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Abstract: Scaffolds of recombinant spider silk protein (spidroin) and hyaluronic acid (HA) hydrogel
hold promise in combination with cell therapy for spinal cord injury. However, little is known concern-
ing the human immune response to these biomaterials and grafted human neural stem/progenitor
cells (hNPCs). Here, we analyzed short- and long-term in vitro activation of immune cells in human
peripheral blood mononuclear cells (hPBMCs) cultured with/without recombinant spidroins, HA
hydrogels, and/or allogeneic hNPCs to assess potential host–donor interactions. Viability, prolifera-
tion and phenotype of hPBMCs were analyzed using NucleoCounter and flow cytometry. hPBMC
viability was confirmed after exposure to the different biomaterials. Short-term (15 h) co-cultures of
hPBMCs with spidroins, but not with HA hydrogel, resulted in a significant increase in the proportion
of activated CD69+ CD4+ T cells, CD8+ T cells, B cells and NK cells, which likely was caused by
residual endotoxins from the Escherichia coli expression system. The observed spidroin-induced
hPBMC activation was not altered by hNPCs. It is resource-effective to evaluate human compatibility
of novel biomaterials early in development of the production process to, when necessary, make
alterations to minimize rejection risk. Here, we present a method to evaluate biomaterials and
hPBMC compatibility in conjunction with allogeneic human cells.

Keywords: human immune response; hyaluronic acid hydrogel; artificial spidroin; human neural
progenitor cell; spinal cord injury

1. Introduction
1.1. Spinal Cord Injury

Spinal cord injury (SCI) disrupts spinal cord function due to primary neural cell
loss, hemorrhage, ischemia and secondary processes such as excitotoxicity, inflammation,
demyelination and apoptosis, causing further structural damage. SCI results in vulner-
ability to secondary complications such as pressure ulcers, pain, urinary tract infections
or progressing myelomalacia [1,2]. The local spinal environment after an injury includes
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multiple obstacles and little support for regeneration [3]. Multiple biomaterials have been
tested to support repair, modify and enhance regenerative cues in the microenvironment,
and offer drug or cell delivery for regenerative purposes after SCI [4]. Biomaterials aimed
to improve structural and functional outcome after SCI require features of regenerative
support while presenting low cytotoxicity and high biocompatibility, with no or minor
immune reactions.

1.2. Biomaterials in CNS Repair

Numerous biomaterials including different natural and synthetic polymers, derived
hydrogels, acellular scaffolds and synthetic porous tubes have been evaluated for injuries
and disorders in the central nervous system (CNS). Some of the most promising materials
include hyaluronic acid (HA) [5–7], collagen [8,9], nanofibers and various 3D porous
scaffolds [10,11]. Biomaterials to be applied in neuroregenerative medicine should support
neural cell adhesion, migration, proliferation and differentiation. Both spider silk [12,13]
and hydrogels [14,15] have been shown to be promising in these regards. Therefore, in this
study, we set out to evaluate these two distinctly different but potent biomaterial subtypes
regarding their human compatibility and immunogenicity.

1.3. Spider Silk

Natural spider silk is a well-known high-performance fiber, which is both strong and
extensible [16]. It has potential for regenerative purposes based on its original biocompat-
ibility [17] and tolerance, as observed, for example, when implanted in vivo in a swine
model [18]. In addition, Varone et al. reported no microglial reaction after implantation into
rodent spinal cord [19]. Spider silk has also been shown to promote peripheral nerve injury
repair in rat and sheep models by promoting Schwann cell migration, axonal regrowth and
remyelination [17,20]. However, large-scale harvest as well as quality control of natural
spider silk is practically difficult.

Multiple attempts [17,20] to produce and spin recombinant spider silk have been
made to mimic the potent characteristics of natural spider silk. Different types of spi-
der silk proteins, namely spidroins, have been expressed in various heterologous host
systems applying different lengths of repetitive regions and/or adding different func-
tional domains. However, owing to large spidroin sizes with long repetitive domains and
prone-to-aggregate features, the biomimetic attempts still face the challenge of low yield
and low solubility [21]. We have previously presented a successful strategy to produce a
recombinant miniature spidroin called NT2RepCT in a soluble form that could be spun into
continuous fibers [22]. The advantages of this method are that highly soluble recombinant
miniature spidroins can be produced in high yields in Escherichia coli. The toughness of the
NT2RepCT fibers is significant, albeit lower than that of natural spider silk [22].

In order to enhance cell binding features, a cell affinity peptide, PQVTRGDVFTL from
vitronectin (VN) has been added to N-terminally NT2RepCT, resulting in VN–NT2RepCT
(Hansson et al. supporting manuscript). In addition, VN peptide has previously been
fused to recombinant 4RepCT silk proteins, which allowed for culture of human fibroblasts
and human pluripotent stem cells [23–26]. The biocompatibility of 4RepCT has previously
been studied in vivo to some degree, where 4RepCT fibers were implanted subcutaneously
in rats for 7 days. No obvious difference in host reaction or cell responses to the implants
were observed compared to the control group without implants [27].

However, NT2RepCT and VN–NT2RepCT spidroins have so far not been evaluated con-
cerning their human immunogenicity of relevance to their biological and clinical application.

1.4. Hyaluronic Acid Hydrogel

HA, or hyaluronan, is an important component of the extracellular matrix (ECM)
in many tissues, including connective and epithelial tissue, as well as neuroepithelial-
derived tissues of the CNS [28]. Scaffolds of naturally derived, negatively charged HA
have been applied in experimental SCI. For example, high molecular weight HA was
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reported to decrease cell proliferation of cultured neonatal and adult astrocytes and to
reduce chondroitin sulfate proteoglycan production in vitro [29]. This implied that HA
based hydrogels may hold potential for minimizing undesirable scarring in SCI, which
could be of significance for SCI repair strategies.

Hydrogels are three-dimensional (3D) crosslinked hydrophilic polymers of natural or
synthetic origins with high water content and highly tunable mechanical properties that
can be compatible with various functional molecules [30,31]. Hydrogels applied in SCI
repair include a variety of naturally and synthetically derived polymers such as alginate,
agarose, chitosan, collagen, fibronectin, HA, poly lactic acid (PLA) and polyethylene glycol
(PEG) [32].

Mechanical properties, morphology and microarchitecture of hydrogels are all of
great importance for neuroregenerative purposes. For example, stiffness-matched HA
hydrogel transplanted into SCI animal models has been shown to decrease the astro-
cytic response significantly in the spinal cord [29]. HA hydrogel with shear modulus of
roughly 1200 Pascal has also been shown to improve neuronal, especially motor neuronal,
survival in mouse-derived organotypic spinal cord slice cultures and to limit microglial
activation [33].

When considering the application of biomaterials in SCI repair, including neural
cell therapy, degradation properties of hydrogels have also been shown to be important
for maintenance of the stemness of neural progenitor cell (NPC), as well as for NPC
differentiation and maturation [34,35].

HA hydrogels can be composed of different microarchitectures such as bulk or gran-
ular HA hydrogels [36]. Granular hydrogels are injectable, microporous scaffolds made
from bulk hydrogels that possess self-assembling, shear-thinning and self-healing proper-
ties [37]. With the advantage of those physical properties, granular HA hydrogels have
been successfully applied to culture human-induced pluripotent stem cells, hiPSCs [36]. It
has also been shown that granular hydrogels may promote cellular infiltration and rather
closely replicate the complex 3D structure of CNS tissues [38]. Furthermore, mechanical
and biochemical properties of granular hydrogels may be fine-tuned to facilitate nutrient
exchange and cell–cell interactions in the hydrogel [37].

Concerning immunological properties, HA has been reported to present low immuno-
genicity in in vivo rodent models [39]. However, HA may still crosstalk with the host
immune system. For example, HA can bind to CD44 expressed on the cell surface of
human hematopoietic cells [40]. Kajahn et al. also demonstrated that the exposure of highly
sulfated HA to human monocytes, pre-induced toward M1 type macrophages in vitro,
could act as an immunomodulator supporting M2 polarization [41]. The suggested mecha-
nism behind the modulation was a disturbance of MCP-1-, IL-6- and IFN-γ-mediated M1
activation while inducing M2-related cytokine IL-10 production and CD163 expression.
In addition, a significant reduction of IL-12 and TNFα levels [41] was reported. Further-
more, it was demonstrated that high molecular weight HA has intrinsic anti-inflammatory
properties, presumably due to its radical oxygen species-scavenging properties [42]. Taken
together, HA can potentially have immunomodulatory properties [43]. However, when it
comes to the HA immunogenic potential in relation to human immune cells, it is still not
fully elucidated how hydrogels with varying composition and microarchitectures interact
with human lymphocytes.

Biomaterials implanted into the human body may potentially elicit an immune re-
sponse through a process described as the foreign body response [44], which generally starts
with an innate response with recruitment and infiltration of neutrophils and macrophages
that attempt to degrade the material. In addition, these first host cell responders may trig-
ger a release of cytokines produced by other innate immune cells [45]. Antigen presenting
cells (APCs) such as macrophages and dendritic cells may thereafter present the antigens
derived from biomaterials to naïve T cells, which then get activated and proliferate. The
nature of the T cell response, e.g., if it is biased toward a Th1-, Th2- or Th17-type of CD4+ T
cell response, will also dictate the subsequent response by other immune cells, and as such
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could affect implant integration, degradation and tissue healing. For example, Th1 CD4+ T
cells are more prone to promote proinflammatory M1 macrophage activation, Th2 CD4+ T
cells are more prone to promote more anti-inflammatory M2 macrophages, and Th17 CD4+

T cells can induce recruitment and activation of neutrophils [46]. Biomaterials implanted in
the CNS may cause a chronic inflammation with fibrotic lesion formation similar to a scar
after a CNS injury to restrict the injury site [47]. Physical properties of the biomaterials, like
shape, surface features and electrical charge, have been shown to affect the immunological
response, as described by Andorko et al. and O’Shea et al. [46,47]. In regenerative medicine,
a certain degree of a controlled immune response may even be desired to slowly degrade
an implanted biomaterial scaffold while supporting the transplanted cells to survive and
proliferate until full integration into the host tissue is achieved.

Taken together, previous and present research indicate that both HA hydrogels and recom-
binant spidroins are interesting components that may serve as potent base substrates in
human SCI repair. In order to develop treatment strategies and apply these biomaterials as
part of composite approaches for SCI, it is of value to investigate their biocompatibility and
immunogenicity in clinically relevant human cell cultures. Herein, we present an in vitro
study observing how human peripheral blood mononuclear cells, hPBMCs, reacted to
recombinant miniature spidroins (either the NT2RepCT or VN–NT2RepCT protein, in the
form of film and soluble protein) or HA hydrogels (either in its bulk or granular form). We
also co-cultured hPBMCs with allogeneic human spinal cord derived NPCs (hNPCs) in the
presence of these biomaterials, aiming to mimic an allogeneic host–donor interaction when
applying biomaterial as part of a composite experimental intervention. We monitored the
human immune cell viability, proliferative response and evaluated different immune cell
phenotypes after co-culture using NucleoCounter and flow cytometry.

2. Materials and Methods
2.1. Ethical Considerations

Human neural cells were collected after oral and written informed consent following
ethical permission from the Regional Human Ethics Committee, Stockholm/Swedish
Ethical Review Authority (Dnr 2007/1477-31, 2011/1101-32, 2013/654-32 and 2018/2497-32)
and The National Board of Health and Welfare (Dnr 8.1-544/2018) as well as in accordance
with the Declaration of Helsinki.

2.2. Isolation and Culture of Human Spinal Cord Derived Neural Progenitor Cells

Human 1st trimester residual tissues, including pieces of embryonic/fetal spinal cord
tissue (5.5–9.5 postconceptional weeks, n = 3) were collected after legal elective abortions
and informed consent according to ethical permissions. Dissections were performed under
sterile conditions under a dissection microscope. The spinal cord tissue was identified,
staged and rinsed in sterile sodium chloride at physiological concentration. hNPCs were
generated, characterized and propagated as previously described [48,49]. Briefly, the
spinal cord tissue was mechanically homogenized with a Teflon–glass homogenizer. The
obtained cell suspension was seeded in non-tissue culture treated flasks as free-floating
neurospheres at a density of 1 × 105–1.5 × 105 cells/mL in the hNPC medium (DMEM:F12;
1:1 (Life Technologies, Carlsbad, CA, USA) supplemented with 0.6% glucose, 5 mM N-
2-hydroxyethylpiperazine-N-2-ethane sulfonic acid (HEPES, Gibco, Life Technologies),
2 µg/mL heparin (Sigma-Aldrich, St. Louis, MO, USA), 1% N-2 supplement (Life Technolo-
gies), 20 ng/mL recombinant epidermal growth factor (EGF, R&D Systems, Minneapolis,
MN, USA), 20 ng/mL basic fibroblast growth factor (bFGF, R&D systems) and 10 ng/mL
ciliary neurotrophic factor (CNTF, R&D Systems)).

The cells were maintained in humidified 5% CO2 at 37 ◦C. Fresh medium was added
twice per week. The neurospheres were passaged every 14–25 d (depending on the growth
of the individual culture) with TrypLE Express Enzyme (1X, no phenol red, Gibco, Life
Technologies) treatment and thereafter resuspended and cultured in fresh medium. The
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characteristics of the hNPCs applied here was confirmed by immunohistochemistry to
present similar features as previously reported [48,50].

2.3. Artificial Spidroins

The recombinant miniature spidroins NT2RepCT and VN–NT2RepCT were produced
in E. coli and purified as previously described [22].

To coat the cell culture plate with spidroin film, the coating solution was prepared by
mixing the following in the order as shown: 20 mM TrisHCL pH 8, 100 µg/mL NT2RepCT
or VN–NT2RepCT dissolved in 20 mM TRIS, 20 mM HEPES/Mes, and 2.5 mg/mL glucono–
delta–lactone (GDL). Then, 24-well cell culture plates (non-tissue culture treated surface,
flat bottom, polystyrene, Nunc, Thermo Scientific, Waltham, MA, USA) were filled with
150 µL of the respective coating solution per well for 5 min. Thereafter the solution was
removed, and the plates were incubated overnight in 37 ◦C prior to use.

For adding soluble spidroins in the cultures, the soluble NT2RepCT or VN–NT2RepCT
were directly added to the hPBMC cultures to a final concentration of 100 µg/mL. In a prior
control experiment, different spidroin protein concentrations ranging from 0–300 µg/mL
were tested and confirmed to not affect hPBMC viability. For details, see below and
Figure S1.

2.4. Bulk and Granular HA Hydrogel Fabrication

The bulk and granular HA hydrogels were prepared according to a method developed
by Prof. Hua Ye’s lab [51], using HyStem® cell culture scaffold kit (Sigma-Aldrich) to
fabricate HA hydrogels following a modified version of the manufacturer’s recommended
protocols.

The dehydrated hyaluronan/PBS (HyStem) was reconstituted with 500 µL of degassed
water making a 2 w/v% HyStem solution. The crosslinker from the kit (Extralink®-1) was
reconstituted with 250 µL degassed water, making a 2 w/v % Extralink®-1 solution.

For bulk hydrogels, 1:1 (v/v) ratio of NS medium (DMEM:F12; 1:1 (Life Technologies)
supplemented with glucose (0.6%, Sigma-Aldrich), HEPES (5 mM, Gibco, Life Technolo-
gies), heparin (2 µg/mL, Sigma-Aldrich) and N-2 supplement (1%, Life Technologies)),
together with 125 µL of the 2 w/v% Extralink-1, were added to the 500 µL 2 w/v% HyStem
solution, resulting in 1250 µL of 1 w/v% bulk HA hydrogel after gelling at 37 ◦C for 30 min.

For granular hydrogels, 125 µL of the 2 w/v% Extralink-1 was mixed with 500 µL
2 w/v% HyStem solution, and the system was pre-gelled at 37 ◦C for 2.5 h. Once gelled,
hydrogel was granularized by extruding from 1 mL syringe through the gel fragment
channel of a three-way combined device with an 8 mm nylon mesh disc with pore size
of 40 µm in diameter. A 1:1 (v/v) ratio of PBS/medium and the secondary crosslinker
Extralink-1 with the concentrations of 20 v/v% primary crosslinker was added to the gel
fragments and mixed. The mixed system was gelled at 37 ◦C for 30 min to form a final
volume of 1 w/v% granular HA hydrogel.

2.5. hNPC Encapsulation in Bulk and Granular HA Hydrogels

For cellular encapsulation in granular HA hydrogels, 2 w/v% HyStem hydrogel
fragments were fabricated as described in the above section using the autoclaved three-way
combined device. First, 2 × 106 cells/mL of hNPCs were resuspended in NS medium
supplemented with 200 µg/mL laminin and 50 ng/mL brain-derived neurotrophic factor
(BDNF). A total of 400 µL of the hydrogel fragments were then mixed with an equal volume
of the hNPC suspension, together with 16 µL of 2 w/v% secondary Extralink-1. The final
1 w/v% hNPC encapsulated granular HA hydrogel composites with ~106 cells/mL hNPCs
were incubated and gelled at 37 ◦C for 30 min after the mixture.

For bulk hydrogels, 400 µL of 2 w/v% uncrosslinked HyStem solution was mixed
with an equal volume of the hNPC suspension, together with the same amount of total
Extralink-1 added into the granular HA hydrogel composites, using a 1 mL syringe,
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followed by gelation at 37 ◦C for 30 min after the mixture, making a final bulk HA hydrogel
of ~106 cells/mL hNPCs.

After hydrogel formation, the bulk and granular HA hydrogels were cast as spheroids
with a volume of 50–60 µL/spheroid. The hydrogel spheroid was gently transferred into 24-
well cell culture plates (flat bottom TPP® tissue culture plates, Sigma-Aldrich), topped up
with NS medium supplemented with 10 ng/mL BDNF to support neuronal differentiation,
and maintained by half media exchange every 3 d.

2.6. hPBMC Preparation

hPBMCs were isolated from buffy coats collected from healthy donors (n = 5) by
density gradient separation (Lymphoprep; Nycomed Pharma, Zürich, Switzerland) at
500× g for 20 min at room temperature. The hPBMCs were either used directly after
isolation or cryopreserved before use. At the day of culture, the hPBMCs were seeded in
24-well cell culture plates at a concentration of 1 × 106/mL in RPMI 1640 medium (Life
Technologies) supplemented with 10% pooled inactivated human AB serum, 100 U/mL
penicillin, 100 mg/mL streptomycin (Gibco, Life technology), 20 U/mL recombinant
IL-2 (R&D Systems) and 20 mM L-glutamine (Invitrogen, Waltham, MA, USA). Prior
to each culture, a cell count and viability test were performed on all the hPBMCs, as
described below. Some of the hPBMCs were stimulated with T Cell Activation/Expansion
Kit (human, Miltenyi Biotec, Bergisch Gladbach, North Rhine-Westphalia, Germany) to
promote activation and proliferation of T cell subsets in the hPBMCs, which method will
be abbreviated to TCA in the rest of the text. Briefly, Anti-Biotin MACSiBead™ particles
were loaded with biotinylated CD2, CD3 and CD28 antibodies and incubated for 2 h at
2–8 ◦C under gentle rotation. The loaded beads were washed and mixed with the hPBMCs
in a ratio of 1 × 106 beads per 2 × 106 hPBMCs.

2.7. Viability Test and Cell Count

As a first step, hPBMC tolerance toward the two different biomaterials (in different
forms) were tested. Prior to analysis, we had determined the spidroin concentration to be
applied by having hPBMC exposure for 5–6 h, 24 h or 4 d to soluble NT2RepCT or VN–
NT2RepCT of different concentrations (1 µg/mL, 10 µg/mL, 100 µg/mL or 300 µg/mL)
and measured hPBMC viability, as illustrated in Figure S1.

In the subsequent proliferation assay, a spidroin protein concentration of 100 µg/mL
was applied, since it resulted in an unchanged viability compared to no spidroin protein
added, as well as was the equivalent concentration applied as when preparing spidroin
film. A concentration of 100 µg/mL of soluble spidroin, as applied here, is relatively high,
considering that future applications will include implantation of spidroin fiber or film but
not spidroin solution. Exposure of soluble spider silk form to the host immune system will,
therefore, only be expected to occur after biomaterial degradation takes place over time in
the host after implantation.

Human PBMCs were cultured for 5–6 h, 24 h and 4 d with bulk HA hydrogel
(≈50 µL/piece in each well), granular HA hydrogel (≈50 µL/piece in each well) and soluble
or film of NT2RepCT or VN–NT2RepCT (100 µg/mL). Thereafter, the cells were collected
and stained with Acridine Orange (to stain both live and dead cells, ChemoMetec, Allerød,
Hovedstaden, Denmark) and with DAPI (4’,6-diamidino-2-phenylindole, to detect live cells,
ChemoMetec). Viability and total cell count of the hPBMCs were thereafter evaluated in a
NucleoCounter (NC-3000, ChemoMetec) according to the manufacturer’s instruction.

2.8. hPBMC Response to Biomaterials and hNPCs

To investigate whether the two different types of biomaterials or the hNPCs induced
an immune response, 1 × 106 hPBMCs were co-cultured with allogeneic 1 × 105 hNPCs
and/or biomaterials and thereafter analyzed.
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2.8.1. Short-Term (15–18 h) Co-Culture and Subpopulation Activation Assay

To evaluate the immediate hPBMC activation level, freshly isolated hPBMCs were
seeded into 24-well flat-bottom plates under the following conditions: (1) hPBMC, only
(control); (2) hPBMCs + lipopolysaccharide (LPS control, 10 ng/mL, Sigma-Aldrich); (3)
hPBMCs + T cell activation (TCA control, Miltenyi Biotec); (4) hPBMCs + VN–NT2RepCT
film; (5) hPBMCs + granular HA hydrogel (50 µL/piece in each well; illustrated as “G-gel”
in figures); (6) hPBMCs + hNPCs; (7) hPBMCs + VN–NT2RepCT film + hNPCs; and (8)
hPBMCs + granular HA hydrogel with hNPCs encapsulated (illustrated as “G-gel + hNPCs”
in the figures). The density of the hPBMCs were 1 × 106 per well, while the density of the
hNPCs was 1 × 105 per well. The cells were kept in culture for 15–18 h. Thereafter, the
cells were pelleted by centrifugation at 300× g for 5 min, followed by immunolabeling in
96-well plates with 50 µL of an antibody cocktail (as described in Table S1) for 30 min at
4 ◦C. All antibodies were diluted in PBS with 2% fetal bovine serum (FBS) and 2 mM EDTA
(FACS-wash).

The activation of T cells, B cells and NK cells was assessed here by analyzing CD69
surface molecules, which is a classical early activation marker of lymphocytes [52]. For
T cells, another activation marker, 4-1BB, was also evaluated, which is not only induced
upon T cell activation but also remains on activated T cells [53].

2.8.2. Long-Term (5 d) Co-Culture and Proliferation Assay

In order to further evaluate the hPBMCs immunoreaction to the two different bioma-
terials, 1 × 106 stimulated or resting hPBMCs were seeded per well in 24-well plates under
the following conditions and cultured for 5 days: (1) hPBMC, only; (2) hPBMCs + soluble
NT2RepCT; (3) hPBMCs + NT2RepCT film; (4) hPBMCs + soluble VN–NT2RepCT (“VN–
NT2RepCT sol.”); (5) hPBMCs + VN–NT2RepCT film; (6) hPBMCs + bulk HA hydrogel
(illustrated as “B-gel” in the figures); (7) hPBMCs + bulk HA hydrogel with hNPCs encap-
sulated (illustrated as “B-gel + hNPCs” in figures); (8) hPBMCs + granular HA hydrogel;
and (9) hPBMCs + granular HA hydrogel with hNPCs encapsulated.

Prior to the seeding of hNPCs, neurospheres were digested as described above and
passed through a cell strainer (40 µm, BD Falcon, BD Bioscience, Franklin Lakes, NJ, USA)
to obtain single cells.

At day 0, frozen hPBMCs were thawed and stained with 10 µM CFSE (carboxyfluores-
cein succinimidyl ester) (CellTrace™ Cell Proliferation Kit, Life Technologies) according to
the manufacturer’s instructions. hPBMCs were resuspended in PBS at 10 × 106 cells/mL;
CFSE stock solution was added to a final concentration of 10 µM CFSE. The hPBMCs were
incubated in 37 ◦C for 10 min. Thereafter, the staining was quenched by addition of 3 mL
FBS per mL cell suspension and incubated for another 5 min at room temperature. The
PBMCs were then washed and resuspended in regular culture medium as described above.
The fluorescent intensity level of CFSE was evaluated with flow cytometry in order to
determine the proliferation level of the hPBMCs.

To analyze the cell proliferation, hPBMCs were harvested at day 0 (D0) and day 5 (D5).
The cells were stained with LIVE/DEAD™ Fixable Aqua Dead Cell Stain Kit (Invitrogen)
to determine the viability of cells and with antihuman CD3-APC for T cell detection
(5 µL/1 × 106 cells, BD Biosciences), according to manufacturer’s instruction. Thereafter
the cells were fixed with BD Cytofix/Cytoperm kit (BD Pharmingen, BD Bioscience).

The cell proliferation was evaluated by analyzing the fluorescence intensity of CFSE by
flow cytometry. The CFSElow population included the highly proliferated population (the
CFSE cellular content diluted), while the CFSEhigh included the non-proliferated population.

2.9. Flow Cytometry, Gating Strategies and Data Analysis

The flow cytometry data from the activation assay as described above under “short-
term co-culture” was acquired on a FACSymphony SORP instrument (BD Biosciences),
while analysis of the proliferation assay after the “long-term co-culture” was acquired on a
FACS Verse (BD Biosciences). All flow cytometry data was analyzed with FlowJo software
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(v.10, Tree Star, Ashland, OR, USA). The applied gating strategies for the activation assay
data and proliferation assay data are illustrated, respectively, in Figures S2 and S3, where
arrows were applied in the figure legend to illustrate successive order of gating.

2.10. Limolus Amebocyte Lyste Test

A limolus amebocyte lyste (LAL) test (PierceTM LAL Chromogenic Endotoxin Quan-
titation test. No. 88282, Thermo Scientific) of NT2RepCT and VN–NT2RepCT proteins
in solution was carried out according to the manufacturer’s instructions. NT2RepCT
was tested at a concentration of 3 mg/mL and VN–NT2RepCT at 2.6 mg/mL and serial
dilutions thereof (10×, 100× and 1000× in endotoxin free H2O), as illustrated in Figure S4.

2.11. Statistics

GraphPad Prism 8.0 (GraphPad Software, La Jolla, CA, USA) was used for statistical
analysis and production of graphical illustration.

The normally distributed parametric paired data from the viability assay was analyzed
with repeated measure one-way analysis of variance (ANOVA) with Dunnett’s test as post
hoc test to compare the mean of the multiple experimental groups with the mean of the
control group (hPBMC, only).

The normally distributed paired data with unequal sample sizes from the activation
assay was analyzed with mixed-effects model ANOVA (with Geisser–Greenhouse correc-
tion). When a significant difference was observed, the Dunnett’s test was applied as post
hoc test to compare the experimental groups with the control groups (hPBMC-only group
or TCA group), while reporting multiplicity adjusted p value for each comparison.

The paired data with unequal sample sizes from the proliferation assay was first log-
transformed then analyzed with mixed-effects analysis with Geisser–Greenhouse correction.
When a significant difference was observed in the omnibus test, the Dunnett’s test was
applied as post hoc test to compare the experimental groups with the control groups
(hPBMC-only group or TCA group), while reporting multiplicity adjusted p value for each
comparison. p-values ≤ 0.05 were considered statistically significant.

Data are presented with mean and standard deviation (SD) in the corresponding graphs.

3. Results

The different biomaterials (film/soluble NT2RepCT and VN–NT2RepCT, bulk/granular
HA hydrogels with/without hNPCs) were prepared, co-cultured and evaluated concerning
their influence on hPBMCs, with respect to cytotoxicity, activation of different subsets of
lymphocytes and proliferation of human T- and non-T cell populations.

3.1. Spidroins or HA Hydrogel Did Not Compromise the Viability of hPBMCs

In order to evaluate if any of the biomaterials applied were cytotoxic to the immune
cells, the hPBMCs were exposed to the respective biomaterials. The hPMBC viability was
measured at 5–6 h, 24 h and 4 d after cell seeding and initial exposure. The viability of
the hPBMCs was consistently high, with no significant difference in the viability, with or
without the presence of the biomaterials selected (Figure 1, p > 0.05 for all groups).
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Figure 1. Viability of hPBMCs after exposure to the biomaterials. The hPBMCs were kept in culture
with (a–c) NT2RepCT and VN–NT2RepCT film, (d–f) soluble NT2RepCT and VN–NT2RepCT and
(g–i) bulk (“B-gel”) and granular (“G-gel”) HA hydrogel for 5–6 h, 24 h and 4 d, and thereafter,
the cellular viability was measured. Data are presented as mean + SD. The statistical test repeated
measure ANOVA was applied to compare the mean of the experimental groups with the mean of
the control group (hPBMC, only). ns: not significant, p > 0.05. n = 4 biologically different hPBMC
populations. Abbreviations: SD, standard deviation; sol., soluble; B-gel, bulk HA hydrogel; G-gel,
granular HA hydrogel.

3.2. Spidroin, but Not HA Hydrogel, Activated Immune Cells In Vitro

To analyze whether the two different types of biomaterials activated immune cells
among the hPBMC populations, we co-cultured hPBMCs with VN–NT2RepCT film or
granular HA hydrogel for 15–18 h. hPBMCs in culture without treatment were used as
baseline control. hPBMCs with addition of LPS or anti-CD2/CD3/CD28-coated beads
(TCA) were included as positive controls. Immune cell activation was analyzed by
detection of cell surface expression of the activation markers CD69 and 4-1BB on T
cells, B cells and NK cells using flow cytometry. The gating strategy to identify the
different cell types is shown in Figure S2. Briefly, CD4+ and CD8+ T cells were iden-
tified as live CD14−CD15−CD3+ cells expressing either CD4 or CD8 (Figure S2). B
cells were identified as live CD14−CD15−CD3−CD56−CD19+ cells, and NK cells as live
CD14−CD15−CD3−HLA-DR−CD56+CD16+ cells.

Stimulation with TCA resulted in a more than three-fold increase in the proportion of
activated (CD69+) CD8+ T cells (35.0% ± 5.36%, Figure 2a) and CD4+ T cells (36.2% ± 4.61%,
Figure 2c) compared to the hPBMC-only control (5.44% ± 4.61%, Figure 2a; 7.41% ± 4.55%,
Figure 2c) as well as the LPS control (9.47% ± 8.81%, Figure 2a; 11.5% ± 5.38%, Figure 2c,
p ≤ 0.05). This shows that the T cell subpopulation of the hPBMCs under the present
conditions was functional and could be triggered to respond strongly.
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Figure 2. Activation of hPBMC lymphocyte subsets after being exposed to different biomaterials.
hPBMCs were cultured for 15–18 h as hPBMC, only (baseline control); (hPBMCs) + LPS (positive
control); (hPBMCs) + TCA (positive control); (hPBMCs) + VN–NT2RepCT film; and (hPBMCs) + Gran-
ular HA hydrogel (“G-gel”). Thereafter, the expression of CD8, CD4, CD69 and 4-1BB was assessed
by flow cytometry. The graphs show the percentages of (a) CD69+ out of all CD8+ T cells; (b) 4-1BB+

out of all CD8+ T cells; (c) CD69+ out of all CD4+ T cells; (d) 4-1BB+ out of all CD4+ T cells; (e) CD69+

out of all B-cells; and (f) CD69+ out of all NK cells. The gating for B cells (CD3−CD56−CD19+), NK
cells (CD3−CD56+CD16+), CD4+ T cells (CD3+CD4+) and CD8+ T cells (CD3+CD8+) is described in
Figure S2. Data are presented as mean ± SD, and each dot within a group represents hPBMCs from
one separate biological donor. The vertical dotted line in the graph demarcates the control versus the
experimental groups. The statistical test of mixed-effects analysis with Dunnett’s post hoc test was
applied to compare the experimental groups with the hPBMC-only control. Statistically significant
differences from the hPBMCs-only control are indicated as: * p ≤ 0.05, ** p ≤ 0.01. n = 5 biologically
different hPBMC populations. Abbreviations: SD, standard deviation; TCA, T cell activation; G-gel,
granular HA hydrogel.
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Interestingly, the proportion of CD69+ cells out of the total CD4+ T cell population was
significantly increased (10.3% ± 4.38%, p = 0.0120) after exposure to VN–NT2RepCT film,
similar to the LPS (11.5% ± 5.38%, p = 0.0165) and TCA (36.2%% ± 4.61%, p = 0.0037) posi-
tive controls when compared to the hPBMC-only control group (7.41% ± 4.55%, Figure 2c).
In addition, the proportion of CD69+ B-cells (42.4% ± 4.04%, p = 0.0174) and CD69+ NK
cells (80.6% ± 11.0%, p = 0.0104) was significantly increased in the VN–NT2RepCT film
group compared to the control with hPBMC, only, while we found no upregulation in the
granular HA hydrogel group applying the same markers and conditions (Figure 2c,e,f).

There was no statistically significant difference in the proportion of activated T cells (4-
1BB+) in the CD8+ T cell population after exposure to VN–NT2RepCT film (1.28% ± 1.41%,
p = 0.0608) (Figure 2b) nor in the CD4+ T cell population (1.14% ± 0.899%, p = 0.2549)
(Figure 2d) compared to the hPBMC-only group. There was also no significant difference in
the 4-1BB+ CD8+ (1.89% ± 1.03%, p = 0.5309) nor CD4+ T cell populations (2.49% ± 1.81%,
p = 0.1460) in the presence of granular HA hydrogels when compared with the baseline
hPBMC-only control (p > 0.05) (Figure 2b,d).

3.3. Soluble Spidroins Stimulated the Proliferation of hPBMCs In Vitro

To analyze the long-term (5d) responses of hPBMCs to different forms of the respec-
tive biomaterial in vitro, the proliferation of CD3+ and CD3− lymphocytes was assessed
subsequent to the evaluation of lymphocyte activation. The hPBMCs were cultured with or
without either soluble or film form of NT2RepCT and VN–NT2RepCT or bulk or granular
HA hydrogels. As positive controls, the hPBMCs were cultured with an addition of either
LPS or TCA. After 5 d in culture, the fluorescence intensity of CFSE in the cell populations
was analyzed by flow cytometry, as illustrated in the representative FACS plots (Figure 3a).
The CFSElow population included cells that had proliferated extensively.

None of the biomaterials triggered an increase in the proportion of CFSElow proliferat-
ing CD3+ T cells compared to the hPBMC-only control group (Figure 3b, p > 0.05). Only
the positive control, hPBMCs with TCA treatment (62.4% ± 22.0%, p = 0.0046), resulted in
an increase (close to sixfold) in the CFSElow CD3+ T cell subpopulation compared to the
control hPBMC-only group (13.2% ± 7.69%, Figure 3b).

As for the CD3− cells, the proportion of the CFSElow populations were significantly
increased after exposure both to the soluble NT2RepCT (14.6% ± 7.90%, p = 0.0256) and
the film VN–NT2RepCT groups (14.9% ± 8.27%, p = 0.0016) compared to the hPBMC-only
control (4.36% ± 4.20%) (Figure 3c).
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Figure 3. Proliferation of hPBMCs after exposure to different biomaterials for 5 d. (a) Representative flow cytometry data
of the hPBMCs CFSE fluorescence intensity and frequency of CD3 expression. Percentages (%) of proliferated CFSElow

cells out of the total number of (b) CD3 + cells or (c) CD3− cells in the groups, including: hPBMC, only (baseline control);
(hPBMCs) + TCA (positive control); (hPBMCs) + NT2RepCT film; (hPBMCs) + soluble NT2RepCT; (hPBMCs) + VN–
NT2RepCT film; (hPBMCs) + soluble VN–NT2RepCT; (hPBMCs) + bulk HA hydrogel (“B-gel”) or (hPBMCs) + granular
HA hydrogel (“G-gel”) were examined. The percentages (%) of proliferated CFSElow cells among the total number of (d)
CD3+ cells or (e) CD3− cells after TCA treatment in all the experimental groups was also examined. Data are presented as
mean ± SD. The vertical dotted line in the graph demarcates the control versus the experimental groups. The statistical
test of mixed-effects analysis with Dunnett’s post hoc test was applied after log-transformation in order to compare the
experimental groups with the respective control group. Statistically significant differences from the control hPBMCs-only
group (b,c) or from the TCA group (d,e) are indicated as: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. n = 4–6 biologically different
hPBMC populations. Abbreviations: SD, standard deviation; TCA, T cell activation; sol., soluble; B-gel, bulk HA hydrogel;
G-gel, granular HA hydrogel.

3.4. No Observed Biomaterial Immunomodulatory Properties

In order to assess potential immunomodulatory properties of the biomaterials, TCA-
stimulated hPBMCs were cultured with and without the biomaterials for 5 days. There
was no significant increase or decrease in the CFSElow CD3+ or CD3− populations of
the hPBMCs cultured with any biomaterial compared to the TCA only group (control)
(Figure 3d,e, p > 0.05).

3.5. Evaluation of hPBMC Activation in Co-Culture with hNPCs, with or without Presence
of Biomaterials

The biomaterials we studied are potential candidates as cell transplantation scaffolds
for repair of spinal cord injury. Therefore, the two different biomaterials were also applied
together with allogeneic hNPCs in hPBMC co-cultures to examine the combinatorial effects
of both the transplanted cells and biomaterials.

Human PBMCs were seeded with cell suspensions of hNPCs (from dissociated neuro-
spheres), alone, with VN–NT2RepCT film placed on the bottom of the wells of the culture
plates or with hNPCs encapsulated in granular HA hydrogel for 15–18 h prior to flow
cytometric analysis.

hNPCs, alone, did not significantly increase the proportion of activated CD69+ nor
4-1BB+ cells in any lymphocyte subpopulation compared to the hPBMC-only control group
(Figure 4, p > 0.05).
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Figure 4. Activation of hPBMC subpopulations after co-culture with allogeneic NPCs with or without
the presence of VN–NT2RepCT film or granular HA hydrogel. Human PBMCs were cultured as:
hPBMC-only (baseline control); (hPBMCs) + LPS (positive control); (hPBMCs) + TCA (positive
control); (hPBMCs) + cell suspension of hNPCs (“hNPCs”); (hPBMCs) + cell suspension of hNPCs
with VN–NT2RepCT film (“VN–NT2RepCT film + hNPCs”) or (hPBMCs) + granular HA hydrogel
with hNPCs encapsulated. After 15–18 h in culture, the expression of the activation markers CD69
and 4-1BB was analyzed by flow cytometry. The percentages (%) of hPBMC subpopulations (a) of
CD69+ out of all CD8+ T cells; (b) of 4-1BB+ out of all CD8+ T cells; (c) of CD69+ out of all CD4+ T
cells; (d) of 4-1BB+ out of all CD4+ T cells; (e) of CD69+ out of all B-cells; and (f) of CD69+ out of
all NK cells. Data are presented as mean ± SD, and each dot within a group represents hPBMCs
from one biological donor. The vertical dotted line in the graph demarcates the control versus the
experimental groups. The statistical test of mixed-effects analysis with Dunnett’s post hoc test was
applied to compare the experimental groups with the hPBMC-only group. Statistically significant
differences from the hPBMCs-only group are indicated as: * p ≤ 0.05, ** p ≤ 0.01. n = 5 biologically
different hPBMC populations. Abbreviations: SD, standard deviation; TCA, T cell activation; G-gel,
granular HA hydrogel.

However, when cell suspensions of hNPCs were co-cultured with VN–NT2RepCT
film, the proportion of CD69+ NK cells (75.2% ± 14.5%, p = 0.0032) increased significantly
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compared to the hPBMC-only group (41.3% ± 21.5%). In contrast, the granular HA
hydrogel encapsulating hNPCs did not cause any significant change when applying any
of the activation markers of hPBMC subpopulations in the co-cultures compared to the
hPBMC-only control group (Figure 4, p > 0.05).

3.6. Evaluation of hPBMC Proliferation in Co-Culture with Allogeneic NPCs with or without the
Presence of Two Different Forms of Hydrogel

We further studied if hNPCs, alone, or encapsulated in bulk or granular HA hydrogels
affected the proliferation of hPBMCs after co-culture in vitro for 5 d. Neither hNPCs
encapsulated in bulk (19.0% ± 9.92%, p = 0.3382) nor granular HA hydrogel (25.1% ± 20.6%,
p = 0.7121) resulted in any significant change in the proportion of CFSElow population
out of all CD3+ T cells compared to the hPBMC-only group (13.2% ± 7.69%, Figure 5b,
p > 0.05). However, hNPCs in cell suspension (without TCA, Figure 5b,c) presented higher
proportion of CFSElow cells out of all CD3+ cells (16.3% ± 9.80%, p = 0.0136), as well as out
of all CD3− cells (18.2% ± 9.70%, p = 0.0182), when compared to the hPBMC-only group
(13.2% ± 7.69% as in Figure 5b; 4.36% ± 4.20% as in Figure 5c).

Figure 5. Proliferation of hPBMC subpopulations after co-culture with hNPCs in cell suspension or encapsulated in bulk or
granular HA hydrogels for 5 d. (a) Representative flow cytometric data of the CFSE fluorescence intensity and frequency
of CD3 expression. Frequencies of proliferated cells among resting (b) CD3 + cells and (c) CD3− cells cultured with cell
suspension of hNPCs or bulk/granular HA hydrogels with hNPCs encapsulated (with hPBMC-only groups and TCA-only
groups as controls) or cultured in the same conditions after TCA treatment (d,e). Data are presented as mean ± SD. The
vertical dotted line in the graph demarcates the control versus the experimental groups. The statistical test of mixed-effects
analysis with Dunnett’s post hoc test was applied after log-transformation in order to compare the experimental groups
with the control groups. Statistically significant differences from the hPBMCs-only group (b,c) or from the TCA group (d,e)
are indicated as: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. n = 4 biologically different hPBMC populations. Abbreviations: TCA,
T cell activation; B-gel, bulk HA hydrogel; G-gel, granular HA hydrogel.

3.7. hNPCs in Cell Suspension or Encapsulated in Bulk or Granular HA Hydrogel with TCA

We finally co-cultured hPBMCs with hNPCs either as a cell suspension or encapsulated
in bulk or granular HA hydrogel with TCA. No significant change in the proportions of
CFSElow cells of all CD3+ hPBMCs was observed compared to the TCA-only group (control)
(Figure 5d, p > 0.05). However, hNPCs, when added as a cell suspension, led to signifi-
cantly larger proportion of CFSElow cells out of the CD3− subpopulation (49.0% ± 23.1%,
p = 0.0058) compared to the TCA-only group (27.7% ± 15.2%, Figure 5e), while bulk or
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granular HA hydrogel with hNPCs encapsulated did not lead to similar effects (p > 0.05,
Figure 5e).

3.8. Spidroin Preparations Still Contained Endotoxins

In order to investigate if endotoxins deriving from the bacteria used for recombinant
spidroin production were still present, we performed a limulus amebocyte lysate (LAL)
test on the soluble silk proteins. The results show that preparations of both spidroins
contained endotoxins and that the VN–NT2RepCT solution had an approximate content
of 380 EU/mg (Figure S4). Assuming that 10 EU corresponds to 1 ng endotoxin, the silk
solutions added to the cultures contained around 38 EU endotoxin or 3.8 ng endotoxin.

4. Discussion

We set out to study the human biocompatibility of two potent but different biomateri-
als of interest for SCI repair, recombinant spidroins or HA hydrogels. We cultured hPBMCs
with the biomaterials to mimic human blood–biomaterial interaction. We also co-cultured
hPBMCs with allogeneic spinal cord-derived NPCs in the presence of these biomaterials of
different forms. The aim was to mimic an allogeneic host (hPBMC)–donor (hNPC) cellular
interaction with biomaterials as scaffolds in a composite experimental intervention. We
monitored the human immune cell viability and proliferative response as well as evaluated
the different immune cell phenotypes using NucleoCounter and flow cytometry.

We reported a high and stable hPBMC viability in the co-cultures with the various
biomaterial types up to at least 4 days in vitro. No significant changes in viability of the
experimental groups were observed compared to the hPBMC-only group. Little is known
so far concerning the human immune cell viability and their responses after exposure to
NT2RepCT. However, previous in vivo studies in rodents with subcutaneous implantation
of the related 4RepCT variant of recombinant spider silk protein resulted in no observed
systemic reaction and only minor local infiltration of macrophages and multinucleated cells
7 days postimplantation [27]. Hydrogel biomaterials, on the other hand, have been more
widely studied as scaffold for different cells, for example, mesenchymal stem cells [54] or
dendritic cells [55], with uncompromised viability. We did not expect to see changes in
hPBMC viability under the present concentrations and conditions since the biomaterials
evaluated in this study have been assessed in this regard previously. However, endo-
toxin contamination from gram negative bacteria is a common problem with recombinant
proteins [56].

Human PBMCs contain approximately 70–90% lymphocytes (including T cells, B cells
and natural killer (NK) cells), ~10% monocytes, 1–2% dendritic cells and small numbers
of basophils, as described by Donaldson et al. [57]. The analysis of short-term responses
by different hPBMC subpopulations revealed that CD4+ T cells, B cells and NK cells all
became activated after co-culture with VN–NT2RepCT. In contrast, we did not see any
significant activation after exposure to the HA hydrogels after this 15–18 h exposure.
When co-culturing hPBMCs with recombinant spidroins in vitro, we did not observe a
CD8+ T cell activation within this 15–18 h time span of biomaterial exposure. CD69 is a
membrane-bound type II C-lectin receptor that is a classical early marker of lymphocyte
activation [58]. CD69 expression is readily upregulated on most leukocytes as early as 2–3 h
after stimulation. A number of different stimuli can drive expression of CD69, including
engagement of the T cell receptors on T cells; stimulation of NK cells and T cells with
cytokines such as IFN-a, IL-12 and IL-15; or LPS-mediated activation of B cells. As such,
upregulation of CD69 can be used as a general marker of immune cell activation. However,
we did not determine the detailed pathways of activation for the different immune cell
subtypes after co-culture with artificial spidroins. One possible mechanism that could
drive spidroin-induced immune activation could be low levels of LPS still remaining from
the production, since the spidroin applied was produced in E. coli.

We also observed within 15–18 h an activation of innate NK cells as well as adaptive
immune helper T and B cells but most probably not CD8+ T cells. With longer time exposure,



Cells 2021, 10, 1713 16 of 22

a CD8+ T cell response would be expected toward foreign immunogenic materials as part
of a foreign body response, as reviewed by Adusei et al. [59]. In the present study, the TCA
control resulted in a more than threefold increase in the proportion of activated (CD69+)
CD8+ T cells and CD4+ T cells, so a potential stimulation could take place under the present
co-culture conditions also by CD8+ as well as CD4+ T cell subpopulations.

To analyze more long-term in vitro responses by the human immune cells, we followed
the degree of proliferation of CD3+ and CD3− hPBMC populations up to 5 days. When
hPBMCs were cultured with the soluble or film form of NT2RepCT and VN–NT2RepCT
or bulk or granular HA hydrogel, no significant increase in the proportion of the CFSElow

populations (including the highly proliferated population) was observed among CD3+ T
cells compared to the hPBMC-only control group. In contrast, the CD3− subpopulation
presented significantly higher proportions of the CFSElow populations after exposure to
the soluble form of both NT2RepCT and VN–NT2RepCT compared to the hPBMC-only
control. Within the CD3− populations, there are a number of different cell types, including
the fast-responding innate NK cells as well as innate B cells. Foreign body responses
involving CD3− cell types are well known and have, for example, been reported to result
in extrusion of cochlear implants [60]. Furthermore, hydrogel-coated coils in experimental
rat aneurysms have led to both neutrophil and B- and T cell presence in the implant
area [61]. No previous studies have been performed concerning CD3− cell populations
toward spidroins such as NT2RepCT and VN–NT2RepCT. These spidroins have unique
properties of interest for regenerative medicine, which calls for further production process
development and evaluation. The present in vitro method to evaluate human immune
compatibility with novel biomaterial candidates showed feasibility with high efficiency
and relatively low resources.

Previous studies have shown that the molecular weight of HA may play a role in an
induction or suppression of host immune response, but if the endotoxin contamination
is low, not even the low molecular weight HA will provoke inflammation in vitro [62].
The HA applied in the present study is commercialized with a molecular weight of about
160 kDa, which is within the range of HA reported to be involved in a wide variety of
biological processes in the body [63]. Furthermore, hyaluronidase-mediated catabolism of
high-molecular-weight-HA into lower weights ranging between 0.5 and 27 kDa has been
reported to not induce an immune response [64].

In the present study, we applied different forms of biomaterials to elucidate (in addi-
tion to biomaterial types) whether soluble vs. film or bulk vs. granular form could result
in different compatibility outcomes. By introducing different forms of scaffold structure,
we also exposed the human PBMCs to different concentrations of foreign materials. Cell
proliferation of CD3− cells significantly increased after 5 d in vitro culture with soluble VN–
NT2RepCT and NT2RepCT but not with spidroin film compared to the hPBMC-only group.
The observation may be due to higher exposure of biomaterials to the hPBMCs, when both
biomaterial and immune cells are in the soluble/cell suspension form, which maximized
the material exposure compared to a film coating at the base of the culture well. However,
it may also be due to the amount of recombinant spidroin protein applied in the initial
solution when coating the wells with a spidroin film (15 µg/well), while, in the spidroin-
soluble condition, the resulting total concentration was as high as 100 µg/well at the time
of seeding. The actual degree of spidroin film dissolvement into the culture medium is not
known, but the spidroin-soluble conditions contained more of the recombinant spidroins
compared to that under the film conditions. This may pose a dose-dependent outcome
in our study. It is worth noting that we have previously cultured equivalent hNPCs (as
applied in this study) with the recombinant spidroins VN–NT2RepCT and NT2RepCT in
the form of fibers (15–50 micrometers in diameter) and film with final spidroin protein
concentrations in the wells within the same range as in the present study. Under these
concentrations, both survival and migration of hNPCs on spider silk films and fibers have
been confirmed in our laboratories (data not shown).
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The effects of recombinant silk proteins observed in this study could be a result of
contaminating endotoxins from the expression of host bacteria, which would trigger human
immune cells. In line with this, we investigated the endotoxin content of the soluble protein
solutions by a LAL assay and found that the amount of endotoxin in the silk solutions
added to the cultures were about 3.8 ng, which is similar to the positive control in which 10
ng LPS was added per well. Thus, the cellular activation observed for samples including
silk protein preparations are likely due to the presence of endotoxin. The endotoxin content
of recombinant spidroins produced in E. coli can be reduced to acceptable levels by a
purification protocol that involves cell washes and multiple chromatographic steps [65].
Another convenient method would be to make scaffolds of the silk proteins and autoclave
these, as this can reduce the endotoxin levels by 10- to 20-fold [66]. Having a relatively
simple in vitro method to evaluate human immune cell responses along with the refinement
of the production as shown here, is adding significant value.

The two different biomaterials studied here hold potential as candidate scaffolds for
neural cell therapeutic strategies in nervous system disorders including SCI, either as
an added singular biomaterial or potentially as a combination of granular HA hydrogel
and VN–NT2RepCT, with or without donor neural cells. Previously, a combination of
recombinant spidroin and hydrogel has been tested by others [67–69].

As a proof of principle for their use as a cell carrier, as a next step, allogeneic hNPCs
derived from developing spinal cord tissues were added to cultures with hPBMCs and
biomaterials. The hNPCs (from dissociated neurospheres) were added either as cell suspen-
sions or as encapsulated cells in HA hydrogels. After 15–18 h of co-culture, flow cytometry
analysis revealed that the hNPCs, alone, did not significantly increase the proportion
of activated CD69+ or 4-1BB+ cells in any lymphocyte subpopulation compared to the
hPBMC-only control group.

However, when cell suspensions of hNPCs were co-cultured with VN–NT2RepCT
film, the proportion of activated CD69+ NK cells was increased significantly compared to
the hPBMC-only group. In contrast, the granular HA hydrogel encapsulated hNPCs did
not cause a significant effect to any of the hPBMC subpopulations examined and presented
similar levels of activation as that of the hPBMC-only control group.

Finally, we also evaluated if encapsulation of hNPCs in either the form of bulk or
granular hydrogels could elicit a proliferative response. We performed co-cultures for
5 days. Neither hNPCs encapsulated in bulk nor granular HA hydrogels resulted in any
significant change in the proportion of CFSElow population in CD3+ T cells or CD3− cells
compared to the hPBMC-only group, with or without TCA present. However, when hNPCs
in cell suspension without TCA and any biomaterial were cultured as an additional control
group, a higher proportion of proliferating CD3+ as well as CD3− cells compared to the
hPBMC-only group was observed. This observation is surprising, since both we and others
have previously reported low immunogenicity by human neural cells [48,70]. When the
hNPCs were encapsulated in hydrogels, this observation was not made. This could suggest
that (1) an immune-compatible biomaterial may provide advantages in hindering direct
cell–cell contact, (2) a potential immune response was elicited by the added “donor” human
neural cells or (3) the added hNPCs here result in a false positive response by, themselves,
adding to the CD3− cell population since hNPCs were not prelabeled. The free cell
suspension of hNPCs were mixed and in direct contact with hPBMCs in the culture media
(in contrast to encapsulation in the hydrogel group) and were most probably included in
the gated CD3− population in the flow cytometry analysis and thereby could seemingly
increase the proportion of the CD3− subpopulation. The fact that, under TCA, the CD3−

but not the CD3+ hPBMC subpopulation was significantly increased with hNPC suspension
added suggests that this is, indeed, the likely explanation. However, it is also known that
prolonged in vitro culture of hNPCs in neurosphere culture will increase their cell surface
expression of human leukocyte antigen I and II as well as result in costimulatory molecule
expression, albeit still by a low number of neural cells [50]. It is therefore hypothesized that
there is a low but potential risk for donor hNPCs to trigger a naïve lymphocyte response.
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In line with this hypothesis, attempts of human neural transplantations have included at
least transient immunosuppressive regimens to reduce any potential risks [71–73].

Various progenitor/stem cell populations have previously been reported to have
immunomodulatory features [48,74]. However, in the presence of T cell activation as under
the present conditions, we did not observe any signs of immunomodulation by either
the hNPCs in cell suspension or hNPCs encapsulated in bulk or granular HA hydrogel
regarding CD3+ cell proliferation.

In this study, five different hPBMC donors and three different hNPC donor popula-
tions were studied. A shortcoming of the study is that not every step in the analysis was
performed for all the experimental groups with varying types and forms of biomaterials.
Despite the limited availability and accessibility of clinically relevant human materials
not allowing us to test every combination of biomaterial form for every experiment, we
still believe we here demonstrated a feasible approach to test multiple combinations of the
different biological cases mimicking host (hPBMCs) and foreign donor (hNPCs) cellular
interactions under the presence of biomaterials compared to control groups.

To evaluate biocompatibility of novel and potent biomaterials, most often, studies
have been applied in animal, in vitro and in vivo, models [75–77]. In addition, when
evaluating rodent or human immune cellular reactions to biomaterials, focus has often
been on early innate responses [57,78], such as that recently thoroughly studied by Krüger-
Genge et al. by their combined approach to test the immunocompatibility of gelatin-based
hydrogels, of interest for production of vascular grafts [79]. In addition to experimental
in vivo studies, including subcutaneous implantation in mice, they exposed human whole
blood to hydrogels short-term for 4 h with subsequent analysis of cytokine expression and
detected the release of complement factor C5a from human plasma by ELISA. By these
methods, they sufficiently evaluated the short-term response by innate immune cells such
as monocytes neutrophils as well as the complement system.

However, as argued by Adusei et al. [59] immunoengineering of biomaterials is still
a developing field, where the next generation of implants in regenerative therapies must
have a greater focus on T cell responses and adaptive immunity. Since the adaptive immune
system has a long-term memory and is continuously reeducated, that will significantly
affect biocompatibility. Each biomaterial design parameter will thereby contribute to this
resulting immune response. To develop potent biomaterials for clinical application in
nervous system disorders, it is therefore of value to be able to test human compatibility
early on in the development process.

5. Conclusions

To conclude, we found that recombinant silk proteins contaminated with endotoxins
from the production host significantly triggered a human immune response in vitro, in-
cluding a T-, B- and NK cell response, while HA hydrogels did not stimulate equivalent
human immune cells to activation or proliferation. It is resource effective to, early on in
the development of new biomaterials aimed for clinical application, also evaluate their
human biocompatibility. By applying a clinically relevant in vitro modeling system to
assess human immune compatibility, the production process can be modified in parallel
with biomaterial product development. We present a relatively simple and resource ef-
ficient method to evaluate biomaterial–hPBMC compatibility, including adaptive T cell
responses, in conjunction with allogeneic human neural donor cells. This method offers the
opportunity to detect potential immunogenic characteristics of the biomaterial of interest
so that the material development and the production line can be optimized to reduce the
risk of a negative foreign body response.
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76. Kłodzińska, S.N.; Pletzer, D.; Rahanjam, N.; Rades, T.; Hancock, R.E.W.; Nielsen, H.M. Hyaluronic acid-based nanogels improve
in vivo compatibility of the anti-biofilm peptide DJK-5. Nanomed. Nanotechnol. Biol. Med. 2019, 20, 102022. [CrossRef] [PubMed]

77. Kampleitner, C.; Obi, J.; Vassilev, N.; Epstein, M.M.; Hoffmann, O. Biological Compatibility Profile on Biomaterials for Bone
Regeneration. J. Vis. Exp. 2018. [CrossRef] [PubMed]

78. Arthe, R.; Arivuoli, D.; Ravi, V. Preparation and characterization of bioactive silk fibroin/paramylon blend films for chronic
wound healing. Int. J. Biol. Macromol. 2020, 154, 1324–1331. [CrossRef]

79. Krüger-Genge, A.; Tondera, C.; Hauser, S.; Braune, S.; Görs, J.; Roch, T.; Klopfleisch, R.; Neffe, A.T.; Lendlein, A.; Pietzsch, J.;
et al. Immunocompatibility and non-thrombogenicity of gelatin-based hydrogels. Clin. Hemorheol. Microcirc. 2021, 77, 335–350.
[CrossRef] [PubMed]

http://doi.org/10.1021/bm200154k
http://doi.org/10.1038/s41598-018-31905-5
http://doi.org/10.1002/adfm.201300435
http://doi.org/10.1016/j.scr.2017.01.007
http://doi.org/10.1016/j.scr.2008.06.002
http://doi.org/10.1093/intimm/dxm079
http://doi.org/10.1002/sctm.19-0107
http://www.ncbi.nlm.nih.gov/pubmed/31647195
http://doi.org/10.3390/ijms150711275
http://www.ncbi.nlm.nih.gov/pubmed/24968269
http://doi.org/10.1002/jbm.a.34873
http://www.ncbi.nlm.nih.gov/pubmed/23852806
http://doi.org/10.1016/j.nano.2019.102022
http://www.ncbi.nlm.nih.gov/pubmed/31170510
http://doi.org/10.3791/58077
http://www.ncbi.nlm.nih.gov/pubmed/30507919
http://doi.org/10.1016/j.ijbiomac.2019.11.010
http://doi.org/10.3233/CH-201028
http://www.ncbi.nlm.nih.gov/pubmed/33337355

	Introduction 
	Spinal Cord Injury 
	Biomaterials in CNS Repair 
	Spider Silk 
	Hyaluronic Acid Hydrogel 

	Materials and Methods 
	Ethical Considerations 
	Isolation and Culture of Human Spinal Cord Derived Neural Progenitor Cells 
	Artificial Spidroins 
	Bulk and Granular HA Hydrogel Fabrication 
	hNPC Encapsulation in Bulk and Granular HA Hydrogels 
	hPBMC Preparation 
	Viability Test and Cell Count 
	hPBMC Response to Biomaterials and hNPCs 
	Short-Term (15–18 h) Co-Culture and Subpopulation Activation Assay 
	Long-Term (5 d) Co-Culture and Proliferation Assay 

	Flow Cytometry, Gating Strategies and Data Analysis 
	Limolus Amebocyte Lyste Test 
	Statistics 

	Results 
	Spidroins or HA Hydrogel Did Not Compromise the Viability of hPBMCs 
	Spidroin, but Not HA Hydrogel, Activated Immune Cells In Vitro 
	Soluble Spidroins Stimulated the Proliferation of hPBMCs In Vitro 
	No Observed Biomaterial Immunomodulatory Properties 
	Evaluation of hPBMC Activation in Co-Culture with hNPCs, with or without Presence of Biomaterials 
	Evaluation of hPBMC Proliferation in Co-Culture with Allogeneic NPCs with or without the Presence of Two Different Forms of Hydrogel 
	hNPCs in Cell Suspension or Encapsulated in Bulk or Granular HA Hydrogel with TCA 
	Spidroin Preparations Still Contained Endotoxins 

	Discussion 
	Conclusions 
	References

