1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Am J Transplant. Author manuscript; available in PMC 2024 August 17.

-, HHS Public Access
«

Published in final edited form as:
Am J Transplant. 2021 January ; 21(1): 44-59. do0i:10.1111/ajt.16149.

Blocking the IL-1 Receptor Reduces Cardiac Transplant
Ischemia and Reperfusion Injury And Mitigates CMV-Accelerated
Chronic Rejection

Iris K.A. Jones?, Susan Orloff2:3, Jennifer M. Burg?, Nicole N. Haesel, Takeshi F.
Andohl2, Ashley Chambersl, Suzanne S. Fei?, Lina Gao?, Craig N. Kreklywich?, Zachary J.
Streblow?, Kristian Enesthvedt?, Alan Wanderer®, James Baker®, Daniel N. Streblow1:3

lvaccine and Gene Therapy Institute, Oregon Health & Science University, Beaverton, Oregon
2Department of Surgery, Oregon Health & Science University, Portland, Oregon

3Department of Molecular Microbiology and Immunology, Oregon Health & Science University,
Portland, Oregon

“4Bioinformatics & Biostatistics Core, Oregon National Primate Research Center, Oregon Health &
Science University, Beaverton, Oregon

SUniversity of Colorado Medical Center, Aurora, Colorado

6Baker Allergy Asthma and Dermatology, Portland, Oregon

Abstract

Ischemia/reperfusion injury (IRI) is an important risk factor for accelerated cardiac allograft
rejection and graft dysfunction?. Utilizing a rat heart isogeneic transplant model, we identified
inflammatory pathways involved in IRI in order to identify therapeutic targets involved in
disease. Pathway analyses identified several relevant targets, including cytokine signaling by

the IL-1 receptor (IL-1R) pathway and inflammasome activation. To investigate the role of
IL-1R signaling pathways during I/R injury, we treated syngeneic cardiac transplant recipients

at 1-hour post-transplant with Anakinra, an FDA approved IL-1R antagonist, or parthenolide, a
Caspase-1 and NF-xB inhibitor that blocks IL-1p maturation. Both Anakinra and parthenolide
significantly reduced graft inflammation and cellular recruitment in the treated recipients relative
to non-treated controls. Anakinra treatment administered at 1-hour post-transplant to recipients
of cardiac allografts from CMV-infected donors significantly increased the time to rejection and
reduced viral loads at rejection. Our results indicate that reducing IRI by blocking IL-1R signaling
pathways with Anakinra or inflammasome activity with parthenolide provides a promising
approach for extending survival of cardiac allografts from CMV-infected donors.
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Introduction

Solid organ transplantation (SOT) remains the standard of care for patients with end-stage
organ failure. However, chronic allograft rejection (CR) remains a barrier to long-term
transplant success. The defining feature of CR in cardiac transplants is development of
transplant vascular sclerosis (TVS), affecting approximately 30% of transplant patients.

The disease is characterized by a subendothelial low-grade inflammatory process resulting
in narrowing of graft coronary vessels and leading to graft loss2. Several risk factors are
associated with CR including: donor age, ischemia and reperfusion injury (IRI), acute
rejection episodes, hypercholesterolemia and human cytomegalovirus infection2=4. The only
effective treatment for CR is re-transplantation. Hence, identifying mechanisms involved in
this process is critical to prevent cardiac allograft disease.

IRI is a primary activator of graft inflammation leading to increased risk for both acute
and chronic allograft rejection!. During IRI, oxygen and glucose deprivation combined
with physical stress result in cell damage and the initiation of apoptotic signaling cascades
involving Caspase-1 activation, IL-1p signaling, and NF-xB activation. The resultant pro-
inflammatory cascade includes activation and up-regulation of cytokines and chemokines
that promote macrophage and neutrophil recruitment?. IRI-induced inflammation promotes
acute rejection, leading to tissue fibrosis and increasing the risk of CR. Preservation
solutions and limiting graft cold ischemia time (CI) have reduced, but not eliminated,
IRI-induced inflammation?. Potential strategies to reduce IRI include pre-conditioning of
donor tissue or blocking cytokine/chemokine signaling in the recipient immediately after
transplantation?.

Cytomegalovirus (CMV) infection has many deleterious effects on SOT outcomes?5,
Importantly, Human CMV (HCMV) infection occurs in 75% of the solid organ
donor/recipient population. Both active and latent CMV infections promote allograft
rejection?>7:8, Currently, prophylactic therapies such as Valganciclovir are used to control
CMV infection in transplant recipients. However, this therapy does not prevent late onset
CMV disease, and efficacy is attenuated by drug resistance8. A rat transplant model with
latent rat CMV (RCMV) donor infection significantly accelerates TVS development and
CR’. Latent CMV is reactivated by pro-inflammatory signals that are associated with IR18:°,
CMV infection increases donor graft passenger lymphocyte loads prior to transplantation,
which we hypothesize results in a double hit during transplantation’. Despite the similar
clinical manifestations of disease associated with IRl and CMV infection, we do not
understand the signaling networks that promote IRI-induced graft rejection. Identification of
these pathways may identify therapeutic targets to improve graft survival. In this report, we
profiled the IRI pro-inflammatory environment that promotes CMV-accelerated rejection.
Inflammasome and IL-1R signaling pathways constituted the central node in IRI-induced
cardiac allograft injury. Reduction of IRI by treatment of transplant recipients with a single
dose of Anakinra improved allograft outcomes and delayed RCMV-infected donor graft CR.
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Materials and Methods

Rat Cardiac Transplantation:

OHSU West Campus Small Laboratory Animal Facility is AAALAC accredited and
complies with USDA and HHS animal care requirements. Heterotopic syngeneic heart
transplantation was performed in Lewis rats in order to characterize IRI without
alloimmunity. Heterotopic allogeneic heart transplantation of F344 hearts into Lewis
recipients was performed to assess the effect of treating IRI on CR. Rat donor hearts

(Lewis syngeneic or F344 allogeneic) were surgically removed, placed in 4°C UW solution
for 4 hours, and then transplanted”-1! (Figure 1 and Table 1). Phosphate buffered saline
(PBS) served as vehicle for Anakinra (SOBI), whereas 10% Ethanol/90% corn oil served

as the parthenolide vehicle (Cayman Chemical). Donor rats for Cohorts 3, 6, and 8-10

were infected at 5 days before transplantation with RCMV Maastricht strain (1x10°pfu

by intraperitoneal injection). Donor rats for Cohorts 1, 2, 4, 5 and 7 were uninfected.
Animals were examined daily for overall health and CR was determined by monitoring graft
heartbeat gradel. Blood and tissues from Cohorts 1-8 were harvested at post-operation

day (POD) 3; whereas Cohorts 9—-10 were harvested at POD14 or at the time of allograft
CR. Blood was separated into plasma and peripheral blood mononuclear cell (PBMC) using
lymphocyte separation media (Corning). Portions of heart tissues were: fixed for histological
evaluation; snap frozen for immunohistochemistry and nucleic acid analysis; and harvested
for flow cytometry.

Histological Assessment:

Paraffin embedded heart tissue sections were stained with hematoxylin and eosin (H&E)
and evaluated by microscopy. Lymphocytic infiltration and extent of tissue damage were
quantified using a graded scale (Supplemental Table 1). Paraffin embedded allograft heart
tissue sections were stained with H&E and elastic van Gieson stain. TVS was calculated as
the neointimal index (NI=(intima area/lumen + intima area)x100)12-14,

Transcriptomics:

Total RNA was isolated from PBMC and homogenized graft and native hearts using Trizol.
RNA deep sequencing analysis (RNASeq) was performed on 1 ug of polyA-fractionated
RNA utilizing the TruSeq Stranded mRNA library prep kit (Illumina). Library was
validated using Agilent DNA 1000 kit on bioanalyzer according to manufacturer’s protocol.
RNA libraries were sequenced by the OHSU Massively Parallel Sequencing Shared
Resource Core using their Illumina HiSeg-2500. Bioinformatics analyses and biostatistical
comparisons were performed by the Bioinformatics & Biostatistics Core at Oregon National
Primate Research Center. The quality of the raw sequencing data was evaluated using
FastQC® combined with MultiQC18 (http://multigc.info/). The files were imported into
ONPRC’s DISCVR-Seql’, LabKey!8 Server-based system. PRIMe-Seq Trimmomaticl?
removed remaining Illumina adapters. Reads were aligned to the Rattus_norvegicus Rnor_6
genome in Ensembl along with its corresponding annotation, release 90. STAR20 (v020201)
aligned reads to the genome using the Two-pass mode with default parameters. STAR
calculated the number of reads aligned to each gene. RNA-SeQC?! (v1.1.8.1) ensured
alignments were of sufficient quality. Samples had an average of 56M mapped reads,

Am J Transplant. Author manuscript; available in PMC 2024 August 17.


http://multiqc.info/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jones et al.

Page 4

an average exonic rate of 76%, and an average of 15.6K genes detected (>5 raw reads)

per sample. Gene-level differential expression analysis was performed in open source
software R22. Gene-level raw counts were filtered to remove genes with extremely

low counts following the published guidelines?® normalized using the trimmed mean of
M-values method (TMM)24 and transformed to log-counts per million with associated
sample-wise quality weight and observational precision weights using the Voom method?®.
Gene-wise linear models comparing the groups were employed for differential expression
analyses using Limma with empirical Bayes moderation28 and false discovery rate (FDR)
adjustment?’. Pathway analysis was performed using Qiagen’s Ingenuity Pathway Analysis
(IPA) software.

Pathway Analysis:

IPA was used to evaluate expression data and determine predicted gene interactions.
Analysis parameters excluded p-values >0.1, false discovery rates (FDR) >0.01, and log2
fold-change values between —0.9 and 0.9, providing 7,579 (PBMC) and 7, 899 (Heart)
analysis ready molecules. P-values were calculated via the Fisher exact test and corrected
via the Benjamini-Hochberg procedure. Significantly impacted canonical pathways were
explored via IPA core analysis and path explorer to develop a map of predicted down-stream
effects from genes regulated following transplantation.

RCMV Quantitative PCR:

Viral genome copies in rat tissues were quantified using real-time PCR with standard
cycling parameters with an RCMV DNA polymerase-specific primer and probe set:
P1:CCTCACGGGCTACAACATCA; P2:GAGAGTTGACGAAGAACCGACC; Probe:VIC-
CGGCTTCGATATCAAGTATCTCCTGCACC-TAMRA. Tissue DNA was extracted using
DNAZzol (ThermoFisher Scientific 10503027) and diluted to 50ng/uL DNA. gPCR was
performed using TagMan Fast Advanced Master Mix (Invitrogen). RCMV viral DNA served
as the quantification standard. Samples were analyzed using an ABI StepOne Real-Time
PCR system.

Quantitative RT-PCR:

Gene expression was quantified using real-time RT-PCR using primer and probe sets shown
in Table 2. RNA (1pg total RNA for Anakinra cohorts or 5ug for Parthenolide cohorts) was
isolated from approximately 20mg of rat heart tissues using Trizol (ThermoFisher Scientific)
and DNase treated using TURBO DNase-free kit (Ambion). cDNA was generated using
Superscript IV (Invitrogen) and analyzed by real-time PCR. Cloned gene amplicons were
used as quantification standards. qRT-PCR was performed using TagMan Fast Advanced
Master Mix. Samples were analyzed using a QuantStudio 7 Flex Real-Time PCR system and
data was normalized to the gene encoding ribosomal protein L32.

Multiplex Cytokine Assay:

A 27-Plex rat cytokine assay (Millipore) was performed on POD3 serum samples and heart
tissue lysates. Tissues samples weighing 0.1g were homogenized by bead-beating in cold
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PBS containing 1mM PMSF. Samples were centrifuged at 10,000 RPM in a microcentrifuge
at 4°C for 10 minutes. The supernatants were collected for use in the assay.

Flow Cytometry:

Native and graft hearts were harvested from rats at POD3 and digested in PBS containing
Collagenase D (200U/mL) (Millipore Sigma) at 37°C for 45 minutes. Digested heart tissues
were macerated and strained through 70um nylon cell strainers (Fisher). Lymphocytes were
isolated by centrifugation over lymphocyte separation media (Corning). For each sample,
2x106 cells were stained for 20 minutes at 4°C with fluorescently labeled anti-rat antibodies
directed against CD3-APC (BD Biosciences), CD4-APC-Cy7 (BioLegend), CD8-PerCP
(BD Biosciences), CD161a-V450 Biotinylated (BD Biosciences), CD68-A700 (Bio-Rad),
CD45rA-PE-Cy7 (Invitrogen), His48-FITC (Invitrogen), CD43-PE (BioLegend). Cells were
analyzed using an LSRII flow cytometer and data were analyzed using FlowJo software
(FlowJo v10.5.3).

Enzyme-linked Immunosorbent Assays (ELISA):

High-binding ELISA plates (Corning 9018) were coated overnight at 4°C with RCMV-
infected cellular lysates (10ug/mL) or F344 heart homogenates diluted in PBS. To assess
anti-graft antibody levels, hearts from RCMV-naive F344 rats were homogenized in 2mL/
heart of cell lysis buffer (Cell Signaling Technology) containing HALT protease inhibitor
(ThermoFisher). A 1/64 dilution of heart homogenate in PBS was used to coat high binding
ELISA plates. Plates were blocked with 2% milk in wash buffer (0.05% Tween-PBS)

for 2 hours at room temperature. Plates were washed three times with wash buffer and

then incubated for 1.5 hours with 2-fold serial dilutions of plasma. After washing, the
plates were incubated for 1 hour with HRP-conjugated anti-rat 1gG (Invitrogen) or IgM
(ThermoScientific) antibodies. Detection and quantification of bound secondary antibodies
was performed by adding o-phenylenediamine dihydrochloride substrate (ThermoFisher
Scientific). Dilution titers were calculated based on log-log transformations of the linear
portion of the dilution curve for each sample.

RCMV Viral Replication Analysis:

NR8383 rat macrophages (ATCC) were maintained in F-12K media (Fisher) with 10%FBS
plus PSG. RFL6 fibroblasts (ATCC) were maintained in DMEM (Fisher) with 5%FBS and
PSG. Triplicate wells of macrophages or fibroblasts, plated in 24-well plates at 6.5x10°

or 1x10° cells/well, respectively, were treated with Anakinra at 10pg/mL or PBS for 2

hours and then mock infected or infected with RCMV-GFP13 at multiplicity of infection
(MON=0.1 or 0.5 (n=3). Cells were washed and cultured +/-Anakinra (10ug/mL) for 7 days.
Supernatant samples from fibroblasts were collected at 24-hour intervals and viral loads
were determined by plaque assay. Infected NR8383 macrophages were collected at 7 days
post-infection and virus was quantified by qPCR as described above.

Viral plague Assays:

RFL6 fibroblasts were plated at confluency in 24 well plates. Serial dilutions from 1071
to 107 of viral supernatants were performed in round-bottom 96 well plates. Media was
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aspirated from RFL6 fibroblasts and 100uL of each viral dilution was added per well. After
a 2-hour incubation on a rocker at 37°C, 250pL of carboxymethyl cellulose (CMC) (0.25%
low viscosity/0.25% high viscosity (Sigma) in complete DMEM)28 was added to each well
and cells were cultured at 37°C. At 7 days, cells were fixed and stained with methylene blue,
and plaques were counted to determine viral titers.

Statistical Tests:

Results

A one-way ANOVA with Tukey’s multiple comparisons was used to identify statistically
significant differences in histological, g°PCR, and POD14 NI data. A one-way ANOVA
with Dunnett’s multiple comparisons was used to analyze Luminex assay data. A two-way
ANOVA with Tukey’s multiple comparisons was used to analyze flow cytometry results and
RCMV RFL6 growth curves. Statistical significance of RCMV NR8383 viral load data and
gRT-PCR expression data was determined using two-way ANOVA with Sidak’s multiple
comparisons or Dunnett’s multiple comparisons, respectively. Mann-Whitney test was used
to analyze CR survival, NI data, and antibody titers. For all tests *(p<0.05), **(p<0.01),
***(p<0.001), ****(p<0.0001). Statistical analysis of animal viral loads was determined as
the number of animals with detectable versus non-detectable viral loads by Fisher’s exact
test.

IRl Transcriptomic Analysis

IRI induces cellular responses that promote TVS and accelerate CR. To characterize these
responses, a rat model of syngeneic heart transplantation was used to evaluate early graft
injury (Figure 1, Table 1). The degree of cardiac graft IRl at POD3 was measured by
histological evidence of disease and scored for myocardial injury score, size of myocardial
injury area, and level of PMN infiltrate. Significant myocardial injury was observed

in transplanted hearts versus non-transplanted controls, with no substantial difference
between RCMV-infected and uninfected heart syngeneic grafts (Figure 2). This is consistent
with previous findings that CMV acceleration of TVS and CR requires an allogeneic
environment!1:29, To identify molecular pathways involved in IRI, RNAseq transcriptomics
was performed on PBMC and heart tissues from animals in Cohorts 1 and 2 lacking RCMV
infection. Differential gene analysis revealed changes in the expression of 5,518 genes in
graft heart tissues and 647 genes in PBMC at POD3 (Figure 3). However, fewer genes were
transcriptionally altered in syngeneic recipient native hearts (Cohort 2) versus the native
hearts of non-transplanted animals (Cohort 1), indicating that the cardiac transplantation
surgery causes IRI and its associated transcriptomic changes (Figure 3a,c).

Genes showing differential expression following IRI were organized into functional and
disease pathways revealing cellular migration, chemotaxis, and inflammation pathways
were altered in Cohort 2 versus Cohort 1 hearts (Supplemental Tables 2.1, 2.2). Top up-
regulated hits in graft hearts included acute phase response signaling; NF-xB signaling;
and inflammasome pathway. In PBMC samples, up-regulated pathways included NF-xB
signaling; acute phase response signaling, and interleukin-signaling (Supplemental Tables
3.1, 3.2). Consideration of upstream regulators and predicted downstream effects revealed
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that IL-1R up-regulation in recipient PBMC predicted increased expression of interleukins,
chemokines, TNF-associated molecules, and IFN factors, matching our RNAseq findings
(Supplemental Figure 2). Causal analysis for molecules within these networks predicted
increases in the activation of leukocytes, the inflammatory response, leukocyte migration,
leuko-/lympho-poiesis, and recruitment of myeloid cells (Supplemental Table 4). Further
analysis revealed that members of the IL-1 cytokine family pathway were upregulated in
both cardiac grafts and PBMC following IRI (Table 3, Figure 4).

Regulated genes from cardiac grafts appearing in multiple pathways were selected for
validation by qRT-PCR (Supplemental Figure 1). The up-regulation of MMP12, SPP1,
CXCL6, CXCL2, and CXCL3 supported our RNAseq analysis. While IL-1R1 and IL-1R2
were both up-regulated in PBMCs, RNAseq showed only a minor change in POD3
transcriptional expression of IL1R in cardiac grafts. We validated IL-1R expression in
cardiac grafts by gRT-PCR and, similarly, found no change between Cohort 2 and Cohort 1
(Supplemental Figure 1). However, IL-1R1 and IL-1R2 were both up-regulated in PBMCs in
our RNAseq data (Table 3). These findings indicate that transplant IRI initiates inflammation
in the cardiac grafts; and lymphocytes, through their response to IL-1, consequently
exacerbate this inflammatory process.

Anakinra and Parthenolide Reduce IRI-Induced Tissue Damage

Transcriptomic analysis suggested a key role for IL-1 signaling in IRI in syngeneic heart
transplants. Our data, and prior work by others3%-32, implicated NF-xB signaling and

the inflammasome as other targets for reducing IRI (Figure 4, Table 3). Two different
therapeutics were tested to assess the role of IL-1 signaling in IRI. The first approach

used the clinically-approved IL-1R1/2 antagonist Anakinra, which reduces neutrophil and
macrophage activation in multiple disease states and in rat models33-36. Additionally,
NLRP3 was increased 12.35-fold in cardiac grafts and 7.79-fold in PBMC during transplant-
induced IRI (Figure 4, Table 3). The NLRP3 inflammasome activates Caspase-1, which
proteolytically activates pro-IL-1p and pro-IL-18. Our second treatment used parthenolide,
an inhibitor of Caspase-1/NF-xB, with known anti-inflammatory activity in rats31:37:38,

To determine efficacy of Anakinra two treatment regimens were used: 1) syngeneic donor
cardiac grafts during the 4-hour CI period (Cohort 4); or 2) the recipient at 1-hour
post-transplant (Cohort 5) (Figure 1, Table 1). Syngeneic graft hearts were harvested

at POD 3 and analyzed by IHC and flow cytometry. Pre-transplant donor cardiac graft
treatment (Cohort 4) resulted in minimal decreases in myocardial injury (score and area)
and PMN infiltration compared to vehicle treated controls (Cohort 2) (Figure 5a—d).

In contrast, recipients treated with Anakinra at 1-hour post-transplant (Cohort 5) had a
significant decrease in myocardial injury score, PMN and macrophage graft infiltration
compared to vehicle treated controls (Cohort 2) (Figure 5a,c,d). Flow cytometric analysis
of graft and native heart cellular infiltrates demonstrated that neutrophils and macrophages
were the predominant infiltrating immune cell types in the grafts at POD3, which were
significantly reduced by Anakinra treatment and absent in native hearts (Figure 5e,f). For
parthenolide studies, syngeneic transplant recipients were treated subcutaneously at 1-hour
post-transplantation with 5mg/kg (Cohort 7) or vehicle (Cohort 2). Similar to Anakinra,
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parthenolide significantly reduced POD3 myocardial injury score, as well as PMN and
macrophage graft infiltration (Figure 5a—d). RCMV infection did not influence these

early events in syngeneic graft hearts (Cohorts 6 and 8), which is consistent with our
previous findings that CMV affects allograft rejection starting at POD 73°. Our findings
demonstrate that syngeneic grafts from RCMV-infected donors respond equally to Anakinra
and parthenolide treatments by a reduction in myocardial injury and inflammatory cell
infiltration.

Anakinra Reduces Inflammatory Cytokine Production Following Transplant IRI

To determine the anti-inflammatory pathways that are activated by IRI and targeted by
Anakinra, we performed rat cytokine/chemokine assays on POD3 plasma and graft heart
homogenates (Figure 6). Following transplantation, plasma concentrations were elevated
above pre-transplant levels for cytokines IL-1B, IL-2, IL-5, IL-10, IL-13, IL-17A, IFNYy,
G-CSF, and TNFa; chemokines CCL2, CCL5, CXCL1, CXCL2, and CXCL10; and
epidermal growth factor (EGF). Cardiac graft cytokine levels were also increased above
those detected in non-transplanted control hearts for IL-1a, IL-1p, IL-2, IL-6, IL-13, IL-18,
IFNy, and TNFa; chemokines CCL2, CCL3, CXCL1, CXCL10; and EGF. Interestingly,
while Anakinra treatment reduced the IRI-induced levels of IL-1B, IL-2, TNFa, CXCL1
and EGF, the drug did not have a global effect on all of the upregulated factors and some
were differentially affected in plasma versus tissue. For example, IL-18 and CXCL10 were
increased in grafts from treated animals compared to transplanted controls whereas plasma
levels of CXCL10 were reduced upon treatment. Treatment reduced IL-5, 1L-10, IL-13,
IL-17A, G-CSF, and CCL2 in plasma. By contrast, graft levels of CCL2 were increased in
the treated animals. IL-1a, IL-6, IFNy, CCL3, and CXCL2 graft levels were reduced as a
result of Anakinra treatment. These data indicate that Anakinra reduces plasma and graft
cytokine expression associated with IL-1R-driven inflammation.

Anakinra Prolongs Survival of RCMV-Infected Cardiac Allografts

Our findings suggest neutrophil and macrophage infiltration following transplantation

is a crucial component of IRI, which may contribute to graft CR. In light of IL-1R
signaling blockade to reduce IRl and PMN infiltrate at POD3 from an RCMV+ donor,

we determined whether Anakinra immediately following transplantation would improve
long-term graft survival in RCMV+ allogeneic cardiac grafts. RCMV-infected F344 donors
were transplanted into naive Lewis rats and the recipients were treated with 100mg/kg
Anakinra (Cohort 10) or vehicle (Cohort 9) at 1-hour post-transplantation. Animals were
monitored daily for diminishing heart beat as an indicator of graft failure (CR). Time to
CR was significantly increased (p<0.001) in Anakinra treated animals (66 days) compared
to vehicle controls (51 days) (Figure 7a). Anakinra treatment also reduced the development
of TVS (neointimal index (NI) measured at rejection) (Figure 7b,c). To assess kinetics of
TVS reduction by Anakinra treatment, we harvested allografts (Cohorts 9 and 10) at POD14.
Anakinra treatment reduced neointima formation to near RCMV-naive transplanted grafts
(Figure 7d,e), suggesting that Anakinra abrogates RCMV-induced early graft damaging
TVS®,
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A possible mechanism behind Anakinra’s reduction in TVS and improved graft survival
may be effects on CMV replication because CMV-accelerated TVS/CR are linked to

active viral replication?041, We assessed the effect of Anakinra on RCMV replication and
immune response. Serum from RCMYV infected graft recipients at 2, 4, and 6 weeks post-
transplantation were quantified for RCMV-specific 1gG and IgM antibody responses. No
significant differences were observed in IgM titers (Figure 7f) at any timepoint, indicating
no effect of Anakinra on early antibody responses. However, anti-RCMV IgG antibody
levels were reduced with Anakinra versus controls (Figure 7g). Anti-donor IgG antibody
responses were very low in all animals, and were not significantly different between
treatment groups (Figure 7h). The reduction in antiviral IgG titers may be the result of
decreased viral loads due to the impaired recruitment of macrophages into the graft heart or
a direct antiviral effect. Accordingly, we first measured RCMV viral DNA loads in native
heart, graft heart, spleen, and SMG at the time of rejection. Viral DNA levels in SMG
tissues of Anakinra treated animals were reduced compared to controls, with a significantly
greater number of animals with undetectable levels in SMG tissues (Figure 7i). Additionally,
native heart, graft heart, and spleen tissues from Anakinra-treated animals trended towards
decreased detectable levels (Figure 7i). Unexpectedly, Anakinra treatment only modestly
reduced viral loads at POD14 in all tissues tested (Figure 7j). To rule out whether Anakinra
directly inhibits viral replication, we infected rat macrophages and fibroblasts with RCMV
and treated them with Anakinra at 10ug/mL. Treatment did not significantly alter viral
titers at any timepoint in fibroblasts (Supplemental Figure 5a), or reduce viral genomes
present in macrophages at 7 days post-infection (Supplemental Figure 5b). These results
suggest Anakinra treatment in the early post-transplant period improves graft survival from
RCMV-infected donors transplanted into naive recipients by limiting RCMV dissemination,
rather than directly impairing viral replication.

Discussion

CR is a major impediment to long-term graft and patient survival in SOT recipients.
Alloimmunity, CMV infection, and IRI following transplantation are factors that contribute
to acceleration of TVS. Recent work in murine kidney transplants demonstrated that IRI
can initiate CMV reactivation, whereas immunosuppression promotes viral dissemination
following transplantation?®, supporting the hypothesis that IRl combines with CMV-
associated pathogenesis to accelerate CR. Reducing transplant-induced IRI has the potential
to improve transplant survival rates related to CMV infection; however, IRI lacks specific
effective therapies. To develop targeted strategies toward reducing IRI, we identified
pathways that contribute to IRI in the absence of alloimmunity in syngeneic cardiac
transplants. Importantly, syngeneic grafts, in the setting of CMV infection, do not undergo
CR due to the lack of alloimmune responsesL. In our current study, we introduced a 4-hour
Cl time to improve the clinical relevance of our cardiac transplant model. We identified
biological changes associated with transplant-induced IRI that included pro-inflammatory
cytokines and then utilized targeted therapeutics to enhance graft survival in the context of
RCMV infection.

IRI is a multifaceted disease process involving initial injury followed by a cascade of
inflammatory steps that mediate further tissue damage. The goal of this study was to identify
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possible inflammation signaling nodes that, when inhibited, could target the multiple
downstream effects of IRI, particularly as they relate to CR. One such node is the IL-1
pathway, which plays an important role in defense against pathogens and immunopathogenic
disease32. The IL-1 family includes IL-1a/B, I1L-18, 1L-33, IL-37, and 1L-38, their receptors
and downstream activated transcriptional factors that produce other inflammatory molecules.
We found upregulation of IL-1 inflammatory pathway members in both PBMC and cardiac
grafts that included IL-1a, IL-1B, IL-18, IL-33, and IL-36p; their cognate receptors IL-1R1,
IL-1R3-6; and their downstream signaling molecules IRAK1,2,4, MyD88, and TRAF®6.
Interestingly, IL-1R8, an IL-1R that inhibits NF-xB signaling, was transcriptionally down
regulated. Thus, the IL-1 family is highly dysregulated following IRI. The IL-1 pathway has
previously been identified as key to development of IRI334243_ For example, elevation of
IL-1a levels have previously been linked to activation of alloreactive T-cells, suggesting that
IL-1a, in addition to our data implicating IL-1f, may be a prominent component of early
allograft injury**. Our pathway analysis builds on previous data, but the methods outlined
here could be used to identify other targetable pathways for therapy.

Natural mechanisms limit IL-1-induced immunopathogenesis and promote adaptive
immunity and wound healing. Soluble IL-1R antagonists and membrane decoys have been
exploited for therapeutics that target IL-1 cytokine function during rheumatoid arthritis,
autoinflammatory disease, cardiovascular disease, restenosis following angioplasty, systemic
sclerosis, IR, and diabetes#24546_ In our IRl model, the natural rat IL-1RA was upregulated
at POD3, but this is likely too late to prevent immune-mediated damage. However, Anakinra
presents a prime candidate for clinical intervention by targeting IRI early inflammatory
processes. Anakinra is approved for clinical use and has a short half-life, allowing us to
interrogate the impact of a single-treatment on IRI and allograft CR. Parthenolide also
targets the IL-1 signaling node, and has previously been tested as an anti-inflammatory

drug in a rat myocardial reperfusion injury model3!. Our model incorporates a CMV+

donor with active CMV infection of the donor tissue?®, as previous studies have shown

that CMV infection accelerates CR8, and IL-1Ra therapies have shown promise in other
transplant models in the absence of CMV infection’~49, We targeted IRI in the setting

of CMV infection in SOT, and demonstrated a reduction in accelerated cardiac graft CR.
While the impact of Anakinra on chronic cardiac allograft rejection in the absence of CMV
remains to be tested, Anakinra and parthenolide treatments both decreased tissue injury

and graft macrophage and PMN recruitment, reducing the downstream events that promote
acute and chronic rejection. Given the higher toxicity of parthenolide, Anakinra was a better
therapeutic option and it improved graft survival and reduced CMV tissue viral loads at
rejection. While Anakinra reduced anti-RCMV IgG responses there was no major impact on
anti-donor 1gG responses, suggesting that the reduction in inflammation reduced viral load
rather than impacting global humoral responses. However, a remaining area to be explored is
effect of Anakinra on the role of T-cell responses to viral and/or donor antigens and how this
affects TVS and CR. Further work in this area would provide a better understanding of the
disease mechanisms at work with and without treatment.

Anakinra solely targets the receptor for IL-1a/p. Thus, our finding that Anakinra did not
completely inhibit graft IRI or restore the timing of CR to levels observed for uninfected
allografts would suggest that additional 1L-1 signaling components may be involved in
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the tissue injury process. This theory is consistent with our observation that 1L-18, 1L-33,
IL-36, and their receptors are highly expressed during IRI. We hypothesize that combination
therapy utilizing Anakinra and newly developed inhibitors of 1L-18, IL-33, and I1L-36 may
have greater impact on reducing graft injury. Furthermore, graft survival may be enhanced
with IL-1R antagonists, targetting early events leading to graft dysfunction, in combination
with ganciclovir, to prevent CMV-driven, long-term events#0:2051, Fyture studies will focus
on determining the role of Anakinra in CMV-naive transplants as well as improving

our understanding of the effect that Anakinra treatment has on T-cell-mediated immune
responses during CR.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Study Design. Syngeneic donors (Lewis) were either mock infected or infected with

RCMYV at 1x10° PFU/animal 5 days prior to transplantation. One cohort of syngeneic
cardiac grafts were soaked in UW solution containing 10pg/mL anakinra during the 4-hour
cold ischemia time. At 1-hour post-transplantation, groups of recipients were treated by
subcutaneous injection with either anakinra (100mg/kg) or parthenolide (5mg/kg) or their
respective vehicles. Syngeneic cohorts were harvested at POD3. Allogeneic donors (F344)
were infected with RCMV at 1x10° PFU/animal 5 days prior to transplantation. Allogeneic
cohorts were treated subcutaneously with anakinra at 100mg/kg or vehicle by subcutaneous
injection at 1 hour post-transplantation. Blood samples were taken at POD 14, 28, and 42.
Animals were sacrificed at two time-points for analyses: POD14 and at the time of chronic
rejection.
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Figure 2.
IRI causes myocardial tissue damage and PMN infiltration. Graft or control hearts were

harvested at POD3 from isogeneic transplants, fixed in formalin, sectioned, and H&E
stained. Tissue sections were then examined and graded for severity of myocardial injury,
percent of examined area showing myocardial injury, and PMN infiltrate counts. (a)
Representative images of control and I/R injured cardiac tissue at POD3 with or without
prior RCMV infection. Control tissue was obtained from a non-transplanted animal. Scale
bars represent 100um. (b) Myocardial injury scores on a scale of 0 (ho damage) to 4 (severe
damage) as described in Supplemental Table 1, (c) Myocardial injury area determined as
percent of examined area showing any degree of myocardial injury, (d) PMN infiltrate as
measured by number of PMN cells per field of view at 400x magnification. n=4 for all
groups. Error bars represent SEM.
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Figure 3.

RNAseq transcriptomic analysis of cardiac tissue and PBMC following IRI. Heart tissues
were homogenized in Trizol. PBMC were isolated over lymphocyte separation media

and resuspended in Trizol. RNA was extracted from heart and PBMC samples by Trizol
preparation with isopropanol precipitation. One pg of total RNA was used for RNAseq.

(a) Native heart from RCMV- transplant recipient at POD3 (cohort 2) compared to a non-
transplanted control heart (cohort 1), (b) Graft heart from RCMV- transplant recipient at
POD3 (cohort 2) compared to a non-transplanted control heart (cohort 1), (c) FDR-cutoffs
and regulated gene counts for heart tissue comparisons. (d) PBMC isolated from whole
blood of a RCMV- transplant recipient at POD3 (cohort 2) compared to PBMC isolated from
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whole blood of a non-transplanted control animal (cohort 1), (¢) FDR-cutoffs and regulated
gene counts for PBMC heart tissues. Genes showing fold-change greater than 2 (Heart) or
1.5 (PBMC) with an FDR adjusted p-value of 0.05 are shown in green in volcano plots (a, b,
d) and were selected for further investigation.
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Figure 4.

IL-1R signaling molecules are up-regulated in graft and PBMC samples following
transplantation leading to a pro-inflammatory response. Statistically significant alterations

in gene expression from RNAseq analysis of graft tissues are represented by red
(up-regulation) and blue (down-regulation). Molecules which did not meet statistical
significance, or for which mapping was unavailable in the rat genome are shown in white.
FDR-p<0.05. FDR-corrected p-values and Cohort 2 versus Cohort 1 ratios are listed in Table
3.
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Figure5.
Anakinra treatment of the recipient immediately post-transplantation improves myocardial

injury score and PMN infiltrate into cardiac tissue. (a-d) Myocardial injury score (a),
myocardial injury area (b), PMN infiltrate (c), and macrophage infiltrate (d). Error

bars represent SEM. Statistical significance determined by one-way ANOVA with
Tukey’s multiple comparison, *P<0.05, **P<0.01, ***P<0.001 versus vehicle transplant.
Representative images are shown in Supplemental Figure 3. Fields counted for (c) and
(d) were viewed at magnification equal to 400x. Groups are labeled (Transplant-/RCMV-/

Am J Transplant. Author manuscript; available in PMC 2024 August 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jones et al.

Page 21

Treatment-) Native heart from a non-transplanted, uninfected animal (n=5); (Transplant+/
RCMV-/VA) Graft heart from RCMV- donor with anakinra vehicle injection of recipient
animals 1-hour post-transplant (n=4); (Transplant+/RCMV-/VP) Graft heart from RCMV-
donor with parthenolide vehicle injection of recipient animals 1-hour post-transplant (n=5);
(Transplant+/RCMV-/AD) Graft heart from RCMV- donor with anakinra treatment of
donor organ pre-transplantation (n=4); (Transplant+/RCMV-/AR) Graft heart from RCMV-
donor with anakinra treatment of recipient 1-hour post-transplant (n=4); (Transplant+/
RCMV-/P) Graft heart from RCMV- donor with parthenolide treatment of recipient 1-

hour post-transplant (n=5); (Transplant+/RCMV+/VA) Donor infected i.p. with 1x10°PFU
RCMYV 5 days prior to transplant, graft heart with anakinra vehicle injection of recipients
1-hour post-transplant (n=4); (Transplant+/RCMV+/\V/P) Donor infected i.p. with 1x10°
PFU RCMV 5 days prior to transplant, graft heart with parthenolide vehicle injection

of recipients 1-hour post-transplant (n=4); (Transplant+/RCMV+/AR) Donor infected i.p.
with 1x10°PFU RCMV 5 days prior to transplant followed by anakinra treatment of
recipient 1-hour post-transplant (n=4); (Transplant+/RCMV+/P) Donor infected i.p. with
1x10%PFU RCMV 5 days prior to transplant with parthenolide treatment of recipient 1-hour
post-transplant (n=5). (e,f) Native (e) and graft (f) heart tissues were harvested at 3 days
post-transplant from RCMV- PBS treated (cohort 2), RCMV- Anakinra treated (cohort 4),
RCMV+ PBS treated (cohort 5), and RCMV+ Anakinra treated (cohort 6) recipients and
processed for flow cytometry staining. Antibodies were directed against cellular markers for
T-cells (CD3+, CD4+/CD8+), B-cells (CD45ra+, CD3-, CD161a low), Neutrophils (CD43+,
CD3-, CD161a low, CD45rA-), macrophages (CD68+, CD3-), and NK cells (CD161a high,
CD3-). Gating strategy as in Supplemental Figure 4. (¢) Native heart tissues from transplant
recipients at POD3, cell percentages reported as percent of total live cells. (f) Graft heart
tissues from transplant recipients at POD3, cell percentages reported as percent of total

live cells. Statistical significance determined by two-way ANOVA with Tukey’s multiple
comparison, *P<0.05, **P<0.01, ***P<0.001. n=4. Error bars represent SEM.
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Anakinra reduces pro-inflammatory cytokines elevated during transplantation. Luminex

cytokine profiling of serum and heart tissue homogenates was analyzed following IL-1R

4000,

antagonist treatment of recipients compared to non-treated controls and non-transplanted

controls. Treatment groups are as indicated with (Transplant-/Treatment-) Native heart

from a non-transplanted, uninfected animal (n=5); (Transplant+/\VVA) Graft heart from
RCMV- donor with anakinra vehicle injection of recipient animals 1-hour post-transplant

(n=4); (Transplant+/AD) Graft heart from RCMV- donor with anakinra treatment of donor
organ pre-transplantation (n=4); (Transplant+/AR) Graft heart from RCMV- donor with
anakinra treatment of recipient 1-hour post-transplant (n=4). Error bars represent SEM.
Statistical significance determined by one-way ANOVA with Dunnett’s correction for

multiple comparisons, *P<0.05, ***P<0.001.
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Figure7.
One dose of anakinra at 1-hour post-transplant significantly improves survival time and

decreases viral loads at rejection. Donor animals were infected with RCMV 5 days prior

to transplantation. Recipients were then treated with vehicle or with anakinra at 1-hour
post-transplantation. (a) Time to rejection was significantly improved by recipient treatment
with anakinra following transplantation. Graft heart rejection was monitored by palpation
for heart beat. Animals were sacrificed and tissues were harvested at the time of rejection.
Vehicle treated animals had a mean survival time of 52 days and Anakinra treated animals
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had a mean survival time of 65 days. Statistical significance determined by Mann-Whitney
test, ***P<0.001 vs. Vehicle-control, n=10. PBS-treated RCMV- historical controls included
for references (light green) (b,c) Neointimal index of coronary arteries in graft hearts at
chronic rejection was decreased in Anakinra-treated cohorts. Tissue sections were taken
from graft hearts at the time of rejection and fixed in formalin. Tissue sections were stained
with H&E and Elastin staining and the neointimal index was determined as an average

of 6 coronary artery sections per animal (b). Representative images are shown in (c).
Statistical significance was determined by Mann-Whitney test, **P<0.01, n=10. PBS-treated
RCMV- historical controls included for references (light green). (d,e) Neointimal index

of coronary arteries in graft hearts at POD14 was decreased in Anakinra-treated cohorts.
Tissue sections were stained and the neointimal index was scored as in (b/c). Neointimal
index scores are summarized in (d). Representative images are shown in (e). Statistical
significance was determined by one-way ANOVA with Tukey’s correction for multiple
comparisons, *P<0.05, **P<0.01. n=6. (f-h) Anti-RCMV IgG antibody responses were
reduced in Anakinra treated animals. Blood was taken from transplant recipients at 2, 4,

and 6 weeks post-transplant until graft rejection. Enzyme-linked immunosorbent assays
against anti-RCMV IgM (f) and IgG (g) antibodies and anti-F344 cardiac tissue IgG (h)
antibodies were performed on serum samples and dilution titers were calculated for each
sample. Averages for each cohort at 2, 4, and 6 weeks post-transplant are shown. n=10. Error
bars represent SEM. Statistical significance determined by Mann-Whitney test, *P<0.05,
**P<0.01, ***P<0.001 vs. Vehicle-control. (i)Viral loads in tissues at rejection showed a
significant decrease in the number of animals with detectable viral loads in SMG following
Anakinra treatment. Tissues were harvested at time of cardiac graft rejection in RNAlater.
Tissues were then homogenized in DNAzol and DNA was extracted. gPCR for RCMV

viral DNA polymerase was used to quantitate RCMV genome copies in tissues. Error

bars represent SEM. Statistical significance determined by fisher’s exact test, *p=0.0325
(two-tailed). (j) Viral loads in tissues at POD14 did not yet show significant impairment in
viral loads in Anakinra-treated cohorts. Tissues were harvested as in (i). n=6.
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Table 1.
Animal Cohorts
Cohort n Grafttype Donor Recipient RCMYV infection Drug treatment Harvest POD
1 4-5 None Lewis 3
2 4-8  Syngeneic  Lewis Lewis 3
3 4 Syngeneic  Lewis Lewis Donor+ 3
4 4 Syngeneic  Lewis Lewis Anakinra,Donor Tissue 3
5 4-8  Syngeneic  Lewis Lewis Anakinra,Recipient 3
6 4 Syngeneic  Lewis Lewis Donor+ Anakinra,Recipient 3
7 5 Syngeneic  Lewis Lewis Parthenolide, Recipient 3
8 5 Syngeneic  Lewis Lewis Donor+ Parthenolide, Recipient 3
9 6,10  Allogeneic F344 Lewis Donor+ 14,CR
10 6,10 Allogeneic F344 Lewis Donor+ Anakinra,Recipient 14,CR
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Page 26

gRT-PCR primer and probe sets directed against rat inflammatory markers

Gene Forward Primer Reverse Primer Probe Dye  Quencher
CXCL6 CTGTTCACACTGCCACAGCAT CAGCGTAGCTCCGTTGCAA TGCTCCTTTCTCGGCCA FAM  MGBNFQ
CXCL2 TGAACAAAGGCAAGGCTAACTGA CTCTTTGATTCTGCCCGTTGA AAGAACATGGGCTCCTG FAM  MGBNFQ
Cmc2a GCACTGCACCCAGACAGAAG CTGGGAGCTTGAGGGTTGAG TAGCCACTCTCAAGGAT FAM  MGBNFQ
IL-IR GATTATGAGCCCACGGAATGA GACGTTGCAGATCAGTTGTATCG ATGGAAGCTGACCCAGG FAM  MGBNFQ
MMP12 GAAAGGAGCTGGCACAATGAAG GCCCCACAGGCAGATACCT TCCTCGTGCTGGTGCT FAM  MGBNFQ
SPPI CTCACCTCCCGCATGAAGAG TCAGACGCTGGGCAACTG AGTCCGATGAGGCTAT FAM  MGBNFQ
IL-6 GGAACGAAAGTCAACTCCATCTG  AAGGCAACTGGCTGGAAGTCT ACAGCTATGAAGTTTCTC FAM  MGBNFQ
L32 GAAGATTCAAGGGCCAGATCC GTGGACCAGAAACTTCCGGA CGGGAGTAACAAGAAAACCAAGCACATGC VIC  TAMRA
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Table 3.

Pro-inflammatory signaling molecules are up-regulated in graft and PBMC data following transplantation.
Selected RNAseq data showing graft hearts from transplant recipients (cohort 2) versus non-transplanted
native hearts (cohort 1) and PBMC samples from cohort 2 versus cohort 1. Up-regulated genes are color coded
in red, down-regulated genes are color coded in blue. Those values that were found to be statistically
significant (FDR-p <0.05) are bolded. Functions of each signaling molecule are listed.

Gene Heart: Cohort 2 FDR p- value | PBMC: Cohort 2/ FDR p- value | Function
Graft/Cohort 1 Cohort 1
IL-1a 1.66 0.4812 Cytokine, Inflammation
IL-18 0.0000 3.63 0.4305 Cytokine, Inflammation
IL1rn/IL1ra 0.0000 4.06 0.0845 Cytokine, Inhibitor
1L-18 0.0000 211 0.6595 Cytokine, Inflammation
IL-18bp 0.0014 1.76 0.6741 Cytokine, Inhibitor
I1L368 0.0000 3.48 0.0739 Cytokine, Inflammation
1L33 3.40 0.0000 1.17 0.9715 Cytokine, Inflammation
0.0181 0.0503 Receptor, Inflammation
0.1209 Decoy Receptor, Inhibitor
IL1IRAP 1.88 0.0028 2.36 0.1481 Receptor, Inflammation
IL18r1 1.69 0.0233 0.86 0.9050 Receptor, Inflammation
IL18RPB 2.56 0.0000 1.95 0.4543 Receptor, Inflammation
IL1R8 0.56 0.0014 0.73 0.6399 Receptor, Inhibitor
I_ 0.0000 2.32 0.5777 Receptor, Inflammation
1L1rl2 4.86 0.0001 2.49 0.4433 Receptor, Inflammation
Myd88 5.19 0.0000 1.84 0.0755 Signaling Adaptor, Inflammation
IRAK1 1.29 0.0000 1.20 0.5414 Signaling Adaptor, I nflammation
IRAK?2 2.81 0.0000 1.24 0.7535 Signaling Adaptor, Inflammation
IRAK4 4.47 0.0000 1.64 0.0728 Signaling Adaptor, I nflammation
TRAF6 1.65 0.0006 1.26 0.8759 Signaling Adaptor, Inflammation
Tallip 0.80 0.0010 1.32 0.5129 Signaling Adaptor, I nhibitor
Pannexin-1 2.32 0.0018 0.46 0.3481 ATP Release Channel
P2X2R 6.16 0.0001 DAMP, ATP Sensor
E_ 0.0000 3.39 0.1182 PRR, Inflammation
TLR3 1.87 0.0007 1.01 0.9981 PRR, Inflammation
TLR4 4.95 0.0000 2.00 0.5758 PRR, Inflammation
TLR5 4.63 0.0005 7.24 0.0170 PRR, Inflammation
TLR6 6.51 0.0000 2.17 0.1580 PRR, Inflammation
TLR7 0.0000 2.25 0.3191 PRR, Inflammation
TLRS8 0.0007 2.22 0.0443 PRR, Inflammation
TLR9 0.0240 0.76 0.7868 PRR, Inflammation
TLR10 0.0000 2.24 0.2805 PRR, Inflammation
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Gene Heart: Cohort 2 FDR p- value | PBMC: Cohort 2/ FDR p- value | Function
Graft/Cohort 1 Cohort 1
TLR11 3.08 0.0099 PRR, Inflammation
TLR12 3.83 0.0015 0.40 0.6166 PRR, Inflammation
TLR13 6.92 0.0000 2.76 0.0691 PRR, Inflammation
E_ 0.0000 7.79 0.1089 Sensor, | nflammasome For mation
ASC 3.75 0.0000 1.15 0.8267 Adaptor, Inflammasome For mation
Caspase-1 2.75 0.0000 0.81 0.6099 Enzyme, Inflammasome
GasderminD | 4.21 0.0000 0.95 0.9080 Membrane Pore, Cytokine Release

Cohort 1 = Non-transplanted, non-infected

Cohort 2 = Syngeneic transplant, non-infected

p < 0.05 is significant
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