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KEYWORDS: BACKGROUND: Detailed morphological characteristics of de novo and donor-transmitted plaques and
the association of serum T-lymphocyte cytokine levels with plaque progression of coronary allograft

cardiac allograft e .
vasculopathy within 1 year after heart transplantation are unknown.

vasculopathy; ) ! : ) . o
optical coherence METHODS: In .th.lS retrospec.tlve analysis of data in a pr.ospectlvely rna%ntalned database, 40 heart
tomography; transplant recipients were included. We performed serial 3 vessel optical coherence tomography
e and intravascular ultrasound analyses, at the 8 week (baseline) and 12 month post-transplantation
ultrasound:; follow-ups, and serum cytokine measurements (n = 23). The correlation between serum cytokines

and Aplaque burden (between baseline and follow-up) was evaluated depending on plaque
morphology.

RESULTS: Thirteen de novo plaques (maximum intimal thickness >0.5 mm at the 12 month follow-up
without plaques at baseline) were identified in § recipients, and 31 donor-transmitted plaques (maxi-
mum intimal thickness >0.5 mm at baseline) were detected in 17 recipients. Compared with donor-
transmitted plaques, the Aplaque burden in the de novo plaques, with mainly fibrous morphology, was
high (38.8% [29.6%—41.2%] vs 8.7% [1.33%—13.6%], p < 0.001). Stratification of the morphology of
donor-transmitted plaques revealed that the Aplaque burden in fibrous plaques (10.6% [7.0%—18.0%])
was similar to that in fibroatheroma (10.3% [8.7%—23.8%]). Serum interleukin-31 levels at baseline
correlated with fibrous plaque proliferation (r = 0.73, p = 0.007) even under immunosuppressive condi-
tions, whereas other cytokines (interleukin-1p, interleukin-17, and interferon-gamma) were mostly
undetectable.
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CONCLUSIONS: Intimal fibrous proliferation contributed to the progression of donor-transmitted and de
novo plaques. Serum interleukin-31 levels at baseline may contribute to intimal fibrous proliferation
within 1 year after heart transplantation.
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Transplantation. This is an open access article under the CC BY license
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Despite progress in immunosuppressive therapy and
patient management after heart transplantation (HTx), car-
diac allograft vasculopathy (CAV) remains a hurdle to suc-
cessful long-term outcomes for organ recipients. CAV
accounts for up to 1 in 8 deaths within a year of HTx,' and
most intimal thickenings occurred during the first year after
HTx.” In fact, coronary arterial intimal thickening
>0.5 mm, identified as a plaque, within a year of HTx
appears to be a reliable marker for long-term outcomes.”

In a study of serial intravascular ultrasound (IVUS) exami-
nations performed within 12 months after HTx, de novo pla-
ques had a more diffuse, circumferential pattern than donor-
transmitted plaques,’ suggesting pathobiological differences.
Optical coherence tomography (OCT)” has revealed that mac-
rophage accumulation and intimal microchannels are associ-
ated with CAV severity in the stable phase after HTx.*’ T-
lymphocyte infiltration of the smooth muscle cell-rich fibrotic
intima has been discovered in the early phase after HTx,* and
T-lymphocyte infiltration may be involved in immune vasculi-
tis, including Takayasu disease.”'' However, the relationship
between these changes in the immune system and CAV has
not been well elucidated, and we are not aware of any study in
which OCT and IVUS have been comprehensively and seri-
ally used to evaluate the association between plaque progres-
sion and morphology in de novo and donor-transmitted
plaques within 12 months of HTx.

Our aim was to elucidate the associations between early
plaque progression, plaque morphologies, and serum cyto-
kines related to T-lymphocytes. The primary objective of
this study was to identify the morphological characteristics
using OCT in de novo and donor-transmitted plaques iden-
tified using serial IVUS examinations. The secondary
objective was to identify the serum cytokines that are asso-
ciated with intimal proliferation early after HTx.

Materials and methods
Study design and population

The study participants were selected from a prospective observa-
tional cohort comprising patients who underwent angiography and
serial 3 vessel OCT and IVUS evaluation at 8 weeks (baseline)
and 12 months (follow-up) after HTx in Osaka University Hospital
between August 2011 and December 2016. Of the 50 consecutive
patients, 8 with insufficient OCT data and 2 who died within 12
months after HTx were excluded, leaving 40 patients.

Information on demographics, medical history, comorbidities,
laboratory test results, and medication use at catheterization were
collected at baseline and at follow-up. Medication regimens com-
prising prednisolone, tacrolimus, mycophenolate mofetil, aspirin,

and statin were started in the acute phase and were switched to
everolimus at the physician’s discretion based on the surgical
wound, renal function, and plaque burden of the coronary artery.
This study was performed in accordance with the principles under-
lying the Declaration of Helsinki, and the study protocol was
approved by the Osaka University Hospital ethics committee (No.
12301-4). Written informed consent was obtained from all
patients. The study findings were reported in conformance with
the Strengthening the Reporting of Observational Studies in Epi-
demiology (STROBE) guidelines.

Imaging procedure

The details of the IVUS examination and OCT imaging proce-
dures are described in the supplemental method. The abovemen-
tioned procedures were repeated in the left anterior descending
artery (LAD), left circumflex artery (LCx), and right coronary
artery (RCA). All images were stored digitally for offline analysis.

Imaging data analysis

Quantitative IVUS analysis was performed by using certified off-
line software (QIVUS, Medis Medical Imaging, Leiden, Nether-
lands). The proximal and distal ends of the plaque were
determined, the lumen and external elastic membrane (EEM) at
the plaque were automatically traced with minimal manual modifi-
cations, the minimum lumen area was automatically identified,
and the parameters were obtained. The parameters were as fol-
lows: maximum intimal thickness (MIT), lumen cross-sectional
area (CSA), EEM CSA, and plaque burden [(EEM CSA — lumen
CSA)/EEM CSA x 100], and the Aplaque burden (plaque burden
at follow-up — plaque burden at baseline) was evaluated. A
donor-transmitted plaque was defined as an MIT >0.5 mm at 8
weeks;" a de novo plaque was defined as an MIT >0.5 mm at the
12 month follow-up and the absence of a plaque in that lesion at 8
weeks® (Figure 1). Plaques were considered independent if there
was an intervening gap of >3 mm between them. The plaque
lesion length was measured and the minimum lumen CSA site
within the plaque lesion was analyzed at the 12 month follow-up
evaluation. For the 8 week analysis, segments and cross-sections
corresponding to the follow-up study were identified. Angio-
graphic, IVUS, and OCT landmarks, such as side branches, the
pericardium, and cardiac veins were used for matching of the
sites.

Qualitative OCT analysis was performed by using an offline
review workstation (LightLab Imaging, Westford, MA, USA).
Plaques were classified as fibrous plaque, fibrocalcific plaque, and
fibroatheroma based on the International Working Group for Intra-
vascular Optical Coherence Tomography consensus standards.'”
Macrophage accumulation was defined as signal-rich attenuated
regions within the intimal layer and a signal intensity exceeding
that of adjacent fibrotic tissue.'> Intimal microchannels were
defined as small tubular structures with a diameter <200 pm,
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Figure 1

Representative coronary angiography and optical coherence tomography (OCT) images of the development of de novo pla-

ques.Coronary angiography at 8 weeks (A) and 12 months (B) after heart transplantation. Cross-sectional OCT images from proximal to dis-
tal regions correspond to the white lines on the coronary angiogram. OCT revealed no plaques at 8 weeks (C), and de novo fibrous plaques

were discovered at the 12 month follow-up (D).

spanning the neointimal tissue, without a connection to the vessel
lumen, recognizable on more than 3 contiguous frames.”

Serum cytokine evaluation

Peripheral blood samples of 23 patients were collected in a stan-
dard tube, the serum was obtained by centrifugation, and aliquots
were immediately stored at —80°C until the assay was performed.
Serum levels of T-cell-related cytokines (interferon-gamma
[IFNy], tumor necrosis factor-alpha [TNF«], interleukin [IL]-15,
IL-4, IL-6, IL-10, IL-17A, IL-17F, IL-21, IL-22, IL-23, IL-25, IL-
31, IL-33, and CD40 ligand-soluble fraction [sCD40L]) were mea-
sured with a commercial bead-based multiplex assay (Bio-Plex
Pro human Th17 cytokine assays, Bio-Rad Laboratories, Inc., Her-
cules, CA, USA) according to the manufacturer’s instructions.
Results are expressed in pg/mL.

Statistical analysis

Continuous variables are expressed as medians and interquartile
ranges and categorical variables were expressed as frequencies and
percentages. The Mann—Whitney U and Kruskal—Wallis tests were
used to compare continuous variables, whereas the chi-square test
was used to compare categorical variables. The Wilcoxon rank-sum
test was used to compare median values for IVUS quantitative
parameters. Pearson’s correlation (r) test was utilized to analyze the
correlation between cytokine concentrations and the Aplaque bur-
den. The inter- and intra-observer intraclass correlation coefficients
(ICCs) for the measurement of the plaque burden were determined

for a subset of 10 plaques. The estimated inter- and intra-observer
ICCs were 0.996 (0.985—0.999) and 0.997 (0.989—0.999), respec-
tively. Cohen’s « test of concordance was used to quantify the
agreement between the OCT characteristic assessments of 2 inde-
pendent observers (T.S. and D.N.). In this study, the mean «-value
of the OCT diagnostic assessment was 0.81 (0.74—0.87). All analy-
ses were 2 tailed; p < 0.05 was considered statistically significant.
All statistical analyses were performed with IBM SPSS Statistics
version 27.0.1 IBM Corp., Armonk, NY, USA).

Results

The HTx recipient characteristics are summarized in
Table 1. Blood pressure, cholesterol status, and glycated
hemoglobin level were well controlled in all recipients at
baseline and follow-up.

Systemic determinants of de novo plaque
development

Table 1 presents a comparison of characteristics between
recipients with at least 1 de novo plaque (n = 8) and recipi-
ents without de novo plaques (n = 32). HTx recipients with
de novo plaques had more ischemic cardiomyopathy (ICM)
etiology as the primary disease and a longer cold ischemic
time during the HTx. No significant inter-group differences
were observed in the laboratory test results or medication
use.
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Table 1  Baseline Characteristics of Study Participants
De novo plaque
Overall (n = 40) Yes (n =8) No (n =32) p-value
Age, yrs 38 (30—49) 48 (38—54) 36 (30—47) 0.13
Male 25 (63) 7 (88) 18 (56) 0.10
BMI 20 (18—23) 19 (18—21) 20 (19—23) 0.42
Hypertension 1(3) 0(0) 1(3) 0.61
Dyslipidemia 4 (10) 1(13) 3(9) 0.79
Diabetes mellitus 4 (10) 0 (0) 4 (13) 0.29
Reason for HTx
Dilated cardiomyopathy 22 (55) 4 (50) 18 (56) 0.75
Hypertrophic cardiomyopathy 5(13) 0 (0) 5 (16) 0.23
Ischemic cardiomyopathy 7 (18) 4 (50) 3(9) <0.01
Others 6 (15) 0 (0) 6 (19) 0.18
HTx-specific factor
Donor age, yrs 44 (33-50) 45 (40—53) 43 (30—49) 0.28
Cold ischemic time, min 225 (188—237) 240 (233—246) 220 (180—232) 0.02
Cytomegalovirus infection 3 (8) 0 (0) 3(9) 0.37
ACR (>2R) 2 (5) 0(0) 2 (6) 0.47
AMR 2 (5) 0 (0) 2 (6) 0.47
Donor-transmitted plaque at baseline 17 (43) 3 (38) 14 (44) 0.75
Baseline (8 weeks after HTx)
Systolic BP, mmHg 110 (103—120) 116 (96—119) 110 (103—-122) 0.61
Diastolic BP, mmHg 66 (60—70) 63 (60—69) 66 (60—70) 0.70
LDL-C, mg/dL 82 (68—100) 79 (72—103) 82 (67—100) 0.86
HDL-C, mg/dL 55 (46—64) 56 (44—60) 54 (47—65) 0.78
HbA1c, % 5.4 (5.2—5.8) 5.6 (5.4—5.7) 5.4 (5.2—5.9) 0.78
C-reactive protein, mg/dL 0.04 (0.04—0.06) 0.06 (0.04—0.11) 0.04 (0.04—0.05) 0.28
BNP, pg/mL 123 (81—227) 118 (97—127) 140 (76—231) 0.58
Prednisolone 40 (100) 8 (100) 32 (100) -
Tacrolimus 32 (80) 7 (88) 25 (78) 0.55
Cyclosporine 1(3) 0 (0) 1(3) 0.61
Mycophenolate mofetil 39 (98) 8 (100) 31 (97) 0.61
Everolimus 5(13) 0 (0) 5 (16) 0.23
Aspirin 38 (95) 8 (100) 30 (94) 0.47
Statin 35 (88) 6 (75) 29 (91) 0.23
Follow-up (12 months after HTx)
Systolic BP, mmHg 114 (104—124) 113 (103—123) 114 (106—124) 0.83
Diastolic BP, mmHg 65 (58—74) 74 (65—77) 64 (58—73) 0.25
LDL-C, mg/dL 81 (70—96) 86 (71—94) 79 (70—96) 0.99
HDL-C, mg/dL 59 (48—67) 57 (52—63) 59 (45—67) 0.96
HbA1c, % 5.8 (5.4—6.1) 5.7 (5.5—6.1) 5.9 (5.4—6.2) 0.88
C-reactive protein, mg/dL 0.04 (0.04—0.07) 0.04 (0.04—0.05) 0.04 (0.04—0.08) 0.83
BNP, pg/mL 43 (28—77) 41 (34—62) 43 (25—77) 0.99
Prednisolone 39 (98) 8 (100) 31 (97) 0.61
Tacrolimus 34 (85) 8 (100) 26 (81) 0.18
Cyclosporine 4 (10) 0 (0) 4 (13) 0.29
Mycophenolate mofetil 17 (43) 4 (50) 13 (41) 0.63
Everolimus 28 (70) 5 (63) 23 (72) 0.61
Aspirin 35 (88) 8 (100) 27 (84) 0.23
Statin 38 (95) 7 (88) 31(97) 0.28

ACR ,acute cellular rejection >2R of the International Society for Heart Lung Transplantation grading system within 1 year after heart transplantation;
AMR, antibody-mediated rejection within 1 year after heart transplantation; BMI = body mass index (calculated as weight in kilograms divided by square
of height in meters); BNP, brain natriuretic peptide; BP, blood pressure; HTx, heart transplantation; HDL-C = high-density lipoprotein cholesterol; LDL-C,
low-density lipoprotein cholesterol; HbA1c, glycated hemoglobin.

Values are number (%) or median (interquartile range).



Shiraki et al.

Intimal fibrous proliferation and exploratory cytokine analysis 881

Plaque characteristics determined with serial IVUS
and OCT

There were 3 hypoplastic coronary arteries in 3 participants,
an inability to advance imaging catheters due to tortuosity
in 5 coronary arteries, and inadequate images in 6 coronary
arteries. Finally, 13 de novo plaques in 11 arteries in 8
recipients as well as 31 donor-transmitted plaques in 27
arteries in 17 recipients were identified in all 106 arteries.
Serial changes in MIT in donor-transmitted and de novo
plaques are presented in Figure 2A-C. IVUS and OCT char-
acteristics are summarized in Table 2. The de novo plaques
had a large increase in MIT compared with donor-transmit-
ted plaques and their changes were significantly greater, as
well as the Aplaque burden. The incidence of de novo pla-
ques at 12 months was not high in vessels with donor-trans-
mitted plaques compared to that in vessels without donor-
transmitted plaques (LAD, 0% [0/16 vessels] vs 22% [5/23
vessels]; p = 0.07; all 3 vessels, 4% [1/27 vessels] vs 13%
[10/75 vessels], p = 0.28). There were no regional differen-
ces in the development of de novo plaques and the Aplaque
burden in terms of both LAD/LCx/RCA coronary involve-
ment and the proximal/middle portion of vessels (Supple-
mental Table). The Aplaque burden of donor-transmitted
plaques did not differ according to vessel or location.

In the 13 de novo plaques, the main morphologies
observed with OCT were fibrous plaques (92.3%, 12/13),
followed by fibroatheroma (7.7%, 1/13), and the Aplaque
burdens of fibrous plaques and fibroatheroma were 36.3%
[29.1%—41.2%] and 39.8%, respectively. In 31 donor-
transmitted plaques, the prevalence of fibrous plaque,
fibroatheroma, and fibrocalcific plaques was 48% (15/31),
29% (9/31), and 23% (7/31), respectively. The Aplaque bur-
den of fibrous plaques (10.6% [7.0%—18.0%]) was similar
to that of fibroatheroma (10.3% [8.7%—23.8%], p = 0.96)
but significantly higher than that of fibrocalcific plaques
(1.5% [—0.1% to 3.7%], p = 0.01). At the 12 month follow-
up, the increase in patients with an MIT of >0.5 mm was
not statistically significant; however, it tended to differ
depending on plaque morphology (fibrous plaques: 41%

[11/27], fibroatheroma: 20% [2/10], and fibrocalcific pla-
ques: 0% [0/7]; p = 0.08) and did not differ for donor-trans-
mitted plaques (fibrous plaques: 7% [1/15], fibroatheroma:
1% [1/9], and fibrocalcific plaques: 0% [0/7]; p = 0.69).
The prevalence of macrophage accumulation was lower in
de novo plaques than in donor-transmitted plaques (7.7%
[1/13] vs 67.7% [21/31], p < 0.01). Macrophage accumula-
tion was not observed in any de novo fibrous plaques; how-
ever, it was highly prevalent in donor-transmitted plaques
of each morphology [fibrous plaque, 60% (9/15); fibroather-
oma, 100% (9/9) and fibrocalcific plaque, 42.8% (3/7)]. The
presence of macrophage accumulation in donor-transmitted
plaques at follow-up was not associated with the Aplaque
burden (p = 0.82).

The prevalence of intimal microchannels tended to differ
between de novo and donor-transmitted plaques at 12
months (38.5% [5/13] vs 67.7% [21/31], p = 0.10). In
donor-transmitted plaques, the prevalence of intimal micro-
channels at follow-up was 73.3% (11/15) in fibrous plaques,
77.7% (7/9) in fibroatheroma, and 42.8% (3/7) in fibrocal-
cific plaques; it was unassociated with the Aplaque burden
(p =0.88).

Serum cytokine measurements

Serum cytokine concentrations were measured in 23
patients (4 patients with and 19 without de novo plaques,
respectively) both at baseline and at follow-up. Four cyto-
kines (IL-6, IL-31, sCD40L, and TNFw) were detectable
even in immunosuppressive conditions, whereas other cyto-
kines (IFNy, IL-18, IL-4, IL-10, IL-17A, IL-17F, IL-21,
1L-22, IL-23, IL-25, and IL.-33) were not detected. As sum-
marized in Table 3, serum IL-31 concentrations at baseline
were significantly higher in recipients with de novo plaque
development than in those without de novo plaque develop-
ment (p < 0.01), although this difference was not significant
at follow-up (p = 0.61).

Per-plaque analysis was performed to determine the cor-
relation between serum IL-31 concentrations at baseline
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Figure 2

Maximum intimal thickness and its change from 8 weeks to 12 months after heart transplantation.Serial changes of maximum

intimal thickness (MIT) in de novo (A) and donor-transmitted (B) plaques are illustrated. The MIT at 8 weeks was correlated with the

change of MIT from 8 weeks to 12 months (C).
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Table 2  Findings of Intravascular Ultrasound and Optical Coherence Tomography

De novo plaques

Donor-transmitted plaques

(n=13) (n=31) p-value

IVUS findings at 8 weeks after HTx

Lesion length, mm - 11.6 (7.5 — 30.5) -

MIT, mm 0.28 (0.27—0.37) 0.93 (0.81—1.09) <0.001

Lumen CSA, mm2 15.8 (12.5—19.6) 9.7 (6.1—14.1) <0.01

EEM CSA, mm2 17.8 (15.8—20.4) 17.2 (12.7-19.3) 0.43

Plague burden, % 11.4 (8.8—17.1) 37.0 (27.1-52.9) <0.001
IVUS findings at 12 months after HTx

Lesion length, mm 8.1(7.7—11.8) 14.7 (9.2—31.6) 0.03

MIT, mm 1.06 (0.89—1.29) 0.99 (0.85—1.23) 0.43

Lumen CSA, mm2 7.9 (5.7—-8.6) 6.5 (4.5—11.6) 0.47

EEM CSA, mm2 14.3 (11.8—18.2) 14.2 (11.1-17.9) 0.79

Plaque burden, % 48.5 (40.5—55.1) 52.7 (36.1—61.5) 0.62
Changes between 8 weeks and 12 months after HTx

A MIT, mm 0.7 (0.61—0.99) 0.09 (-0.09—0.25) <0.001

A MIT >0.5 mm, % 11 (85) 2 (6) <0.001

A Lumen CSA, mm2 -8.17 (-9.47—-4.37) -1.79 (-3.22—-1.02) <0.001

A EEM CSA, mm2 -1.87 (-4.11—-0.04) -1.25 (-2.48—-0.33) 0.60

A Plague burden, % 38.8 (29.6—41.2) 8.7 (1.33—13.6) <0.001
OCT findings

Morphology 0.02

Fibrous plaque 12 (92) 15 (48)

Fibroatheroma 1(8) 9 (29)

Fibrocalcific plaque 0 (0) 7 (23)

Macrophage accumulation 1(8) 21 (68) <0.01

Intimal microchannel 5(39) 21 (68) 0.10

CSA, cross-sectional area; EEM, external elastic membrane; HTx, heart transplantation; IVUS, intravascular ultrasound; MIT, maximum intimal thick-

ness; OCT, optical coherence tomography.
Values are number (%) or median (interquartile range).

and the Aplaque burden of de novo and donor-transmitted
plaques (Figure 3). A positive correlation was discovered
between serum IL-31 concentrations at baseline and the
Aplaque burden for overall plaques (Figure 3A); however,
the separate Aplaque burdens of de novo and donor-trans-
mitted plaques were not correlated with serum IL-31 con-
centrations at baseline (Figure 3B). The per-plaque
morphological assessment revealed a correlation between
the serum IL-31 concentration at baseline and the Aplaque
burden of fibrous plaques (Figure 3C), whereas no signifi-
cant correlation was observed between serum IL-31 con-
centration and the Aplaque burden of fibroatheroma or
fibrocalcific plaques. The statistical power to detect the
influence of correlation between the serum IL-31 concentra-
tion at baseline and the Aplaque burden of fibrous plaques,
with a 2 sided significance level of 5%, was satisfactory
(0.83).

Discussion

This study has 3 major findings. First, serial IVUS and OCT
evaluations revealed that, within 12 months of HTX, pro-
gression of the de novo plaques—with a mostly fibrous
morphology and lower degrees of macrophage accumula-
tion than donor-transmitted plaques—was significantly
greater than that of donor-transmitted plaques, which
comprised  various  morphologies—fibrous  (48%),

fibroatheromatous (29%), and fibrocalcific (23%)—accom-
panied by non-negligible macrophage accumulation. The
incidence of de novo plaques at the 12 month follow-up
was not high in vessels with existing donor-transmitted pla-
ques compared to that in vessels without donor-transmitted
plaques at 8 weeks. Second, when assessing only donor-
transmitted plaques, fibrous plaques progressed similarly to
fibroatheroma, unlike those in general atherosclerosis.
Finally, exploratory comprehensive cytokine assays sug-
gested that the serum IL-31 concentration at 8 weeks after
HTx is associated with fibrous plaque proliferation, even
under immunosuppressive conditions.

Autopsy studies have revealed that the morphology of
CAV lesion comprises a predominantly fibrous structure
composed of smooth muscle cells and connective tissue
with lymphocytic infiltration, especially in the early post-
HTx stages,'” as well as the presence of macrophage infil-
tration, but no evidence of lipid-rich foamy macrophage
deposition in the intima.® In this study, macrophage accu-
mulation' was rarely observed in de novo plaques, whereas
it was commonly observed in donor-transmitted plaques,
indicating the possibility of a differing pathophysiology
depending on plaque type. Antibody-mediated rejection
(AMR) induces fibrous proliferation with inflammation,
occurring in 2 patients with donor-transmitted plaques in
this study. No association between AMR and macrophage
accumulation or plaque progression was detected in donor-
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Table 3

Serum Cytokine Levels at Baseline and at Follow-Up After Heart Transplantation

De novo plaque

Overall (n = 23) Yes (n =4) No (n =19) p-value

Baseline (8 weeks after HTx)

IL-6, pg/mL 1.5 (1.0-3.1) 2.1 (1.4—3.9) 1.2 (1.0-2.1) 0.51

IL-31, pg/mL 233 (93—306) 405 (361—490) 135 (72—265) <0.01

sCD40L, pg/mL 244 (182—362) 377 (288—474) 213 (163—264) 0.12

TNFer, pg/mL 3.9 (2.8—9.0) 4.5 (3.0-8.2) 3.9 (3.6—8.1) 0.85
Follow-up (12 months after HTx)

IL-6, pg/mL 2.3 (1.1-4.0) 2.2 (1.7-6.0) 2.0 (1.1—-4.8) 0.73

IL-31, pg/mL 253 (185—342) 295 (237—-339) 250 (156—302) 0.61

sCD40L, pg/mL 270 (183—383) 237 (206—336) 285 (193—317) 0.97

TNFer, pg/mL 4.3 (2.0-7.2) 5.8 (2.4—15.8) 4.3 (2.4—5.8) 0.61

HTx, heart transplantation; IL, interleukin; sCD40L, CD40 ligand soluble fraction; TNFe, tissue necrosis factor .

Values are median (interquartile range).

transmitted plaques; however, our sample size was small.
Conversely, acute cellular rejection (ACR, >2R) occurred
in 2 other patients with donor-transmitted plaques, which
was associated with macrophage accumulation and intimal
microchannels but not plaque progression. These different
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Figure 3

OCT characteristics may relate to the presence of donor-
transmitted atherosclerosis, AMR, or ACR, which may not
always reflect the initial features of CAV.
Donor-transmitted atherosclerosis is a known risk factor
of CAV progression.'®'” However, we did not observe a
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Per-plaque analyses for the relationship between the Aplaque burden and serum interleukin-31 (IL-31) concentration at base-

line after heart transplantation. (A) The correlation between the serum IL-31 concentration at baseline and the Aplaque burden of donor-
transmitted and de novo plaques (r = 0.43, p = 0.045). (B) Subgroups categorized according to de novo (r = 0.36, p = 0.43) and donor-trans-
mitted (r = 0.16, p = 0.56) plaques. (C) Subgroups categorized according to plaque morphology (fibrous plaques [r = 0.73, p = 0.007; solid
line], fibroatheroma [r = 0.70, p = 0.13], and fibrocalcific plaques [r = —0.66, p = 0.34]).
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positive correlation between the development of de novo
plaques and vessels with donor-transmitted atherosclerosis,
which may have been because of the small sample size and
the different definitions of de novo plaques. Nevertheless,
the discordance between our results and previous observa-
tions in donor-transmitted fibroatheroma'® led to a novel
hypothesis that the milder progression of donor-transmitted
plaques than of de novo plaques may be related to the lim-
ited space afforded by the donor-transmitted mature fibrous
tissue, lipid core, and/or calcification, preventing de novo
fibrous proliferation by pleomorphic smooth muscle cells
and abundant proteoglycan. However, adopting the defini-
tion of lesion progression as reported for stable angina pec-
toris (an IVUS lumen area decrease >0.5 mm? within a
year)'” in this study revealed a high incidence (81%, 25/31)
of plaque progression in donor-transmitted plaques, despite
well-managed atherosclerotic risks. Fibrous proliferation,
which contributed to a higher increase in plaque burden
than in atherosclerosis, was involved in the progression of
donor-transmitted fibroatheroma and fibrous plaques but
not calcified plaques. Based on the analysis by stratification
according to plaque morphology and everolimus usage in
the initial year (Supplemental Figure), it may be inferred
that everolimus might exert a preventive effect on plaque
progression, that differs with plaque characteristics. Report-
edly, the beneficial effect of everolimus on CAV progres-
sion with no (early) or a mild (late post-HTx stage) increase
in inflammatory tissue components (calcified and necrotic
tissue) and a mild decrease in fibrous proliferation differed
depending on the presence or absence of donor-transmitted
atherosclerosis.”’** Similarly, there were no or mild
changes in fibroatheroma and calcified plaques in this study.
However, its effect on de novo fibrous plaques was small
compared to that in previous reports. According to discor-
dant results among previous studies,”®?? this difference
may be associated with the time window in which everoli-
mus was initiated (median, 12.6 weeks after HTx in this
study), with its earlier initiation possibly having a larger
effect on de novo fibrous proliferation. However, as this
was an observational study and attending physicians could
switch the treatment to everolimus because of, for example,
intimal thickening at 8 weeks after transplantation, it was
difficult to fully evaluate the effect of everolimus on CAV
in this study. Further research with controlled medication
use is needed.

The serum IL-31 concentration at baseline was posi-
tively correlated with fibrous plaque proliferation under
immunosuppressive conditions, whereas concentrations of
other cytokines, such as IL-18, IL-6, IL-17, and IFNy, were
not. In a study of the association of cytokines with the
development of CAV at a mean of 12 years after HTx, none
of the cytokines were associated with the development of
CAV.” Tn the present study, there was no association
between serum IL-31 concentration and plaque progression
at the 12 month follow-up. This may indicate the impor-
tance of defining a time window in which to detect cyto-
kines according to immunological inflammation. IL-31 is
involved in inflammation associated with Th2 cells.”* Nota-
bly, in patients with Kawasaki disease, the appearance of

coronary artery lesions is reportedly associated with an ele-
vated serum IL-31 concentration.”> OCT evaluations in
Kawasaki disease revealed that intimal fibrotic hyperplasia
is present in angiographically normal coronary arteries,”*’
which supports the hypothesis that IL-31 may be involved
in CAV progression as well as in Kawasaki disease.

Limitations

This study had several limitations. First, its single-center
design and small sample limited its statistical power, possi-
bly resulting in type II errors and hindering the use of multi-
variable analysis. Among cases in which serum cytokine
concentrations could be measured, de novo plaques were
observed in only 4, which was insufficient for per-patient
analysis. Although the association of serum IL-31 with
fibrous plaque proliferation was evaluated with sufficient
statistical power, data derived from larger samples are nec-
essary. Second, only Japanese patients were included, and
the prevalence of ICM as a primary disease in HTxX recipi-
ents was relatively low; therefore, the results of this study
may not be generalizable to patients in other countries.
Third, we did not evaluate the left main coronary trunk or
distal segments. Finally, we did not verify the expression of
IL-31 or IL31-receptor A in coronary artery tissue, and this
is a subject for future investigation to clarify the mechanism
of CAV.

In conclusion, intimal fibrous proliferation contributed to
the progression of donor-transmitted and de novo plaques.
The serum IL-31 concentration at baseline was associated
with fibrous proliferation, indicating that serum IL-31 is a
potential biomarker or a possible therapeutic target in
CAV.
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