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Abstract

Increased levels of donor-derived cell-free DNA (dd-cfDNA) in recipient plasma have been
associated with rejection after transplantation. DNA sequence differences have been used to
distinguish between donor and recipient but epigenetic differences could also potentially identify dd-
cfDNA. This pilot study aimed to identify ventricle-specific differentially methylated regions of
DNA (DMRs) that could be detected in cfDNA. We identified 24 ventricle-specific DMRs and chose
two for further study, one on chromosome 9 and one on chromosome 12. The specificity of both
DMRsfor the left ventricle was confirmed using genomic DNA from multiple human tissues. Serial
matched samples of myocardium (n=33) and plasma (n=24) were collected from stable adult heart
transplant reci pients undergoing routine endomyocardial biopsy for regjection surveillance. Plasma
DMR levels increased with biopsy-proven regjection grade for individual patients. Mean cellular
apoptosisin biopsy samples increased significantly with rgjection severity (2.4%, 4.4% and 10.0%
for ACROR, 1R and 2R, respectively) but did not show a consistent relationship with DMR levels.
We identified multiple DNA methylation patterns unique to the human ventricle and conclude that
epigenetic differencesin cfDNA populations represent a promising alternative strategy for the non-

invasive detection of rejection.

Keywords: epigenetics, DNA methylation, heart, transplantation, cell-free DNA, rejection
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Introduction

All cells undergoing programmed cell death (apoptosis) release fragments of double-stranded
genomic DNA (gDNA) into the circulation. Plasma cell-free DNA (cfDNA) has shown promise as a
minimally-invasive biomarker for the detection of rgjection after solid organ transplantation although
many questions regarding the production and clearance of cfDNA remain unanswered. To date, the
identification of donor-derived cfDNA has been based on the quantification of polymorphic single
nucleotide polymorphisms (SNPs) that differ between the donor and recipient with or without donor
genotyping.*® While the requirement for a priori donor genotyping has limitations associated with
cost and feasibility, especially in situations where the donor is deceased, alternative methods are
subject to assumptions and estimations of genotype frequencies that may not accurately represent the
donor.*® As such, epigenetic modifications (e.g. DNA methylation) that remain intact in cfDNA
represent a potential alternative methodology to identify specific populations of cfDNA within the
complex mixture found in the plasma.” ® Unique tissue-specific DNA methylation patterns known as
differentially methylated regions (DMRs) have been identified and leveraged as markers of organ
injury® but are understudied in cardiovascular disease™ and remain unexplored in transplantation.

In this pilot study, we sought to develop a pipelineto identify novel alternative markers of
myocardial injury based on DNA methylation. From 24 putative candidates, we studied two
ventricle-specific DMRs detectable in plasma cfDNA. Using matched samples of plasma and
myocardium from adult heart transplant recipients undergoing routine endomyocardial biopsy
(EMB), we then evaluated the links between levels of ventricle-specific cfDNA, grade of acute

cellular rgjection (ACR) and myocardia apoptosis.

Material and Methods
Patient data

This study was approved by the Conjoint Health Research Ethics Board at the University of Calgary.
3
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All participants provided written consent. Adult heart transplant recipients followed at a single centre
and undergoing a scheduled EMB were recruited for study participation. All patients were at least 3
weeks post-transplant, had no evidence of cardiac dysfunction, antibody-mediated rejection (AMR)
or cardiac allograft vasculopathy (CAV) and had at |east three serial biopsies with tissue available
and matching plasma samples. The right ventricular (RV) myocardial tissue was obtained from
paraffin-embedded blocks that had been used for pathology grading by a single pathol ogist according
to the current ISHLT guidelines.™ Biopsies graded as having ACR 2R were independently reviewed

by a second pathologist to confirm the diagnosis as per ingtitutional policy.

| solation of cfDNA

Blood (8-10 mL) was collected in Streck BCT tubes immediately prior to the EMB. Within 4 hours
of collection, whole blood was centrifuged at 1900 x g at room temperature for 10 minutes. The
plasma fraction was then centrifuged at 13,000 RPM for 16 minutes at 4 C. The resulting supernatant
was then stored at -80'C. Isolation of cfDNA from 2 mL of plasmawas performed using the semi-

automated MagNA Pure 24 System (Roche) according to the manufacturer’ sinstructions.

In silico identification of candidate ventricle-specific DMRs

Public methylomes for various human tissues and cells were obtained from the NIH Roadmap
Epigenomics™ and the Blueprint Epigenome™ projects. Sorted bedgraph inpuit files were created for
the software package Metilene** which performed comparisons between the methylomes of the
ventricular tissue (combined right (n=1) and left (n=2) ventricles), pooled non-ventricular tissues
(n=19) and pooled hematopoietic cells (n=14). Metilene identified regions that were significantly
differentially methylated (mean difference >10%) based on a Mann-Whitney U test (alpha= 0.05).
Additional parameters for each DMR included a minimum of 3 CpG sites, <25 base pairs (bp)

separating each of the CpG sites and atotal length of <100 bp. A second filtering step identified
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96 DMRswith a mean methylation difference >50% for non-ventricular tissues and >80% for

97 hematopoaietic cells. Comparisons between groups (ventricles vs. hematopoietic cells or non-

98  ventricular tissues) were made separately to enable stringent exclusion of DMRs in peripheral

99  lymphocytes which account for the majority of cfDNA in the circulation. The filtering cutoffs chosen
100 resulted in asufficient number of DM Rs within each interrogated group to enable the identification
101 of DMRsthat were common to both groups. Shared DMRs on autosomal chromosomes (sex
102  chromosomes were excluded to avoid dosage effects) identified from the comparison of ventricular
103  and non-ventricular tissue methylomes (n=255) and from ventricular tissues compared to
104  hematopoietic cell methylomes (n=2,060) provided atotal of 24 candidate DMRs (Figure 1).
105
106  Primer design
107  For 10 candidiate DM Rs with the highest ventricle-specificity, sequences containing the DMR of
108 interest and 100 bp upstream and downstream were taken from a methylome of the left ventricle
109 (GSM1010978) generated by the NIH Roadmap Epigenomics project. These sequences were used as
110  input for MethPrimer™ to generate primers for amplification of the DMRs from bisulfite-converted
111 gDNA. Primers did not contain CpG islands and contained at least two non-CpG cytosines. Total
112  product size was constrained to <150 bp to enable amplification from cfDNA. From these, two
113 DMRs, on chromosomes (Chr) 9 and 12, were chosen for further study as these regions amplified
114 readily with no off-target products.
115
116  PCR amplification of bisulfite-converted DNA
117 A commercia pane (Zyagen) of gDNA from human brain, colon, esophagus, small intestine, kidney,
118 liver, lung, pancreas, stomach, skin, spinal cord, skeletal muscle, spleen and thymus was used to
119  compare methylation levels for the Chr 9 and Chr 12 DM RS across tissues in comparison to left

120 ventricle. Patient cfDNA and panel gDNA was bisulfite converted using the Epitect Bisulfite Kit
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121  (Qiagen) with eution performed twice using 20 pL of buffer EB warmed to 56°C to improve yields.
122  Biaulfite-converted DNA was used for PCR amplification of the two DMRs. Products were

123  visualized on a3% TAE agarose gel and quantified by TapeStation (Agilent).

124

125 Next-generation sequencing

126  For quantification of methylation, PCR amplicons were pooled in equimolar concentrations for
127  sequencing on an Illumina MiSeq. Libraries were sequenced using the MiSeq reagent kit v3 (150
128  cycles) to produce 2 x 75 bp paired-end reads. The quality of each sequenced pool was assessed
129  using FastQC.™ The bisulfite sequencing plugin for the CLC Genomics Workbench (Qiagen) was
130 utilized to analyze the reads which were mapped to the hgl9 reference genome with a minimum
131  acceptable alignment of >80%. Methylation levels were determined for each individual CpG site
132  within each DMR and mean methylation levels were calculated. For DMR analysis, only those
133  patients with available matched samples (myocardium and plasma) were included.

134

135 Determination of cfDNA concentrations

136  The concentration of cfDNA (ng/mL) extracted from 2 mL of patient plasma was divided by 0.00303
137 ng (mass of a single human genome) to determine the total concentration of cfDNA (copies/mL) in
138  recipient plasma.® To determine the absolute concentration of each DMR, the copies/mL was

139 multiplied by the fraction of unmethylated molecules within the given pool of amplicons as

140  determined from the analysis of the bisulfite-sequenced reads.

141

142  Analysisof myocardial apoptosis

143  Terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) staining (Promega) was
144  used to visualize fragmented gDNA within paraffin-embedded RV tissue sections. Slides were

145 prepared and TUNEL staining performed as per the manufacturer’ s instructions. Tissue slides were

6
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146  aso stained with DAPI (4’,6-diamidino-2-phenylindole, Invitrogen) to visualize the total number of
147  nucleated myocardial cells within each section. Stained tissue slides were imaged at 10X

148  magnification using a spinning disk confocal super resolution microscope (Olympus). A green

149  fluorescent signal was observed at 488 nm in regions that contained apoptotic cells while DAPI-
150 stained nuclel emitted a blue signal at 405 nm. Images were analyzed using ImageJ and the Fiji

151 plugin. Analysis of the tissue sections was performed while blinded to the results of the pathology
152  ACR scoring.

153

154 Statistical analysis

155 To evaluate the association between regjection grade and cellular apoptosis and between regjection
156 grade and copies/mL of ventricle-specific cfDNA, we used multilevel linear regression. This allowed
157  adjustment for the potential cluster effect of comparing multiple samples per biopsy and repeated
158 biopsiesfor each subject. We used an iterative approach to test several models and evaluated the
159  necessity of including random effects for each level. The final model consisted of athree-level

160 hierarchical linear regression of log-transformed apoptosi s percentages according to rejection grade.
161 Cdlular apoptosisin the tissue sections showed alog-normal distribution and, therefore, the

162  apoptosisdata are presented as geometric means and standard deviations. For the cfDNA data, the
163 mean of the OR measurements were used to compare the effect of rgection on the log increase of
164  cfDNA concentration compared to basdline. Statistical analyses were performed using SAS software
165 version 9.4 (SAS Institute).

166

167 Results

168 Ventricle-specific DMRsidentified in silico

169 Methylomes obtained from the NIH Roadmap Epigenomics and the Blueprint Epigenome projects

170  included hematopoietic cells (n=14), various extra-cardiac tissues (n=19) and the left (n=2) and right
7
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171  ventricles (n=1) of the heart. Since our analysis of the 3 available ventricular samples indicated that
172  the human left and right ventricles were not significantly epigenetically distinct, these datasets were
173  combined for thisanalysis. By comparing the ventricular methylomes to the 19 tissue methylomes,
174 255 DMRswereidentified. The mgjority (95.8%) of these were hypomethylated in the ventricles
175 relative to the other tissues. The comparison of the ventricular methylomes to the 14 methylomes of
176  hematopoietic cellsidentified 2,060 DMRsthat were either hypomethylated (37.2%) or

177  hypermethylated (63.8%) in the ventricles. A total of 24 DMRs were common to both. From these 24
178 putatively ventricle-specific DMRs, two displayed the greatest ventricular specificity and amplified
179  specifically and were therefore chosen for further study. The first DMR was identified on Chr 9

180 (position Chr 9:101,595,534-101,595,574) and contained 3 CpG sites over a span of 40 bp. The

181 second DMR contained 6 CpG sites within 44 bp and was found on Chr 12 (position Chr

182  12:106,132,052-106,132,096). Interestingly, although we found that the methylation patterns in these
183 regions are unique to ventricular cells relative to other tissues and cells, these DMRs are not located
184  within or adjacent to genes directly associated with cardiac function or development. Based on the
185  hgl9 reference genome, the DMR on Chr 9 was found to be located within the gene body of

186 GALNT12, aprotein-coding gene associated with colorectal cancer, and the Chr 12 DMR was found
187  to belocated within the gene body of CASC18, which is a non-protein coding gene that has been
188 identified asapotential cancer predisposition locus.

189

190 Invitro confirmation of ventricular specificity

191 Toconfirmour in silico findings, we interrogated gDNA from left ventricle (LV) and human tissues
192 encompassing al three developmental germ layers (n=14). After amplification from bisulfite-

193 converted LV gDNA, the threeindividual CpG sites within the Chr 9 DMR were found to be

194  methylated in 18-26% of the sequenced amplicons with an average methylation level of 22.7% and

195 thesix CpG sites within the DMR on Chr 12 were found to the methylated in 16-22% of the
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196  sequenced amplicons with an average methylation level of 21%. These levels of methylation were
197 lower than those predicted from our in silico analysis. As shown in Figure 2, in comparison to other
198  tissues, both DMRs were most unmethylated in the LV (77.3 £ 0.04% for Chr 9 and 80.0 + 0.02% for
199  Chr 12) although pancreas and lung were also mostly unmethylated at the Chr 9 locus.

200

201  Performance of ventricle-specific DMRsin detecting significant rejection

202  To assessthe ahbility of our two DMRs to detect significant ACR, seria plasma samples obtained at
203  thetime of routine EMB were tested. Both DMRs showed variable levels that increased with the
204  rgection grade independently assigned by the pathologist (Figure 3). Highest levels of both DMRs
205  were seen with the significant 2R events and lowest levels were present with no (OR) or mild (1R)
206  ACR. The concentration of both DMRs remained relatively stable across the OR samples, ranging
207  from 1,100-2,987 copies/mL. In contrast, samples collected at the time of a1R ACR event showed
208 the most variability, ranging in concentration from levels below those seen in OR (370-660

209  copies/mL) to levels approaching those seen in grade 2R ACR (11,480-17,710 copies/mL).

210 Interestingly, we noted an increase in the concentration of both DMRs within the plasma of patient 3
211  prior to a moderate rejection event (Figures 3B and 3E). DMR concentrations also appear to be

212  patient-specific with differences between individuals at baseline (OR) and also for the 1R and 2R
213  events. Overdl, levels of cfDNA during ACR 2R events were significantly increased (p = 0.03) in
214  comparison to baseline OR levels for the Chr 12 DMR (Figure 3F) but were not significant for the
215 Chr9DMR (p=0.077) (Figure 3C). In general, total cfDNA levelsin recipient plasma correlated
216  poorly with rejection severity.

217

218 Myocardial apoptosisisincreased in acute cellular rejection

219  Seria EMB samples obtained from six individual adult heart transplant patients were used for

220  fluorescence microscopy. A total of 33 separate biopsies (n=8 for ACR OR; n=17 for ACR 1R; n=8
9
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221  for ACR 2R) wereincluded in the analysis. DAPI staining determined the total number of nuclel

222  within the biopsied tissue section and the number of cells undergoing apoptosis was indicated by the
223  presence of fragmented DNA as determined by TUNEL staining. Cells that displayed colocalization
224  of DAPI and TUNEL were considered to be apoptotic.

225 Rejection grade assigned by the pathologist was associated with the number of areas within
226  thebiopsied tissue that displayed elevated levels of apoptosis (Figure 4A-D). In general, those

227  sampleswithout significant ACR (ISHLT grade OR) had the fewest number of apoptotic cells (<12%)
228 withno focal areas of cdl death. In contrast, samples that were assigned a rejection grade of 1R

229 (single areaof lymphocyte infiltration) displayed a single region of elevated apoptosis representing
230 20-35% of the total cells and a variable degree of background apoptosis in the remaining tissue.

231 Samples assigned a rejection grade of 2R (two areas of lymphocyte infiltration) all displayed two
232  areasin which 20-34.3% of the myocardial cells co-stained for both TUNEL and DAPI. The adjusted
233  mean percentage of myocardial cells that stained positively for TUNEL was observed to be 2.4% (ClI
234  1.6-3.6), 4.4% (Cl 2.8-6.9) and 10.0% (CI 5.8-17.2) for regjection grades OR, 1R, and 2R, respectively
235 (Figure4E). Thus, the mean percentage of apoptotic cellsincreased as the severity of rgection

236 increased and differences between the groups were statistically significant (OR vs. 1R, p=0.01; 1R vs.
237 2R, p=0.0004 and OR vs. 2R, p<0.0001). Patient 2 (Figure 4B) had several biopsies that were

238 assigned argection grade of 1R and in each a single area of elevated apoptosis >10% (ranging from
239  11.8-17.6%) was noted. In this patient, the degree of tissue apoptosis was generally similar to that
240  seeninthe OR samples but distinguished by a single region of increased cell death. However, in

241  patient 3 (Figure 4C), the 1R samples were more variable.

242

243  Relationship between ventricle-specific DM Rs and myocar dial apoptosis

244  We attempted to associate levels of ventricle-specific cfDNA with mean levels of tissue apoptosisin

245  serial EMB samples from three individual patients with available data (Figure 5). The relationship
10
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246  between apoptosis and levels of the two DMRs were variable for each patient, showing either a

247  negative or positive fit, which may be an effect of the small sample size and/or the large variation in
248  the concentration of the DMRsin samples assigned a rejection grade of 1R. Notably, the two DMRs
249  behaved smilarly in each patient.

250

251 Discussion

252  DNA methylation plays a critical role in dictating gene expression and controlling cellular

253  differentiation and specialization.'” *® The observations that DNA methylation patterns could identify
254  tissue-specific cfDNA populations”™ led us to identify ventricle-specific patterns using an unbiased
255  approach and publicly-available methylomes whereby entire methylomes were interrogated instead
256  of selecting regions previously established as being associated with the patterning and devel opment
257  of the myocardium. This approach allowed for the identification of unique or highly specific

258  biomarkersthat may have been otherwise undetected due to alack of genome annotation. However,
259  examining regulatory regions of unique myocardial genes represents an alternative approach to the
260  discovery of ventricle-specific DMRs. Methylomes from hematopoietic cells were also assessed as
261  thenatural turnover of these cellsisthe primary contributor to the total plasma cfDNA pool and

262  therefore contributes most to background noise when measuring ventricle-derived cfDNA.*°

263 From atotal of 24 DMRs, candidates on Chr 9 and 12 were selected for further analysis. In
264  vitro testing of these two DMRs revealed less than expected specificity for the ventricle. This may be
265 related to the small number of available methylomes used to identify these DMRs but also suggests
266  theimportance of confirming all in silico predictions. There was reasonable agreement between the
267  concentration of the ventricle-specific biomarkers and the severity of rejection with the most

268  variability noted within the 1R samples. This may be related to the combination of the old grades of
269 1A, 1B and 2 into asingle category.'* The heterogeneity of the 1R specimens was also present in our

270 apoptosis data. DMR concentrations also appear to be patient-specific with relatively large
11
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271  differences (>1,000 copies/mL) between individuals at baseline (OR) and also for the 1R and 2R

272  events. This suggests that DMRs are not generic but may be useful as personalized indicators that can
273  befollowed serialy (as represented in Figure 3) with increases suggesting the implementation of

274  additional testing (e.g. an EMB) or changes in management. As such, the use of these DMRs may be
275  the most advantageous for those who have displayed consi stent biopsy results that indicate stable
276  gquiescence, whereby the adverse effects of the EMB outweigh the benefits of performing the

277  procedure.

278 ACR results in the death of myocardial cells through the accumulation of CD4+ and CD8+ T-
279 cdlsintheinterstitial space of the allograft which initiates apoptosis either through the rel ease of

280  cytotoxic granules or through direct binding to FasR on the target cell.° The presence of increased
281  cell death has been documented in both cardiomyocytes™ % as well as in inflammatory and

282 interstitial cells.?*? With regards to myocardial apoptosisin our study, the number of areas of

283  lymphocyte infiltration associated with each rejection grade were consistent with the number of areas
284  that demonstrated elevated apoptosis within the ventricular tissue sections. The amount of apoptosis
285  occurring outside of focal areas of lymphocyte infiltration was especially variable within individual
286 ACR 1R samples. Given that total cfDNA in the plasma arises from all cells and tissues in the body

26, 27

287  and can be affected by multiple physiological (e.g. strenuous exercise, fever) and non-

28,29

288 physiological stressors (e.g. surgery) it is perhaps not surprising that it was insufficient to detect
289  organ-specific injury.

290 Our study has several important limitations. As a pilot study assessing feasibility, we studied
291 relatively few patients although we did have multiple and matched serial plasma and tissue samples
292  for each patient. Replication of our findingsin alarger cohort of patients, especially during severe
293 (2R or 3R) ACR events, will be important to validate the generalizability of our findings. Alterations

294 inour filtering criteriafor the selection of ventricle-specific DMRs are also possible and may be

295  important when identifying tissue-specific DMRsin other organs. We also did not identify the
12
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296  specific cdl type(s) undergoing apoptosisin our biopsy samples. The literature suggests that both
297 inflammatory cells and cardiomyocytes undergo apoptosis during rejection events, with several

298  reports describing that it is mostly inflammatory cells that are undergoing apoptosis during

299  rejection.?* ? Our observation that the number of clusters of apoptotic cells are equivalent to the
300 number of clusters of lymphocytes are therefore consistent with these previous observations. If

301 lymphocytes are the cells predominantly undergoing apoptosis during rejection this may explain the
302 poor correlation between the degree of apoptosis and plasma levels of our DMRs. We did not

303  gpecifically evaluate the methylation levels of our DMRsin B cells or inflammatory cells but this
304  could be donein the future. Finally, the TUNEL assay that we used to assess cell death is non-

305 gpecific and labels all fragmented DNA and includes those cells undergoing either apoptosis or

233 are involved in acute and chronic

306 necrosis** ! However, both apoptosis® and necroptosis®
307 cardiac allograft rejection. In the future, it will be useful to evaluate phosphorylated mixed lineage
308 kinase domain-like protein (pPMLKL) in our tissue sections to assess the contribution of necroptosis
309 to cell death along with a more specific marker for apoptosis (e.g. cleaved caspase-3).%* ** It will also
310 beuseful to evaluate our DMRsin other settings of allograft injury (e.g. AMR, CAV) or myocardial
311  injury resulting from ischemia or heart failure.*

312

313 Conclusions

314  Insummary, we introduce the possibility of using ventricle-specific DMRs as a minimally-invasive
315 cfDNA-based assay for the detection of ACR following heart transplantation in adults and as a

316 potential alternative to SNP-based analyses. The pipeline we have established for the identification of
317 ventricle-specific DMRs can be easily modified and applied to any solid organ and may even have
318 relevancein hematopoietic stem cell transplantation. We also demonstrate that EM B samples from

319 patientslabelled 1R according to the current ISHLT grading system are highly heterogeneous based

320  on both tissue apoptosis as well as the release of cfDNA derived from the transplanted ventricles.
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321 The heterogeneity of the 1R samples suggests an opportunity for future research to distinguish

322  subtypes of grade 1R ACR that may merit different management strategies.

323

324  Acknowledgements

325 Wewould like to thank Leo Dimnik in the Medical Genetics Laboratory at the Alberta Children’s
326  Hospital for assistance in the automated isolation of plasma cfDNA and the nurses and physicians of
327  theadult heart transplant program at the Foothills Hospital for assistance in blood collection.

328

329 Conflict of Interest

330 Theauthors declare that the research was conducted in the absence of any commercial or financial
331 relationshipsthat could be construed as a potential conflict of interest.

332

323  Author Contributions

334 SP,MA, FI, AM and XW performed experiments and acquired data. SB and FD performed the

335 gatistical analysis of the tissue apoptosis data. SP, MA and Fl performed all other data analysis. SP,
336  FI, DI and NF recruited patients and collected plasma samples. YW provided the pathology samples.
337 SP, MA and SCG conceived and designed the experiments. SP and SCG wrote the manuscript. SCG
338 provided funding. All authors read and approved the manuscript.

339

38 Funding Sources

341  Thiswork was funded by aresearch grant provided by Enduring Hearts to SCG.

342

343

14


https://doi.org/10.1101/2021.03.10.434822
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.10.434822; this version posted March 10, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

344 References

345 1. Pattar SK, Greenway SC. Circulating nucleic acids as biomarkers for alograft injury after

346 solid organ transplantation: current state-of-the-art. Transplant Research and Risk

347 Management. 2019;11:17-27.

348 2. Burnham P, Khush K, De VIaminck |. Myriad Applications of Circulating Cell-Free DNA in
349 Precision Organ Transplant Monitoring. Ann Am Thorac Soc. 2017;14:S237-s241.

350 3. Grabuschnig S, Bronkhorst AJ, Holdenrieder S, et al. Putative Origins of Cell-Free DNA in
351 Humans: A Review of Active and Passive Nucleic Acid Release Mechanisms. Int J Mol <ci.
352 2020;21.

353 4. Snyder TM, Khush KK, Valantine HA, Quake SR. Universal noninvasive detection of solid
354 organ transplant rejection. Proceedings of the National Academy of Sciences of the United
355 Sates of America. 2011;108:6229-6234.

356 5. De Vlaminck I, Valantine HA, Snyder TM, et al. Circulating cell-free DNA enables

357 noninvasive diagnosis of heart transplant rejection. Sci Trand Med. 2014,6:241ra277.

358 6. Gordon PM, Khan A, Sgjid U, et al. An Algorithm Measuring Donor Cell-Free DNA in

359 Plasma of Cellular and Solid Organ Transplant Recipients That Does Not Require Donor or
360 Recipient Genotyping. Front Cardiovasc Med. 2016;3:33.

361 7. Snyder MW, Kircher M, Hill AJ, Daza RM, Shendure J. Cell-free DNA Comprisesan In
362 Vivo Nucleosome Footprint that Informs Its Tissues-Of-Origin. Cell. 2016;164:57-68.

363 8. Sun K, Jiang P, Chan KC, et al. Plasma DNA tissue mapping by genome-wide methylation
364 sequencing for noninvasive prenatal, cancer, and transplantation assessments. Proc Natl Acad
365 Sci U SA. 2015;112:E5503-5512.

366 9. Lehmann-Werman R, Neiman D, Zemmour H, et al. Identification of tissue-specific cell

367 death using methylation patterns of circulating DNA. Proc Natl Acad Sci U SA.

368 2016;113:E1826-1834.

369 10. Zemmour H, Planer D, Magenheim J, et al. Non-invasive detection of human cardiomyocyte
370 death using methylation patterns of circulating DNA. Nat Commun. 2018;9:1443.

371 11.  Stewart S, Winters GL, Fishbein MC, et al. Revision of the 1990 Working Formulation for
372 the Standardization of Nomenclature in the Diagnosis of Heart Rejection. The Journal of
373 Heart and Lung Transplantation. 2005;24:1710-1720.

374 12. KundgeA, Meuleman W, Ernst J, et al. Integrative analysis of 111 reference human

375 epigenomes. Nature. 2015;518:317-330.

376 13.  Stunnenberg HG, International Human Epigenome C, Hirst M. The International Human
377 Epigenome Consortium: A Blueprint for Scientific Collaboration and Discovery. Cell.

378 2016;167:1145-1149.

379 14.  Juhling F, Kretzmer H, Bernhart SH, Otto C, Stadler PF, Hoffmann S. metilene: fast and
380 sensitive calling of differentially methylated regions from bisulfite sequencing data. Genome
381 Res. 2016;26:256-262.

382 15. Li LC, DahiyaR. MethPrimer: designing primers for methylation PCRs. Bioinformatics.
383 2002;18:1427-1431.
384 16. AndrewsS. FastQC A Quality Control tool for High Throughput Sequence Data.

385 http://mwww.bi oi nfor mati cs.babraham.ac.uk/proj ects/fastqce/2018.

386 17. WanJ, Oliver VF, Wang G, et al. Characterization of tissue-specific differential DNA
387 methylation suggests distinct modes of positive and negative gene expression regulation.
388 BMC Genomics. 2015;16:49.

389 18,  Lokk K, Modhukur V, Rajashekar B, et al. DNA methylome profiling of human tissues
390 identifies global and tissue-specific methylation patterns. Genome Biol. 2014;15:r54.

15


https://doi.org/10.1101/2021.03.10.434822
http://creativecommons.org/licenses/by-nc-nd/4.0/

391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433

434

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.10.434822; this version posted March 10, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

available under aCC-BY-NC-ND 4.0 International license.

Lui YY, Chik KW, Chiu RW, Ho CY, Lam CW, Lo Y M. Predominant hematopoietic origin
of cell-free DNA in plasmaand serum after sex-mismatched bone marrow transplantation.
Clin Chem. 2002;48:421-427.

Siu JHY, Surendrakumar V, Richards JA, Pettigrew GJ. T cell Allorecognition Pathwaysin
Solid Organ Transplantation. Frontiers in immunology. 2018;9:2548.

Szabolcs M, Michler RE, Yang X, et a. Apoptosis of cardiac myocytes during cardiac
allograft regjection. Relation to induction of nitric oxide synthase. Circulation. 1996;94:1665-
1673.

Koglin J, Granville DJ, Glysing-Jensen T, et a. Attenuated acute cardiac rejection in NOS2 -
/- recipients correlates with reduced apoptosis. Circulation. 1999;99:836-842.

Josien R, Mischen M, Gilbert E, et al. Fas ligand, tumor necrosis factor-al pha expression, and
apoptosis during allograft rejection and tolerance. Transplantation. 1998;66:887-893.

Masri SC, Yamani MH, Russall MA, et al. Sustained apoptosisin human cardiac allografts
despite histologic resolution of rejection. Transplantation. 2003;76:859-864.

Koch A, Roth W, Steffek TM, et a. Impact of apoptosisin acute rejection episodes after heart
transplantation: immunohistochemical examination of right ventricular myocardial biopsies.
Transplant Proc. 2008;40:943-946.

Ohlsson L, Hall A, Lindahl H, et al. Increased leve of circulating cell-free mitochondrial
DNA dueto asingle bout of strenuous physical exercise. Eur J Appl Physiol. 2020;120:897-
905.

Purhonen AK, Juutilainen A, Vanska M, et al. Human plasma cell-free DNA as a predictor of
infectious complications of neutropenic fever in hematological patients. Infect Dis (Lond).
2015;47:255-259.

Qi Y, UchidaT, Yamamoto M, et al. Perioperative Elevation in Cell-Free DNA Levelsin
Patients Undergoing Cardiac Surgery: Possible Contribution of Neutrophil Extracellular
Trapsto Perioperative Rena Dysfunction. Anesthesiology Research and Practice.
2016;2016:2794364.

Weber C, Jenke A, ChobanovaV, et a. Targeting of cell-free DNA by DNase | diminishes
endothdlial dysfunction and inflammation in arat model of cardiopulmonary bypass.
Scientific Reports. 2019;9:19249.

Tonnus W, Meyer C, Paliege A, et al. The pathological features of regulated necrosis. J
Pathol. 2019;247:697-707.

Lebon C, Rodriguez GV, Zaoui |E, Jaadane |, Behar-Cohen F, Torriglia A. On the use of an
appropriate TdT-mediated dUTP-biotin nick end labeling assay to identify apoptotic cells.
Anal Biochem. 2015;480:37-41.

Kwok C, Pavlosky A, Lian D, et al. Necroptosis Is Involved in CD4+ T Cell-Mediated
Microvascular Endothelial Cell Death and Chronic Cardiac Allograft Rejection.
Transplantation. 2017;101:2026-2037.

Pavlosky A, Lau A, Su 'Y, et al. RIPK3-mediated necroptosis regulates cardiac all ograft
rejection. AmJ Transplant. 2014;14:1778-1790.

Khoury MK, Gupta K, Franco SR, Liu B. Necroptosisin the Pathophysiology of Disease. Am
J Pathol. 2020;190:272-285.

16


https://doi.org/10.1101/2021.03.10.434822
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.10.434822; this version posted March 10, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

435 Figurelegends

436

437 Figurel. DMR identification flow chart. Publicly available methylomes were compared using

438 Mgetileneto identify DMRsthat were unique to the ventricles.

439

440  Figure 2. Methylation levels (% unmethylated) for bisulfite-converted gDNA isolated from various
441  human tissues as determined in vitro. (A) Tissue methylation levelsfor Chr 9 DMR. (B) Tissue

442  methylation levelsfor Chr 12 DMR. Data shown are average methylation levels + SD.

443

444  Figure 3. Serial plasma DMR concentrations and rejection grades. (A) Levels of plasma Chr 9 DMR
445  for patient 1 at EMBs taken during days 94-374 post-transplantation. (B) Levels of plasma Chr 9
446 DMR for patient 3 from days 40-236 post-transplantation. (C) Log increase in copies/mL for the Chr
447 9 DMR for the 1R and 2R rejection grades compared to the mean level of the OR samples. There
448  were no significant differencesin the plasma concentration of cfDNA associated with either the 1R
449 (p=0.69) or 2R (p = 0.077) rgjection grades for the Chr 9 DMR. (D) Levels of plasma Chr 12 DMR
450 for patient 1 from days 94-374 post-transplantation. (E) Levels of plasma Chr 12 DMR for patient 3
451  from days 40-236 post-transplantation. The associated pathology rejection grade (ACR OR, 1R or
452  2R)isindicated for each sample. (F) Log increase in copies/mL for the Chr 12 DMR for the 1R and
453 2R regjection grades compared to the mean level of the OR samples. There was a significant (p = 0.03)
454  increase in the plasma concentration of cfDNA associated with a 2R rejection grade but not for the
455 1Rrgection grade (p = 0.2).

456

457

458

459
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460  Figure 4. Percentage of cells undergoing apoptosis as defined by number of cells co-localizing DAPI
461 and TUNEL staining. (A) Patient 1 with no significant rejection episodes. (B) Patient 3 with no

462  serious rejection episodes. (C) Patient 4 with multiple episodes of mild rejection and one significant
463 (2R) rgection event. (D) Patient 2 with two episodes of significant rgjection. Data are mean and SD
464  with individual data points shown as circles representing sections analyzed for each separate biopsy
465 sample. (E) Data summary with mean percentage of TUNEL-positive myocardial cells at each

466  rgection grade. The adjusted mean proportion of myocardial cells that stained positively for TUNEL
467  from 33 separate biopsies (n=8 for ACR OR, n=17 for ACR 1R and n=8 for ACR 2R) from 6

468  individua patients. *p=0.01, **p=0.004, ***p<0.0001. Data are means with bars representing 95%
469  confidenceintervals.

470

471  Figure5. Association of DMR concentration (copies/mL) with cellular apoptosis. (A-C)

472  Relationship between myocardial apoptosis and the Chr 9 DMR for patients 2-4. (D-F) Relationship
473  between myocardia apoptosis and the Chr 12 DMR for patients 2-4.

474
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