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Abstract

Alginate microspheres are presently under evaluation for future cell-based therapy. Their ability to
induce harmful host reactions needs to be identified for developing the most suitable devices and
efficient prevention strategies. We used a lepirudin based human whole blood model to investigate
the coagulation potentials of alginate-based microspheres: alginate microbeads (Ca/Ba Beads),
alginate poly-L-lysine microcapsules (APA and AP microcapsules) and sodium alginate-sodium
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cellulose sulfate-poly(methylene-co-cyanoguanidine) microcapsules (PMCG microcapsules).
Coagulation activation measured by prothrombin fragments 1+2 (PTF1.2) was rapidly and
markedly induced by the PMCG microcapsules, delayed and lower induced by the APA and AP
microcapsules, and not induced by the Ca/Ba Beads. Monocytes tissue factor (TF) expression was
similarly activated by the microcapsules, whereas not by the Ca/Ba Beads. PMCG microcapsules-
induced PTF1.2 was abolished by FXII inhibition (corn trypsin inhibitor), thus pointing to
activation through the contact pathway. PTF1.2 induced by the AP and APA microcapsules was
inhibited by anti-TF antibody, pointing to a TF driven coagulation. The TF induced coagulation
was inhibited by the complement inhibitors compstatin (C3 inhibition) and eculizumab (C5
inhibition), revealing a complement-coagulation cross-talk. This is the first study on the
coagulation potentials of alginate microspheres, and identifies differences in activation potential,

pathways and possible intervention points.
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1. Introduction

Alginate microspheres are currently under development as protecting devices for islet
transplantation in diabetes type 1 treatment. As for biomaterials in general [1], the devices
are under constant attack by the host defense system [2]. Defining low-activating materials
and inhibitory points to reduce the pressure from the host defense system are some of the
strategies to move the concept forward. The complement and coagulation systems represent
two potent first-line defense systems and gateways to leukocyte-adhesion and inflammation.

The complement system is activated by alginate microspheres in variable amounts
depending on their compositions [3]. We have previously shown that the inflammatory
cytokine release is dependent on the complement deposition of C3b/iC3b to the biomaterial
surface, which promotes subsequent cell-adhesion involving complement receptor 3 [4].
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This response can be prevented by complement inhibition at the level of complement protein
C3[5]. The activation also leads to formation of cleavage products including the
anaphylatoxins C3a and C5a, serving as potent chemoattractants and activators of
inflammation [3]. The coagulation cascade represents a second gateway promoting cell-
adhesion and potentially inflammation. Coagulation-induced cell adhesion can be initiated
and lead to fibrinogen deposition on the biomaterial surface, which is formed in the last step
of coagulation, and exposing motifs serving as CR3 ligands [6]. Since the biomaterial
encounters complement and coagulation proteins and potentially blood during the
transplantation, the ability to activate coagulation represents one additional factor to the
overall host tolerability.

The complement and coagulation systems are both parts of a phylogenetic ancient defense
system, containing sequentially activated zymogens converting to active proteinases. The
complement system is activated by three different pathways, i.e. the classical, lectin and
alternative pathways. The pathways assemble in a common step at the level of complement
C3, followed by downstream activation of complement protein 5 (C5), resulting in the
formation of the terminal C5b-9 complement complex (TCC). The coagulation system is
activated through the extrinsic and intrinsic pathways. The extrinsic pathway is initiated
through tissue factor (TF) exposed on damaged endothelia, exposed fibroblasts or activated
blood monocytes under the aid of factor (F) Vlla. The intrinsic pathway is initiated by FXII
conversion to FXIla by negatively charged surfaces, as naturally present by activated
platelets, DNA or collagen, or present on a biomaterial. FXlla constitutes a part of the
plasma kinin or contact pathway acting in a complex manner, and serving as a positive
feedback activation of XII [7]. Further downstream, FXlla propagates the coagulation
cascade through activation of the surface bound FXI to Xla. The pathways emerge at the
level of FX with further cleavage of FllI (prothrombin) to Flla (Thrombin), and finally the
cleavage of fibrinogen to fibrin with subsequent clot formation.

The coagulation and complement systems are not separated systems, but rather cross-talks.
For instance, the coagulation proteases (FXla, FXa, FIXa, Flla) are capable of directly
cleave C3 and C5 [8], a finding that might be of physiological relevance [9]. Complement
can also be a gateway into coagulation activation as C5a is shown to induce endothelial TF
[10], monocyte TF [11, 12], TF on microparticles [13] and in certain cases on neutrophils
[14]. In addition, platelets contain complement receptors for C3a and C5a [15], and C5b-9
triggers platelet prothrombinase activity [16]. The regulation of complement and coagulation
is also coordinated by the protease inhibitor C1-esterase inhibitor (C1-INH) [7, 17]. In
summary, findings show the existence of reciprocal cross-talk between the coagulation and
complement systems, which also is of importance to biomaterial-induced inflammation.

Previously we demonstrated the complement activation potential of alginate microspheres to
vary from high to low in the respective sequence; alginate poly-L-lysine microcapsules
(APA and AP microcapsules), sodium alginate-sodium cellulose sulfate-poly(methylene-co-
cyanoguanidine) microcapsules (PMCG microcapsules) and the alginate microbeads (Ca/Ba
Beads) [3]. We further demonstrated that the inflammatory cytokine responses were linked
at the complement activation, and particularly the complement on the microcapsules surface
[4, 5]. These patterns of activation have corresponded well with the /7 vivo findings in
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various mice models investigating Ca/Ba Beads and poly-L-lysine microcapsules as
reviewed in [2]. The multicomponent character of PMCG microcapsule provides the
possibility to tune membrane properties depending on concentrations of polycationic and
polyanionic components as well as the manufacturing process. This microcapsule type has
shown the promise in both rodent and primate animal models [2].

The host responses might vary depending on the microspheres constructions, including the
coagulation response. The lepirudin based human whole blood model specifically inhibits
thrombin, but does not interfere with the complement system or rest of the coagulation
system, so mutual interactions between these systems and with the blood cells can be
investigated. Following the cleavage of prothrombin to thrombin, split fragments 1+2+3 are
formed [18], where the prothrombin fragments 1+2 (PTF1.2) serve as a measure of the
coagulation activation potential. Herein we investigate for the first time the coagulation
activating potential of the different alginate microspheres using a human whole blood model
and emphasize the cross-talk between the coagulation and complement systems based on
both PTF1.2 and tissue factor (TF).

2. Materials and Methods

2.1 Reagents and materials

Alginates delivered from FMC BioPolymer AS (Novamatrix, Norway): Ultrapure Laminaria
hyperborean (67% guluronic acid, UP-LVG, Lot nr. FP603-04) and Macrocystis pyrifera
(44% guluronic acid, UP-100M, Lot nr. FP-209-02). Alginate derived from Kelko (San
Diego, CA); SA-HV alginate, 59 % mannuronic acid and My = 235 kDa, was provided by
ISP Alginates (Girvan, Ayrshire, UK). Sodium cellulose sulfate (CS) was purchased from
Acros Organics (New Jersey, NJ, USA) and poly(methylene-co-cyanoguanidine), (PMCG),
from Scientific Polymer Products Inc. (Ontario, NY, USA). D-mannitol BDH Anala R.,
VWR International (Ltd, Pool, England), analytical grade calcium and barium chlorides
were from Merck (Darmstadt, Germany). Poly-L-lysine hydrochloride (P2658, lot nr.
091K5120), zymosan A (Z-4250), PBS with calcium and magnesium,
ethylenediaminetetraacetic acid (EDTA), paraformaldehyde, and bovine serum albumin
(BSA) were all purchased from Sigma-Aldrich (St. Louis, MO, USA). Non-pyrogenic sterile
saline (0.9% NacCl) and endotoxin free, non-pyrogenic, water from B. Braun (Melsungen,
Germany). The anti-coagulant lepirudin (Refludan®) was obtained from Celgene Europe
(Windsor, GB).

The C3 inhibitor compstatin analog CP20 (Ac-lle-[Cys-Val-Trp(Me)-GIn-Asp-Trp-Sar-Ala-
His-Arg-Cys]-mlle-NH2) [19], CP40 ((D)Tyr-1le-[Cys-Val-Trp(Me)-GIn-Asp-Trp-Sar-Ala-
His-Arg-Cys]-mlle-NH2) [20], and a control peptide (Sar-Sar-Trp(Me)-Ala-Ala-Asp-lle-
His-Val-GIn-Arg-mlle-Trp-Ala-NH2) were synthesized as previously described [19, 20]. The
C5 inhibitor eculizumab (Soliris®, Lot A78966D02), a humanized monoclonal antibody,
was derived from Alexion Pharmaceuticals (New Haven, CT, USA). The complement
inhibitors were carefully titrated to give full inhibition of complement activation as
measured by generation of complement activation products, specific for C3 (compstatin) and
C5 (eculizumab).
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The inhibitory antibody against human TF (Sekisui 4509) was obtained from American
Diagnostica GmbH (Pfungstadt, Germany) with corresponding Ultra-leaf purified Mouse
IgG1, isotype control (MG1-45, Biolegend, 400165). The factor XII inhibitor was corn
trypsin inhibitor (CTI-01) from Haemotologic Technologies Inc. (Essex Junction, VT). In
addition, the following antibodies utilized in these studies were; FITC conjugated anti-
human Tissue factor (Sekisui, 4508CJ, American Diagnostica GmbH) and the corresponding
FITC-conjugated isotype control Mouse IgG1 (BD 345815, clone X40), anti-CD14 PE (BD
Biosciences, 345784), anti-human C5b-9 clone aE11 (Diatec, Oslo, Norway), and
biotinylated 9C4 was an in-house made antibody as described in [21]. Streptavidin was from
BioLegend (San Diego, USA) and substrate reagent A and B from R&D Systems
(Minneapolis, USA). Commercial ELISAs used were Enzygnost F1+2 (monoclonal,
OPBD035) Siemens Healthcare AS (Marburg, Germany) and Hycult human TCC ELISA kit
(HK328-02, Uden, the Netherlands). Equipment for blood: Polypropylene vials (NUNC,
Roskilde, Denmark) with BD vacutainer tops and BD vacutainer glass (Belliver Industrial
Estate, Plymouth, UK) used for blood sampling and glass control, respectively.

2.2 Microsphere preparation

Alginate microspheres, ie: alginate microbeads (Ca/Ba Beads) and poly-L-lysine
microcapsules (APA,; alginate-poly-L-lysine-alginate, AP; alginate-poly-L-lysine) were
made as previously described [3] using ultrapure and GMP alginate (UP-LVG) for the
microbead formation, PLL as coating, and UP-100 alginate to screen the PLL residual
charges. The Ca/Ba Beads and the APA/AP microcapsules were made utilizing a high-
voltage electrostatic bead generator (7kV), and by 4 needles of internal diameter of 0.4 mm
and a flow rate of alginate solution 10 ml/h per needle. Droplets of alginate solution (5 ml,
1.8% sodium alginate dissolved in 300 mM mannitol) were dropped into a gelling bath
consisting of 50 mM CaCl2/1mM BaCl2/150 mM mannitol for the Ca/Ba Beads, and 50mM
CaCl2/150 mM mannitol for the beads coated in the next step by PLL (formation of
APA/AP microcapsules). After the last droplet, the beads were gelled for 10 min. The AP
microcapsules were prepared by incubation in 0.1% PLL (25 ml) for 10 min, while the APA
microcapsules were made with a subsequent incubation step of 0.1% UP-100M (10 ml) for
10 min. Between each step, the microcapsules were washed in 30 ml saline. Finally, the
microbeads and microcapsules were harvested and stored in saline that a total volume was
10 ml (approximately 1:1 microspheres and saline). The sodium alginate — sodium cellulose
sulfate — poly(methylene-co-cyanoguanidine) microcapsules (PMCG microcapsules) were
produced in a multi-loop reactor with a continuous process and defined gelling time as
described in [22] with following specifications: The PMCG1 microcapsules were formed by
complexing of the polyanions 0.90% SA-HV alginate/0.9% CS in 0.9% NaCl with the
polycation solution 1.2% PMCG/1% CaCl, in 0.9% NaCl. The PMCG2 microcapsules were
formed by the polyanions 0.9% UP-LVG alginate/0.90% CS in 0.9% NaCl and the
polycation solution 1.2% PMCG/1% CaCl, in 0.9% NaCl/0.025% Tween 20. Both PMCG
microcapsule types gelled for 40s, treated with 50 mM citrate solution in 0.9% NaCl for 10
mins to sequester calcium and further coated with 0.1% CS solution in 0.9% NaCl for 10
min. The microspheres were made under strictly sterile conditions and with sterile solutions,
and using autoclaved equipment and sterile hood in all steps. The endotoxin content of the
alginates and reagents used for microspheres formation was measured by Endpoint
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Chromogenic LAL assays (Lonza) and resulted in following values: alginates UP-LVG (10
EU/g), UP-100 (26 EU/g), SA-HV (4070 EU/g), cellulose sulfate (80 EU/g) and PLL (316
EU/qg). Prior to analysis, microspheres were stored in 0.9 % NaCl in a refrigerator.

2.3 Whole blood model

Whole blood from voluntary donors was collected in polypropylene vials containing
lepirudin (50 pg/ml)). As previously described [3], 100 ul of samples (containing 50 pl
microspheres, saline, zymosan (10 pg/vial) or LPS (final 10 ng/ml)), 100 ul PBS (w/
Ca2*/Mg?*) and 500 pl blood were incubated for 60 and 240 min. Inhibitors were pre-
incubated with the blood for 7 min (in 1:5 of inhibitor versus blood), thereafter, 600 ul of the
pre-incubated blood was exposed to the microspheres. The final concentration of the
complement inhibitors CP20 and CP40 was 20 uM, eculizumab was 100 pg/ml, whereas the
FXIlla inhibitor corn trypsin inhibitor (CTI) was 40 pg/ml. EDTA (final 10 mM) was added
to stop the complement and coagulation responses. Aliquots of plasma were stored at —20°C
prior to analysis. Since CTI was not of clinical grade, the endotoxin content was measured
by the Endpoint Chromogenic LAL; CTI (Lot BB1205 of 371800 EU/g) and (Lot CC0403
of 1600 EU/g). This corresponds to a final concentration of approximately 1400 and 6 pg/ml
LPS during the experimental conditions (with 1EU resembling approximately 100 pg LPS).

2.4 Complement activation

The terminal sC5b-9 complex (TCC) was quantified in an ELISA using TCC specific
capture Ab (aE11 detecting an antibody exposed in activated C9) and detection Ab
(biotinylated anti-human C6). The assay was either performed with in-house made
antibodies as described previously [21], or by the commercially available TCC ELISA
(Hycult) containing the same antibodies, following the manufacturer’s protocol.

2.5 Prothrombin fragments 1+2

The concentration of PTF1.2 was measured by the Enzygnost® F1+2 monoclonal ELISA kit
(Siemens Healthcare Diagnostics, Marburg, Germany) according to the manufacturer’s
instructions.

2.6 Monocyte TF expression

Monocyte tissue factor (TF) was measured by flow cytometry (BD FACSCantoTM Il flow
cytometer). The various microspheres were incubated for 4 hours: thereafter EDTA (final
concentration 10 mM) was incubated for 10 min to detach the adhered leukocytes. Whole
blood (25 pl) was incubated with 2.5 pl anti-human TF (FITC)/anti-human CD14 (PE) or the
isotype CTR (FITC mouse IgG1)/anti-human CD14 (PE) for 15 min on ice, thereafter
leucocytes were fixed and RBCs lysed using BD fix/lyse solution (1 ml, 15 min in dark).
Finally, leukocytes were centrifuged (210 g, 5 min, RT) and washed twice with 2 ml PBS.
Monocytes and granulocytes were separated in a SSC/CD14 dot plot. The percentages of TF
positive monocytes were determined by using the isotype CTR for setting the threshold
values in a histogram. Of note, the eosinophilic granulocyte population had a strong
autofluorescence in the FITC channel which easily could be misinterpreted as TF positive
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staining. For the granulocyte populations no specific staining above the isotype control was
detected, pointing to the lack of TF expression by the granulocytes.

2.7 TF mRNA

PBS was added to whole blood pellets (equal amounts to retracted plasma), before adding
PaxGene solution (1 ml blood sample/2.76 ml PaxGene solution) for RNA stabilization.
Total RNA was extracted by the MagNa Pure 96 Cellular RNA large volume kit (Roche
Diagnostics GmbH, Roche Applied BioScience, Mannheim, Germany) according to the
manufacturer’s instructions. The extractions of the RNA were completed through MagNa
Pure 96 instrument from Roche. The RNA concentration was estimated by the NanoDrop
2000c spectrophotometer (Thermo Fisher Scientific, Wilmington, DE). The cDNA was
synthesized using High Capacity cDNA reverse transcription kit and 2720 Thermal cycler
(Applied Biosystems) and stored at —80°C. The TF mRNA levels were measured using the
7500 Fast Real-Time PCR system (Applied Biosystems), TagMan Fast Universal PCR
Master Mix reagents and predeveloped TagMan® gene expression assays. The target gene
TF (TF, Hs 0017225, Applied Biosystems), and the reference gene human beta-2-
microglobulin (TagMan B2M Probe Dye Fam, 4333766 — 0804015, Applied Biosystems),
were analyzed using gPCR with cycle conditions according to the manual. This reference
gene was chosen because the expression of this gene was stable through the whole blood
assay.

2.8 Statistical analysis

2.9 Ethics

3. Results

The results were analyzed using one-way repeated measurement ANOVA (multiple
comparison test) using Dunnett’s post hoc test for comparison to the saline control, and
Sidak’s post hoc test when comparing to an inhibitor. Data were beforehand transferred
logarithmically due to the low number of donors. The analysis was performed using
GraphPad Prism, version 6.04 (GraphPad Software, San Diago, CA, USA). Statistically
significant values were considered as P<0.05. The level of significance is also given as *
P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001.

The use of human whole blood for basal experiments was approved by the Regional Ethic
Committee for medical and health research ethics under REK2009/2245 in accordance with
their recommendation.

3.1 Coagulation (PTF1.2) and complement (TCC) activation

The time-dependent course of coagulation activation in human whole blood by the various
types of microspheres pointed to the PMCG1 microcapsules as the strongest activators of
coagulation. The marked increase in PTF1.2 from 280+£20 pmol/l (mean+ SEM) at baseline
to 15800091000 pmol/I after 60 min by the PMCG1 microcapsules was at a comparable
level of the positive controls (glass and £. coli) (Fig. 1A). The APA and AP microcapsules
showed a delayed and less pronounced PTF1.2 increase reaching 8000£4100 pmol/Il at 240
minutes (Fig. 1A). The Ca/Ba Beads induction of PTF1.2 after 240 min was at 1200+700
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pmol/l which was comparable to the saline control of 1100+400 pmol/l (Fig. 1A). For
quantitative and statistical analyses, an extended number of blood donors (N=11-14) was
investigated at 240 minutes (Fig. 1B). Except for the Ca/Ba Beads, the other microsphere
types significantly enhanced the PTF1.2 levels above the saline control. The PMCG
microcapsules were the most potent inducers of PTF1.2 with increases from the baseline to
1504x times for PMCG1 and 388x times for PMCG2. The increase in AP microcapsules
was 55x times. In comparison the Ca/Ba Beads and the saline control showed an increase of
13x and 11x times after 240 min, respectively.

The complement activating potential was tested in parallel (Fig. 1C-D). It showed a slightly
different pattern with the AP microcapsules as the most potent complement activators,
followed by the APA and PMCG microcapsules (Fig. 1C and 1D). Consistent with previous
findings [3], the Ca/Ba Beads did not induce TCC, which was significant lower than the
saline control (Fig. 1C and 1D). Thus, the Ca/Ba Beads induced neither PTF1.2 nor
complement activation. It has to be noted that different ELISAs were used for quantification
of the arbitrary units of TCC (see section 2.4), the in-house ELISA for the data presented in
Fig. 1C and the commercial ELISA for the data in Fig. 1D.

3.2 Monocyte tissue factor

TF is expressed by monocytes following stimulation by complement, LPS [12, 23] and the
interleukins I1L-6, IL-8, MCP-1 or PDGF-BB [24, 25], and could therefore potentially be
induced by the various alginate microspheres. The PMCG, APA and AP microcapsules
significantly increased monocyte TF surface expression compared to the saline control (Fig.
2A). Notably, the Ca/Ba Beads did not induce monocyte TF above the baseline levels or
saline control.

The TF mRNA synthesis in whole blood was measured over time in three donors. The most
potent TF inducer among the microspheres was the PMCG1 microcapsule, peaking after 120
min of incubation (Fig. 2B). The glass control showed the same activation pattern, although
with less potency. The APA and AP microcapsules showed a smaller increase peaking after
120 min, and were only slightly more potent than the saline control. The Ca/Ba Beads
showed lower values than the saline control, indicating no new synthesis of TF mRNA. The
activation kinetics of the microspheres were slower than for the positive control (£. coli)
peaking after 60 min.

3.3 Complement and coagulation cross-talk

We further tested the interaction between complement and coagulation by selectively
inhibiting complement prior to microcapsule exposure. A complete and significant effect of
selective complement inhibition was first confirmed at the level of C3 and C5 by compstatin
and eculizumab, respectively (Fig. 3A-D). The coagulation activation (PTF1.2) induced by
the APA and AP microcapsules was inhibited completely and significantly by complement
inhibition at the level of C3 (Fig. 4A-B). A significant inhibition was also found by selective
inhibition of complement at the level of C5 (Fig. 4A-B). Complement inhibition
significantly reduced the TF mRNA synthesis (Fig. 5A-B). The coagulation activation
induced by the APA and AP microcapsules was therefore found to be mediated through
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complement. Notably, the complement inhibitors had no effect on the PTF1.2 generation by
the PMCG microcapsules, (Fig. 4C-D), whereas TF mRNA synthesis was completely
inhibited as compared to the saline control both by compstatin and eculizumab (Fig. 5C-D).
In summary, these findings indicated that complement activation was responsible for the
coagulation effects observed in this study, except for PMCG microcapsule-induced PTF1.2
formation.

3.4 Inhibiting the extrinsic and intrinsic coagulation pathways

Next, we inhibited the TF pathway (extrinsic pathway) and the FXII-mediated contact
pathway (intrinsic pathway). The monoclonal anti-TF antibody significantly reduced APA
and AP induced PTF1.2 compared to the isotype control antibody (Fig. 6A-B). Despite the
elevated level of TF expression on monocytes following addition of PMCG microcapsules,
no inhibition of coagulation was found with the inhibitory anti-TF antibody (Fig. 6C-D).

Since the TF induction could not explain the PTF1.2 induced by the PMCG microcapsules,
the role of FXII was further investigated. The CTI inhibitor is interfering with FXlla in a
molar ratio of 1:1 [26], and can be used to inhibit the contact activation pathway of
coagulation. The factor XII inhibitor CTI blocked PTF1.2 totally and significantly with
short-time exposure (Fig. 7A-B), thus pointing to a contact-dependent activation. Glass is a
potent contact pathway activator, and was also completely and significantly inhibited by CTI
(Fig. 7C). The surface charge of alginate microbeads has been shown to be negative [27],
and thus FXII could potentially be involved explaining the slightly elevated coagulation
potential as compared to the complement activation potential by the Ca/Ba Beads. However,
no effect of CTI was found after 30 min of incubation (Fig. 7D), thus the FXII was not
activated by the Ca/Ba Beads.

4. Discussion

The coagulation activation potential of various alginate microspheres is for the first time
presented herein using the following microspheres, namely alginate microbeads (Ca/Ba
Beads), poly-L-lysine containing alginate microcapsules (AP and APA) and multicomponent
alginate—cellulose sulfate — poly(methylene-co-cyanoguanidine) microcapsules (PMCG1
and PMCG?2). A large variability in coagulation activation potential was found, with the
PMCG microcapsules being the most reactive, the APA and AP microcapsules being
intermediately reactive and the Ca/Ba Beads being poor inducers of coagulation. Taking
complement reactivity into account, as evaluated previously [5] and in agreement with the
present data, the Ca/Ba Beads stand out as the overall least reactive. Further on, the APA and
AP reactivity is mainly triggered by complement with a secondary effect on coagulation,
while the PMCG microcapsules initially were activating coagulation through FXII in a
complement-independent manner. It is now well recognized that the complement and
coagulation systems are cross-talking at different points [17]. In the present study we found
further evidence that complement activation could be directly responsible for induction of
the TF-driven coagulation pathway, which explain pathophysiological mechanisms and may
have future therapeutic implications, as outlined below.
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The PMCG microcapsules induced a strong coagulation response mainly due to the
activation of FXII. The PMCG microcapsules contain cellulose sulfate, a highly negatively
charged polymer with sulfated groups in the outer coatings, and also in the membrane
complexed with PMCG [28]. It is well recognized that negatively charged surfaces are
strong inductors of coagulation through the contact activation pathway, thus our data are
consistent with the physicochemical properties of the PMCG microcapsules and the
established knowledge of coagulation activation. We also found contribution from the TF
driven pathway, with the PMCG microcapsules inducing TF mRNA synthesis as well as
monocyte TF. Still, inhibition with anti-TF had no effect on coagulation activation, showing
that the overall contribution to coagulation activation from the TF pathway was minor,
which probably was related to the fast activation of FXII.

Previously, Huber-Lang and Amara et al. have demonstrated the coagulation proteases
(FXIla, FXa, FIXa and thrombin) to promote a direct cleavage of complement C3 and C5 [8,
9, 29]. Due to the strong coagulation activity by the PMCG microcapsules, a direct cleavage
of C5 by the coagulation proteases could provide an explanation for their complement
activating potential. An early complement TCC formation has often been apparent by the
PMCG microcapsules, but over time the PMCG microcapsules are less reactive than the
poly-L-lysine microcapsules [3], which might be in agreement with a direct cleavage.
Further on, a relatively low formation of C3 convertase on the PMCG microcapsule surfaces
[3] might further point to a fluid phase initiated TCC formation in agreement with a direct
cleavage. In addition, platelets activation by sulfated polysaccharides (sulfated
glycosaminoglycan) previously have shown to mediate TCC, a phenomenon blocked by
compstatin [30]. Since sulfated groups are present in cellulose sulfate, we cannot exclude
similar mechanisms also for the PMCG microcapsule.

The APA and AP microcapsules activated coagulation through monocyte TF, which was
connected to initial complement activation. This was evident by the monocyte TF up-
regulation and blockage by anti-TF, and further with the complement inhibition. It must be
emphasized that only monocytes expressed TF on the surface. A possible contribution from
platelets was not investigated, however, according to Osterud and his investigation of blood
derived TF sources, platelets are not synthesizing TF [31]. Also, coagulation activation by
platelets involving complement has been found to be mediated through the contact system
[26], while the TF pathway was the main initiator by the APA and AP microcapsules. The
inhibitory effect of complement, as also manifested on the TF mRNA level, therefore most
likely explains the effects of complement inhibition on monocyte TF upregulation.

The complete inhibition of coagulation by compstatin at the level of C3 as presently shown,
does not distinguish between the contribution from C3a and C5a, since both are inhibited.
The residual coagulation activation by inhibition at the C5 level by eculizumab could thus
reflect the contribution from C3a, and further points to C5a as the most potent TF inductor.
Since also the formation of C3b/iC3b, cell-adhesion and cytokines is prevented by
compstatin [4], we cannot exclude also their involvement. The involvement of inflammatory
cytokines on monocyte TF expression would however most likely be secondary to the effect
of the rapidly produced complement activation products [3]. Since complement activation
also is a pre-requisite for cytokine induction by the microcapsules [4, 5], we conclude that
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complement activation including the anaphylatoxins most probably is the main inducer of
TF in the present investigation.

Coagulation activation with formation of fibrin may be one of the gateways to bio-
incompatibility in a transplantation situation. The most common transplantation site for
islets encapsulated in microbeads or microcapsules is the peritoneal cavity, due to the space
requirements for a therapeutic amount of transplanted islets. Although the continuous
exposure to blood is avoided, there is likely that the transplanted microspheres are exposed
to blood particularly during implantation. The high coagulation reactivity of the PMCG
microcapsules and their independence of complement activation might be a challenge during
transplantation with blood contamination, since it could lead to surface deposition of fibrin.
Since fibrin exposes epitopes serving as ligands for CR3 (CD11b/CD18) [6], the fibrin
deposition is a potential starting point for leukocyte-attachment. It might therefore be of high
importance to avoid bleeding during a transplantation situation using the PMCG
microcapsules. A short-time inhibition of FXII could be a way of inhibiting the coagulation
potential of the PMCG microcapsules during the critical phase of implantation, since
currently there are ongoing FXII-inhibition studies for thrombosis treatments [32]. Despite
the coagulation reactivity, the PMCG microcapsules can be low activators of fibrotic
overgrowth reactions as shown in mice [22] and baboons [33]. This demonstrates that these
type of microcapsules can be well tolerated and, thus, that there may not be the lack of a
direct link between the coagulation activation potential and the fibrotic responses. This
reported toleration may simply indicate the absence of microcapsule exposure to blood; a
controlled bleeding experiment could contribute to clarifying these questions. On the other
hand, the reactivity of the APA and AP microcapsules, points a definite complement-
dependent reactivity, probably as the most important mechanism promoting leukocyte
adhesion as previously shown [4].

The additional measurements of coagulation activation in addition to complement and
inflammatory cytokines provide together an efficient screening system for the immediate
host reactivity promoted by the protein cascades in concert with the leukocytes. In
transplantation setting there will also be encapsulated cells within the devices, which add
complexity to the situation by secreted cellular component provoking other parts of the host
immune system as addressed in [2]. The whole blood model is, first of all, efficient to
measure the surface reactivity and the material response, and, therefore, this model is
strongly recommended to design low-reactive devices. However, as the model also contains
the blood leukocytes containing the damage-associated molecular patterns (DAMPS)
receptors sensing release of dying or stress cells components, the model possibly can be
used to evaluate the impact of encapsulated cells. In summary, the host immune system
evolves a complex set of mechanisms that will contribute in a transplantation setting and that
we need to carefully examine in order to enhance our understanding in the design of
immunoprotective devices. The coagulation response evaluated in this work represents an
important part of this learning curve.
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5. Conclusions

In conclusion, our data identifies for the first time the reactivity of the various alginate
microspheres on coagulation, identifying PMCG microcapsules as pro-coagulative, the APA
and AP microcapsules to be weaker inducers and the Ca/Ba Beads as low/inert to
coagulation activation. Further on, we found the coagulation activation of the PMCG
microcapsules was strongly dependent on direct activation by FXII, whereas by the APA and
AP microcapsules were highly dependent on initial complement activation promoting TF in
monocytes, thus further defining a complement-coagulation cross-talk in these interactions.
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Statement of significance

Alginate microcapsules are prospective candidate materials for cell encapsulation

therapy. The material surface must be free of host cell adhesion to ensure free diffusion of
nutrition and oxygen to the encapsulated cells. Coagulation activation is one gateway to
cellular overgrowth through deposition of fibrin. Herein we used a physiologically
relevant whole blood model to investigate the coagulation potential of alginate
microcapsules and microbeads. The coagulation potentials and the pathways of activation
were depending on the surface properties of the materials. Activation of the complement
system could also be involved, thus emphasizing a complement-coagulation cross-talk.
Our findings points to complement and coagulation inhibition as intervention point for
preventing host reactions, and enhance functional cell-encapsulation devices.
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Effect of alginate microspheres (alginate microbeads and microcapsules) on coagulation
(PTF1.2) and complement (TCC) responses in the human whole blood model. A) Time-
dependent effect on PTF1.2 (mean+SEM, N=4 donors), B) PTF1.2 at 240 min (N=11-14
donors), C) Time effect on TCC (mean+SEM, N=4 donors), D) TCC after 240 min (N=12-
14). The data in B and D are given as box whisker plots with median, 25th and 75th
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*** P<0.001, **** P<0.0001.
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Figure 2.

Effect of alginate microbeads (Ca/Ba Beads) and microcapsules (APA, AP, PMCG1,
PMCG2) on monocyte TF expression in human whole blood. A) Monocyte TF expression
(% positive cells) after 240 min incubation (box whisker plots giving median, 25th and 75th
percentiles and min/max values of N=8), B) TF mRNA synthesis with time (relative
quantitation (RQ) to baseline, mean £SEM of N=3). The level of significance is ***
P<0.001, **** P<0.0001.
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Figure 3.

Complement inhibition at the level of C3 (compstatin, C) or C5 (eculizumab, E) abolish the
TCC induction. A) APA microcapsules (N=7, N=5 for Ctr), B) AP microcapsules (N=7,
N=5 for Ctr), PMCG1 microcapsules (N=5) and PMCG2 microcapsules (N=5). The x-axis
abbreviations reflect the responses by the given microcapsule under incubation with either
NaCl, compstatin (C), eculizumab (E) or the control peptide (Ctr). Graphs are given as box
whisker plots with median, 25th and 75th percentiles and min/max values. The level of
significance is **** P<0.0001.
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Figure 4.
Effect of complement inhibition at the level of C3 (compstatin, C) and C5 (eculizumab, E)

on the PTF1.2 induction. A) APA microcapsules (N=9, N=5 for Ctr), B) AP microcapsules
(N=9, N=5 for Ctr), C) PMCG1 microcapsules (N=5) and D) PMCG2 microcapsules (N=5).
The x-axis abbreviations reflect the responses by the given microcapsule under incubation
with either NaCl, compstatin (C), eculizumab (E) or the control peptide (Ctr). Graphs are
given as box whisker plots with median, 25th and 75th percentiles and min/max values. The
level of significance was at * P<0.05, **** P<0.0001 whereas the non-significant
differences are given as n.s.
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Figure 5.
Effect of complement inhibition at the level of C3 (compstatin, C) and C5 (eculizumab, E)

on tissue factor (TF) mMRNA from human whole blood. A) APA microcapsules (N=4), B) AP
microcapsules (N=4), PMCG1 microcapsules (N=4) and PMCG2 microcapsules (N=4). The
x-axis abbreviations reflect the responses by the given microcapsule under incubation with
either NaCl, compstatin (C), eculizumab (E) or the control peptide (Ctr). Data are relative to
the saline control (without microspheres) and given as box whisker plots with median, 25th
and 75th percentiles and min/max values. The level of significance are * P<0.05, ** P<0.01,
*** P<0.001 whereas non-significant differences are given as n.s.
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Effect of TF inhibition on microcapsule-induced coagulation (PTF1.2) in human whole
blood after 240 min incubation. The microcapsules were either incubated with NaCl only,
inhibitory TF antibody ( TF) or its respective isotype control antibody (Ctr, mouse 1gG1). A)
APA microcapsules (N=8), B) AP microcapsules (N=8), C) PMCG1 microcapsules (N=6),
D) PMCG2 microcapsules (N=6). Data are given as box whisker plots with median, 25th
and 75th percentiles and min/max values. The level of significance was ** P<0.01, whereas
non-significant differences are given as n.s.
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Effect of FXII inhibition on microcapsules induced coagulation (PTF1.2) in human whole
blood after 30 min. The microcapsules were either incubated with NaCl only, the factor XII
inhibitor CTI or albumin (Ctr). A) PMCG1 microcapsules (N=7), B) PMCG2 microcapsules
(N=7), C) Glass (N=4) and D) Ca/Ba Beads (N=4). Data are given as box whisker plots with
median, 25th and 75th percentiles and min/max values. The level of significance was
**<0.01 and *** P<0.001, **** P<0.0001, whereas non-significant differences are given as

n.s.
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