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Impact of Sirolimus as a Primary
Immunosuppressant on Myocardial Fibrosis
and Diastolic Function Following Heart
Transplantation

Hilmi Alnsasra, MD*; Rabea Asleh, MD, PhD*; Jae K. Oh, MD; Joseph J. Maleszewski “, MD;
Amir Lerman "=, MD; Takumi Toya, MD; Krishnaswamy Chandrasekaran, MD; Melanie C. Bois, MD;
Sudhir S. Kushwaha “*/, MD

BACKGROUND: Myocardial fibrosis is an important contributor for development of diastolic dysfunction. We investigated the
impact of sirolimus as primary immunosuppression on diastolic dysfunction and fibrosis progression among heart transplan-
tation recipients.

METHODS AND RESULTS: In 100 heart transplantation recipients who were either treated with a calcineurin inhibitor (CNI) (hn=51)
or converted from CNI to sirolimus (n=49), diastolic function parameters were assessed using serial echocardiograms and
right heart catheterizations. Myocardial fibrosis was quantified on serial myocardial biopsies. After 3 years, lateral €’ increased
within the sirolimus group but decreased in the CNI group (0.02+0.04 versus —0.02+0.04 m/s delta change; P=0.003, respec-
tively). Both pulmonary capillary wedge pressure and diastolic pulmonary artery pressure significantly decreased in the siroli-
mus group but remained unchanged in the CNI group (-1.50+2.59 versus 0.20+2.20 mm Hg/year; P=0.02; and —1.72+3.39
versus 0.82+2.59 mm Hg/year; P=0.005, respectively). A trend for increased percentage of fibrosis was seen in the sirolimus
group (8.48+3.17 to 10.10+3.0%; P=0.07) as compared with marginally significant progression in the CNI group (8.76+3.87
to 10.56+4.34%; P=0.04). The percent change in fibrosis did not differ significantly between the groups (1.62+4.67 versus
1.80+5.31%, respectively; P=0.88).

CONCLUSIONS: Early conversion to sirolimus is associated with improvement in diastolic dysfunction and filling pressures as
compared with CNI therapy. Whether this could be attributed to attenuation of myocardial fibrosis progression with sirolimus
treatment warrants further investigation.
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treatment that offers better survival and quality

of life for patients with end-stage heart failure.
Advances in immunosuppressive therapy have con-
tributed significantly to further improvement in survival
following HT." Diastolic dysfunction (DD) is a well-rec-
ognized complication after HT.?= Previous reports have
demonstrated a decreasing incidence of DD over time,
suggesting that after the first few weeks, the restrictive

H eart transplantation (HT) is currently the definitive

physiology of the nonrejecting allograft tends to sub-
side, with normalization of the diastolic parameters.?®
However, the persistence of abnormal diastolic param-
eters by Doppler echocardiography after the first few
weeks from transplant is associated with increased late
mortality.® A recent study suggested that myocardial fi-
brosis is an important contributor to the development
of a restrictive cardiac filling pattern based on echo-
cardiography measurements.® Moreover, myocardial
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CLINICAL PERSPECTIVE

What Is New?

e The present study demonstrates that among
heart transplant recipients, conversion to siroli-
mus as primary immunosuppression, with com-
plete withdrawal of calcineurin inhibitor therapy,
was associated independently with improve-
ment in diastolic dysfunction measures, includ-
ing (1) significant increase in " but decrease in
E/e” using serial echocardiographic measure-
ments and (2) significant decrease in pulmonary
capillary wedge pressure and diastolic pulmo-
nary artery pressure using invasive hemody-
namic parameters obtained from serial right
heart catheterizations.

e A trend for more attenuated myocardial fibro-
sis progression was observed among heart
transplant recipients converted to sirolimus as
compared with continued calcineurin inhibitor
therapy.

What Are the Clinical Implications?

e Among heart transplant recipients, early conver-
sion to sirolimus is associated with improvement
in diastolic dysfunction and filing pressures as
compared with calcineurin inhibitor therapy.

e Whether this could be attributed to attenuation
of myocardial fibrosis progression with sirolimus
treatment warrants further investigation.

Nonstandard Abbreviations and Acronyms

CNI calcineurin inhibitor

DD diastolic dysfunction

DPAP diastolic pulmonary artery pressure
EMB endomyocardial biopsy

HT heart transplantation

ICM ischemic cardiomyopathy

LVEDD left ventricular end diastolic diameter
LVESD left ventricular end-systolic diameter

LVM left ventricular mass
mTOR  mammalian target of rapamycin
RHC right heart catheterization

fibrosis has been reported to be significantly increased
even during the first year following HT.” This has been
associated with advanced cardiac allograft vasculopa-
thy, episodes of rejection, and allograft dysfunction.®®

The mammalian target of rapamycin (MTOR) inhibi-
tors, sirolimus and its derivative, everolimus, have potent
immunosuppressive and antiproliferative properties.®
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In addition to the inhibition of lymphocyte activation and
reducing the sensitivity to cytokines, mTOR inhibitors
have been shown to block transforming growth factor-3
pathways and inhibit the fibrogenic activation of fibro-
blasts in animal kidney models."" Moreover, 2 previous
studies from our institution showed that conversion to
sirolimus-based immunosuppression with complete
calcineurin inhibitor (CNI) withdrawal in cardiac trans-
plant recipients results in a decrease in left ventricular
mass (LVM)™>'8 and improvement in diastolic function.'®
However, these studies were based on Doppler echo-
cardiographic parameters and not on filling pressures
measured invasively. Additionally, no pathological stud-
ies have been conducted to test the effects of mTOR
inhibitors on myocardial fibrosis in HT recipients.

To extend our previous observations and correlate
with the histologic data, we sought to examine whether
conversion from CNI-based to sirolimus-based immu-
nosuppression was associated with decreased risk
of myocardial fibrosis using human myocardial biop-
sies and DD post-HT using invasive hemodynamic
measurements in addition to echocardiographic
parameters.

METHODS

The data that support the findings of this study are avail-
able from the corresponding author upon reasonable re-
quest. This study was a retrospective, nonrandomized,
single-center study approved by the Mayo Clinic institu-
tional review board. Informed consent was waived be-
cause of the retrospective nature of the study.

Subject Characteristics

We identified a cohort of 100 patients who underwent
HT between July 2000 and December 2015 recipi-
ents who were maintained on standard immunosup-
pression with CNIs (h=51) and subjects in whom CNIs
were withdrawn and replaced with sirolimus (n=49).
Patients in the sirolimus group were included only if
they were converted to sirolimus during the first year
after HT. All surviving subjects who underwent at
least 2 echocardiograms and 2 endomyocardial bi-
opsies (EMBs) over a 3-year period and were followed
up at Mayo Clinic (Rochester, MN) were included in
the study. Subjects with evidence of significant acute
cellular rejection more than grade 1R or any evidence
of antibody-mediated rejection during the study pe-
riod were excluded. Subjects with severe mitral re-
gurgitation or severe tricuspid regurgitation were also
excluded.

Immunosuppression

In our institution, all patients received induction therapy
with antithymocyte globulin. All HT recipients received
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maintenance immunosuppression, including a CNI (tac-
rolimus or cyclosporine), an antimetabolite (mycophe-
nolate mofetil or azathioprine), and tapering doses of
prednisone. Based on our new protocol,'* we used
rabbit antithymocyte globulin (dose of 1.5 mg/kg) at the
time of HT and continued dosing on the basis of CD4
and CD8 T-cell counts until tacrolimus was in the goal
range of 10 to 14 ng/mL (or cyclopsporine in the old HT
era), in addition to mycophenolate mofetil (goal dose of
1000-1500 mg twice daily) (or azathioprine, 1-3 mg/kg,
in the old HT era) and steroid therapy. Since July 2006,
a routine conversion protocol from CNI to sirolimus was
introduced in our institution. Patients who were stable
following HT without evidence of rejection and on stable
doses of antimetabolites and prednisone received grad-
ually increasing doses of sirolimus to achieve levels 10
to 14 ng/mL, followed by gradual down-titration of CNI
dose during conversion without changes in the antime-
tabolite and steroid regimens. Based on our protocol,
CNI was typically used for the first 6 months after HT
to avoid delayed wound healing that could occur with
earlier introduction of sirolimus. Biopsies were generally
performed 2 weeks following the conversion process,
and a reduced dose of CNI was reintroduced if the bi-
opsy was positive for rejection, with a second attempt
to withdraw CNI therapy later if rejection subsided. Until
July 2006, reasons for conversion included impaired
renal function secondary to CNI (estimated glomerular
filtration rate 50 mL/min per 1.73 m? and lack of any
other identifiable causes of renal dysfunction), cardiac
allograft vasculopathy International Society for Heart
and Lung Transplantation grade 2 or worse detected on
annual coronary angiography, or intolerance of CNIs.

Echocardiographic Measurements

All echocardiograms were performed at Mayo Clinic
using a standardized protocol by experienced physi-
cians, who were unaware of treatment assignment. Left
ventricular end-diastolic diameter (LVEDD) and left ven-
tricular end-systolic diameter (LVESD) were measured
by 2-dimensional echocardiography using American
Society of Echocardiography recommendations. Left
ventricular ejection fraction (LVEF) was calculated from
the apical 2- and 4-chamber views using the modified
biplane Simpson’s method."”® Pulsed-wave Doppler
examination of mitral inflow (the E and A waves, re-
spectively, and mitral inflow deceleration time), Doppler
tissue imaging of the mitral annulus (medial and lateral
e’), as well as continuous-wave Doppler of the tricus-
pid regurgitation jet systolic velocity were performed in
each subject as previously described.'® At the time of
assessment, all subjects were in sinus rhythm without
cardiac pacing. We did not include left atrial size for as-
sessment of DD, as it is usually enlarged after HT due
tobecause of donor-to-recipient atrial anastomosis.
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Thus, left atrial volume is not an accurate representa-
tion of diastolic function in HT recipients.

Endomyocardial Biopsy

Routine EMBs were performed according to our pre-
viously described institutional protocols to monitor
for acute rejection.’'® Endomyocardial samples were
analyzed using histopathology and immunofluores-
cence (C4d and C3d) and graded for rejection ac-
cording to International Society for Heart and Lung
Transplantation consensus criteria.'® Biopsies were
included if they were graded <1R for acute cellular re-
jection with the absence of histopathologic changes
suggesting antibody-mediated rejection.

Fibrosis Quantification

All biopsy specimens were originally placed in formalin
and subsequently embedded in a paraffin block. For
the purpose of our study, sections were stained with
Masson trichrome for microscopic visualization and
image analysis. Slides were scanned at x20 magnifi-
cation on the Aperio ScanScope AT2 brightfield instru-
ment (Leica Biosystems, Richmond, IL) at a resolution
of 0.50 um per pixel. The images were 24-bit contigu-
ous standard pyramid tiled TIFF files compressed via
JPEG with a quality setting of 70. For digital image
analysis, the Aperio ImageScope Software (Leica
Biosystems) was used. A minimum 85% of cardiac tis-
sue, present on the slide, was traced with a digital pen
tool to indicate the region of analysis. Care was taken,
either in the tracing process or by using a negative pen
tool, to eliminate tissue folds and large coronary ves-
sels and avoid staining artifacts. A modified positive
pixel count algorithm was used to analyze the anno-
tated tissue. Positivity was calculated as the number
of pixels within the blue-staining regions divided by the
total number of pixels (red- and blue-stained regions).
This ratio was converted to a percentage of fibrosis. To
compensate for the potential trichrome stain variability
in intensity of the blue stain from run to run, algorithms
were developed and optimized before the study on
multiple trichrome stains, performed on different runs,
with manual review of the results to improve sensitivity
and specificity. In addition, pixels were subclassified
as “weak positive,” “positive,” and “strong positive” to
account for differences in saturation and hue. Quality
control review was performed by an anatomic patholo-
gist (MCB) on a subset of the specimens to determine
staining quality and resultant quantification. Ultimately,
all 3 “positive” results were counted in the final analysis.

Right Heart Catheterization

Systemic arterial pressure and heart rate were meas-
ured noninvasively. Mean right atrial pressure, systolic
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pulmonary artery pressure, diastolic pulmonary artery
pressure (DPAP), mean pulmonary artery pressure,
and pulmonary capillary wedge pressure (PCWP) were
measured during right heart catheterization (RHC)
using a pulmonary artery catheter. Cardiac output was
determined by the Fick method. Diastolic pulmonary
gradient was calculated as the difference between the
DPAP and PCWP.?0

Statistical Analysis

Data are displayed as mean+ SD or count and per-
centage where appropriate. Variables with heavily
skewed distribution are reported as medians with
first and third quartiles in parentheses. Univariable
analysis was performed using the 2-tailed t test for
numerical data and the x? test for categorical data.
Change in the hemodynamic, echocardiographic,
and fibrosis parameters was analyzed using the
paired t test or Wilcoxon matched-pairs signed-rank
test. To test the influence of sirolimus conversion
on hemodynamic parameters and fibrosis progres-
sion, univariate and multivariable linear regression
analysis was performed using variables known or
suspected to influence the dependent variable. All
changes in hemodynamic and echocardiographic
parameters as well as changes in fibrosis percent-
ages were adjusted for age at the time of HT. In the
multivariable models, in addition to age at the time of
HT, we included changes in mean arterial pressure
(MAP) and changes in LVEF for examining the impact
of conversion to sirolimus on changes in hemody-
namic parameters, and changes in MAP and esti-
mated glomerular filtration rate (€GFR) for examining
the impact of conversion to sirolimus on echocardio-
graphic parameters and myocardial fibrosis. Given
heterogeneity in timing of follow-up RHC, changes
in the hemodynamic parameters were annualized.
For the echocardiographic parameters and fibrosis
progression, we examined absolute change in the
variables given the uniform timing of tests at baseline
and follow-up. P<0.05 was considered to be statisti-
cally significant.

RESULTS

Patients’ Characteristics

The study cohort consisted of 100 HT recipients be-
tween 2000 and February 2015, of whom 49 were
converted to sirolimus and 51 continued on a CNI.
Conversion from a CNI to sirolimus was performed
early within the first year after HT with a median time of
180 (97.5-199) days. Baseline and follow-up echocar-
diograms were available for the total cohort. Seventy
patients had baseline and follow-up EMBs, and 52 pa-
tients had RHC both at baseline and at last follow-up.
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All included subjects survived for the duration of the
study period.

Table 1 presents baseline demographics, lab-
oratory parameters and clinical characteristics for
the overall cohort and comparing the sirolimus and
CNI groups. Compared with patients maintained on
a CNI, patients converted to sirolimus were signifi-
cantly older (54.76+10.83 versus 46.71+15.03 years;
P=0.003) and were less likely to have combined organ
transplantation (22.45% versus 43.14%; P=0.03).
Sirolimus converters were more likely to be treated
with statins (93.88% versus 78.43%; P=0.03) with
higher high-density lipoprotein levels (72.18+22.2
versus 63.10+21.33; P=0.04) but no differences
in the rest of the lipid profile were observed. Other
baseline variables, including ischemic time, donor
age, cytomegalovirus viremia, secondary immuno-
suppressants, and use of steroids, were not differ-
ent between patients on CNI and those converted
to sirolimus. Laboratory parameters including base-
line glucose, creatinine, and eGFR were not different
between the 2 groups. Finally, baseline International
Society for Heart and Lung Transplantation cardiac
allograft vasculopathy grades were similar between
the sirolimus and CNI groups.

Differences in Echocardiographic
Parameters

All HT recipients undergo routine echocardiograms
during a scheduled follow-up. Echocardiographic
measurements were performed at baseline (1 month
after HT, before conversion to sirolimus) and at
3 years after HT. Echocardiographic measurements
are presented in Table 2. At baseline, there were no
significant differences in LVEDD, LVESD, or LVEF
between the CNI and sirolimus groups. Diastolic
parameters including E/A ratio, medial and lateral
e’, E/e’, and tricuspid regurgitation velocity were not
different between patients on a CNI and sirolimus
converters. During a follow-up period of 3 years,
both LVEDD (45.71+£5.10 to 48.28+5.5 mm; P<0.01)
and LVESD (28.41+4.8 to 30.84+4.53 mm; P<0.01)
increased significantly in the sirolimus group while
remaining unchanged in the CNI group (45.47+5.43
to 45.28+5.26 mm; P=0.56) and (28.10+4.50 to
27.93+3.83 mm; P=0.55), respectively. The 2 groups
differed significantly in the delta change in LVEDD
(2.57+4.14 in sirolimusconverters versus —0.19+6.21
in CNI group; P=0.01) and in LVESD (2.43+3.67 in
sirolimusconverters versus -0.048+4.84 in CNI
group; P=0.009) (Figure 1A and 1B). In univariate
analysis, sirolimus conversion was found to be as-
sociated with increased LVEDD (B=+1.38, 95% ClI,
1.08-4.06; P=0.01) and LVESD (B=+1.24; 95% Cl,
1.1-3.7; P=0.009). After multivariable adjustment
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Table 1. Baseline Characteristics
Overall Cohort (n=100) Sirolimus (n=49) CNI (n=51) P Value

Age, y 50.65+13.69 54.76+10.83 46.71£15.03 0.003
Male, n (%) 67 (67) 31 (70.45) 36 (73.47) 0.75
Ischemic cardiomyopathy, n (%) 27 (27) 14 (28.57) 13 (25.49) 0.73
DCM, n (%) 35 (35) 16 (32.65) 19 (37.25) 0.63
Body mass index, kg/m? 25.83+4.91 25.0+4.21 26.65+5.43 0.09
Ischemic time, min 158.60+51.10 163.73+£52.10 1563.5+50.1 0.32
Donor age, y 32.79+13.23 32.10+14.25 33.49+12.2 0.61
Hypertension, n (%) 31 (31) 14 (28.57) 17 (33.33) 0.61
Diabetes mellitus, n (%) 24 (24) 9(18.37) 15 (29.41) 0.20
Cytomegalovirus viremia, n (%) 26 (26) 11 (22.45) 15 (29.41) 0.43
Epstein-Barr virus viremia, n (%) 4 (4) 4(8) 4(8) 0.97
Combined transplantation, n (%) 33 (33) 11 (22.45) 22 (43.14) 0.03
Combined transplantation, n (%)

Kidney 19 (19) 6 (12.24) 13 (25.49) 0.06

Liver 6 (6) 4 (8.16) 2(3.92)
Baseline primary immunosuppression, n (%)

Cyclosporine 44 (44) 20 (40.82) 24 (47.10) 0.53

Tacrolimus 56 (56) 29 (59.18) 27 (63.0)
Azathioprine/Mycophenolate mofetil, n (%)

Azathioprine 23 (23) 14 (28.57) 9(18.0) 0.21

Mycophenolate mofetil 76 (76) 35 (71.43) 41 (82.0)
Steroids, n (%) 98 (98) 48 (98) 50 (98) 0.97
Statins, n (%) 86 (86) 46 (93.88) 40 (78.43) 0.038
Fibrates, n (%) 8(8) 6 (12.24) 2(3.92 012
Aspirin, n (%) 15 (15) 6 (12.24) 9(17.65) 0.45
Diuretics, n (%) 68 (68) 33 (67.35) 35 (68.63) 0.89
Calcium channel blocker, n (%) 56 (56) 29 (59.18) 27 (652.94) 0.58
Beta-blocker, n (%) 17 (17) 10 (20.41) 7 (13.73) 0.37
ACEI, n (%) 25 (25) 12 (24.49) 13 (25.49) 0.91
Creatinine, mg/dL 1.39+0.50 1.42+0.51 1.36+0.49 0.61
eGFR, mLxmin~'x1.73 m= 59.22+21.04 57.38+20.89 61.03+21.23 0.39
Total cholesterol, mg/dL 213.53+48.18 216.67+47 210.51+49.60 0.53
Triglycerides, mg/dL 161.41+115.6 160.26+102.86 162.5+127.66 0.92
HDL cholesterol, mg/dL 67.565+22.13 7218+22.20 63.10+21.33 0.04
LDL cholesterol, mg/dL 114.1+£39.2 112.63+38.05 115.48+40.53 0.72
Graft LVEF, % 62.73+7.13 61.88+7.24 63.55+6.99 0.24
ISHLT cardiac allograft vasculopathy grade at baseline

Grade O 76 (76) 41 (83.67) 35 (70.0) 0.11

Grade 1 24 (24) 8(16.39) 15 (30.0)

Data expressed as mean (+ SD), median (Q1, Q3) or n (%). ACEI indicates, angiotensin-converting enzyme inhibitor; CNI, calcineurin inhibitor; DCM, dilated
cardiomyopathy; eGFR, estimated glomerular filtration rate; HDL, high-density lipoprotein; ISHLT, International Society for Heart and Lung Transplantation; LDL,

low-density lipoprotein; and LVEF, left ventricular ejection fraction.

for age at HT, baseline eGFR, and the difference in
MAP, sirolimus conversion remained significantly as-
sociated with increased LVEDD (B=+1.28; 95% ClI,
1.02-4.00; P=0.02) and LVESD (3=+1.27; 95% Cl,
1.10-3.69; P=0.008). As expected, because both
LVEDD and LVESD increased in the sirolimus group,
no significant change in LVEF was observed, and

similarly there was no change in LVEF in the CNI
group.

The delta change in mean lateral € velocity differed
significantly between the 2 groups (+0.02+0.04 in the
sirolimusgroup versus —0.02+0.04 in the CNI group;
P=0.003). In the univariate analysis, sirolimus was
found to be significantly associated with increased
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Table 2. Differences in Echocardiographic Parameters Assessed in Patients Treated With Sirolimus Versus CNI at Time of

Baseline (1 Month) and at 3-Year Follow-Up

J Am Heart Assoc. 2021;10:e018186. DOI: 10.1161/JAHA.120.018186

Age-Adjusted
Sirolimus Difference Estimates (95% ClI)
(n=49) CNI (n=50) (Sirolimus-CNI) P Value (Sirolimus vs CNI)* P Value
LVEF, % +SD
Baseline 62.81+7.15 64.66+6.25 -1.85+2.64 0.7t
Follow-up 60.94+6.42 63.61+8.20 -2.67+2.89 0.07*
A LVEF -1.87+6.90 —1.06+7.67 -0.81+2.87 0.58t -0.34 (-1.8910 1.2) 0.66
P value 0.07* 0.33*
LVEDD, mm +SD
Baseline 45.71£5.10 45.47+5.43 0.24+2.07 0.821
Follow-up 48.28+5.50 45.28+5.26 3.0£2.12 0.007"
A LVEDD 2.57+4.14 -0.19+6.21 2.76+2.07 0.01f +1.14 (0.04 to 2.24) 0.04
P value <0.01* 0.56+
LVESD, mm +SD
Baseline 28.41£4.80 28.1+4.80 0.31+1.89 0.751
Follow-up 30.84+4.53 27.93+3.83 2.91+1.65 0.002f
A LVESD 2.43+3.67 -0.048+4.84 2.48+1.69 0.009" +1.21 (0.25 t0 2.17) 0.014
P value <0.01% 0.55%
Mitral E/A ratio +SD
Baseline 211+0.70 2.01+0.69 0.10+0.27 0.60"
Follow-up 2.21+0.79 2.13+1.06 0.08+0.37 0.77t
AE/A 0.10+0.83 0.13+1.1 -0.03+0.38 0.921 +0.08 (-0.22 to 0.37) 0.61
P value 0.58% 0.554
Mitral DT, ms +SD
Baseline 166.96+24.65 161.65+21.46 5.31+9.11 0.391
Follow-up 168.32+32.88 166.13+32.31 2.19+12.84 0.80"
ADT 1.356+38.0 4.48+35.45 -3.13+14.48 0.75" —-0.30 (-1.02 t0 0.42) 0.40
P value 0.85* 0.50%
Medial e’ velocity, m/s +SD
Baseline 0.075+0.02 0.082+0.02 -0.007+0.01 0.091
Follow-up 0.085+0.02 0.084+0.02 0.001+0.01 0.98t
A medial e’ velocity 0.01+0.02 0.002+0.02 0.008+0.01 0.5t +0.003 (-0.002 to 0.19
0.01)
P value 0.01* 0.45%
Lateral e” velocity, m/s +SD
Baseline 0.12+0.04 0.14+0.03 -0.02+0.01 0.06"
Follow-up 0.14+0.04 0.12+0.04 0.02+0.01 012t
A lateral e’ velocity 0.02+0.04 -0.02+£0.04 0.04+0.01 0.003f +0.02 (0.005 to 0.03) 0.006
P value 0.01* 0.06*
E/e” medial +SD
Baseline 12.21+3.75 10.96+3.32 1.25+1.39 0.08t
Follow-up 10.70+4.32 10.77+3.95 —-0.07+1.63 0.92f
A E/e” medial —1.561+5.58 —-0.19+3.63 -1.32+1.84 0.15" -0.55 (-1.53 t0 0.44) 0.27
P value 0.06* 0.45*
E/e’ Lateral +SD
Baseline 8.34+4.55 6.84+1.75 1.5+1.36 0.7t
Follow-up 6.57+2.41 7.82+3.70 -1.25+1.22 0.16f
A E/e’ lateral -1.78+4.29 0.98+3.56 -2.76+1.55 0.021 -1.35 (2.6 to -0.12) 0.03
P value 0.04* 0.23*
(Continued)
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Age-Adjusted
Sirolimus Difference Estimates (95% ClI)
(n=49) CNI (n=50) (Sirolimus-CNI) P Value (Sirolimus vs CNI)* P Value

Avg E/e’ £SD

Baseline 9.83+2.96 9.17+2.16 0.66+1.02 0.40t

Follow-up 9.02+2.90 9.73+3.53 -0.71+1.27 0.45"

A Avg E/e’ -0.81+£3.55 0.55+2.86 -1.36+1.27 0.16t -0.69 (-1.69 to 0.32) 017

P value 0.24* 0.4%
TR velocity, m/s +SD

Baseline 2.65+0.35 2.66+0.34 -0.01£0.13 0.97%

Follow-up 2.47+0.26 2.48+0.26 -0.01£0.10 0.797

A TR velocity -0.18+0.36 -0.18+0.38 0 0.88t -0.001 (-0.08 to 0.08) 0.98

P value 0.002% 0.005*

CNI indicates calcineurin inhibitor; DT, deceleration time; LVEDD, left ventricular end-diastolic diameter; LVEF, left ventricular ejection fraction; LVESD, left

ventricular end-systolic diameter; and TR, tricuspid regurgitation.

*B estimates of sirolimus conversion after adjustment for age at the time of heart transplant.

Tt test.
*Paired t test.

lateral e” velocity (B=+0.019; 95% CI, 0.01-0.03;
P=0.003). After adjustment for age at HT, baseline
eGFR, and difference in MAP, sirolimus conversion
remained significantly associated with increased
lateral e” velocity (B=+0.018; 95% Cl, 0.005-0.03;
P=0.009). However, the delta change mean septal
e’ velocity did not differ significantly between the
CNI' and sirolimus groups (0.01+0.025 versus
0.002+0.021; P=0.15), respectively. The delta change
in lateral E/e’ differed significantly between groups
(-1.78+4.29 for sirolimus versus 0.98+3.56 for CNI;
P=0.02), while delta change in medial E/e” was similar
between the groups (-1.51+5.58 versus —0.19+3.53;
P=0.15), respectively. (Figure 1C and 1D). Sirolimus
was associated with decreased lateral E/e’” in the
univariate analysis (3= -1.38; 95% ClI, -2.56 to —0.20;
P=0.02), and this association remained significant
after adjustment (B= -1.40; 95% Cl, -2.67 to -0.13;
P=0.03). The delta change in tricuspid regurgitation
velocity did not differ significantly between the 2
groups (-0.18+0.36 versus -0.18+0.38; P=0.88).
Other diastolic parameters including average E/e’,
E/A, deceleration time, were not significantly changed
in the sirolimus or CNI group.

Hemodynamic Parameters

We identified 52 patients who underwent at least 2
RHCs as part of routine follow-up, baseline RHC within
6 months from HT (before sirolimus conversion) and
follow-up RHC at 2 to 3 years after HT. Twenty-two pa-
tients continued on a CNI, and 30 patients were con-
verted to sirolimus. The mean time between the baseline
and the follow-up RHC was similar in both groups
(2.23+0.69 versus 2.50+0.50 years in the sirolimus and

CNI groups, respectively; P=0.14). The hemodynamic
parameters are presented in Table 3. The baseline pa-
rameters were similar between the 2 groups.

In the sirolimus group, there was a significant de-
crease in the systolic blood pressure (127.27+15.27 to
116.20+22.10 mm Hg; P=0.02), diastolic blood pres-
sure (76.65+10.63 to 71+9.23 mm Hg; P=0.03), and
MAP (93.52+11.02 to 86 .10+12.10 mm Hg; P=0.02),
whereas these parameters remained unchanged from
baseline in the CNI group (Table 3). However, the an-
nual change rate in all of these parameters did not dif-
fer significantly between the 2 groups; systolic blood
pressure (-6.06+10.18 versus -1.50+11.29 mm Hg/
year; P=0.17), diastolic blood pressure (-3.34+6.13
versus —3.49+14.18 mm Hg/year; P=0.96), and MAP
(—4.24+6.65 versus —2.82+12.23 mm Hg/year; P=0.62).

Similarly, sirolimus converters had a significant de-
crease in DPAP (13.53+6.05 to 10.43+3.94 mm Hg;
P=0.008) and mean pulmonary artery pressure
(22.03+6.90 to 19.07+4.72; P=0.02), while sys-
tolic pulmonary artery pressure remained similar
(33.10+£9.72 to 29.70+7.44; P=0.07). All these param-
eters remained unchanged from baseline in the CNI
group as outlined in Table 3. The change in DPAP
differed significantly between the sirolimus and CNI
groups (-1.72+3.39 versus 0.82+2.59 mm Hg/year;
P=0.005) but not in systolic pulmonary artery pressure
(-1.72+4.73 versus —0.60+3.81 mm Hg/year; P=0.37)
or mean pulmonary artery pressure (-1.51+3.23 versus
—0.01£2.95 mm Hg/year; P=0.09) (Figure 2B through
2D). Sirolimus was found to be significantly associ-
ated with decreased DPAP in the univariate analysis
(B= -1.27; 95% Cl, —2.13 to —0.40; P=0.005) and in the
multivariable model after adjustment for age at HT, dif-
ference in MAP, difference in LVEF ,and time between
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Figure 1. Changes in left ventricular end systolic diameter (LVESD).
A, Left ventricular end diastolic diameter (LVEDD), (B), E/e’ lateral (C) and E/e” medial (D) in patients treated with sirolimusvs calcineurin

inhibitors (CNI).

baseline and follow-up RHC (B= -1.36; 95% Cl, -2.3 to
—-0.42; P=0.006).

Regarding other parameters, PCWP decreased
from 12.52+5.45 to 9.90+£3.25 mm Hg (P=0.02) in
the sirolimus group, while remaining unchanged
from baseline in the CNI group (12.27+4.88 to
12.77+6.1 mm Hg; P=0.67). The annual change
in PCWP differed significantly between the siroli-
mus and CNI groups (-1.50+2.59 mm Hg/year ver-
sus 0.2+2.2 mm Hg/year in the sirolimus and CNI
groups, respectively; P=0.02) (Figure 2A). Sirolimus
was associated with decrease in PCWP in both the
univariate analysis (3= -0.85; 95% Cl, —1.54 to -0.15;
P=0.02) and the multivariable analysis (B= -0.76;
95% ClI, -1.50 to -0.01; P=0.047). The differences
in other hemodynamic parameters, including right
atrial pressure, cardiac output, cardiac index, and di-
astolic pulmonary gradient did not differ between the
2 groups. Interestingly, there was a trend for increase

J Am Heart Assoc. 2021;10:e018186. DOI: 10.1161/JAHA.120.018186

in stroke volume in the sirolimusL group (70.88+19.23
to 78.65+15.74 mL/beat; P=0.06) but not in the CNI
group (68.40+15.30 to 73.10+16.10; P=0.17).

Myocardial Fibrosis

Both baseline and follow-up scheduled EMBs, as
part of the standard follow-up, were available for 70
patients for fibrosis quantification; 30 among those
converted to sirolimus, and 40 maintained on CNI
therapy. Overall, the percentage of fibrosis increased
significantly over time (8.64+3.57 at baseline ver-
sus 10.36+3.82 at 3 years of follow-up; P=0.005)
(Figure 3). The fibrosis percentage at baseline did
not differ significantly between the groups (Table 4).
Within the sirolimus group, a trend was seen for
increased fibrosis percentage during follow-up
(8.48+3.17 versus 10.1+3.04; P=0.07), as compared
with marginally significant progression in myocardial
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Table 3. Differences in Hemodynamic Parameters Assessed in Patients Treated With Sirolimus Versus CNI at Time of Baseline
RHC and at Last RHC Follow-Up

Sirolimus Difference Age-Adjusted Estimates
(n=30) CNI (n=22) (Sirolimus-CNI) P Value (95% Cl) (Sirolimus vs CNI)* P Value
Time from first 2.23+0.69 2.50+0.50 -0.27+0.32 0.14
to last RHC, y
SBP, mm Hg +SD
Baseline 127.27+15.27 126.83+15.44 0.44+8.45 0.93*
Follow-up 116.2+22.1 124.61+£19.46 -8.41+11.34 0.2”
A SBPYy -6.06+10.18 -1.50+11.29 -4.56+5.96 047" -2.1 (-5.49 10 1.30) 0.22
P value 0.02f 0.681
DBP, mm Hg +SD
Baseline 76.65+10.63 81.11+13.28 -4.46+6.72 0.22*
Follow-up 71.0+£9.23 76.72+12.07 -5.72+6.02 0.08*
A DBPYy -3.34£6.13 -3.49+14.18 0.15+6.31 0.96* +0.35 (—2.88 to 3.58) 0.82
P value 0.03f 0.377
MAP, mm Hg +SD
Baseline 93.52+11.02 96.35+13.25 -2.83+6.79 0.45*
Follow-up 86 .10+12.10 92.68+13.10 -6.58+6.97 0.09*
A MAP/y —4.241+6.65 -2.82+12.23 -1.42+5.63 0.62* -0.46 (-3.42 t0 2.49) 0.75
P value 0.02f 0.43f
Heart rate, BPM +SD
Baseline 85.40+13.12 87.68+11.18 -2.28+6.62 0.51*
Follow-up 83.26+11.69 88.04+11.50 —-4.78+6.37 0.15*
A Heart -0.51+2.50 -0.02+1.71 -0.49+1.14 0.43* -0.54 (-1.95 t0 0.86) 0.44
rate/y
P value 0.28f 0.851
RAP, mm Hg +SD
Baseline 7.40+4.90 9.20+5.50 -1.8+2.89 0.22*
Follow-up 6.40+3.46 8.95+6.91 -2.55+3.14 0.09*
A RAPYy -0.97+5.51 0.31+3.56 -1.28+2.46 0.34* -0.29 (-0.93 to 0.36) 0.39
P value 0.27t 0.79"
SPAP, mm Hg +SD
Baseline 33.10+9.72 35.45+10.16 -2.35+5.48 0.39*
Follow-up 29.7+7.44 33.73+9.20 —-4.03+4.67 0.09*
A SPAP/y -1.72+4.73 —-0.60+3.81 -1.12+2.32 0.37* -0.40 (-1.68 to 0.86) 0.53
P value 0.071 0.411
DPAP, mm Hg +SD
Baseline 13.53+6.05 14.41£6.99 -0.88+3.63 0.63*
Follow-up 10.43+3.94 16.36+7.11 -5.93+3.28 0.0003*
A DPAPYY -1.72+3.39 0.82+2.59 -2.54+1.62 0.005* -1.20 (-2.10 to —-0.29) 0.01
P value 0.008f 0477
MPAP, mm Hg +SD
Baseline 22.03+6.90 23.68+6.97 -1.65+3.81 0.4
Follow-up 19.07+4.72 23.77£7.32 —4.70+3.49 0.007*
A MPAP/y -1.51+£3.23 -0.01+£2.95 -1.5+1.68 0.09* -0.69 (-1.61t0 0.22) 013
P value 0.021 0.95"
PCWP, mm Hg +SD
Baseline 12.62+5.45 12.27+4.88 0.25+2.82 0.87*

(Continued)
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Table 3. Continued
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Sirolimus Difference Age-Adjusted Estimates
(n=30) CNI (n=22) (Sirolimus—CNiI) P Value (95% CI) (Sirolimus vs CNI)* P Value
Follow-up 9.90+3.25 12.77£6.10 -2.87+2.80 0.03*
A PCWP/y -1.50+£2.59 0.20+2.20 -1.70£1.30 0.02* -0.86 (-1.58 to -0.14) 0.02
P value 0.02f 0.67
Cardiac output, L/min £SD
Baseline 6.0+1.55 5.80+1.34 0.20+0.78 0.72*
Follow-up 6.40+1.18 6.30+1.46 0.10+£0.74 0.74*
A Cardiac 0.14+0.96 0.22+0.46 -0.08+0.39 0.75* -0.05 (-0.32 to 0.20) 0.67
output/y
P value 0.13f 0.091
Cardiac index, L/min per m? +SD
Baseline 3.17+0.74 2.93+0.57 0.24+0.35 0.23*
Follow-up 3.22+0.59 3.02+0.70 0.2+0.36 0.27*
A Cardiac 0.02+0.48 0.09+0.24 -0.07£0.19 0.59* -0.05 (-0.18 t0 0.08) 0.44
index/y
P value 0.46" 0.24%
DPG+SD
Baseline 1.10+4.32 2.14+5.03 -1.04+2.60 0.43*
Follow-up 0.31+3.20 3.59+4.43 -3.28+2.17 0.003*
ADPGy -0.34+2.56 0.62+2.51 -0.96+1.39 0.19* -0.38 (-1.12 t0 0.36) 0.30
P value 0.42f 0.341

CNI indicates calcineurin inhibitor; DBP, diastolic blood pressure; DPAP, diastolic pulmonary artery pressure; DPG, diastolic pulmonary gradient; MAP,
mean arterial pressure; MPAP, mean pulmonary artery pressure; PCWP, pulmonary capillary wedge pressure; RAP, right atrial pressure; RHC, right heart
catheterization; SBP, systolic blood pressure; and SPAP, systolic pulmonary artery pressure.

“t test.
TPaired t test.

B estimates of sirolimus conversion after adjustment for age at the time of heart transplant.

fibrosis in association with CNI therapy (8.76+3.87
versus 10.56+4.34; P=0.04) (Figure 3). However, the
delta change in the percentage of fibrosis was simi-
lar between the 2 groups (1.62+4.67 in the sirolimus
group versus 1.80+5.31 in the CNI group; P=0.88).
Sirolimus was not found to be significantly associ-
ated with fibrosis progression in the univariate analy-
sis (B=-0.15, 95% CI: —1.31 to 1.13; P=0.88) or in the
multivariable model after adjustment for age at the
time of HT, differences in MAP, and eGFR (3= -0.19;
95% Cl, —1.93 to 1.55; P=0.82) (Table 4).

DISCUSSION

The present study demonstrates for the first time that
conversion to sirolimus as primary immunosuppres-
sion, with complete withdrawal of CNI therapy, was
associated independently with an improvement in DD
measures using different modalities, including (1) a sig-
nificant increase in LVEDD and e’ but decrease in E/e’
using serial echocardiographic measurements, (2) a
significant decrease in PCWP and DPAP using invasive
hemodynamic parameters obtained from serial RHCs,

J Am Heart Assoc. 2021;10:e018186. DOI: 10.1161/JAHA.120.018186

and (3) a trend for more attenuated progression of
myocardial fibrosis as assessed by quantitative digital
analysis microscopy using serial EMBs, as compared
with continued use of CNI after HT.

Previous studies from our group'®'® and others?’
have shown that in HT recipients, conversion from
CNI to sirolimus decreased LVM. One study'? from
our group, showed that the decrease in LVM was ac-
companied by increased p27Kip1,a cell cycle inhibitor
protein that is induced by mTOR inhibition and is ex-
pressed in the myocardium. The authors postulated
that this may be the mechanism by which sirolimus
reduces myocardial hypertrophy and LVM. Paoletti
et al®® showed in a randomized controlled study that
everolimus therapy combined with reduced CNI dose
was effective in reducing LVM among renal transplant
recipients, which was mainly attributed to reduced LV
wall thickness. We assume that the increase in LVEDD
and LVESD observed in patients receiving sirolimus in
the current study may be attributable to the reduction
in LV wall thickness and LVM as previously seen with
sirolimus use.

Two previous studies have shown an improve-
ment in diastolic function during mTOR inhibitor
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Figure 2. Changes in pulmonary capillary wedge pressure (PCWP).
A, Mean pulmonary artery pressure (MPAP); (B), diastolic pulmonary artery pressure (DPAP); and (C) systolic pulmonary artery
pressure (SPAP) (D) in patients treated with sirolimus vs calcineurin inhibitors (CNIs).

therapy.'®?" Imamura et al®' showed that an everoli-
mus-incorporated immunosuppressant regimen was
associated with decreased E/e’ ratio and left atrial
volume. However, Raichlin et al'® showed that the
improvement in DD in the sirolimus converters was
indicated by a decrease in the left atrial volume with
no change in the e’ velocity or E/e’ ratio. Both stud-
ies were limited, as the follow-up time was limited to
1 year only and the echocardiographic findings were
not supported by invasive hemodynamic measure-
ments or myocardial fibrosis quantification using se-
rial human myocardial biopsy specimens. We found
that both lateral and medial e’ increased in sirolimus
converters, but the increase in the medial e’ was less
remarkable. Moreover, both medial and lateral E/e’
ratio decreased in sirolimus converters with a less re-
markable decrease in medial E/e’. Notably, there was
a trend for lower baseline e’ in the sirolimus group that
is probably related to higher age compared with the
tacrolimus group.The motion of the interventricular

J Am Heart Assoc. 2021;10:e018186. DOI: 10.1161/JAHA.120.018186

septum is often abnormal after cardiac surgery, and
this might limit the reliability of medial > compared
with the lateral . Moreover, the left atrium is usu-
ally enlarged after HT because of donor-to-recipient
anastomosis at the atrial level. Thus, left atrial volume
may not be a true representative of diastolic func-
tion in the HT population, at least during the early
stage after HT. Therefore, to overcome the limitations
of echocardiography for DD evaluation in HT recipi-
ents, we further investigated the impact of sirolimus
conversion on the filling pressures by RHC. We found
that sirolimus conversion was independently associ-
ated with decreased PCWP and DPAP. These find-
ings confirm the improvement in DD within sirolimus
converters that was indicated by echocardiographic
parameters in our study as well as in previous re-
port from our institution.'®> We assume that the siroli-
mus-related decrease in left ventricular hypertrophy
and LVM likely contributes to lower left ventricular
filling pressures.
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Figure 3. Fibrosis progression from 1 to 3 years in the total
cohort, CNI and sirolimus groups.
CNl indicates calcineurin inhibitors.

Interestingly, a recent study has demonstrated
that activation of the mTOR signaling cascade plays
an important pathogenic role in the development
of pulmonary vascular remodeling and pulmonary
hypertension. This study showed that downregula-
tion or inhibition of MTOR ameliorates experimental
pulmonary hypertension in mice.?* To investigate
whether sirolimus has an isolated effect on DPAP, we
calculated diastolic pulmonary gradient (DPAP minus
PCWP) for both groups at baseline and follow-up
RHC. We found that the change in diastolic pulmo-
nary gradient did not differ significantly between the
sirolimus and CNI groups. Therefore, we could not
confirm that sirolimus therapy is directly associated
with a reduction in pulmonary artery pressures in
humans undergoing HT. Given the antiproliferative
properties and suggested antifibrogenic effects of
mTOR inhibitors in experimental models'®" as well
as the reports on the association between fibrosis
and restrictive physiology in HT recipients,® we in-
vestigated the effect of sirolimus on progression of

Myocardial Fibrosis After Heart Transplantation

myocardial fibrosis. To the best of our knowledge,
this is the first study to test the effect of mTOR inhibi-
tors on myocardial fibrosis in HT recipients. We found
a trend for increased fibrosis progression in the si-
rolimus group and marginally significant progression
in fibrosis in the CNI group. Despite these discrep-
ancies in the effect of the 2 therapeutic agents on
myocardial fibrosis progression, we found that the
change in fibrosis percentages did not differ signifi-
cantly between the 2 groups. The blunted effects of
sirolimus on fibrosis progression may be explained
by a more rapid and remarkable regression in cellular
hypertrophy as a result of mTOR inhibition compared
with a more delayed and less remarkable attenuation
of myocardial fibrosis.

Study Limitations

There were several limitations inherent to the obser-
vational, retrospective, nonrandomized design of this
study. As in any observational study, we could not ex-
clude residual confounding associations despite the
adjustment for the most clinically relevant variables.
Moreover, the commonly used criteria for assessing
DD have not been validated in HT recipients. Finally,
biopsies were taken only from the endocardial sur-
face of the right side of the interventricular septum, in
an area predisposed to repeated sampling. Fibrosis
therefore might not reflect the whole myocardium
and has the potential to include artifact. The main
strengths of this study are the supporting findings for
DD improvement by invasive hemodynamic meas-
ures, the uniform automated detection and quantifi-
cation of myocardial fibrosis, and the long follow-up
period.

CONCLUSIONS

This single-center cohort analysis provided evidence
that conversion to sirolimus as primary maintenance
immunosuppression therapy was associated with

Table 4. Differences in Fibrosis Percentage Assessed in Patients Treated With Sirolimus Versus CNI at Time of Baseline

(1 Year) and at 3-Year Follow-Up

Difference Age-Adjusted Estimates (95% CI)
Sirolimus (n=30) CNI (n=40) (Sirolimus-CNI) P Value (Sirolimus vs CNI)* P Value
% fibrosis +SD
Baseline 8.48+3.17 8.76+3.87 -0.28+1.63 0.75"
Follow-up 10.10+3.04 10.56+4.34 -0.46+1.72 0.62t
A % fiorosis 1.62:4.67 1.80+5.31 -0.18+2.33 0.88f -0.37 (-1.62 10 0.89) 0.56
P value 0.07* 0.04%

CNI indicates calcineurin inhibitor.
*B estimates of sirolimus conversion after adjustment for age at the time of heart transplant.

Tt test.
*Paired t test.
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significant improvement in DD and left ventricular filling
pressures and a trend for more attenuated myocardial
fibrosis progression among HT recipients as com-
pared with continued CNI therapy. Future prospective
studies and using cardiac magnetic resonance imag-
ing are needed to elucidate and confirm the suggested
beneficial effects of sirolimus on myocardial fibrosis
and DD development.
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