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Abstract

Background—Recipients of vascularized composite allografts require aggressive and life-long 

immunosuppression, and since the surgery is usually performed in nonlife threatening situations, 

the development of strategies to minimize immunosuppression is especially pertinent for this 

procedure. We investigated how complement affects acute graft injury, alloimmunity, and 

immunosuppressive therapy.

Methods—Vascularized composite allografts were transplanted from Balb/C to C57BL/6 mice 

that were complement deficient (C3 or double C3a Receptor (R)/C5aR), or treated with a targeted 

complement inhibitor (CR2-Crry). Allografts were analyzed for acute inflammation and injury, 

subacute T cell response, and survival in the absence and presence of CsA therapy.

*Correspondence: Dr Stephen Tomlinson, Department of Microbiology and Immunology, Medical University of South Carolina, 173 
Ashley Avenue, Charleston, SC, USA. Tel: 1-843-792-1450. tomlinss@musc.edu. Dr Carl Atkinson, Department of Microbiology and 
Immunology, and Surgery, Medical University of South Carolina, 173 Ashley Avenue, Charleston, SC, USA. Tel: 1-843-792-1716. 
atkinsoc@musc.edu.
*Co-corresponding Authors.

Authorship page
S.T. and C.A. designed the study and analyzed the data. P.Z. and B.L performed all surgeries, and prepared and analyzed grafts 
specimens. S.T, C.A. and P.Z. wrote the manuscript. S.R.B. and C.M.P. designed, performed and analyzed flow cytometry 
experiments.

Disclosure
Stephen Tomlinson is an inventor on a licensed patent for CR2-targeted complement inhibition.

HHS Public Access
Author manuscript
Transplantation. Author manuscript; available in PMC 2018 April 01.

Published in final edited form as:
Transplantation. 2017 April ; 101(4): e75–e85. doi:10.1097/TP.0000000000001625.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Results—Allografts in C3-deficient or CR2-Crry treated recipients were protected from skin and 

muscle ischemia reperfusion injury (IRI). C3aR/C5aR deficient recipients were more modestly 

protected. IgM and C3d colocalized within allografts from wild type and C3aR/C5aR-deficient 

recipients indicating IgM-mediated complement activation, and C3d deposition was almost absent 

in allografts from C3-deficient and CR2-Crry treated recipients. Inflammatory cell infiltration and 

P-selectin expression was also significantly reduced in C3-deficient and CR2-Crry treated 

recipients. Acute treatment with CR2-Crry or with 3 mg/kg/day cyclosporine A (CsA) modestly, 

but significantly increased median allograft survival from 5.8 to 7.4 and 7.2 days, respectively. 

However, combined acute CR2-Crry treatment and CsA therapy increased mean graft survival to 

17.2 days. Protection was associated with significantly reduced T cell infiltration of allografts and 

Tc1 cells in recipient spleens.

Conclusions—Complement-mediated IRI augments graft allogenicity, and appropriate 

complement inhibition ameliorates IRI, decreases alloimmune priming and allows more immune-

sparing CsA dosing.

INTRODUCTION

Following severe facial injury or limb loss, transplantation (Tx) is an accepted surgical 

approach for face or limb replacement, and Tx of composite tissue is required since such 

injuries involve multiple tissues. Reconstructive surgery involving vascularized composite 

(VC) allotransplantation (VCA) is an emerging field, with about 150–200 procedures having 

been performed since the first successful hand transplant in 1998 1. Restoring form and 

function has the potential to provide major psychological as well as physical benefits, and 

over 2 million people in the USA alone suffer from limb loss 2. Vascularized composite 

allotransplantation also represents a therapeutic option following tumor excision involving 

limb loss or large areas of tissue damage. However, due to the heterogenicity of tissues and 

the high immunogenicity of skin, VCA generates a strong immunological response and 

requires aggressive, and life-long immunosuppression. Since VCA is usually performed in 

the context of nonlife threatening defects, an increased concern for this type of Tx is the 

toxicity of immunosuppressive drugs that can cause organ damage, metabolic dysfunction, 

cancer, and an increase in susceptibility to infection. An important goal in all Tx research, 

but particularly in VCA, which is typically not performed as a life-saving procedure, is the 

development of strategies to minimize immunosuppression.

Relative to other areas of Tx, there are only a handful of studies reported on minimization/

elimination of immunosuppression in this emerging field (for reviews, see 3,4). While it is 

clear that graft rejection is principally dependent on T cells, there are many other immune 

factors that can increase graft antigenicity and heighten alloresponsiveness leading to a 

strengthening of the rejection response. Of these other immune factors, ischemia reperfusion 

injury (IRI) is thought to be a major risk factor for subsequent graft dysfunction and 

rejection. However, our knowledge on the influence of IRI in graft rejection has been gained 

in studies on solid organ Tx, and it has been proposed that composite tissue allografts are 

more susceptible to IRI than solid organs because of the heterogenous tissue types that all 

exhibit different immunogenicity 5. Little is known about how IRI modulates longer-term 

outcomes after VCA, but increased ischemia times are associated with more frequent and 

Zhu et al. Page 2

Transplantation. Author manuscript; available in PMC 2018 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



more severe acute rejections with increased anti-donor lymphocyte proliferation following 

VCA 6–8. Although acute rejection episodes can usually be successfully controlled, the 

number and severity of these episodes are associated with chronic rejection.

The complement system has a documented role in posttransplant IRI of solid organs via 

promotion of inflammatory responses and the provision of an immunostimulatory 

environment, but no studies have addressed this important innate immune effector system in 

VCA in any depth. The few studies that have been performed have focused on acute 

antibody mediated rejection and have not investigated the role of complement in the context 

of ischemic injury or as an augmented therapy for the provision of immunosuppressive 

sparing regimes 9–11. In this study, we investigate the effect of C3 deficiency and 

complement inhibition on posttransplant IRI and inflammation in VC allografts. We utilized 

the complement inhibitor CR2-Crry, an inhibitor that blocks all complement pathways at the 

C3 activation step and that inhibits the generation of all biologically active complement 

activation products (C3 opsonins, C3a, C5a and the membrane attack complex). The fusion 

protein CR2-Crry is a targeted complement inhibitor that localizes to sites of complement 

activation via CR2-mediated recognition of deposited C3 opsonins 12. We have previously 

shown that this means of targeting complement inhibition obviates the need for systemic 

inhibition 12, thus reducing any additional immunosuppressive effect that is of potential 

concern in a Tx setting where the patient is immunocompromised. We also investigate the 

specific role of the C3a and C5a activation products on posttransplant inflammation and IRI 

using mice deficient in both C3a and C5a receptors. Finally, using the clinically relevant 

paradigm of complement inhibition, we investigate the role of complement and IRI on VC 

allograft rejection and how this impacts the parameters of immunosuppressive treatment.

MATERIALS AND METHODS

Animals

Male Balb/c (H-2d) and C57BL/6 (B6; H-2b) mice (10–12 weeks) were obtained from 

Jackson laboratory (Bar Harbor, ME). Male C3aR−/−C5aR−/− and C3−/− C57BL/6 mice 

were provided by Dr. P Heeger from Icahn School of Medicine at Mount Sinai (New York, 

USA) and in-house breeding colony, respectively. All mice weighed 25–30 g and were 

housed under specific pathogen-free conditions. All procedures were approved by the 

Medical University of South Carolina Committee for Animal Research in accordance with 

the National Institutes of Health Guide for Care and Use of Laboratory Animals.

Transplant surgery

Balb/c mice were used as donors, and C57Bl/6, C3aR−/−C5aR−/− and C3−/− B6 mice were 

used as recipients. We utilized a heterotopic hindlimb Tx model as previously described by 

Cheng-Hung Lin et al 13. For ischemia reperfusion injury studies, animals were randomized 

into 4 groups: 1. Balb/c donors and wild type (WT) B6 recipients with PBS treatment, 2. 

Balb/c donors and C3aR−/−C5aR−/− B6 recipients, 3. Balb/c donors and C3−/− B6 recipients, 

4. Balb/c donors and WT B6 recipients administered 2 doses of 0.25 mg CR2-Crry 

complement inhibitor immediately upon completion of surgery, and again 24 h post-

transplantation. For transplant surgeries, mice were anesthetized with intraperitoneal 
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injections of ketamine (75 mg/kg) and xylazine (16 mg/kg) diluted in sterile saline, and the 

cold ischemia time for all grafts was 2 h. CR2-Crry was produced and purified as previously 

described 12. Dose was based on previously published data. 12,14.

Histopathology

For histological examination, VCAs were isolated and subsequently placed in 10% buffered 

formaldehyde solution for 48 h before being embedded in paraffin. Four μm graft sections 

were stained with Hematoxylin and Eosin (HE) and scored using a semiquantitative 

histology scoring system as described 15.

Immunohistochemistry and fluorescence microscopy

Histology sections were stained using Abs directed against GR1, Mac-3, P-selectin (BD 

Pharmingen, San Jose, CA), IgM (Cappell Laboratories, Cochranville, PA), C3d (R&D 

systems, Minneapolis, MN), and CD3 (Acris SM1754P, Hiddenhausen, Germany). 

Immunofluorescence double staining for IgM and C3d was performed using a FITC-labeled 

Ab directed against IgM (Millipore, Massachusetts, USA), and a Goat anti-mouse C3d Ab 

(R&D systems) with subsequent visualization using Alexa 555 Rabbit anti-Goat secondary 

Ab (Invitrogen, NY, USA). Following staining, sections were coverslipped using Vecta 

fluorescent hard mount (Vector Laboratories, Burlingame, CA). Specificity of staining was 

assessed by omission of primary Ab and by use of isotype controls. Staining was scored 

semi-quantitatively by observers (CA, PZ) blinded to specimens, as described previously 16. 

Intensity of the deposition and the distribution throughout the tissue was graded 0 (absent), 1 

(weak staining in a few areas), 2 (moderate staining in several areas), or 3 (strong staining 

throughout the tissue).

Survival time of vascularized composite allografts

For allograft survival experiments, all WT B6 recipients implanted with Balb/c hindlimb 

grafts were randomized into 4 groups: 1. PBS control treatment group, 2. CR2-Crry group, 

which were administered 0.25 mg CR2-Crry at 0h and 24 h post-surgery, 3. Low dose 

Cyclosporine A (CsA) group, which were administered CsA at 3mg/kg/day, and 4. Dual 

therapy group, which were treated with 2 doses 0.25 mg CR2-Crry at 0 h and 24 h after 

surgery, supplemented with 3mg/kg/day CsA. The CR2-Crry dose was based on dose 

response data obtained from other models of IRI and determined to be optimal 12, and the 

CsA dose chosen based on a preliminary study to determine a CsA dose that provided little 

or no therautic benefit alone. Complement inhibitor and CsA treatments were administered 

by intraperitoneal injection. Mice were either sacrificed at day 7 post-transplant or examined 

daily until complete rejection was observed. Grafts isolated at 7 days were analyzed for 

histomorphological evidence of rejection and T cell infiltration, and splenic T cell 

populations were analyzed by flow cytometry.

Flow cytometry

Splenocytes were isolated from naïve mice, and from mice that had received Balb/c 

allografts from 4 groups; 1. B6 recipient, no treatment, 2. B6 recipient, treatment with 

3mg/kg/day CsA, 3. B6 recipient, treatment with CR2-Crry, and 4. B6 recipient, treatment 
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with CR2-Crry + 3mg/kg/day CsA. Spleens were isolated 7 days posttransplant. Isolated 

spleens were mechanical disrupted, suspensions passed through a series of nylon mesh 

strainers, and frozen in freezing media (Invitrogen) for later analysis. Splenocytes were 

thawed and stained for cell surface markers (CD3 eFluor450, CXCR3 FITC; eBioscience; 

CD4 APC Cy7, CD8 APC, CD44 PerCP Cy5.5, CD62L FITC, FoxP3 PE, BD Biosciences) 

and incubated in FACS buffer (PBS + 2% FBS) in the dark for 20 minutes at room 

temperature. Cells were then washed twice in FACS buffer and incubated in Fixation Buffer 

(BioLegend) for 10 minutes. After washing with FACS buffer, cells were run on a BDVerse 

(BD Biosciences) and analyzed using FlowJo software (Tree Star, Ashland, OR).

Statistical analysis

GraphPad Prism version 5.0 for Mac OS X (GraphPad, San Diego, CA) was used for 

statistical analysis. A student t test was used for the comparison of a normally distributed 

continuous variable between 2 groups. Differences between various groups were compared 

by the nonparametric Wilcoxon rank-sum or Mann-Whitney test because of the small 

sample sizes for some experiments. The Mantel Cox text was used to compare survival 

curves for different groups on univariate analyses. All analyses were 2 sided, and values of 

P<0.05 were considered to be statistically significant.

RESULTS

The effect of complement deficiencies and complement inhibition on vascularized 
composite allograft IRI and inflammation

Vascularized composite allografts from Balb/c wt donors were transplanted into the 

following C57BL/6 recipients: 1. WT mice treated with PBS vehicle at 0 and 24 h 

postreperfusion; 2. Double C3aR−/−/C5aR−/− mice; 3. C3−/− mice; 4. WT mice treated with 

0.25 mg CR2-Crry at 0 and 24 h post-reperfusion. Skin and muscle tissue from allografts 

was isolated 48 h after Tx and assessed for injury and cellular infiltration. Allografts isolated 

from PBS treated WT recipients exhibited key features associated with IRI, including 

epidermal and muscle cell necrosis, and inflammatory cell infiltration of the epidermis 

localized to areas of muscle necrosis (Figure 1). All of these features were significantly 

reduced in the other 3 recipient groups, although there was less protection in allografts from 

C3aR−/−/C5aR−/− mice compared to C3 deficient or CR2-Crry treated mice.

CR2-crry ameliorates complement deposition in composite allografts

The paradigm for organ IRI is that following reperfusion, circulating self-reactive natural 

IgM Abs bind to ischemia-induced neoepitopes or danger associated molecular patterns 

(DAMPs) and activate complement (reviewed in 17). We therefore investigated binding of 

IgM and deposition of the C3d complement activation product in allografts. At 48 h 

posttransplant, IgM staining was evident in both skin and muscle tissue, with a similar 

pattern and intensity in allografts from all recipient groups (Figure 2A and B). C3d 

deposition, on the other hand, was significantly lower in both the skin and muscle of 

allografts from C3 deficient and CR2-Crry treated recipients when compared to allografts 

from WT and C3aR−/−/C5aR−/− mice (donor-derived complement can account for the low 

levels of C3d deposition observed in allografts from C3−/− recipients). Furthermore, IgM 
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and C3d co-localized in allografts from WT mice, indicating IgM-mediated activation of 

complement (Figure 2C). These data indicate sequential IgM binding and complement 

activation, since neither complement deficiency nor inhibition affected IgM binding. The 

data further indicate that IgM binding is not in itself pathogenic. Also, while C3a/5a receptor 

deficiency in the recipient reduces IRI (and leukocyte infiltration, see below), it does not 

affect the level of complement activation as measured by C3d deposition.

Analysis of inflammatory cell infiltration and adhesion molecule expression in VC 
allografts

The anaphylatoxins, in particular C5a, are known to play important roles in the recruitment 

of immune cells to sites of inflammation, and we investigated allograft infiltration of 

neutrophils and macrophages 48 h after Tx. Immunohistological assessment demonstrated 

extensive infiltration of both cell types in allografts from control WT recipients. Neutrophils 

and macrophages were localized to the dermis in the skin and spread between myocytes in 

muscle tissue.

Compared to WT recipients, the number of infiltrating cells was significantly reduced in 

allografts from C3aR−/−/C5aR−/− recipients, with the exception of skin neutrophils. 

However, in C3 deficient and CR2-Crry treated recipients there was an even greater 

reduction in the number of infiltrating neutrophils and macrophages in both the skin and 

muscle compartments, and in all cases infiltrating cell numbers were significantly lower 

compared to C3aR−/−/C5aR−/− recipients (Figure 3). Within each group, the relative 

distribution of each cell type in the skin and muscle was not significantly different. These 

data indicate that C3aR and/or C5aR expressed on leukocytes contribute to leukocyte 

infiltration, but also raise the possibility that other complement activation products, either 

directly or indirectly, play a role in leukocyte recruitment.

The adhesion molecule P-selectin is expressed on endothelial cells early after IR, and it is an 

important mediator of leukocyte infiltration and injury, at least in some organs and tissues. 

Adhesion molecules can also modulate the infiltration of lymphocytes involved in 

alloimmunity. Moreover, there is a dynamic between P-selectin expression and complement 

activation 18, and we therefore investigated the effect of complement deficiency and 

inhibition on P-selectin expression in VC allografts. Immunohistochemical analysis revealed 

significantly reduced levels of P-selectin expression in both the skin and muscle of allografts 

from C3 deficient and CR2-Crry treated recipients compared to controls at 48 h post-

transplant. In vitro studies have implicated complement activation products in the expression 

of P-selectin 19–21, and the current data is consistent with a role for these products in the 

expression of P-selectin in both the skin and muscle of VC allografts (quantification, Figure 

4). Expression of P-selectin in allografts from C3aR−/−/C5aR−/− recipients was not 

significantly different from that in allografts from WT control treated recipients, but donor 

tissue was not C3aR/C5aR deficient. The reduced P-selectin expression in allografts from 

C3 deficient and CR2-Crry treated recipients, but not in C3aR−/−/C5aR−/− recipients, 

provides a potential explanation for the increased leukocyte recruitment seen in C3aR−/−/

C5aR−/− recipients relative to C3 deficient and inhibited recipients (see above).
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CR2-Crry combined with a subtherapeutic dose of Cyclosporine A (CsA) prolongs VC 
allograft survival and reduces T cell infiltration

To investigate whether complement-dependent IRI modulates alloimmunity and VC 

allograft rejection in a clinically relevant paradigm, we determined the effect of acute 

posttransplant CR2-Crry treatment on allograft survival in the context of subtherapeutic 

immunosuppression with CsA. In PBS vehicle treated C57BL/6 recipients, Balb/C allografts 

were rejected with a median survival time of 5.8 days posttransplant. Acute treatment of 

recipients with CR2-Crry (0 and 24 h posttransplant) modestly, albeit still significantly, 

increased median survival of allografts to 7.4 days posttransplant. A similar 7.2 day median 

allograft survival time was observed in recipients treated with 3 mg/kg/day CsA. However, 

acute CR2-Crry treatment of recipients to protect against IRI, together with a subtherapeutic 

dose of 3 mg/kg/d CsA, significantly increased mean graft survival time to 17.2 days (Figure 

5).

Vascularized composite allograft rejection is primarily dependent on T cells, and published 

work indicates that complement activation within donor solid organs contributes to 

posttransplant ischemic injury and memory T cell infiltration and proliferation 22–24. We 

therefore determined how CR2-Crry treatment affected graft rejection and T cell infiltration 

into allografts when recipients were co-treated with a subtherapeutic 3 mg/kg/day dose of 

CsA. Graft rejection was evident macroscopically in untreated recipients and in recipients 

treated with a subtherapeutic dose of CsA alone at day 7 posttransplant (Figure 6A). 

Analysis of T cell infiltration by immunohistochemistry showed that compared to CsA 

alone, combined CR2-Crry+CsA treatment significantly reduced T cell infiltration (CD3+) 

into both the skin and muscle at 7 days posttransplant (Figure 6B and C). CR2-Crry 

treatment alone demonstrated that early inhibition of IRI with complement inhibitor led to a 

significant reduction in T cells as compared to control, although numbers were significantly 

elevated as compared to combined CR2-Crry+CsA (Figure 6B and C).

Previous work has shown that complement activation is a key regulator of T cell immunity, 

and we therefore further analyzed the impact of combined CR2-Crry+CsA treatment on 

splenic T cell populations. Given that Tc1 and CD4 responses play important roles in VCA 

rejection, and that graft complement activation primes central memory expansion, we 

focused our effort on flow cytometric analysis of these factors 25–27. Total numbers of CD3, 

CD4, and CD8 were not significantly different between any analyzed groups (data not 

shown). Analysis of effector (CD3+CD44+CD62L−) and central memory 

(CD3+CD44−CD62L+) T cells showed no significant differences between any group (data 

not shown). Although C3a and C5a can switch the balance between T effector or T 

regulatory (Treg) cell development, and inhibition of C3a and C5a receptor signaling can 

promote Treg cell expansion, we found no significant difference in either the total 

percentage or total numbers of CD3+CD25+FoxP3+ or CD4+CD25+FoxP3+ Tregs between 

any of the groups (data not shown). However, examination of CD3+CD8+CXCR3+ and 

CD3+CD4+CXCR3+Tc1 cells showed that combined therapy led to a significant reduction in 

the percentage and total number of Tc1 CD8 cells, and a trend in reduction in CD4 cells, as 

compared to untreated and CsA alone treated recipients (Figure 7).
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DISCUSSION

Although VCA surgical procedures have become highly successful, the high incidence of 

acute rejection within the first year after surgery 28 and the requirement for long-term and 

high-dose immunosuppression 28,29 remain obstacles to its widespread application. Current 

immunosuppression strategies applied in VCA are extrapolated from solid organ Tx 

regimens 30, and since the toxicity of immunosuppressive therapies is a heightened concern 

in the context of a non life-saving procedure, an important goal in VCA research is the 

development of immune-sparing therapies.

There is strong evidence that IRI, an unavoidable complication in the process of Tx, can 

strongly impact graft quality 15, augment graft allogenicity 8, and strengthen the subsequent 

adaptive immune reaction 6–8. In this study, we first demonstrated that complement plays an 

important role in IRI to VC allografts. However, although C3aR/C5aR deficiency in the 

recipient was protective against IRI, C3 deficiency and C3 inhibition provided significantly 

better protection in both skin and muscle compartments. This indicates that whereas the 

anaphylatoxins may contribute to IRI, likely via the recruitment and/or activation of 

leukocytes, other operative mechanisms that are not affected by C3aR/C5aR deficiency, 

namely C3 opsonins and/or the MAC, play a prominent role in VCA IRI. Indeed, in some 

solid organs the MAC appears to be the primary mediator of IRI 31–34. In addition to being 

directly cytolytic, deposition of the MAC at sublytic concentrations can, as can the 

anaphylatoxins, result in the activation of endothelial cells, expression of adhesion 

molecules, and the recruitment and activation of leukocytes 35,36. Activated endothelial cells 

and recruited macrophages function as APCs, and C3 opsonization can facilitate cell/antigen 

uptake via complement receptor engagement. Complement-dependent injury will also result 

in the expression of DAMPs, such as heat shock proteins, reactive oxygen species and 

fibrinogen 5,37, that can play a role in the activation of APCs and the augmentation of 

effector T cell responses 5,37. In this context, our data also indicate IgM-mediated activation 

of complement occurs in composite allografts, and for cardiac grafts we have shown 

previously that DAMPs exposed after transplant are recognized by self-reactive natural IgM 

Abs that activate complement in the transplanted heart 38. Taken together, the activities of 

complement activation products provide a basis for how complement may augment graft 

allogenicity via IRI 5

To provide further support for this concept, we demonstrated that the level of injury in 

allografts from the different groups of complement deficient or inhibited recipients 

correlated with the level of immune stimulation, as measured by leukocyte recruitment and 

endothelial cell activation. While there was a reduction in the number of neutrophils and 

macrophages in composite allografts from complement deficient and inhibited mice 

compared to WT controls at 48 h posttransplant, there was a more significant reduction in 

C3 deficient and CR2-Crry treated mice compared to C3aR/C5aR deficient mice. The same 

was true for expression of the endothelial adhesion molecule, P-selectin, and both leukocyte 

infiltration and P-selectin expression correlated with the level of complement activation as 

measured by C3 deposition (in both the skin and muscle). Thus, blockade of complement at 

the C3 activation step that inhibits all the major effector activation products of the 

complement cascade, is more effective than anaphylatoxin blockade at ameliorating IRI and 
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reducing the immunostimulatory environment of composite allografts. It should also be 

noted that signaling through C3a and C5a receptors expressed on APCs and T cells can 

stimulate differentiation, expansion and survival of effector T cells, and C3a/C5a receptor 

signaling can also reduce the suppressive activity of regulatory T cells, thus promoting T cell 

alloimmunity (reviewed in 39). How the anaphylatoxins may modulate composite allograft 

alloimmunity via these more direct mechanisms, especially in the subacute posttransplant 

phase after IRI, is an area for further investigation.

Current therapeutic approaches in standard VCA protocols target primarily cell-mediated 

rejection 28. We therefore also investigated the effect of complement inhibition in the context 

of immunosuppressive therapy with CsA. We found that treatment of recipients with CR2-

Crry alone, administered acutely after transplant, modestly but significantly prolonged 

allograft survival. Graft survival was similarly increased in recipients treated with only 3 

mg/kg/day CsA. However acute treatment of recipients with CR2-Crry combined with 3 

mg/kg/day CsA extended median graft survival from 7.4 days to 17.2 days. In line with 

current evidence indicating a primary role for T cells in rejecting composite allografts, in 

recipients treated with a 3 mg/kg/day subtherapeutic dose of CsA, we found a high number 

of T cells infiltrating both the skin and muscle of rejecting allografts 7 days after Tx. 

However, at 7 days posttransplant, T cell infiltration was significantly reduced in allografts 

from recipients treated with both 3 mg/kg/day CsA and CR2-Crry. These data indicate that 

reduced IRI and the reduction in the acute immunostimulatory environment seen with CR2-

Crry treatment, translates to reduced T cell infiltration in the subacute phase after Tx and to 

increased allograft survival. We further analyzed splenocyte populations in allograft 

recipients to gain insight into the shaping of the immune response. The role of Tc1 cells in 

VCA graft rejection is well established and here we show that splenic populations of these 

effector cells are significantly reduced in recipients treated with combined CR2-Crry and 

subtherapeutic CsA therapy. This reduction in splenic numbers of Tc1 could be due to 

increased graft infiltration, but this is unlikely given that we were able to clearly demonstrate 

a reduction in intragraft T cells and a delay in macroscopic evidence of rejection. Taken 

together our data suggest that CR2-Crry acute therapy and amelioration of IRI decreases 

alloimmune priming, delaying the onset of rejection.

Complement inhibition has recently become a clinical reality, with the application of 

eculizumab for paroxysmal nocturnal hemoglobinuria, and has been further applied in small 

trials to pre-sensitized kidney transplant recipients and for the therapy of acute antibody 

mediated rejection in solid organ transplantation 40–42. These clinical studies, along with a 

number of promising small molecule and targeted complement therapeutics that are rapidly 

progressing along the development pipelines, may well present promise for the application 

of complement therapeutics in clinical VCA. In the studies reported here, we demonstrated 

that by layering acute post transplant complement inhibition together with sub-therapeutic 

doses of CsA, prolonged allograft survival can be achieved. This is likely an approach that 

could be adopted clinically, by augmenting standard of care triple immunosuppressive 

therapy with acute graft-targeted complement immunotherapy, and this may well present a 

strategy for introducing complement inhibition into the clinical practice of VCA. 

Importantly, similar to the CR2-mediated site-specific targeting utilized herein, a CR2-

targeted inhibitor of the alternative complement pathway, TT30 (human CR2-fH), has 
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completed human safety trials, and could potentially be used acutely to augment standard of 

care triple immunosuppression.

To conclude, the complement activation products C3a, C5a, C3 opsonins, and the MAC, 

have all been implicated in acute graft inflammation and injury following solid organ Tx, 

and organ IRI is implicated in promoting the development of graft rejection. CR2-Crry is a 

pan-complement inhibitor that inhibits the generation of all of the above complement 

activation products, and the data shown here indicate that a treatment directed at inhibiting 

complement-mediated IRI of VC allografts could be a promising therapeutic strategy. 

Furthermore, we have previously shown that CR2-mediated targeting of complement 

inhibition significantly increases bioavailability and efficacy, and obviates the need for 

systemic inhibition that reduces any additional immunosuppressive effect, a potentially 

important consideration when the patient is immunocompromised. A humanized sister CR2-

targeted inhibitor, CR2-fH (TT30), has been shown to be safe and well tolerated in a clinical 

trial for paroxysmal nocturnal hemoglobinuria 43.
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FIGURE 1. 
Assessment of IRI damage in vascularized composite allografts from different recipient mice 

or treated with CR2Crry. Upper panel shows representative H&E stained sections. Lower 

panel shows histological quantification of injury in grafts. The grafts were isolated at 48h 

posttransplant. Results are expressed as mean ± SD; n=5–8 for all groups. *P < 0.05
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FIGURE 2. 
IgM and C3d deposition in vascularized allografts isolated from mice 48 h after 

transplanation. A. At 48 h post-Tx, similar levels of IgM deposition were seen in the skin of 

VC allografts from all groups, with some decreased deposition in muscle from deficient and 

inhibited recipients. Mean +/− SD, n = 5. *P < 0.05. B. Representative 

immunohistochemistry images. C. IgM (green) and C3d (red) binding was assessed by 

immunohistochemistry. Representative immunofluorescence images of WT to WT allografts 

showing IgM (red) and C3d (green) with colocalization (yellow). n=3.
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FIGURE 3. Effects of complement inhibition on the infiltration of neutrophils and macrophages 
into grafts
A. Neutrophils and macrophages were quantified on immunostained sections by counting 8 

high-power fields. Grafts were isolated 48 h after transplant. Results are expressed as mean 

± SD, n = 8 for all groups.*P < 0.05. B. Representative images showing 

immunohistochemical staining for neutrophils (GR1) and macrophages (Mac3). n = 8.
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FIGURE 4. 
Effect of complement inhibition on the expression of P-selectin in grafts. All grafts were 

isolated from WT recipient mice with PBS (control) or CR2-crry treatment, 

C3aR−/−C5aR−/− or C3−/− recipient mice at 48h after transplantation. Expression of P-

selectin was examined by immunohistochemistry and scored on a scale of 0–3. Results are 

expressed as mean ± SD; n = 5–8 for all groups. *P < 0.05.
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FIGURE 5. 
Effect of complement inhibition on the survival time of vascularized composite allografts. n 

= 5 for all groups.
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FIGURE 6. 
Combined CR2-Crry and subtherapeutic cyclosporine A treatment delays graft rejection and 

reduces T cell infiltration. A. Macroscopic assessment of vascularized composite allograft 

rejection. Note that rejection is absent in CR2-Crry + CsA treated animals at day 7. 

Representative images of n = 8. B. Representative immunohistochemistry images of sections 

obtained from grafts 7 days post transplantation and stained for CD3. Note widespread 

diffuse T cell infiltrates in both the skin and muscle in CsA and CR2-Crry, as compared to 

CR2-Crry + CsA treated animals. Images representative of n=8. C. T cell infiltration 

quantified by counting 8 random high-power fields by observers blinded to groups. Mean, n 
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= 6–8. ## CsA vs CsA + CR2-Crry, # CsA vs CR2-Crry, ** CR2-Crry vs CsA + CR2-Crry, 

P < 0.05.
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FIGURE 7. 
Combined CR2-Crry and CsA therapy reduces splenic Tc1 cell populations. Flow 

cytometric analysis of splenocytes for Tc1 cells CD3+CD8+ CXCR3+ (A) and 

CD3+CD4+CXCR3+ (B) demonstrate a significant reduction in overall number of CD8+ 

CXCR3+ cells in the combined therapy group, as compared to control and single therapy 

CR2-Crry and CsA groups. CD4+CXCR3+ T cells were significantly reduced in the 

combined group, as compared to Tx control. While there was an overall trend to reduced 

total numbers between combined and CsA alone groups, this did not reach statistical 

significance. (# Tx Control vs CR2-Crry + CsA, p < 0.02, * Tx Controls vs CsA p<0.03, ** 

CsA vs CR2-Crry + CsA, p < 0.04. n = 3 in each group).
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