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Abstract

Cytomegalovirus (CMV) infection is linked to acceleration of solid organ transplant vascular 

sclerosis (TVS) and chronic rejection (CR). Donor latent CMV infection increases cardiac-

resident macrophages and T cells leading to increased inflammation, promoting allograft rejection. 

To investigate the role of cardiac-resident passenger macrophages in CMV-mediated TVS/CR, 

macrophages were depleted from latently ratCMV (RCMV)-infected donor allografts prior to 

transplantation. Latently RCMV-infected donor F344 rats were treated with clodronate, PBS, or 

control liposomes 3 days prior to cardiac transplant into RCMV-naïve Lewis recipients. 

Clodronate treatment significantly increased graft survival from post operative day (POD)61 to 

POD84 and decreased TVS at rejection. To determine the kinetics of the effect of clodronate 

treatment’s effect, a time study revealed that clodronate treatment significantly decreased 

macrophage infiltration into allograft tissues as early as POD14; altered allograft cytokine/

chemokine protein levels, fibrosis development, and inflammatory gene expression profiles. These 

findings support our hypothesis that increased graft survival due to allograft passenger 

macrophage depletion was in part a result of altered immune response kinetics. Depletion of donor 

macrophages prior to transplant is a strategy to modulate allograft rejection and reduce TVS in the 

setting of CMV+ donors transplanted into CMV naïve recipients.
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Introduction

Solid organ transplantation (SOT), the only viable treatment option for organ failure, is 

challenged by a shortage of donor organs and the risk of both acute and chronic graft 

rejection. Despite improvements in surgical techniques, perioperative patient care and 

immunosuppressive medications, transplant vascular sclerosis (TVS), the vascular lesion 

associated with cardiac allograft chronic rejection (CR) remains a major cause for allograft 

failure. A major risk factor associated with accelerated allograft rejection is infection with 

human cytomegalovirus (HCMV). HCMV is linked to development of vascular disease and 

CR in heart, kidney and small bowel transplants1. HCMV is a nearly ubiquitous β-

herpesvirus that typically results in an asymptomatic, lifelong latent infection. A complex 

interplay exists between the host immune system and virus that promotes a state of low-level 

persistence. In SOT, chronic inflammation and immunosuppression reactivate latent HCMV 

causing an active infection providing an ideal environment for HCMV disease. SOT 

recipients at highest risk of CMV disease are those without previous immunity who receive 

a CMV+ donor organ. Treatment of SOT patients with antivirals, such as ganciclovir, delays 

allograft rejection and reduces CMV disease2-5. However, ganciclovir treatment must be 

monitored for drug side effects and development of resistance. Thus, due to the ubiquitous 

nature and high association with allograft rejection, HCMV continues to play a significant 

role in allograft and recipient survival.

Cardiac transplantation of ratCMV (RCMV) acutely infected donor allografts into naïve 

recipients shares many of the hallmarks of human transplant graft vascular disease and 

consequent rejection5-8. Ganciclovir treatment of acutely-infected recipients increases 

allograft survival and decreases TVS. However, in recipients of latently-infected donor 

allografts (LDI), treatment of donors with ganciclovir does not impact TVS disease and CR 

indicating that RCMV infection predisposes donor organs to accelerated rejection5. RCMV 

induces the formation of clusters of macrophages and T cells that are rarely observed in 

uninfected hearts5. We hypothesize that donor passenger leukocytes contribute to accelerated 

rejection by acting as a scaffold for aggressive immune activation following 

transplantation5,9. Passenger macrophages and dendritic cells are considered primary 

leukocytes involved in SOT rejection by presenting antigen to recipient alloreactive T 

cells10-13. In a clinical study, macrophage graft infiltration was associated with acute renal 

allograft dysfunction and rejection14. Cytokines that drive immune and inflammatory 

activation such as IL-1β, IL-12, IL-18, TNF-α, and INF-γ are secreted by graft resident 

macrophages, which mediate immune and inflammatory events promoting rejection15. In 

addition, macrophage cytokine production in renal transplants stimulates activation of 

epithelial cells, generation of cytotoxic T cells, and production of CSF-1 and CCL216. 

Additionally, macrophage-derived growth factors contribute to intimal fibrosis and TVS17. 

Therefore, the ability of latent CMV to induce leuckocyte aggregate formation in the 

allograft prior to transplantation5 suggests virus-mediated donor-derived passenger 

leukocytes impact graft survival.

Depleting passenger leukocytes from donor tissues reduces acute rejection episodes through 

altering the graft immune environment10,18. Similarly, depletion of macrophages from 

mouse donor lungs prior to transplantation reduces graft damage19. In addition, coronary 
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allograft vasculopathy elicited by Lymphochriomeningitis virus can be prevented through 

depletion of NK cells 20. These studies indicate a potential positive therapeutic impact on 

graft outcomes associated with a reduction in passenger leukocytes. While we have 

demonstrated accumulation of T cells and macrophages in heart grafts following RCMV 

infection, evidence for a direct link between RCMV-induced passenger leukocytes and 

accelerated TVS has been lacking. Clodronate is a bisphosphonate that when delivered in 

liposomes can deplete macrophages by acting as a non-hydrolyzable form of ATP. Herein, 

we depleted macrophages using clodronate-laden liposomes in RCMV-latently infected 

donors prior to cardiac transplantation into RCMV-naïve recipients. Donor macrophage 

depletion decreased graft TVS, prolonged graft survival and skewed allograft cytokines and 

chemokines profiles towards a reduced inflammatory state. These findings provide insight 

into the use of targeted donor treatments as a strategy to improve outcomes in recipients with 

CMV-mediated rejection.

Materials and Methods

Heart Transplantation

Animal experiments were performed in accordance with IACUC protocols in the OHSU/

VGTI small animal facility, which is AAALAC-accredited. F344 donor rats (Charles River) 

were infected with 1x105 pfu RCMVMaastricht seven to nine months before organ 

procuremen, in order to achieve latent infectiont5. Three days prior to transplant, donor rats 

were treated with 3ml of phosphate buffered saline (PBS) control liposomes (10ml/kg, 

Liposoma), or clodronate liposomes (10ml/kg, Liposoma) by tail vein infusion. Lewis rats 

(Charles River) underwent heterotopic cardiac transplant with post-op cyclosporine A 

treatment (5mg/kg/day; Novartis) for 10 days to prevent acute rejection5-8,21. Animals were 

examined daily and level of graft rejection was assessed by monitoring heartbeat grade5-8,21. 

Blood was drawn on post-operative day (POD)14, 28, 42, and 56. Macrophage depletion 

was assessed in donor heart, spleen and peripheral blood collected from a subgroup of 

animals at the time of transplantation. Cohort1 (n=10 for each group) was harvested at CR. 

Cohort2 was harvested on POD7, 14, 21, 28 (n=5 per group). Heart (allograft and native), 

spleen, and salivary glands were harvested for immunohistochemistry (IHC); preserved in 

RNAlater solution (ThermoFisher); and stored at −80°C. Paraffin embedded tissues were 

stained with hematoxylin and eosin, elastic von Geison, or Trichrome5-8,22. The degree of 

TVS was calculated as neointimal index (NI=intima area/lumen+intima areax100)23,24 in 

≥10 graft vessels8,24. TVS and time to rejection were compared between groups using 

ANOVA with post hoc Tukey test. NI index and time to CR were compared between all 

groups using Student’s t-test.

Flow Cytometry

Tissues collected from animals prior to transplantation were processed as previously 

described5. Phenotypic analysis was performed using fluorescently labeled antibodies 

directed against CD3 (1F4-APC, BD-Biosciences), CD4 (W3/25-APC-Cy7, Biolegend), 

CD8a (OX-8-PerCP, BD-Bioscience), CD45RA (OX-33-PE, BD-Biosciences), CD68 (ED1-

FITC, BioRad), and CD172a (OX-41-PE, BioLegend). Cells from three hearts were pooled 
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and stained. For blood and spleen, 2x106 cells were stained. Data was acquired using a BD-

LSRII Flow Cytometer and analyzed with FlowJo software (Tree Star).

Immunohistochemistry

Embedded heart tissues were cut 4μm thick in series on glass slides and stained using a 3-

layer indirect immunoperoxidase technique with primary antibodies directed against CD4 

(BioRad), CD8a (ThermoFisher), and CD68 (BioRad) followed by addition of peroxidase-

conjugated rabbit anti-mouse IgG (DAKO A/S) and peroxidase-conjugated goat anti-rabbit 

IgG (ThermoFisher) using a MAB kit (Dako), and counterstained with H&E for 

visualization by microscopy.

qRT-PCR detection of RCMV

Total DNA was isolated from graft heart and spleen using DNAzol5. DNA (0.5μg) was 

analyzed by qRT-PCR using a primer and probe set recognizing the RCMV DNA 

polymerase sequence with a sensitivity of <100 copies8,21.

RCMV-Specific Enzyme-Linked Immunosorbent Assay (ELISA)

Corning 96-well high-binding plates were coated with RCMV-infected cell lysates (5μg/ml), 

washed with PBS containing 0.05% Tween (wash buffer) and blocked in 2% milk. Six serial 

two-fold serum dilutions were incubated for 2hrs followed by three washes. ELISA plates 

were incubated with horseradish peroxidase-conjugated goat anti-rat IgG (Rockland) for 1hr 

and then washed 3x followed by addition of chromogen OPD substrate (Life Technologies) 

to quantify bound antibodies using a Synergy HTX Microplate Reader (BioTek; 490nm). 

Antibody titers were determined using Log-to-Log transformation and the results were 

analyzed using GraphPad Prism-v67.

Cytokine Multiplex Assay

A rat cytokine multiplex assay (Millipore Sigma) was used to quantify 27 factors in 

homogenized donor heart allografts and spleens. A portion of snap frozen tissue section was 

homogenized in PBS with 2mm glass beads (Propper Manufacturing) using a Precellys-24 

homgenizer. Samples were centrigued at 10,000 rpm (9,300xg) at 4°C for 10 minutes, 

resulting supernatants were collected and analyzed as per manufacturer’s instructions. 

Cytokines were quantified using a Luminex 200™ Detection system, and the data was 

analyzed using GraphPad Prism-v6.

Transcriptome Analysis

RNASeq was used to profile native and graft heart gene transcription at POD14 from 

recipients of latently infected allografts treated with clodronate or control liposomes. 

Illumina TruSeq Stranded mRNA Library Prep Kit (RS-122-2101, Illumina) was used to 

label 1μg of mRNA extracted using Trizol. The library was validated using Aginlent DNA 

1000 kit on a bioanalyzer and quantified by RT-PCR (Kapa Biosystems) on a StepOnePlus. 

Samples were sequenced by the OHSU Massively Parallel Sequencing Core using an 

Illumina HiSeq-2500. Biostatistical analysis was performed by the ONPRC Biostatistics and 

Bioinformatics Core. Sequences were evaluated using FastQC combined with MultiQC, 
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adaptor sequence trimmed and aligned to the most recent rat genome. The number of reads 

per gene were calculated. The basic Wald test within DESeq2 was used to identify 

differentially expressed genes with a FDR<0.1 and a fold change >1.5. Pathway analysis of 

the differentially regulated genes was performed using Qiagen’s Ingenuity Pathway Analysis 

(IPA).

Results

Macrophage Depletion Using Clodronate in RCMV Latently Infected Rats

Latent donor CMV infection increases cardiac tissue resident macrophages and T cells5 that 

have the potential to increase allograft inflammation contributing to TVS/CR. To investigate 

the role of passenger macrophages in CMV-mediated TVS, macrophages were depleted 

from RCMV latently infected donors (LDI) at 3 days prior to transplantation by treatment 

with clodronate-loaded liposomes (clodronate) via intravenous infusion (Figure 1). 

Clodronate loaded liposomes are endocytosed by macrophages to produce a non-

hydrolyzable ATP analog that initiates apoptosis25. At three days after treatment, flow 

cytometry and IHC were performed to analyze leukocyte populations in hearts, spleens, and 

blood from LDI F344 rats. Clodronate systemically depleted macrophages 

(CD3−CD172+CD68+) in the heart, spleen, and peripheral blood without affecting the 

frequency of CD4+ and CD8+ T cells (Figure 2). Macrophages were significantly decreased 

in CD68+ cardiac tissue cells from clodronate treated animals compared to controls (Figure 

3; p=0.0001), with nearly equivalent CD68+ cell numbers in RCMV+ clodronate treated and 

RCMV naïve, untreated animals. These data confirm treatment-related selective macrophage 

depletion in hearts from RCMV-latently infected rat donors.

Donor Macrophage Depletion Delays CR

Macrophages were depleted from RCMV LDI 3 days prior to heterotopic transplantation 

into RCMV naïve Lewis rats. Transplanted rats were monitored daily for signs of graft 

failure5,6,21. At the time of CR (heartbeat grade=0-1), animals were euthanized; hearts and 

other tissues were collected for analysis. Clodronate treatment of LDI allografts increased 

the mean time to rejection (POD84) compared to recipients of LDI donor hearts treated with 

either control liposomes (POD64; p=0.008) or PBS (POD61; p=0.0015). This time to CR 

was similar to that of recipients of CMV-uninfected donor allografts treated with control 

liposomes (POD98), PBS (POD102), and clodronate (POD109) (Figure 4a-c). At rejection, 

TVS was significantly lower in LDI cardiac allografts treated with clodronate (NI=71.1) vs. 

controls (NI=81.2, p=0.01 and NI=82.80, p<0.001) (Figure 4c). There was no difference 

between the NI of clodronate treated LDI heart allografts and allografts from recipients of 

uninfected donor heart allografts from any treatment group (Figure 4c), further supporting 

the positive impact of macrophage depletion on allograft TVS and increased graft survival.

To determine the timing of the effect of depleting macrophages in LDI allografts on the 

development of graft TVS, LDI rats were treated with clodronate or control liposomes three 

days before heterotopic heart transplant into RCMV-naïve recipients euthanized at POD7, 

14, 21, and 28 (n=5 each). Heart allografts from clodronate-treated donors had significantly 

lower mean NI compared to controls (POD14 11.1 vs. 21.6, p<0.01; POD21 15.6 vs. 30.6, 
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p=0.01; POD28 22.8 vs. 43.8, p<0.01) (Figure 5a). Representative elastin stained allograft 

sections (Figure 5b) demonstrate a reduced neointimal thickening in clodronate treated 

donor allografts compared to control allografts. This finding indicates the effects of 

macrophage depletion impact graft survival as early as POD14, by a reduction in TVS.

Clodronate Reduces Tissue RCMV Loads

Macrophages represent a possible site of viral persistence in infected organs, we therefore 

evaluated whether clodronate treatment prevents viral reactivation from latently-infected 

donor hearts. Recipient RCMV-specific antibodies were quantified by virus-specific ELISA 

as a surrogate marker of viral reactivation in naïve recipients 26,27. All recipients of LDI 

allografts seroconverted by POD14 (Figure 6). No treatment-specific differences were 

detected in levels of anti-RCMV IgG titers or kinetics of antibody development between 

Cohort 1 recipients (Figure 6). Next, we quantified viral loads in tissues collected at POD7, 

14, 21, and 28 (n=5). RCMV levels were reduced in clodronate-treated allografts compared 

to controls (Figure 6) with the largest difference at POD28. In recipient spleens, RCMV 

loads peaked at POD21 with a trend towards decreased levels in recipients of clodronate 

treated allografts (Figure 6).

Clodronate Decreases Allograft Macrophage Infiltration

To determine whether donor clodronate treatment impacts the kinetics of immune cell graft 

infiltration, we evaluated graft tissue sections for macrophage and CD8+ T cell markers. Cell 

infiltrates were enumerated by microscopy and the average number of CD68+ or CD8+ 

positive cells in the allograft coronary artery tunica media and intima was calculated. There 

were significantly less infiltrating macrophages in allografts treated with clodronate (POD14 

3.8 vs. 19, p<0.01; POD21 13 vs. 54.2, p<0.01; POD28 23.6 vs. 66.4, p<0.01) (Figure 7), 

which may explain the reduced levels of RCMV genomes present in allografts. In contrast, 

CD8+ Tcell levels did not significantly differ between clodronate and controls, and both 

showed increased T cell infiltration with time (Figure 7).

Clodronate Modulates Allograft Cytokine and Chemokine Profiles

Cytokines produced by allograft macrophages can influence downstream immune 

responses15,16. We determined whether LDI macrophage depletion affected the kinetics of 

allograft and spleen cytokine expression. Tissue homogenates were analyzed by cytokine 

multiplex assay. At POD7, levels of allograft cytokines were nearly equivalent between the 

two groups (Figure 8). POD14 is a critical time posttransplant as cytokine and chemokine 

levels dramatically increased but were significantly reduced in allografts from clodronate-

treated LDI. These included the cytokines: G-CSF, GM-CSF, IL-1β, IL-2, IL-12, IL-13, 

IL-17a, IL-18, IFNγ, and TNFα; and chemokines: CCL2, CCL3, CXCL1, CXCL10, and 

CX3CL1 (Figure 8). By POD21 most allograft cytokine and chemokines peaked with levels 

decreasing at POD28. These results are in parallel with the effects of donor macrophage 

depletion on TVS/ time to CR (Figure 5), macrophage infiltration (Figure 7); and levels of 

allograft RCMV (Figure 6). Spleen cytokine levels were similar at POD7-14 for both 

macrophage depleted and control graft recipients, but levels for some peaked at POD28 

(Supplemental Figure 1). There is a trend toward decreased levels of cytokines and 

chemokines in spleens from clodronate-treated LDI with signficant differences for IL-4 and 

Haese et al. Page 6

Transpl Infect Dis. Author manuscript; available in PMC 2022 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



CXCL10 (Supplemental Figure 1b). This finding correlates with timing of reduced RCMV 

levels in the spleen, supporting the potential importance of this later time point in control of 

RCMV infection following transplantation.

Macrophage Depletion Modifies Cardiac Allograft TGF-β Signaling Pathways and 
Attenuates Early Graft Fibrosis

To identify the global changes elicited by donor macrophage depletion, we compared 

transcriptomes of allograft hearts from macrophage-depleted versus controls at POD14 using 

RNAseq. IPA was used to identify differentially regulated pathways, and this bioinformatic 

analysis identified 184 canonical pathways (p=0.05) containing differentially expressed 

genes (Supplemental Table 1). These pathways were broadly divided into those involved in 

immune response, cell signaling, tissue remodeling, and cardiovascular development. A 

more detailed analysis of the TGF-β pathway, a growth factor associated with CR through its 

chemotactic and profibrotic effects28, revealed a decrease in expression of many TGF-β 
pathway genes in allografts from clodronate-treated donors compared to controls (Figure 9). 

A hallmark of CR is interstial fibrosis and TVS29, including the accumulation of thick 

collagen fibers surrounding cardiomyocytes that are visible by Trichrome staining, as well as 

vascular intimal and medial thickening and vessel narrowing. The prolonged inflammatory 

response during TVS involves production of growth factors, proteolytic enzymes, 

angiogenic factiors, and cytokines that stimulate fibrosis. We hypothesized that the decrease 

in TGF-β signaling results in decreased tissue fibrosis and TVS. To determine the effects of 

donor macrophage depletion on the development of graft fibrosis and TVS, collagen 

deposition in perivascular and intersitial allograft regions was measured by trichrome 

staining at POD 7, 14, 21 and 28. Clodronate treatment attenuated the severity of 

perivascular (Figure 10a,b) and interstitial fibrosis (Figure 10c,d) starting at POD14 with 

significant differences by POD28. The decrease in TVS reflects a multistage process, that 

affects all components that promote allograft viability and adequate function. Our study 

revealed that depletion of passenger macrophages from LDI allografts reduces graft immune 

activation, tissue remodeling/fibrosis, TVS, and viral loads which leads to improved graft 

survival.

Discussion

CR remains a significant challenge for the long-term SOT graft survival, and transmission of 

donor CMV infection from donor organs leasds to accelerated rejection30. Within the 

allograft, CMV exacerbates both immune and fibrosis mechanisms creating a pro-TVS/CR 

environment by production of cytokines/chemokines, induction of adhesion molecule 

expression, monocyte/macrophage recruitment/activation, smooth muscle cell (SMC) 

proliferation, accumulation of inflammatory cells, ECM protein and lipid deposition in the 

intima culminating in intimal thickening, graft vascular narrowing and CR31,32. We 

hypothesize that latent CMV infection increases donor passenger macrophages that produce 

cytokines/chemokines and facilitate alloantigen presentation and fibrosis that, in aggregate, 

promotes accelerated graft rejection. By selectively depleting macrophages from latently 

infected donor hearts, the immune and inflammatory responses are dampened as is the 

development of TVS. Depletion of donor macrophages three days before transplantation, led 
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to increased cardiac allograft survival, decreased TVS and a delay in CR. The concurrent 

reduction in RCMV levels, inflammatory response, and fibrosis improved allograft survival.

Macrophages contribute to TVS through their ability to modulate alloimmune processes 

including antigen presentation, immune cell stimulation, cytokine/chemokine production, 

and tissue repair. In our study, clodronate liposome-mediated passenger macrophage 

depletion from RCMV-latently infected donors three days before transplantation into 

RCMV-naïve recipients prolonged time to CR and decreased allograft TVS. While depletion 

of macrophages by clodronate liposomes from recipients after liver, kidney and corneal 

transplantation also increases allograft survival and/or alters the alloantigen immune 

response33-35, our study uniquely shows effectiveness of depletion prior to transplantation. 

Donor passenger macrophages can promote inflammation by releasing factors that influence 

immune cell functions, SMC proliferation, and fibrosis. Depletion of donor resident 

macrophages prior to transplantation decreased the inflammatory response within the 

allograft with a key time point of difference occurring at POD14, correlating with the 

reproducible cytokine peak in rat cardiac allografts. The cytokine peak at POD14 in control 

animals may be in part due to increased RCMV replication, that is decreased with clodronate 

treatment. At POD 28, cyctokine/chemokine levels were also significantly decreased in the 

spleen of recipients of allografts from clodronate treated donors compared to controls 

indicating a systemic anti-inflammatory effect. Importantly, during allograft rejection 

increasing levels of CXCL1, CXCL10 and CX3CL1 in cardiac allografts regulate 

recruitment of activated T cells, natural killer (NK) cells, and macrophages36-40. In humans, 

CX3CL1 is a marker for early renal graft rejection41 and high expression of CXCL10 

correlates with CR in lung transplants42. IL-18 and IL-1β, macrophage-derived cytokines, 

promote proinflammatory responses through NF-κB, ultimately driving pro-rejection 

cytokine production43-45. In conjunction with IL-12, IL-18 helps to enhance the Th1 

responses, including T cell maturation and cytotoxicity46,47. In RCMV-infected allografts, 

the increased immune cell recruitment caused by expression of these cytokines/chemokines 

at POD14 may contribute to the alloantigen immune response ultimately increasing TVS and 

decreasing allograft survival. Our study suggest that manipulation of the immune response in 

donor tissues prior to transplant is a viable option to limit early inflammatory responses and 

improve transplant outcomes.

In transplant allograft, the degree of fibrosis correlates with macrophage infiltration48. In 

mouse models of kidney injury, macrophage depletion with clodronate reduced the 

development of fibrosis49. We observed a similar decrease in the development of both 

perivascular and intersitial fibrosis in allografts from clodronate treated donors versus 

controls. T cell produced TGF-β activates macrophages and induces cardiac myofibroblast 

differentiation, while other growth factors such as FGF, PDGF, and CTGF act as highly 

fibrogenic factors50,51. Upstream, growth factors are, in part, controlled by the cytokines 

IL-6, IL-1β and TNF-α29. The importance of these cytokines and growth factors in fibrosis 

and allograft TVS/CR is supported by animal models of CR lacking these factors, which 

display improved transplant outcomes29. Gene expression analysis of cardiac allografts from 

donors treated with clodronate liposomes showed decreased levels of genes in the TGF- β 
signaling pathway and fibrosis. There was a decrease in the expression of Smad2,3,6, and 7 

that are involved in TGF-β signaling in vSMC52. Activation of the Smad pathway has been 
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described for several diseases associated with fibrosis53. TGF-β1 increases phosphorylation 

of Smad2/3 and trimer formation with Smad454 that promote transcription of genes involved 

in vascular fibrosis such as as fibronectin, type-1 collagen, and CTGF52,55,56. 

Overexpression of Smad6 correlates with increased TGF-β levels57. TGF-β signaling 

intersects with other major pathways including the MAPK pathway and small G protein 

signaling, with some components mediating the Smad pathway. In the current study, 

clodronate treatment decreased the expression of genes involved in Smad signaling and 

fibrosis, providing an additional potential mechanism by which clodronate treatment 

increases cardiac allograft survival.

Recent studies have demonstrated the impact of optimizing donors prior to organ 

procurement58. Our study suggests that if CMV-positive donors were treated with 

clodronate-laden liposomes prior to organ procurement, many of the CMV-mediated effects 

on TVS might be improved. In this way, we could impact recipient outcomes solely through 

the short-term treatment of donor organs. Future studies will focus on identifying the 

specific immune pathways affected by clodronate treatment and the direct effect that this 

intervention has on immune cell frequencies in cardiac and other SOT allografts. Ultimately, 

given our new age of machine perfusion59, treatment of donor organs prior to transplantation 

has potential to improve long-term graft durability.
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Figure 1. Experimental design.
F344 donor rats were latently infected with RCMV at least 180 days prior to transplant with 

1x105 pfu/rat salivary gland-derived RCMV or mock infected with PBS. At three days prior 

to transplant, donor rats were treated by intravenous infusion with PBS, control liposomes, 

or clodronate liposomes (10mL/kg). On experimental day 0, RCMV naïve recipient Lewis 

rats underwent heterotopic heart transplant. Cohort #1 (n=10 per treatment group) were 

monitored daily for signs of rejection by heartbeat palpation and harvested at the time of 

chronic rejection. Blood was drawn on post-operative days (POD) 14, 28, 42, and 56. A 

subgroup of donor heart, spleen, and PBMC samples were collected at day −3 from Cohort 

#1 animals to confirm macrophage depletion by clodronate using flow cytometry. Cohort #2 

recipients were harvested at POD 7, 14, 21, and 28 (n=5 per time point for each 

experimental group) to monitor the effect of clodronate treatment over time. At CR (Cohort 

#1) or predetermined time points (Cohort #2), hearts (graft and native) spleen, SMG, and 

blood were collected for analysis.
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Figure 2. Clodronate treatment depletes macrophages but not T cells from LDI organs and 
blood.
To confirm macrophage depletion by clodronate liposome treatment, RCMV latently-

infected donor F344 rats were treated with control liposomes (n=3, black) or clodronate 

liposomes (n=3, red). At three days post treatment, tissues were harvested and leukocytes 

were prepared from heart, spleen, and peripheral blood (PBMC). The frequency of CD4+ 

and CD8+ T cells and macrophages in each of these samples was quantified via flow 

cytometry by cell surface staining using fluorescent antibodies directed against CD172 

(myeloid lineage cells), CD68 (macrophage), CD3 (T cells), CD4 (CD4+ T cells), and CD8 

(CD8+ T cells). Depicted is the frequency of macrophages (CD3−CD172+CD68+) and CD4 

(CD3+CD4+) and CD8 (CD3+CD8+) cells isolated from the heart (a), spleen (b), and 

PBMCs (c). **p≤0.01 as determined by Student’s t-test.
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Figure 3. Clodronate treatment reduces allograft tissue macrophage levels to those observed in 
uninfected hearts.
Heart tissue sections from F344 rats that were either uninfected (gray bars), latently RCMV 

infected and treated with control liposomes (black bars) or latently RCMV infected and 

treated with clodronate liposome (red bars) were stained with antibodies directed against 

CD68 (macrophages) (a, d), CD4+ T cells (b) and CD8+ T cells (c). Immunohistochemical 

analysis was done in a blinded review and scored as follows: 0, no visible staining; 1, faint 

staining; 2, moderate intensity with multifocal staining; and 3, intense diffuse staining. CD4, 

CD8 and CD68 positively stained cells with scores 2 and 3 were counted in 10 fields from 

whole heart tissues at 200x magnification or in 6 fields from the coronary arteries at 400x 

magnification; and the mean number of positive cells per field was calculated. **p≤0.01 as 

determined by a One-way ANOVA with Tukey’s secondary testing.
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Figure 4. Clodronate liposome treatment increases the time to allograft CR and reduces TVS.
Heterotopic heart allografts from LDI F344 rats or uninfected F344 donors treated three 

days prior to organ donation with clodronate liposomes, control liposomes, or PBS were 

transplanted into RCMV naïve Lewis recipients (n=10 for each treatment group). Allograft 

recipients were monitored daily for graft rejection. Kaplein-Meier graft survival curves are 

depicted in Panel A, and the average time of rejection reported as POD is shown in Panel B. 

At rejection, sections of allograft heart were stained with H&E and elastin to determine the 

degree of vascular disease in the coronary arteries. Average NI (a measure of TVS) for each 

group is reported along with individual allograft values (Panel C). Error bars represent 

standard deviation for each group. *p≤0.05, **p≤0.01 as determined by a One-way ANOVA 

with Tukey’s secondary testing.
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Figure 5. Macrophage depletion does not alter recipient infection status.
Allograft hearts and spleen samples were collected from Cohort#2 recipients on POD7, 14, 

21, and 28 to compare RCMV levels in between clodronate and control liposome treated 

animals. (n=5 per group/time point). LDI F344 rats were treated with either control 

liposomes (black) or clodronate liposomes (red) three days prior to heterotopic heart 

allograft transplant into RCMV naïve Lewis recipients. Recipients (n=5 per group/time 

point) were euthanized on POD 7, 14, 21, and 28 at which time recipient heart allografts) 

and spleen were collected in DNAzol. Total DNA was prepared using the DNAzol method 

and viral DNA loads were determined by qRT-PCR using virus specific primers and probes. 
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Genome copies per μg total RNA were graphed for both graft heart in Panel A and spleen in 

Panel B. In Panel C serum was isolated from recipient rats in Cohort #1 on POD0, 14, 28, 

42, and 56. RCMV-specific antibodies were quantified by limiting dilution ELISA for serum 

samples using high-binding 96-well plates coated with RCMV-infected cell lysates. Serum 

titers for anti-RCMV IgG were compared between LDI allograft recipients in all three 

treatment groups (clodronate liposomes – red, control liposomes – black, and PBS control – 

grey) but did not differ in their peak titers or kinetics of formation.
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Figure 6. Transplant vascular sclerosis is decreased in clodronate-liposome treated LDI 
allografts.
TVS was quantified in Cohort #2 recipients to compare the degree of vascular disease 

present in allograft vessels between clodronate and control liposomes treated animals treated 

animals. LDI F344 rats were treated with either control liposomes (black) or clodronate 

liposomes (red) three days prior to heterotopic heart allograft transplant into RCMV naïve 

Lewis recipients. Recipients (n=5 per group/time point) were euthanized on POD 7, 14, 21, 

and 28 at which time rat tissues and heart allografts were collected for analysis. Embedded 

allograft heart tissues were sectioned and stained with H&E and elastin to visualize vessel 

neointimal formation. Panel A depicts graphical representation of TVS quantification as 

reported as the mean allograft NI. Images shown in Panel B shows representative stained 

graft heart tissue sections. Clodronate liposome treated allografts have reduced TVS relative 
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to control liposome treated allografts starting at POD14 and persisting through POD28 

*p≤0.05, **p≤0.01 as determined by Student’s t- test.
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Figure 7. Macrophage and CD8+ T cell infiltration into the media/intima of allograft vessels is 
reduced in allografts derived from RCMV latently infected donors treated with clodronate.
Immunohistochemical staining for the presence of macrophages and T cells of heart 

allografts harvested from Cohort #2 recipients at POD7, 14, 21, and 28 (n=5 per group/time 

point). Embedded tissue sections were cut and stained using antibodies directed against 

CD68 (macrophages; panels a and b) and CD8+ T cells (panels B and C). The frequency of 

each cell population was measured over 10 serial tissue slides and averaged to determine the 

mean number of cells that infiltrated into the vessel wall media and intima. Results for 

clodronate liposome treated animals are depicted in red and control liposome treated animals 

are shown in black for panels A and C. Images are representative stained sections from each 

time point (panels B and D). *p≤0.05 as determined by Student’s t-test.

Haese et al. Page 21

Transpl Infect Dis. Author manuscript; available in PMC 2022 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8. Macrophage depletion alters RCMV-infected allograft proinflammatory cytokine and 
chemokine profiles.
Rat allograft heart lysates from recipients in cohort 2 at POD 7, 14, 21, and 28 (n=5 per 

group/time point) were analyzed using a 27-plex cytokine magnetic bead assay to quantify 

the levels of cytokines (a), chemokines (b), and VEGF (c), clodronate liposome (red) and 

control liposome (black). *p≤0.05, **p≤0.01, ***p≤001, ****p<0.0001 as determined by 

Two-way ANOVA with Holm-Sidak correction for multiple comparisons.
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Figure 9. LDI donor macrophage depletion alters the fibrosis pathway normally activated at 
POD14.
Ingenuity pathway core analysis was used to identify downstream effects in cardiac graft 

samples following transplantation (Clodronate-liposomes vs. Control-liposomes). 

Statistically significant alterations in gene expression from RNAseq analysis of graft tissues 

are represented by labeled shapes depending on their molecular function. Expression and 

predicted activation levels determined by fold-change between Clodronate-liposomes vs. 

Control-liposomes are presented using the following convention on color scales with 

increasing saturation associated with an greater absolute fold-change value: red = increased 

detection in Clodronate-Liposome treated donor hearts; green = decreased detection; 

orange=predicted activation; pink= fibrosis associated genes. Predicted relationships are 

indicated by arrow-heads and blue lines to indicate predicted inhibition; yellow lines 

indicate inconsistent findings that make it difficult to predict outcomes of interactions.
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Figure 10. LDI macrophage depletion reduces cardiac allograft fibrosis.
Heart allografts harvested from Cohort #2 recipients at POD7, 14, 21, and 28 (n=5 per 

group/time point) were embedded and stained with Masson’s trichrome to identify levels of 

cardiac tissue fibrosis (healthy areas are red and collagen-rich areas are blue). Perivascular 

and interstial fibrosis was measured over 6 random vields of view of 10 serial tissue slides at 

a magnification of x400. Values were averaged and adjusted to a tooal tissue area in the 

image anlayzed to determine the mean percent area with fibrosis as depicted in panels A and 

B. Results for clodronate liposome treated animals are depicted in red and control liposome 

treated animals are shown in black. Images are representative stained sections from each 

time pointValues are presented as the means ± standard error of the mean (SEM) of each 

group and were analyzed using 2way ANOVA followed by Sidak’s multiple comparison test 

*p≤0.05, **p≤0.01.

Haese et al. Page 24

Transpl Infect Dis. Author manuscript; available in PMC 2022 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Materials and Methods
	Heart Transplantation
	Flow Cytometry
	Immunohistochemistry
	qRT-PCR detection of RCMV
	RCMV-Specific Enzyme-Linked Immunosorbent Assay (ELISA)
	Cytokine Multiplex Assay
	Transcriptome Analysis

	Results
	Macrophage Depletion Using Clodronate in RCMV Latently Infected Rats
	Donor Macrophage Depletion Delays CR
	Clodronate Reduces Tissue RCMV Loads
	Clodronate Decreases Allograft Macrophage Infiltration
	Clodronate Modulates Allograft Cytokine and Chemokine Profiles
	Macrophage Depletion Modifies Cardiac Allograft TGF-β Signaling Pathways and Attenuates Early Graft Fibrosis

	Discussion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	Figure 8.
	Figure 9.
	Figure 10.

