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Ischemia-reperfusion injury (IRI) is inevitable in solid
organ transplantation, due to the transplanted organ
being ischemic for prolonged periods prior to trans-
plantation followed by reperfusion. The complement
molecule C3 is present in the circulation and is also
synthesized by tissue parenchyma in early response to
IRI and the final stable fragment of activated C3, C3d,
can be detected on injured tissue for several days post-
IRI. Complement activation post-IRI was monitored
noninvasively by single photon emission computed
tomography (SPECT) and CT using 99mTc-recombinant
complement receptor 2 (99mTc-rCR2) in murine models
of cardiac transplantation following the induction of IRI
and compared to 99mTc-rCR2 in C3�/� mice or with the
irrelevant protein 99mTc-prostate–specific membrane
antigen antibody fragment (PSMA). Significant uptake
with 99mTc-rCR2wasobserved as compared toC3�/�or
99mTc-PSMA. In addition, the transplanted heart to
muscle ratio of 99mTc-rCR2 was significantly higher
than 99mTc-PSMAor C3�/�. The resultswere confirmed
by histology and autoradiography. 99mTc-rCR2 can be
used for noninvasive detection of activated comple-
ment and in futuremay be used to quantify the severity
of transplant damage due to complement activation
postreperfusion.

Abbreviations: IRI, ischemia reperfusion injury; MRI,
magnetic resonance imaging; rCR2, recombinant

complement receptor 2; SPECT, single photon emission
computed tomography; SPIO, superparamagnetic iron
oxide; 99mTc-PSMA, 99mTc-prostate–specificmembrane
antigen; 99mTc-rCR2, 99mTc-recombinant complement
receptor 2
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Introduction

During cardiac transplantation the heart remains ischemic

for prolonged periods prior to transplantation. Upon

transplantation the organ is reperfused with warm blood

and this initiates a number of processes that damage the

transplant. This phenomenon is called ischemia reperfusion

injury (IRI) and it is one of the hurdles of any vascularized

solid organ transplant (1). The cardiac graft is damaged via

activation of innate components of the immune system,

and the severity of these processes affects the intensity of

subsequent adaptive immune responses (2).

IRI has a pathophysiology consisting of at least three major

factors contributing to tissue injury: in situ production of

reactive oxygen species, activation of white blood cells

(neutrophils and macrophages), and components of the

activated complement (C) cascade (3). The exact process

that leads to IRI is complex but complement has been

shown to play an important role in IRI (2–4). Complement

activation induced by IRI can involve three known path-

ways: the lectin (or mannose-binding) pathway, and the

alternative and classical pathways. All of these pathways

converge on C3 (Figure 1). The complement protein C3 is

synthesized by tissue parenchyma as an early response to

tissue stress or infection (5). C3 is also abundant in the

circulation, where it is mainly produced by hepatocytes.

Whether synthesized locally or deposited from serum onto

stressed cells, cleavedC3 attaches to the target cell surface

as a C3b fragment, which is rapidly degraded to form the

C3dg andC3d fragments,which remain covalently bound to

the cell. Both C3 and C3b have a relatively short half-life in

serum or on the membrane and C3b degrades within

minutes on the plasma membrane of the effected cell.

Thereafter, C3d is relatively stable in situ and can be

detected for several days (2). In several organmodels of IRI,

these covalently membrane-bound products of C3, i.e. C3b
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and C3d, are associated with tissue injury (6,7), which is

caused by activation of the terminal pathway downstream

of C3 cleavage (generating the complement effectors C3a,

C5a, and C5b-9, the members of attack complex, which

cause inflammation and membrane injury). Therefore, C3d

serves as a ‘‘footprint’’ of complement activation and a

potential marker of tissue injury in myocardial reperfusion

damage.

Complement is widely used as a biomarker for many

diseases in blood, urine, and biopsy sampling (8). Also,

complement has a key role in cardiac pathology whether it

is ischemia-related or not (9). However, in some cases,

these assays have provided limited whole organ informa-

tion, and have often yielded false-positive or false-negative

results (10). Currently no validated techniques exist to

noninvasively assess the severity of tissue injury caused by

a specific pathological pathway within an affected organ

soon after IRI.

Acute rejection of the transplanted organ is linked with IRI

most likely as a consequence of the innate immune

response enhancing antigen presentation and stimulating

T cell reactivity against the donor antigen (11). Tissue

damage posttransplantation can occur through cold ische-

mia during organ transport andwarm ischemia during organ

removal and subsequent reperfusion. A central aim in

transplantation is to reduce the amount of reperfusion

injury (12). IRI posttransplantation is associated with

induction of inflammatory cytokines such as TNF-alpha

Figure 1: The central complement componentC3 is activatedby threemajor pathways. The classical pathway is triggered by immune

surveillancemolecules (such as IgG, IgM, and C-reactive protein [CRP]) that are bound to the activating surface,whereas the lectin pathway

is initiated by carbohydrate residues on the activating surface or by IgA and IgM, and the alternative pathway is triggered by direct binding of

C3b to the activating surface. All three pathways progress to formenzymecomplexes (classical or alternative convertases) that cleave either

C3 (into C3a and C3b) or C5 (into C5a and C5b). C5b triggers the terminal pathway, which involves the formation of a multimeric membrane

attack complex (C5b-C9) that creates a pore in the target cell membrane. Specific cell receptors detect the soluble complement effectors

(namely, C3a, C4a, and C5a) and the membrane-bound effectors (namely, C3b and its metabolites, inactive C3b [iC3b] and C3d).

Complement regulators either inhibit the C3 and C5 convertases or block the formation of C5b-C9.
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and IL-1 (13) by graft endothelium, which further triggers

polymorphonuclear leukocytes, chemokines, and comple-

ment proteins (14,15).

A noninvasive biomarker based on C3d that could identify

tissue damage soon after IRI would be a powerful tool in the

risk stratification of transplant patients and further guide

intervention, including specific therapeutic interventions. In

this regard, utilizing the complement product as a biomarker

at the onset of inflammatory injury may potentially be of

benefit in predicting the extent of injury, its onset, and

consequences for late graft outcome. Specific complement

inhibitors are now available for evaluation (16,17) and

imaging a specific molecular marker, such as C3d, could

provide amore rational basis for patient risk stratification and

the application and monitoring of such treatments.

Complement receptor-2 is a natural ligand forC3d andcanbe

adapted for imaging purposes. Thurman et al developed a

CR2molecule that is bound to superparamagnetic iron oxide

(SPIO) nanoparticles andwasused for renalMRI imaging in a

mouse model of lupus nephritis (18,19). These studies

reported noninvasive detection of complement activation in

models of kidney inflammation. We have previously

developed a single-photon emission computed tomography

(SPECT) imaging agent using recombinant complement

receptor 2 (rCR2); this in vitro specifically binds to the

degraded components of activated, membrane-bound C3

fragments, namely iC3b, C3dg, and C3d, on the surface of

affected cells (20). The 15.5 kDa rCR2 radiolabelled with
99mTc radioisotope was shown to only bind to cells

expressing C3d in vitro (20). Here, we evaluated the

hypothesis that rCR2 could be used for noninvasive whole

organ imaging of activated complement, following IRI in

mouse cardiac isografts.

Materials and Methods

Mice and heart transplantation

Age- and sex-matched C57BL/6 (referred as BL/6, purchased fromHarlan) or

C57BL/6 C3�/� mice (referred to C3�/�). The C3�/� was derived by

homologous recombination in embryonic stem cells and backcrossed on to

BL/6 parental strain for at least 10 generations (21). Mice were maintained

under specific pathogen free conditions and all experimentswere conducted

in accordance with national guidelines for animal care. Mice were sacrificed

by dislocation of the neck at the end of the experiments.

Syngeneic heart transplantations were performed according to literature

method (17). Hearts were excised, perfused with saline and stored in PBS at

48C for 35min prior to implantation and anastomosis time was 30min. Donor

hearts were transplanted into the abdomen of recipients by anastomosis of

the recipient and donor aortas and the recipient inferior vena cava with the

donor pulmonary artery. The following day and post-iv administration of

radiotracermicewere imagedusingNanoSPECT-CT.Therewere threegroups

of syngeneic transplantation: Group 1) BL/6 mice injected with 99mTc-rCR2

(n¼ 6); Group 2) BL/6 mice injected with an irrelevant peptide 99mTc-PSMA

(prostate-specific membrane antigen) (n¼ 3); and Group 3) C3�/� mice

injected with 99mTc-rCR2 (n¼ 3). As an additional control, BL/6 mice

transplanted with syngeneic heart were imaged with radiolabel alone

(99mTc-Tricarbonal).

Peptide radiolabelling with 99mTc

We previously reported developing a 15.5-kDa peptide which consisted of

short consensus repeats 1 and 2 of complement receptor 2 (CR2), the

binding domain for C3d (22). The peptide was engineered to include the C-

terminal sequence VFPLECHHHHHH, a hexahistidine tag for site-specific

radiolabeling with 99mTc(CO)3(OH2)3]
þ (99mTc-Tricarbonal) (20). Radiolabel-

ling of peptides and quality control experiments were performed as

described previously (23). Briefly, 99mTc pertechnetate eluted with saline

from a Drytec generator (GE Healthcare, Amersham, UK) was converted to

[99mTc(CO)3(OH2)3]
þ using a kit from Isolink (Covidien, Petten, the

Netherlands). Proteins were labelled with 99mTc by incubating 100mg of

rCR2 or PSMA in 100mL of PBS pH 7.4 with an additional 350mM NaCl and

up to 600MBq of [99mTc(CO)3(OH2)3]
þ in 100mL at 378C. Then 20mg of

radiolabelled peptides were intravenously injected via tail vein.

In vivo NanoSPECT-CT imaging

Single photon emission tomography was performed with a small-animal

NanoSPECT-CT with silver upgrade (Mediso, Budapest, Hungary) under

isofluorane anaesthesia, respiration monitoring, and a heating pad to ensure

constant body temperature to 378C. Mice were injected with 100mL 99mTc-

rCR2 (20mg of rCR2 n¼ 9) or 100mL 99mTc-PSMA (20mg of PSMA, n¼ 3)

intravenously via the tail vein and allowed to rest for an hour to allow

distribution of radiopharmaceutical prior to imaging. The images were

analyzed using the VivoQuant software (inviCRO, Boston, MA).

Ex vivo organ biodistributions and histological studies

Following imaging, mice were removed from the NanoSPECT-CT bed and

sacrificed. The organs were removed, weighed, andmeasured for presence

of 99mTc. Gamma counting was carried out using a multiwell automated

Wallac 1282 Compugamma Universal Gamma Counter (LKB Wallac,

PerkinElmer, Cambridge, UK). Biodistribution data were expressed as the

percentage injected dose/gram (%ID/g) for each organ.

For histological studies, heart samples were covered with optimal cutting

temperaturebeddingcompound (VWRChemicals, Leuven,Belgium)andsnap-

frozen in liquid nitrogen before storing at�808C. The mid region of the hearts

were sectioned (transverse axis) at 5mm thicknesses using 5030 microtome

(Bright, Cambridgeshire, UK) and placed on glass slides. The specimens were

fixed by incubating with 48C Acetone for 5min. Slides were washed with

PBS and blocked with 20% fetal bovine serum (FBS, Life Technologies,

Paisley, UK) in PBS for 30min at room temperature. Then slides were

incubatedwith rabbit anti-C3d (ab15981, Abcam,UK) at 1/200 dilution for 1h at

room temperature. Slideswere incubated for 30min at room temperaturewith

secondary antibody goat anti-rabbit Dylight 488 (ab96895, Abcam) at 1/1000

dilution. Slides were washed and DAPI mounting serum (ProLong Gold, Life

Technologies,Paisley,UK)wasadded to co-stain for nuclei. Imageswere taken

using DM6000B fluorescent microscope (Leica, Wetzlar, Germany).

For autoradiography of the heart, the transplanted hearts were sectioned at

30mm thickness using microtome and heart sections were placed on glass

slides. The slideswere then imaged using Instant Imager (Canberra Packard,

Didcot, UK) to demonstrate localized presence of radioactivity within heart

sections.

Statistics

All analyses are reported as mean � standard error of themean (SEM). Data

were analysed using GraphPad Prism Version 5 and statistical analysis were

performed using one-way analysis of variance (ANOVA) and statistical

significance assigned for p values <0.05. If the one-way ANOVA was

significant, then a posthoc analysis was performed with Dunnet’s test; p

values of<0.05 were considered significant. Significant differences of<0.05

were labelled *, <0.01 were labelled **, and <0.001 were labelled ***.
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Results

99mTc-rCR2 specifically targets C3d expression in IRI
via SPECT-CT
In order to determine if we could detect complement

activation post-IRI, we investigated whether radiolabeled

rCR2 could be used to noninvasively image activated

complement post-IRI in a cardiac transplant model. We

performed heterotopic isograft heart transplantation in

mice with a fixed cold and warm ischemia times that were

found to induce C3d deposition (17). The day after

transplantation, we intravenously injected mice with

50MBq of 99mTc-rCR2 in C57BL/6 (Group 1) or C3�/�

(Group 3) and 99mTc-PSMA in C57BL/6 (Group 2). They

Figure 2: C3d is detected by 99mTc-rCR2 imaging usingNanoSPECT-CT.Mice that underwent heart transplantationwere injectedwith
99mTc-rCR2 or the 99mTc-PSMA. After 1 hr, mice were imaged for 45min via NanoSPECT-CT. Signals were detected in the liver [L], kidneys

[K], and bladder [B]. The location of the isograft heart was transplanted indicated by a green rectangle and white arrow. (A) Whole body

SPECT-CT imaging of BL/6 or C3�/�mice injectedwith 99mTc-rCR2 or 99mTc-PSMA. (B) SPECT-CT, sagittal, coronal, and transverse images

of the region of the heart transplant. SPECT, single photon emission computed tomography; CT, computed tomography; PSMA, prostate–

specific membrane antigen; CR, complement receptor.
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were then imaged for 45min, using a NanoSPECT-CT Plus,

1 h postinjection. Uptake of 99mTc-rCR2 was observed in

the transplanted heart (indicated by white arrows in

Figures 2A and B and S1A) but was not observed in
99mTc-PSMA (Group 2) or C3�/� (Group 3). We performed

image quantification of the SPECT/CT images and observed

a significant uptake in Group 1 (872.5� 255.3) compared to

Group 2 (298.4�38.8) and 3 (163.2� 12.7) (Figure 3A)

(p¼0.030). Also, the transplant to muscle ratio of Group 1

was significantly higher than that of Group 2 (p¼ 0.027) or

C3�/� Group 3 (p¼ 0.029).

All three groups demonstrated high uptake in the

kidney and bladder due to the nonspecific retention

and clearance of the radiolabeled protein into the urine

(Figure 2A and video in Figure S1A). In addition, the

groups that were injected with 99mTc-rCR2 also showed

some uptake in the liver. Overall, this demonstrates that
99mTc-rCR2 can detect complement activation and C3d

expression post-IRI in the transplanted heart of BL/6

mice and not in the C3�/� or in BL/6 mice imaged with
99mTc-PSMA.

Ex vivo biodistribution studies of 99mTc confirmed in
vivo SPECT-CT images
To confirm specific uptake of 99mTc-rCR2 in the trans-

planted hearts, mice were euthanized after imaging and

organs removed for gamma counting and histology. Organs

were weighed and measured for presence of radioactivity

and % Injected Dose (ID) per gram calculated (Figures 3B

and S2). Group 1 heart transplants demonstrated signifi-

cantly higher uptake (1.12� 0.16) as compared to C3�/�

(0.51� 0.17) (p¼ 0.012) or 99mTc-PSMA (0.37� 0.17)

(p¼0.002) transplants. No significant uptake above back-

ground (defined as activity in the blood) was observed

in the native hearts and there was no significant difference

observed between the three groups (p>0.05). Both ex vivo

biodistribution and noninvasive quantification of images

confirmed what was observed in the noninvasive SPECT-

CT images of the transplanted heart (Figures 2 and S1).

Immunohistological studies confirmed C3d
expression in the transplanted heart
To investigatewhether the significant uptake of 99mTc-rCR2

observed in the transplanted heart images (Figures 2 and

S1) correlated with the presence or absence of C3d

expression, histological analysis was performed. The

transplanted hearts were stained for C3d (green) and

nucleus (DAPI, blue) (Figure 4A). The expression of C3d

was observed in the transplanted heart of both 99mTc-rCR2

and99mTc-PSMA groups but not C3�/�. This confirmed that

the uptake observed in the transplanted heart of BL/6 mice

injected with 99mTc-rCR2 (Group 1) was associated with

tissue C3d. It also demonstrated that C3d was present in

Group 2 transplants, where as no imaging signal was

associated with the irrelevant peptide. As expected, the

C3�/� transplanted hearts (Group 3) did not show any C3d

expression. To identify where the 99mTc-rCR2 was located

within the transplanted heart, sections of the base,mid, and

apex of transplanted hearts from all three groups were

assessed for presence of radioactivity by autoradiography.

Heart sections of mice injected with 99mTc-rCR2

(1.166� 0.039) showed significantly higher levels of

radioactivity compared to 99mTc-PSMA (1.064� 0.019)

injected mice (p¼ 0.0003). Within the transplanted heart

of mice injected with 99mTc-rCR2, a higher signal was

observed in the base of the heart than themid or apex of the

heart. Overall, the histological and autoradiography data

Figure 3: Biodistribution studies confirmed presence of
99mTc-rCR2 in the donor hearts. (A) Quantification of SPECT-

CT images for levels of radioactivity in the heart transplant was

carried out. The heart signals were corrected to muscle signals.

(B) After imaging studies, mice were culled and the recipient and

donor hearts were removed, weighed, and ex vivo biodistribution

was performed. p values <0.05 and <0.01 are labelled as * and **,

respectively (99mTc-rCR2 n¼6, 99mTc-PSMA n¼3, and C3�/�

n¼3).
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presented here illustrate that 99mTc-rCR2 can specifically

detect C3d expression post-IRI in the transplanted hearts.

Discussion

Detection of complement in ischemia reperfusion injury has

been reported in numerous preclinical and clinical stud-

ies (23,24). Here, we aimed to develop a noninvasive tool to

detect activate complement; however, the molecular

specificity of this assessment has been uncertain due to

variability in readouts of complement activation (10). We

used rCR2 peptide to detect the terminal quasi stable

product of activated complement, namely C3d. Firstly, CR2

is a specific receptor for complement activation and binds

to the terminal complement product, C3d (20). Secondly,

the incorporation of a hexahistidine tag in rCR2 peptide

allows for site-specific radiolabeling without the fear of

disrupting the CR2–C3d binding site (20). We studied

complement activation induced by IRI in a heart transplant

model. We demonstrated that radiolabeled rCR2 could be

used to detect complement activation and, in particular,

C3d expression on the transplanted heart, which had

undergone 35min of cold ischemia followed by 24 h

reperfusion. We managed to noninvasively detect C3d

expression on the transplanted heart and confirmed our

findings through ex vivo biodistribution and histological

studies.

There are many reports of the involvement of complement

in transplant rejection (reviewed in 25). It has been

demonstrated that pretransplant complement expression

on the graft correlates to early and late graft function (26).

Therefore, a long-term objective of 99mTc-rCR2would be to

quantify complement activation in the transplant as early as

possible prior to a rejection event and also monitor

treatment. This would be an important step forward to

image graft inflammation noninvasively as biopsies of the

graft are not without risk. Moreover, anti-complement

therapies have an emerging role in transplant patients (27)

and 99mTc-rCR2 could be used as an interim measure of

response to treatment.

The molecular tracer described here, 99mTc-rCR2, could

also be applied to other solid organ transplants and would

be ofwider interest in diseases that trigger the complement

system, such as rheumatoid arthritis (28), systemic lupus

erythematosus (29), autoimmune myocarditis (30), and

IRI (24), which itself can be involved in many diseases such

as myocardial infarction..

Figure 4: Histological studies demonstrating

C3d expression on the transplanted heart. (A)

After imaging studies, transplanted hearts

were removed, sectioned, and stained with

anti-C3d (green) and DAPI (blue). Heart

sections were from mid region of the

transplanted heart of BL/6 mice injected with
99mTc-rCR2 (I), 99mTc-PSMA (II), and C3�/�

mice injected with 99mTc-rCR2 (III). Control for

staining was transplant heart sections stained

with secondary antibody alone (IV) and C3d

staining in the native recipient heart of mice

injected with 99mTc-rCR2 (V). All images were

acquired at 40 � magnification. (B) After

imaging, transplanted hearts from BL/6 mice

injected with 99mTc-rCR2 or 99mTc-PSMA

were sectioned and presence of radioactivity

within heart tissue was studied using

autoradiography. A representative section of

the base, mid and apex of the heart is shown.

Darker regions represent areas with higher

amounts of radioactivity. PSMA, prostate–

specific membrane antigen; CR, complement

receptor.
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In summary, we demonstrated that 99mTc-rCR2 can be

used to noninvasively image in situ deposition of C3d on

transplanted hearts as a result of IRI. This could be a

promising method for monitoring the inflammatory status

of transplanted organs and specifically to assess the

damage of the transplanted organ as a result of IRI.

Moreover, 99mTc-rCR2 coupled with SPECT imaging could

have great application as a noninvasivemonitoring agent for

diseases that involve complement.

Acknowledgments

The authors acknowledge the financial support from King’s College London,

Medical Research Council Centre of Transplantation, Division of Imaging

Sciences, the Department of Health via the National Institute for Health

Research (NIHR) comprehensive Biomedical Research Centre (BRC) award

to Guy’s and St. Thomas’ National Health Service (NHS) Foundation Trust in

partnership with King’s College London and King’s College Hospital NHS

Foundation Trust and the British Heart Foundation. We also thank KCL Pre-

clinical imaging facility and Dr. Kavitha Sunassee, Dr. Wilson Wong, and Mr.

Stephen Clark.

Author Contributions

ES-P, MLY, RAS, SS, and GEM designed research; ES-P,

MLY, LLM, KC, AB, and FK performed research; ES-P,

MLY, SS, and GEM analysed data; and ES-P, RAS, SS, and

GEM wrote the paper.

Disclosure

The authors of this manuscript have no conflicts of interest

to disclose as described by the American Journal of

Transplantation.

References

1. Ishii D, Schenk AD, Baba S, Fairchild RL. Role of TNFalpha in early

chemokine production and leukocyte infiltration into heart

allografts. Am J Transplant 2010; 10: 59–68.

2. Farrar CA, ZhouW, Lin T, Sacks SH. Local extravascular pool of C3

is a determinant of postischemic acute renal failure. Faseb J 2006;

20: 217–226.

3. Kilgore KS, Friedrichs GS, Homeister JW, Lucchesi BR. The

complement system in myocardial ischaemia/reperfusion injury.

Cardiovasc Res 1994; 28: 437–444.

4. Sacks SH, Zhou W. The role of complement in the early immune

response to transplantation. Nat Rev Immunol 2012; 12: 431–442.

5. Sacks SH, Chowdhury P, ZhouW. Role of the complement system

in rejection. Curr Opin Immunol 2003; 15: 487–492.

6. Brown KM, Kondeatis E, Vaughan RW, et al. Influence of donor C3

allotype on late renal-transplantation outcome. N Engl JMed 2006;

354: 2014–2023.

7. Zhou W, Patel H, Li K, Peng Q, Villiers MB, Sacks SH.

Macrophages from C3-deficient mice have impaired potency to

stimulate alloreactive T cells. Blood 2006; 107: 2461–2469.

8. Mollnes TE, Jokiranta TS, Truedsson L, et al. Complement analysis

in the 21st century. Mol Immunol 2007; 44: 3838–3849.

9. Clark JE, Marber MS. Advancements in pressure-volume catheter

technology—Stress remodelling after infarction. Exp Physiol 2013;

98: 614–621.

10. Birmingham DJ, Irshaid F, Nagaraja HN, et al. The complex nature

of serumC3 and C4 as biomarkers of lupus renal flare. Lupus 2010;

19: 1272–1280.

11. Boros P, Bromberg JS. New cellular and molecular immune

pathways in ischemia/reperfusion injury. Am J Transplant 2006; 6:

652–658.

12. ChongAS, AlegreML. The impact of infection and tissue damage in

solid-organ transplantation. Nat Rev Immunol 2012; 12: 459–471.

13. Laskowski I, Pratschke J, Wilhelm MJ, Gasser M, Tilney NL.

Molecular and cellular events associated with ischemia/reperfu-

sion injury. Ann Transplant 2000; 5: 29–35.

14. Colletti LM, Kunkel SL,Walz A, et al. Chemokine expression during

hepatic ischemia/reperfusion-induced lung injury in the rat. The

role of epithelial neutrophil activating protein. J Clin Invest 1995;

95: 134–141.

15. Pratt JR, Basheer SA, Sacks SH. Local synthesis of complement

component C3 regulates acute renal transplant rejection. Nat Med

2002; 8: 582–587.

16. Atkinson C, Song H, Lu B, et al. Targeted complement inhibition by

C3d recognition ameliorates tissue injury without apparent increase

in susceptibility to infection. J Clin Invest 2005; 115: 2444–2453.

17. Atkinson C, He S, Morris K, et al. Targeted complement inhibitors

protect against posttransplant cardiac ischemia and reperfusion

injury and reveal an important role for the alternative pathway of

complement activation. J Immunol 2010; 185: 7007–7013.

18. Serkova NJ, Renner B, Larsen BA, et al. Renal inflammation:

Targeted iron oxide nanoparticles for molecular MR imaging in

mice. Radiology 2010; 255: 517–526.

19. Sargsyan SA, Serkova NJ, Renner B, et al. Detection of glomerular

complement C3 fragments by magnetic resonance imaging in

murine lupus nephritis. Kidney Int 2012; 81: 152–159.

20. Badar A, DeFreitas S, McDonnell JM, et al. Recombinant

complement receptor 2 radiolabeled with [99mTc(CO) 3]þ: A

potential new radiopharmaceutical for imaging activated comple-

ment. PLoS ONE 2011; 6: e18275.

21. Wessels MR, Butko P, Ma M, Warren HB, Lage AL, Carroll MC.

Studies of group B streptococcal infection in mice deficient in

complement component C3 or C4 demonstrate an essential role

for complement in both innate and acquired immunity. Proc Natl

Acad Sci USA 1995; 92: 11490–11494.

22. van den Elsen JM, Isenman DE. A crystal structure of the complex

between human complement receptor 2 and its ligand C3d.

Science 2011; 332: 608–611.

23. Banz Y, Rieben R. Role of complement and perspectives for

intervention in ischemia-reperfusion damage. Ann Med 2012; 44:

205–217.

24. Gorsuch WB, Chrysanthou E, Schwaeble WJ, Stahl GL. The

complement system in ischemia-reperfusion injuries. Immunobi-

ology 2012; 217: 1026–1033.

25. Farrar CA, Sacks SH. Mechanisms of rejection: Role of comple-

ment. Curr Opin Organ Transplant 2014; 19: 8–13.

26. Naesens M, Li L, Ying L, et al. Expression of complement

components differs between kidney allografts from living and

deceased donors. J Am Soc Nephrol 2009; 20: 1839–1851.

27. Barnett ANR, Asgari E, Chowdhury P, Sacks SH, Dorling A,

Mamode N. The use of eculizumab in renal transplantation. Clin

Transplant 2013; 27: E216–E229.

28. Neumann E, Barnum SR, Tarner IH, et al. Local production of

complement proteins in rheumatoid arthritis synovium. Arthritis

Rheum 2002; 46: 934–945.

Imaging of Complement Post–Cardiac Transplant

2489American Journal of Transplantation 2015; 15: 2483–2490



29. Wang Y, Hu Q, Madri JA, Rollins SA, Chodera A, Matis LA.

Amelioration of lupus-like autoimmune disease in NZB/WF1 mice

after treatment with a blocking monoclonal antibody specific for

complement component C5. Proc Natl Acad Sci USA 1996; 93:

8563–8568.

30. Kaya Z, Afanasyeva M, Wang Y, et al. Contribution of the innate

immune system to autoimmune myocarditis: A role for comple-

ment. Nat Immunol 2001; 2: 739–745.

Supporting Information

Additional Supporting Information may be found in the

online version of this article.

Figure S1: SPECT-CT movie of imaging complement
protein by 99mTc-rCR2. Mice that underwent heart

transplantation were injected with 99mTc-rCR2 or the

control peptide 99mTc-PSMA or 99mTc-Tricarbonal. After

1 h, mice were imaged using NanoSPECT-CT. The region

where the isograft heart was transplanted is indicated with

a green rectangle. (A) Whole-body SPECT-CT imaging of

BL/6 or C3�/� mice injected with 99mTc-rCR2 or 99mTc-

PSMA or 99mTc-Tricarbonal. (B) SPECT-CT movies of the

abdomen of mice where the heart was transplanted.

Figure S2: Ex vivo organ biodistribution study of
presence of radiotracer in organs. After imaging studies,

mice were culled and organs were removed and weighed.

Then organs were measured for presence of 99mTc.

Biodistribution data were expressed as the percentage

injected dose/gram (%ID/g) for each organ.
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