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a b s t r a c t 

Inadequate supplies of donor corneas have evoked an escalating interest in corneal xenotransplantation. 

However, innate immune responses contribute significantly to the mechanism of xenograft rejection. We 

hypothesized that complement component C5 and TLR co-receptor CD14 inhibition would inhibit porcine 

cornea induced innate immune responses. Therefore, we measured cytokine release in human blood, in- 

duced by three forms of corneal xenografts with or without inhibitors. Native porcine cornea (NPC) in- 

duced interleukins (IL-1 β , IL-2, IL-6, IL-8, IL-1ra), chemokines (MCP-1, MIP-1 α, MIP-1 β) and other cy- 

tokines (TNF, G-CSF, INF- γ , FGF-basic). Decellularized (DPC) and gamma-irradiated cornea (g-DPC) ele- 

vated the release of those cytokines. C5-blockade by eculizumab inhibited all the cytokines except G-CSF 

when induced by NPC. However, C5-blockade failed to reduce DPC and g-DPC induced cytokines. Blockade 

of CD14 inhibited DPC-induced cytokines except for IL-8, MCP-1, MIP-1 α, and G-CSF, while it inhibited all 

of them when induced by g-DPC. Combined blockade of C5 and CD14 inhibited the maximum number 

of cytokines regardless of the xenograft type. Finally, by using the TLR4 specific inhibitor Eritoran, we 

showed that TLR4 activation was the basis for the CD14 effect. Thus, blockade of C5, when combined 

with TLR4 inhibition, may have therapeutic potential in pig-to-human corneal xenotransplantation. 

Statement of significance 

Bio-engineered corneal xenografts are on the verge of becoming a viable alternative to allogenic human- 

donor-cornea, but the host’s innate immune response is still a critical barrier for graft acceptance. By 
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. Introduction 

Corneal diseases stand as one of the leading causes of blindness 

orldwide. Still today, the gold-standard treatment for corneal 

lindness is transplantation [1] . However, because of a lack of 

onors, 12.7 million people await treatment to restore their vision 

2] . In this context, corneal xenograft emerges as an accessible al- 

ernative to human allografts. In the early period of corneal xeno- 

ransplantation, several alternatives of human-donor-cornea from 

arious non-human species were tested for feasibility, but with- 

ut success in restoring vision [3–8] . However, recent progress in 

ioengineering and immunology has led to a renewed interest in 

orneal xenotransplantation with promising results in pre-clinical 

nd clinical studies [9–13] . Hence, a better understanding of the 

ecipient’s immune reaction towards the corneal xenograft is cru- 

ial. 

In this regard, decellularization enables complete or partial re- 

oval of cellular and immunogenic components from the corneal 

enograft while preserving extracellular matrix with its native 

icro- and macroscopic structure [14–16] . The decellularized 

ornea can serve as an in vivo scaffold for tissue regeneration that 

aintains the physiological properties required to replace the tar- 

et organ [17] . In order to bring decellularized corneas into the 

linic, an additional step of sterilization is necessary to reduce the 

isk of graft-associated infections in human recipients. Gamma ir- 

adiation, a well-standardized sterilization method, had been ap- 

lied to decellularized xenografts implanted into human patients 

13] . Though it is not a routine procedure in human donor corneal 

ransplantation, patients that received gamma-irradiated human 

ornea showed favourable outcomes without graft rejection, loss 

f transparency, or neovascularization [18] , and with reduced allo- 

enicity [19] . 

Data from pre-clinical studies suggest that the complement sys- 

em, a backbone of innate immunity, might play a role in corneal 

enograft rejection [ 14 , 20 , 21 ]. The complement system is func-

ional in the aqueous humor of the eye [22] , but corneal tis- 

ue protects against self-attack by membrane-bound complement 

egulatory proteins (CD46, CD55, and CD59) [ 23 , 24 ]. If a corneal

enograft is placed onto a high risk-patient, usually with a neo- 

ascularized and inflamed host bed, the plasma complement sys- 

em will gain immediate access to the graft with a possible sub- 

equent risk of activation. Another integral part of the innate im- 

une system is the toll-like receptor (TLR) system, which has not 

een thoroughly investigated in the corneal xenotransplantation 

ontext. Also, an association of increasing levels of extracellular 

istones with xenotransplantation is known, and this may elevate 

ystemic inflammation by histone-dependent activation of TLR2, 4, 

nd 9 [ 25 , 26 ]. 

Thus, there is a critical need for understanding the human in- 

ate immune response to corneal xenograft in order to avoid graft 

ejection, and to facilitate its success in human patients. The acute 

nnate immune responses towards porcine cornea can be evalu- 

ted by incubation in fresh human whole blood. In this study, we 

ssessed the human acute inflammatory response, including the 
170 
 graft availability would no longer be an issue for treating corneal dis-

ograft induced inflammation is initiated by the complement system and

iguingly, the inflammatory response was efficiently blocked by simultane-

cules in the complement system (C5) and the TLR co-receptor CD14 with

ostulate that a combination of C5 and CD14 inhibition could have a great

e the immunologic barrier in pig-to-human corneal xenotransplantation.

1 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

icle under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ )

nnate immune response, toward three forms of porcine corneal 

enograft, in whole blood ex vivo with a focus on complement and 

LR-mediated pathways. Porcine xenograft was chosen because it 

s the most widely used in pre-clinical and clinical research based 

n its similarities to human cornea [27] . Despite regularly using 

ecellularization and irradiation techniques for the manufacturing 

f xenografts, we wanted to understand the implications of the dif- 

erent steps in this process and create controls to follow the mod- 

fications in the different variables that we evaluated. 

. Materials and methods 

.1. Preparation of corneas 

Fresh porcine eyes were collected immediately after the death 

f the pigs at the slaughterhouse. The eyes were kept in phosphate 

uffer saline (PBS) inside a box of wet ice until the decellulariza- 

ion process was performed, as detailed elsewhere [15] . Briefly, se- 

ected corneas were removed from pig eyes with a 16 mm diam- 

ter trephine and washed with PBS. From each 16 mm piece of 

he cornea, three 6 mm diameter pieces were cut; among them, 

ne piece was used as a native porcine cornea (NPC), preserved 

n glycerol without further processing. The remaining two pieces 

nderwent the decellularization process. Each cornea piece was 

laced in a well of a 12-well plate, facing epithelial side down. 

odium Dodecyl Sulphate (SDS) 0.1% (Applied Biosystems, CA) in 

H 2 O was added to the wells. After 72 h, SDS was replaced by 

BS and maintained for 48 h. The solution was 2 ml in volume 

nd changed every 24 h. During the process of decellularization, 

he plate containing the pieces of cornea were kept under contin- 

ous shaking (60 rpm) on Orbit LS (Labnet International Inc., NJ) 

t room temperature. After the completion of the process, the de- 

ellularized porcine cornea (DPC) was immersed into 100% glycerol 

n 1.5 ml Eppendorf tubes for dehydration and kept at room tem- 

erature without shaking until further processing. 

One of the DPCs was sterilized by gamma irradiation using 

 Cobalt-60 source (MDS Nordion Gammacell 220E irradiator at 

he Massachusetts Institute of Technology, Department of Biologi- 

al Engineering; Cambridge, MA) at room temperature (g-DPC). The 

ose was calculated according to the cobalt-60 source decay calcu- 

ation, and 25 kGy was chosen for the sterilization of DPC [15] . 

.2. Morphological analysis of the corneas 

Transmission electron microscopy was performed on random 

amples of NPC, DPC, and g-DPC. All cornea samples were fixed 

ith half-strength Karnovsky’s fixative (2% formaldehyde + 2.5% 

lutaraldehyde, in 0.1 M sodium cacodylate buffer, pH 7.4; Electron 

icroscopy Sciences, Hatfield, PA) at room temperature for 30 min, 

nd then placed in fresh Karnovsky’s fixative for 4 h. The sam- 

les were washed thrice with 0.1 M cacodylate buffer for 5 min 

t room temperature. After additional washing with PBS, speci- 

ens were post-fixed with 2% osmium tetroxide in 0.1 M sodium 

acodylate buffer for 1.5 h at room temperature, en bloc stained 

ith 2% aqueous uranyl acetate for 30 min, then dehydrated with 

http://creativecommons.org/licenses/by/4.0/
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raded ethyl alcohol solutions, and embedded in tEPON-812 epoxy 

esin (Tousimis, Rockville, MD) using an automated EMS Lynx 2 

M tissue processor (Electron Microscopy Sciences). Ultrathin sec- 

ions (80 nm) were cut from each sample block using a Leica EM 

C7 ultramicrotome (Leica Microsystems, Buffalo Grove, IL) and a 

iamond knife and mounted on copper grids and air-dried. The 

hin sections on grids were stained with aqueous 2.5% aqueous 

adolinium acetate hydrate and Sato’s lead citrate stains using a 

odified Hiraoka grid staining system [28] . Sections were observed 

y an FEI Tecnai G2 Spirit transmission electron microscope (FEI, 

illsboro, OR) at 80 kV interfaced with an AMT XR41 digital CCD 

amera (Advanced Microscopy Techniques, Woburn, MA) for digital 

IFF file image acquisition. 

.3. Incubation of corneas in whole blood, plasma preparation, and 

istological evaluation 

The study was performed with the consent (S-04114) of the re- 

ional ethical committee, South-Eastern Norway Regional Health 

uthority. Human blood was drawn from healthy donors into 

olypropylene tubes (Nunc TM , Thermofisher, MA) containing a spe- 

ific thrombin inhibitor, lepirudin (Refludan®, Celgene, Uxbridge, 

.K.) at a final concentration of 50 μg/mL [29] . For each set of ex-

eriments, 300 μL of the blood was aliquoted into individual 1.8- 

L round-bottom sterile polypropylene cryogenic tubes (Nunc®

ryotubes®, Merck, Darmstadt, Germany) and incubated at 37 °C 

ith either NPC, DPC, or g-DPC. The cornea incubations were per- 

ormed with or without eculizumab at 100 μg/mL (Soliris®, Alex- 

on Pharma GmbH, Zürich, Switzerland) and anti-CD14 antibod- 

es (r18D11 at 15 μg/mL) [30] . A common IgG2/4 isotype control, 

NHDL) on the similar IgG2/4-structure as eculizumab and r18D11, 

as used as control for both antibodies [31] . Eritoran (a kind gift 

rom Eisai Co. Tokyo, Japan), an antagonist for TLR4, was used at 

.3 μg/mL concentration to compare the effect with CD14 inhibi- 

ion [32] . 

Blood was sampled either at 30 min or after one-hour incuba- 

ion for complement activation analysis, and the corneas were fur- 

her incubated until four hours for cytokine analysis. Two sets of 

egative controls were used, one without treatment: fresh blood 

sed to measure the initial complement activation before starting 

he incubation; and the background activation: the activation in 

he blood during the same incubation time under the same con- 

itions but without corneas. Zymosan and lipopolysaccharide (LPS) 

t 100 μg/mL and 150 ng/mL concentration, served as positive con- 

rols for complement activation and cytokine release, respectively. 

fter incubation, ethylenediaminetetraacetic acid (EDTA) at 10 mM 

nal concentration was added to the blood at the end of each incu- 

ation to stop further complement activation. Sampled blood was 

entrifuged at 30 0 0 x g at 4 °C to separate the plasma, which was

ollected in individual tubes and preserved at −70 °C until further 

nalysis. 

Corneas were histologically evaluated before and after incuba- 

ion with whole blood. The corneas were embedded in cryopre- 

erving solution (OCT medium, VWR, Oslo, Norway) after thor- 

ughly washing with PBS. They were sectioned at 10 μm using 

 microtome and then placed on glass cover slides. Hematoxylin 

VWR international, Leuven, Belgium), azophloxin (Sigma-Aldrich, 

t. Louis, MO), and Saffron (Waldeck, Münster, Germany) com- 

only referred as HAS staining were used for staining cell nuclei, 

oft tissue, and connective tissue, respectively [33] . 

.4. Complement activation 

Complement activation was detected both on the surface of the 

ornea and in the fluid phase in plasma collected after whole blood 

ncubation. Fresh frozen corneas were embedded in cryomount TM 
171 
HistoLab, Gothenburg, Sweden) cryosectioned at 10 μm, allowed 

o dry, and stored at −80 °C. Primary antibodies for C3d 1:10 0 0 

Dako, Glostrup, Denmark), C4d 1:10 0 0 (Spring Biosciences Corp, 

uit Pleasanton, CA) and mAb aE11 (reacting with a neoepitope 

xposed in C9 when incorporated into the terminal C5b-9 com- 

lement complex) 1:250 (Diatec Monoclonals AS, Oslo, Norway) 

ere incubated with the specimens overnight at 4 °C. After rins- 

ng in PBS (Sigma-Aldrich), sections were incubated with selected 

uorescent-dye conjugated secondary antibodies: Alexa Fluor®

88 conjugated donkey anti-rabbit IgG 1:500 (Invitrogen, Carlsbad, 

A), or with Alexa Fluor® 568 conjugated goat anti-mouse IgG Fab 

:500 (Invitrogen) at room temperature for 45 min in the dark. 

ll antibodies were diluted in blocking solution (1% BSA (Sigma) 

n PBS). Specimens were rinsed in PBS and mounted by using the 

uclear staining 4’, 6-diamidino-2-phenylindole (DAPI) mounting 

edium (Vector Laboratories, Burlingame, CA). The omission of the 

rimary antibody served as a negative control in all experiments. 

orneal sections were assessed in an epifluorescence microscope 

Nikon, Tokyo, Japan) equipped with applicable filters. Images were 

aptured with a digital acquisition system (DS-U1, Optronics) and 

he software Nis elements 4.30 (Nikon). 

In the fluid phase, complement activation at the levels of C4 

generated either via classical or lectin pathway), C3 of the final 

ommon pathway, and terminal complement complex of the ter- 

inal pathway were analyzed by quantification of C4bc, C3bc, and 

C5b-9 respectively, in EDTA-plasma samples using ELISA as de- 

cribed previously [ 29 , 34 ]. Briefly, the assays were based on mon- 

clonal antibodies detecting neo-epitopes exposed after activation, 

ence, specifically measuring only components formed upon acti- 

ation. C4bc was immobilized using a mAb (gift from Prof. Dr. C. E. 

ack) for a neoepitope exposed on activation products C4b, C4bi, 

4c (C4bc) as well as on iC4, but not on native C4 [35] . An ad-

ition of a polyclonal biotinylated antibody against C4 was used 

o identify C4bc. C3bc was determined by sandwich ELISA, using 

Ab bH6 specific for a neoepitope exposed in C3b, iC3b, and C3c 

s capture antibody [36] , and biotinylated polyclonal anti-C3 and 

RP-conjugated streptavidin (GE Healthcare) for detection. Simi- 

arly, sC5b-9 was determined using the anti-neo C9 monoclonal 

ntibody aE11 (produced in our laboratory) [37] for capture and 

iotinylated monoclonal anti C6 (clone 9C4, produced in our labo- 

atory) [38] , and finally, the streptavidin-HRP conjugate was added 

or detection. 

.5. Cytokines induced by the cornea in human whole blood 

The EDTA plasma samples were analysed in duplicate using a 

ommercial fluorescence magnetic bead-based immunoassay, with 

igh-sensitivity detection range and precision (Bio-Plex Human Cy- 

okine 27-Plex, Bio-Rad Laboratories Inc., Hercules, CA). The follow- 

ng cytokines were analysed: interleukin (IL)-1 beta (IL-1 β), IL-1 

eceptor antagonist (IL-1ra), IL-2, IL-4, IL-5, IL-6, IL-7, IL-8 (C-X-C 

otif chemokine ligand 8 CXCL8), IL-9, IL-10, IL-12, IL-13, IL-15, 

L-17, eotaxin-1 (C-C motif chemokine ligand 11; CCL11), basic fi- 

roblast growth factor (FGF-basic), granulocyte colony-stimulating 

actor (GCSF), granulocyte-macrophage colony-stimulating factor 

GM-CSF), interferon-gamma (IFN- γ ), IFN- γ -inducing protein 10 

IP-10; CXCL10), monocyte chemoattractant protein 1 (MCP-1; 

CL2), macrophage inflammatory protein-1-alpha (MIP-1 α; CCL3), 

acrophage inflammatory protein-1-beta (MIP-1 β; CCL4), platelet- 

erived growth factor-BB (PDGF-BB), RANTES (CCL5), tumor necro- 

is factor (TNF) and vascular endothelial growth factor (VEGF). The 

nalyses were performed according to the manufacturer’s instruc- 

ions. 
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Fig. 1. Transmission electron micrographs of native porcine cornea (NPC), decellularized porcine cornea (DPC), and gamma-irradiated decellularized porcine cornea (g-DPC). 

Upper panels (A-C) represent low magnification, and lower panels (D-F) represent high magnification. Images of NPC shows a keratocyte -white arrow- (A); presence of debris 

after decellularization (DPC) -black arrow- (B) and increased space between collagen fibrils after decellularization (E). Gamma irradiation (g-DPC) increased the compactness 

resulting in disappearance of the empty space created by decellularization, although debris was visualized -white asterisk- (C). Parallel collagen lamellae were observed in 

NPC (D) and DPC (E) but altered in g-DPC, shown with two white arrowheads (F). 
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.6. Limulus amoebocyte lysate assay for detection of LPS 

The cornea storing solutions and incubated plasma were tested 

or LPS by the endpoint chromogenic assay (LAL assay, Lonza, Basel, 

witzerland) following the manufacturer’s protocol. In each case, 

he LPS level was below the 0.01 EU /mL, thus below the lower 

imit of detection. In the 5 μg/mL-LPS-positive control, LPS was de- 

ected at 15 EU/mL. 

.7. Statistical analyses 

Data were analysed using linear mixed models (mixed-effects 

inear regression), with human donor as a random effect. In all 

tudies, cornea was confounded with donor in that the blood 

rom each donor was applied to a unique set of corneas. We 

ound that the cytokine concentrations were skewed. Analysis of 

og 10 (concentration) led approximately normal distributions and 

cceptable patterns in the residuals of the models. The linear 

ixed models produced comparisons between the control condi- 

ion and all other conditions. Following the linear mixed models, 

e conducted planned analyses of additional paired comparisons 

sing Wald tests of these simple linear hypotheses. Since there 

ere so many models and planned comparisons ( n = 131), we ad- 

usted the level for acceptance of significance to p ≤ 0.017. Our out- 

ome variables were highly correlated, with an average Spearman 

orrelation rho = 0.77 (median 0.82, range 0.36– 0.95). The ad- 

ustment was done using the D/AP (Dubey and Armitage-Parmar) 

ethod as described by Sankoh, Huque and Dubey [39] . In the fig- 

res, we show commonly used significance levels (e.g. 0.05, 0.001) 
172 
sing numbers of stars, as explained in the figure legends, in addi- 

ion to p ≤ 0.017. 

. Results 

.1. Morphological analysis 

Transmission electron microscopy was used to compare the 

resence of cells and the fibrillar arrangement of collagen of the 

troma of NPC, DPC, and g-DPC ( Fig. 1 ). Keratocytes were apparent 

n the stroma of NPC ( Fig. 1 A), whereas the images of DPC and

-DPC confirmed the removal of keratocytes, leaving vacant spaces 

nside the stroma ( Fig. 1 B and C). Some cellular debris is appar-

nt in the decellularized groups ( Fig. 1 B). Overall, organized col- 

agen lamellae were observed in all groups ( Fig. 1 D-F). In DPC, 

he collagen lamellae within the stroma were arranged parallel to 

ach other, similar to the NPC ( Fig. 1 D and E). In g-DPC, the paral-

el nature of the collagen lamellae was partially altered, and com- 

actness between lamellae increased ( Fig. 1 F). The collagen inter- 

brillar distances within the lamellae were increased by decellu- 

arization, i.e., DPC compared to NPC but that was counterbalanced 

y gamma irradiation. 

The morphological examination was performed with HAS stain- 

ng before ( Fig. 2 A-C) and after ( Fig. 2 D-F) incubation of corneas in

hole blood. NPC showed the epithelial layer stained in red color 

nd keratocytes in the stromal layer in blue ( Fig. 2 A and D). DPC

nd g-DPC were free from the cells as expected ( Fig. 2 B, C, and

, F) with no indication of leukocyte-infiltration after whole blood 

ncubation ( Fig. 2 D-F). 
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Fig. 2. Bright-field micrographs of the corneas by hematoxylin-azophloxine-saffron (HAS) staining. Upper panels (A-C) show the morphology of native porcine cornea (NPC), 

decellularized porcine cornea (DPC), and gamma-irradiated decellularized porcine cornea (g-DPC), respectively, before incubation with human whole blood. Lower panels 

(D-F) show the same corneas after the incubation. Black arrows (A and D) show cells in native corneas (NPC). There was no indication of leukocyte infiltration into the 

cornea after whole blood incubation (D, E, F). Magnification: x200. 

Fig. 3. Complement activation induced by three forms (NPC, DPC, and g-DPC) of porcine cornea in human whole blood. (A) Deposition of the activated fragments of 

complement proteins C4d, C3d, and C5b-9 on the corneas. Three individual samples of human donor blood were used to evaluate the deposition of the activation fragments 

on each form of the cornea surface (total of nine porcine cornea pieces). Blue-staining shows the corneal cell nuclei, and red-staining shows the deposited complement- 

activation fragments on the cornea surface. (B) The level of soluble counterpart for C4-activation (C4bc), C3-activation (C3bc), and terminal pathway activation (sC5b-9) were 

detected by ELISA. Four individual human donors blood samples were used to evaluate the activation (four corneal samples for each condition). Background activation was 

the level of activation markers in the blood incubated in the same condition in the absence of the cornea. Data are presented as margin plots. Horizontal lines in boxes 

represent mean values of each experimental group (background, NPC, DPC, and g-DPC), and the error bars indicate the 95% confidence intervals. Statistical significance was 

estimated by using the mixed-effect model analysis by comparing the mean of the background activation group with the mean of each other group. Significance levels are 

denoted as star ( ∗), where ∗ p ≤ 0.05, ∗∗ p ≤ 0.017. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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.2. Complement activation after incubation of porcine corneas in 

uman whole blood 

Deposition of the activated fragments C4d, C3d, and C5b-9 of 

omplement proteins on the corneas and corresponding activated 

ragments C4bc, C3bc, and sC5b-9 in the fluid phase were detected 
173 
 Fig. 3 ). Immunofluorescent staining was seen on the surface of 

he NPC, C4d being modest, as compared to a strong C3d and 

5b-9 deposition ( Fig. 3 A). On DPC and g-DPC, complement de- 

osition was hardly detectable ( Fig. 3 A). The pattern was similar 

hen measured by the fluid phase activation markers: C4bc, C3bc 

nd sC5b-9. C4bc, and sC5b-9 were significantly higher with NPC 
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Fig. 4. Cytokine expression induced by three forms (NPC, DPC, and g-DPC) of porcine cornea in human blood. Cytokine levels were detected by using a multiplex assay. 

Fifteen individual human donor blood samples were used to evaluate cytokine expression by using each form of the cornea (total forty-five porcine cornea pieces). Data are 

presented as margin plots. Horizontal lines in boxes represent the mean of each experimental condition (background, NPC, DPC, and g-DPC), and the error bars indicate the 

95% confidence intervals. Statistical significance was estimated by using mixed-effect models that compared the log-transformed data for the control condition with each 

other experimental condition, and planned Wald tests of simple linear hypotheses for other paired comparisons. Significance levels are denoted as star ( ∗) where, ∗ p ≤ 0.05, 
∗∗ p ≤ 0.017, and ∗∗∗ p ≤ 0.001. 
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 p ≤ 0.017) but not with DPC or g-DPC as compared to incubation 

f blood in the same condition without cornea, the control condi- 

ion ( Fig. 3 B). 

.3. Cytokine responses after incubation of porcine corneas in human 

hole blood 

We investigated the porcine cornea-induced cytokine release in 

uman whole blood. Of the twenty-seven cytokines examined, six- 

een (IL-1 β , IL-2, IL-5, IL-6, IL-8, IL-1ra, IL-10, IL-15, MCP-1, MIP- 

 α, MIP-1 β , TNF, G-CSF, IFN- γ , FGF-basic, and VEGF) significantly 

ncreased ( p ≤ 0.001) over background levels (incubation of blood 

n the same condition without cornea) after incubation with decel- 

ularized cornea and were selected for further study ( Fig. 4 ). Native 

orcine cornea also increased the same set of cytokines, except 

or of IL-10 compared to the background level. All the cytokines, 

xcept for FGF-basic, were released at a statistically significantly 
174 
igher ( p ≤ 0.017) concentration when incubated with DPC com- 

ared to the release induced by NPC ( Fig. 4 ). 

Interestingly, g-DPC tended to induce a slightly lower level of 

ytokines compared to DPC; the reduction was statistically signif- 

cant only for IL-1 β and IL-10 ( p ≤ 0.017) but not for rest of the

ytokines ( Fig. 4 ). However, among the reduced cytokines, all of 

hem were still significantly higher ( p ≤ 0.001) than the control 

ondition. 

.4. Effect of inhibiting complement, CD14, and TLR4 on the cytokine 

esponse 

We further tested the effect of inhibition of complement C5 

nd the TLR system, including CD14 and TLR4 ( Figs. 5 and 6 ). The

lockade of C5 and CD14 each inhibited the release of the cy- 

okines induced by NPC. Blockade of C5 alone inhibited ( p ≤ 0.017) 

ourteen of the sixteen cytokines (IL-1 β , IL-2, IL-5, IL-6, IL-8, IL- 
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Fig. 5. Effects of C5 and CD14 inhibition alone and in combination on cytokine expression induced by the three forms (NPC, DPC, and g-DPC) of porcine cornea in human 

whole blood. The level of cytokines was detected by using a multiplex assay. Effects of both inhibitors were measured separately and in combination in eight individual 

human donor blood samples where cytokine response was induced by each form of cornea (requiring a total of 108 porcine cornea pieces). The effect of isotype controls was 

evaluated in four individual human donor blood samples. Data are presented as margin plots. Horizontal lines in boxes represent the mean of each form of cornea induced 

cytokine level without inhibitors (anti-C5–, anti-CD14– and isotype control–), with C5 inhibitor alone (anti-C5 + , anti-CD14– and isotype control–), with CD14 inhibitor alone 

(anti-C5–, anti-CD14 + and isotype control–), with combination of inhibitors (anti-C5 + , anti-CD14 + and isotype control–), and with isotype control (anti-C5–, anti-CD14– and 

isotype control + ). The error bars show the 95% confidence intervals. Statistical significance was estimated by using mixed-effect models that compared the log-transformed 

data for the without-inhibitor condition with every other condition. Significance levels are denoted as star ( ∗) where, ∗p ≤ 0.05, ∗∗p ≤ 0.017, ∗∗∗p ≤ 0.001 and ∗∗∗∗ p ≤ 0.0 0 01. 

175 



R. Islam, M.M. Islam, P.H. Nilsson et al. Acta Biomaterialia 127 (2021) 169–179 

Fig. 6. Comparison of Eritoran and CD14 inhibition on cytokine release induced by the decellularized porcine cornea (DPC) in human whole blood. Effects of both inhibitors 

were measured in five individual human donor blood samples, where cytokine-release was induced by DPC (total of ten porcine cornea pieces). Data are presented as margin 

plots. Horizontal lines in boxes represent the mean of DPC induced cytokines with no inhibitors, Eritoran, or anti-CD14. The error bars show the 95% confidence intervals. 

Statistical significance was estimated by using mixed-effect models of log-transformed data that compared the control condition with each other condition and planned 

Wald tests of other paired comparisons. Significance levels are denoted as star ( ∗) where, ∗ p ≤ 0.05, ∗∗ p ≤ 0.017, and ∗∗∗ p ≤ 0.001. 
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ra, IL-10, IL-15, MCP-1, MIP-1 α, MIP-1 β , TNF, IFN- γ and FGF- 

asic), whereas, anti-CD14 inhibited ( p ≤ 0.017) twelve (IL-1 β , 

L-2, IL-5, IL-6, IL-1ra, IL-10, IL-15, MIP-1 α, MIP-1 β , TNF, IFN- γ
nd FGF-basic). The combined blockade of C5 and CD14 reduced 

 p ≤ 0.017) expression of all of the cytokines that otherwise were 

ncreased by exposure to corneas. Although both blockade of C5 

nd CD14 can interchangeably inhibit a range of cytokines in- 

uced by NPC when used alone, IL-8, and MCP-1 differed from the 

thers by being highly complement-dependent ( Fig. 5 ). Combined 

locked showed a synergistic inhibitory effect which reduced of IL- 

, IL-8, MIP-1 α, MIP-1 β , IFN- γ , and G-CSF even more efficiently 

 p ≤ 0.017) compared to the single-inhibition either by anti-C5 or 

nti-CD14 alone. 

None of the DPC- and g-DPC induced cytokines were inhibited 

 p > 0.017) by anti-C5 alone. For DPC, anti-CD14 alone significantly 
176 
nhibited thirteen cytokines (IL-1 β , IL-2, IL-5, IL-6, IL-8, IL-1ra, IL- 

0, IL-15, MIP-1 β , TNF, IFN- γ , FGF-basic, and VEGF). 

The combined blockade of C5 and CD14 showed a synergis- 

ic effect by inhibiting an additional cytokine, MCP-1, along with 

he cytokines mentioned above. In the case of g-DPC induced cy- 

okines, anti-CD14 alone significantly inhibited fourteen cytokines 

IL-1 β , IL-2, IL-5, IL-6, IL-8, IL-1ra, IL-15, MIP-1 α, MIP-1 β , TNF, G- 

SF, IFN- γ , FGF-basic, and VEGF), whereas, the combined blockade 

f C5 and CD14 inhibited an additional cytokine, MCP-1. Moreover, 

ombined blockade showed synergistic effect ( p ≤ 0.0 0 01) in re- 

ucing IL-8 and IFN- γ compared to the single inhibition either by 

nti-C5 or anti-CD14 alone. 

Finally, we investigated whether TLR4 could be responsible for 

he substantial inhibitory effect of CD14, since CD14 is the main 

o-receptor for TLR4, in addition to TLR2 and others. The LPS 
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nalogue, Eritoran binds competitively to the TLR4-MD2 complex, 

nd thus is highly specific for TLR4. Treatment with Eritoran 

as compared with the inhibition of CD14 ( Fig. 6 ). Importantly, 

ritoran inhibited ( p > 0.017) the same fourteen cytokines (IL-1 β , 

L-2, IL-5, IL-6, IL-8, IL-1ra, IL-15, MIP-1 α, MIP-1 β , TNF, G-CSF, 

FN- γ , FGF-basic, and VEGF) that were inhibited by anti-CD14 

ither to a greater degree (IL-1 β , IL-5, IL-6, IL-8, IL-15, MIP-1 α, 

IP-1 β , TNF, G-CSF and FGF-basic) or to the same extent (IL-2, 

L-1ra, and IFN- γ ). Unlike anti-CD14, Eritoran inhibited IL-8 and 

EGF as well ( Fig. 6 ). 

. Discussion 

Among the corneal treatments evaluated here, i.e., NPC, DPC, g- 

PC, only NPC activated the complement system, but all of them 

nduced the release of cytokines in various degrees. To the best of 

ur knowledge, this is the first demonstration that the cornea in- 

uced inflammatory responses profoundly dependent on both C5 

nd CD14 receptor activation, which can be reduced by using ther- 

peutic inhibition. Moreover, combined blockade of C5 with CD14 

n human whole blood demonstrated a synergistic effect in inhibit- 

ng important cytokines, such as IL-6, IL-8, MIP-1 α, MIP-1 β , MCP-1, 

-CSF, and IFN- γ depending on the form of xenograft. 

For NPC-induced response, anti-C5 alone could significantly in- 

ibit more cytokines than by anti-CD14 alone. The combined block- 

de, however, inhibited all sixteen cytokines. This result infers that 

he complement C5 plays a greater role than CD14 for the release 

f cytokines induced by NPC. This explanation is corroborated by 

he observation of complement activation by NPC measured both 

y deposition on the corneal surface and the fluid phase markers 

n the plasma. A substantial redundancy of all these systems is a 

easonable explanation for such findings [ 40 , 41 ]. 

The NPC, when in contact with human whole blood, activated 

he complement system ( Fig. 3 A). Unlike DPC and g-DPC, the 

PC has corneal cells. However, these cells in NPC cannot pro- 

uce any complement proteins or cytokines because all xenografts 

ere glycerol-preserved until their use in the experiments. After 

he incubation, the cornea was removed from the whole blood be- 

ore preparing the plasma sample for the detection of complement 

ctivation and cytokine level. Therefore, the results are not inter- 

ered by the local production of complement proteins or cytokines 

y the corneal cells. Modification of porcine cornea by decellu- 

arization significantly reduced complement activation, which was 

hown in this study by both the absence of complement deposi- 

ion on DPC and fluid-phase activation ( Fig. 3 A and B). Neverthe- 

ess, DPC elevated the cytokines at the highest magnitude between 

he three forms of the cornea. Unlike NPC, the cytokine-release in- 

uced by the DPC was exclusively mediated by CD14, which, by 

locking, significantly inhibited twelve cytokines. None of the cy- 

okines released were inhibited by anti-C5 alone. However, MCP-1 

nhibition could only be achieved by a combined blockade of C5 

nd CD14. The lack of an effect of anti-C5 on cytokine expression is 

lausibly due to the absence of cellular components in the decellu- 

arized cornea, which appeared to be responsible for complement- 

ediated cytokine-release. The release of a higher level of cy- 

okines and their inhibition by anti-CD14 alone can be attributed 

o the change of xenograft’s functional property from complement- 

nducing to TLR-inducing. This change might be due to exposure 

f new ligands in the corneal stroma exposed by decellularization 

42] . 

In g-DPC, many overlapping cytokines were inhibited both by 

nti-CD14 alone and the combination of anti-C5 and anti-CD14 as 

ompared to their effect in inhibiting cytokines induced by DPC. 

amma irradiation is a recommended method to sterilize DPC, 

iven that the irradiation does not adversely alter corneal mechan- 

cal properties [15] . We used a previously reported protocol to ren- 
177 
er NPC into DPC and g-DPC, confirming in this study its efficiency 

y examining random samples through transmission electron mi- 

roscopy and histological staining. We reproduced the previously 

eported results but added new findings. For instance, we found 

hat gamma-irradiation of DPC may lower the release of cytokines 

nd may thereby improve biocompatibility. IL-1 β , and IL-10 ex- 

ression in whole blood were significantly reduced by gamma- 

rradiation of the cornea, although still significantly higher than 

ackground levels. None of the cytokines were inhibited by anti-C5 

lone. Here again, the blockade of C5, together with CD14, demon- 

trated a synergistic effect by inhibiting IL-8, MCP-1, and IFN- γ . 

Several independent studies have established the association 

etween complement activation and corneal xenograft rejection, 

valuated either in the systemic circulation, aqueous humor, and/or 

eposition on the xenograft surface in pig-to-rhesus macaque 

 14 , 21 ] and pig-to-mouse [20] . The blockade of complement activa- 

ion and CD14 to reduce early inflammatory response is a method 

hich has been tested in a series of studies in various disease 

odels using whole blood as well as mice and pig models with 

romising results [ 32 , 40 , 43–45 ]. To our knowledge, ours is the first

eport identifying a role for CD14, mediated through TLR4, in the 

orneal xenograft-induced inflammatory response in human blood. 

Irrespective of the three forms of corneal tissue used here, a 

ombined blockade of C5 and CD14 reduced the level of most cy- 

okines. The findings are clinically relevant as there is increasing 

vidence of a systemic inflammatory response to the presence of 

 porcine xenograft in recipients. However, in the case of corneal 

ransplantation, the intensity of the systemic inflammation is not 

ell documented in human studies. In one recent clinical study, 

ejection of porcine g-DPC in a human patient was associated with 

ignificant increases of IL-2 and INF- γ [13] . Both cytokines were 

ound to be elevated in the current study as well ( Fig. 4 ). Anti-

D14 alone, or together with anti-C5, significantly inhibited IL-2 

nd INF- γ ( Fig. 5 ). In the porcine g-DPC placed in a human patient,

ther cytokines such as IL-1, IL-8, and TNF remained undetected. In 

ontrast, we observed elevations of both in whole blood. All were 

nhibited significantly either by anti-CD14 alone or together with 

nti-C5. In the case of MCP-1, combined blockade showed evidence 

f synergistic inhibition. Looking at the overall trend of cytokine- 

elease and their inhibition, we can reasonably generalize that the 

orcine xenograft-induced release of IL-1 β , L-2, IL-6, IL-8, MCP-1, 

IP-1 β , TNF and IFN- γ are both complement and TLR4 mediated 

 32 , 46 , 47 ]. 

A possible limitation of our study is that we tested the in- 

ate immune responses to corneal xenografts in human blood, 

hile the cornea is an avascular tissue as well as an immune- 

rivileged site. However, the evaluation of innate immune response 

n ex vivo human whole blood by corneal xenograft is relevant as 

or other biomaterials. The relevance of using blood for this pur- 

ose lies in the practicality of corneal xenotransplantation. The 

ecipient eyes that would be indicated for corneal xenograft typ- 

cally suffer from severe pathologic conditions, and would have 

ost immune privilege and be highly vascularized [ 4 8 , 4 9 ]. More-

ver, upon transplantation, the cornea encounters other body flu- 

ds, i.e. , tear film and aqueous humor, that may contain immuno- 

ogic components such as complement proteins and soluble TLRs. 

his study also did not take into account possible contributions 

f tissue-resident macrophages and antigen-presenting cells of the 

ost cornea and their implication in the modulation of tissue in- 

ammation. Since the in vivo system is more complex, our finding 

s not directly translatable to the clinical situation, but it provides 

mportant mechanistic insight of innate immunity in graft rejec- 

ion. 

Nevertheless, the complement system is crucial in hyperacute 

rgan rejection. A study showed that pig kidneys perfused with 

uman whole blood ex vivo survived longer if the complement sys- 
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em was blocked at the C3 level [50] . C5 inhibitors (eculizumab 

nd zilucoplan) are in regular clinical use for the treatment of 

our rare diseases (paroxysmal nocturnal hemoglobinuria, atypical 

emolytic syndrome, myasthenia gravis and neuromyelitis optica 

pectrum diseases). Therapeutic C5-inhibition is well established, 

culizumab has been in clinical use for more than ten years [51] . 

D14 inhibition is not used in the clinic, but promising results had 

een demonstrated in experimental models, including baboon sep- 

is treated with an antibody blocking CD14 [52] . We regard that 

ur human blood model provides important mechanistic insight 

nto rejection mechanisms, relevant for corneal xenografts for hu- 

an implantation. 

. Conclusion 

We conclude that combined blockade of C5 and CD14 syner- 

istically inhibited porcine cornea induced innate inflammatory re- 

ponses. Based on the comparison of CD14 and TLR4 inhibition, we 

ostulate that a combination of C5 and TLR4 inhibition is a poten- 

ial therapeutic approach in pig-to-human corneal xenotransplan- 

ation. 
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