on
these cells. The analysis showed that all three types of alginates activated surface
markers such as CD80, CD86 and CD40 (Figure 4A to 4C). Particulate and L.V.
alginates had a similar level of potency in inducing CD80 and CD86; H.V. alginate was
the weakest in activating these two markers (Figure 4A and 4B). As far as CD40
expression is concerned, all three alginates were equally strong (Figure 4C). In all three
tests, LPS and polylIC, two Toll like receptor agonists that can act as “danger signals”
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for dendritic cell activation, induced a high level of CD80, CD86 and CD40, indicating
that dendritic cells were able to respond to the right stimuli (Figure 4A to 4C).
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Figure 4. Soluble and particulate alginate materials activate surface markers on dendritic
cell surface. Expression levels of (A) CD86, (B) CD40 and (C) CD40 on dendritic cell surface
were checked. 50ug/ml of alginates were used to treat dendritic cells, LPS at 1ng/ml and poly IC
at 5ug/ml were used as positive control. The dendritic cells were isolated from mice spleen via
positive selection. The cells were treated with the alginate materials for 24 hours, followed by
staining the markers, and assessed under flow cytometry. Data are obtained from at least 3
independent experiments. Data represent means + SD from three independent experiments.
*p<0.05, **p<0.01.

The comparison between alginate samples, polyIC, LPS and negative (no treatment)
controls demonstrated that all three types of alginate materials can stimulate dendritic
cell activation at different degrees. Macrophages are a group of immune cells that
function in nonspecific immune defense by increasing inflammation and secreting
cytokines. They are also involved in specific defense by activating lymphocytes and
other immune cells. Therefore, it is of great importance to investigate the effect of
alginates materials on macrophages. Based on the results, all three types of alginates
similarly enhanced the production of inflammatory cytokines, such as IL-6 and TNF-
a(Figure 5A and 5B).
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Figure 5. Soluble and particulate alginate materials promoted the secretion of cytokines
from macrophages. The macrophages were isolated from mice bone marrow. After interacting
the cells with the alginate materials (50ug/ml), and LPS (1ng/ml) or poly IC (5ug/ml), the
supernatant was collected for examining (A) IL-6, (B) TNF and (C) G-CSF cytokines by ELISA.
Data are obtained from at least 3 independent experiments. Data represent means + SD from
three independent experiments. *p<0.05, **p<0.01.
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Further examined was granulocyte-colony stimulating factor (G-CSF), another
important cytokine secreted by macrophage, and commonly employed as a marker of
activation and proliferation. The alginate materials, either soluble (H.V. or L.V.) or
particulate, promoted G-CSF production (Figure 5C). The L.V. and particulate alginates
resulted in a slightly higher level of G-CSF production comparisons with H.V. alginate
(Figure 5C).

DISCUSSION

As a naturally occurring polymer, alginate has received extensive attention in
biomedical application. This material has been generally considered as biocompatible,
low-toxic and low-cost (17). In particular, the most significant advantage of alginate is
its ability to form hydrogels (with a structure similar to extracellular matrix of living
tissues) when encountering divalent cations (e.g. Ca>") (18). Accordingly, this polymer
has been widely employed for tissue engineering or wound healing, where therapeutic
cargos such as drugs and proteins can be implanted in the hydrogel (18-20). Moreover,
alginate hydrogel can maintain moist environment when implanted and can reduce
bacterial invasion at the wound sites. Upon wound healing, the material will degrade by
themselves, without inducing significant toxicity (21-22). Moreover, alginate has been
explored in delivering peptide antigen material in biomaterial vaccine development (23)
and developing oral vaccine (25). Diphtheria toxoid loaded onto alginate particles has
recently been employed for the treatment of diphtheria, a contagious, acute and bacterial
disease (24). This study also found that alginate is able to induce potent humoral
response. In other studies, alginate was employed in a free soluble form to interact with
macrophages, where strong inflammatory responses were induced (15). While these
studies partially reveal that alginate can activate innate immunity, there is no systematic
evidence as to how alginate, in different viscosity forms (i.e. soluble or particulate),
impacts the immune system. In this regard, we investigated the role of three types of
alginate materials, namely L.V., H.V. and particulate in immune response via both in
vitro and in vivo approaches. Equivalent doses of L.V., H.V. and particulate alginates
were utilized for in vivo test of cytokine production. Four types of cytokines were
selected, and IL-1B, IL-8, and TNF-a were tested because they represent the most
commonly induced inflammation factors (26). Our results showed that particulate
alginate induced the highest level of inflammatory cytokines compared to the other two
types. This is probably because a controlled degradation of particulate alginate can
prolong the inflammation process, thereby inducing a higher level of inflammatory
cytokines. L.V. alginate induced a slightly higher level of inflammatory cytokines,
compared with H.V., possibly because the former enters more easily into circulation in
vivo due to its low viscosity. The only member of type II class of interferon, IFN-y, was
further examined in the present research. IFN-y is a very important cytokine because it
regulates both innate and adaptive immune responses (27,28). Based on the present
results, all three types of alginate materials promoted IFN-y production, indicating its
universal role in immune response. Similarly, particulate alginate had the highest
potency in producing IFN-y, while L.V. alginate yielded a higher production than H.V.
All these data suggest that alginate is capable of potentially affecting both innate and
adaptive immuneresponses. The administration routes of certain types of drugs play
very important roles in their in vivo effect (29). A broad biomedical applications of
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alginate may require the administration of the materials through different routes. For
instance, for wound healing applications, where .M. or .D. has to be selected, alginate
materials are generally administered directly into skin or muscle. In particular, skin is an
important immune organ that contains multiple types of immune cells such as
leukocytes, mast cells, and tissue macrophages (30). Therefore, we compared the effect
of four injection routs: .M., I.LD. T.V. and LLL.N. The T.V. injection was selected
because it is one of the most efficient ways for alginates to get into circulation system in
vivo. Both 1.D. and T.V. injection of alginate promoted inflammatory (IL-1p and IL-8)
and effector (TNF and IFN-y) cytokine production. I.L.N injection was chosen because
lymph node is a major organ for immune modulation, in which multiple vital immune
cells (i.e. macrophages, T cells, and dendritic cells) reside i (31). The present results
revealed that I.L.N. yielded the most potent cytokine productions (i.e. IL1-3, IL-8, IFN-
v and TNF), which might be explained by the fact that a high density of immune cells
reside in lymph nodes and once these cells are in touch with alginate materials, robust
inflammatory responses are induced. Multiple studies have demonstrated that alginate
does not affect cell viability (5). In this work, a high concentration of alginates was
employed to test their impact on immune cell viability in vitro. Consistent with the
reported studies (15,32,33), alginates, either in soluble or particulate form, did not affect
immune cell viability. Further investigated, in the present work, was the impact of
alginate, in soluble or particulate form, on the activation of dendritic cells; all three
types of alginates were found to be able to activate DC surface markers such as CD40,
CD80 and CD86. Dendritic cells are the most important antigen-presenting cells in
mammalian immune system. They process the antigens and present them to T cells to
elicit adaptive immunity, during which activation, the above-mentioned surface markers
are required (34,35). In the present study, particulate and L.V. alginate induced the
highest level of CD80 and CD86 markers and all the three types of alginates induced a
similar level of CD40 marker. Therefore, alginate materials have the potential for
modulating adaptive immunity. Macrophages are a type of white blood cell that digest
pathogens, microbes and even cancer cells. They are also involved in the adaptive
immunity by presenting antigens to T cells (36). The impact of alginate materials on
macrophage was assessed through measuring the production of cytokines from the cells.
It was shown here that alginate promoted the production of inflammatory cytokines
such as IL-6, with a production level similar to polylC, a toll like receptor 3 agonists,
indicating that alginate (i.e. L.V., H.V. or particulate) can induce inflammatory
responses in macrophages. These results are consistent with the previous studies, in that
alginate materials can activate inflammatory responses similar to pathogen-associated
molecular patterns (37). Altogether, alginate materials can elicit innate and adaptive
immune responses when employed in vivo and in vitro. These immune responses, if
well-modulated, can be utilized in the development of novel biomaterials-based
vaccines that combat challenging diseases such as cancer. These studies further remind
us of the fact that the inflammatory responses induced by alginates are a potential
concern for their biomedical applications.

In conclusion, alginates are associated with both innate and adaptive immune responses,
given their influence on the activation of two major antigen-presenting cell types,
namely dendritic cells and macrophages. Alginate materials generate inflammatory
cytokines without affecting the viability of immune cells. These impacts are associated
with their injection routs. Overall, our data provide significant approaches for the
application of alginates in clinical practice.
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