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Background: Heart transplant is the gold standard therapy for patients with advanced
heart failure. Over 5,500 heart transplants are performed every year worldwide. Cardiac
allograft vasculopathy (CAV) is a common complication post-heart transplant which
reduces survival and often necessitates heart retransplantation. Post-transplant follow-
up requires serial coronary angiography and endomyocardial biopsy (EMB) for CAV and
allograft rejection screening, respectively; both of which are invasive procedures. This
study aims to determine whether osteopontin (OPN) protein, a fibrosis marker often
present in chronic heart disease, represents a novel biomarker for CAV.

Methods: Expression of OPN was analyzed in cardiac tissue obtained from patients
undergoing heart retransplantation using immunofluorescence imaging (n = 20). Tissues
from native explanted hearts and three serial follow-up EMB samples of transplanted
hearts were also analyzed in five of these patients.

Results: Fifteen out of 20 patients undergoing retransplantation had CAV. 13/15
patients with CAV expressed nuclear OPN. 5/5 patients with multiple tissue samples
expressed nuclear OPN in both 1st and 2nd explanted hearts, while 0/5 expressed
nuclear OPN in any of the follow-up EMBs. 4/5 of these patients had an initial diagnosis
of dilated cardiomyopathy (DCM).

Conclusion: Nuclear localization of OPN in cardiomyocytes of patients with CAV was
evident at the time of cardiac retransplant as well as in patients with DCM at the
time of the 1st transplant. The results implicate nuclear OPN as a novel biomarker for
severe CAV and DCM.

Keywords: heart transplant, cardiac allograft vasculopathy, dilated cardiomyopathy, endomyocardial biopsy,
heart retransplantation, osteopontin
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INTRODUCTION

Heart transplant is the gold standard therapy for patients
with advanced heart failure. Over 5,500 heart transplants are
performed every year worldwide (Khush et al., 2019). Heart
transplantation improves patient survival but is accompanied
by significant complications and comorbidities that can
compromise outcome over time. One such complication, cardiac
allograft vasculopathy (CAV), significantly reduces survival when
it occurs within 3 years of post-transplant (Khush et al., 2019)
and is the most common indication for heart retransplantation
(Goerler et al., 2008). CAV is an accelerated fibroproliferative
disease (Chih et al., 2016) affecting the vessels of the transplanted
heart. The pathology of CAV differs from typical coronary artery
disease (CAD). Whereas intimal plaque formation in CAD is
focal, eccentric, and typically confined to proximal coronary
arteries, in CAV there is diffuse concentric plaque formation
affecting all vessels in the allograft, including the veins (Ramzy
et al., 2005). Additionally, CAD involves calcium deposition
and rarely shows signs of inflammation, while CAV rarely has
calcium deposition and is usually associated with inflammation
(Aranda and Hill, 2000). CAV, through progressive myocardial
ischemic injury, eventually leads to chronic cardiac graft

failure (CGF) similar to the contribution of CAD to congestive
heart failure (Khan et al., 2009), and this, in turn, necessitates
retransplantation (Johnson et al., 2007).

The current mainstay of CAV screening involves serial
coronary angiography (Stehlik et al., 2018), an invasive procedure
that underestimates the disease burden (Almufleh et al., 2020).
Non-invasive biomarkers for CAV including serum C-reactive
protein (Stehlik et al., 2018), brain natriuretic peptide (Mehra
et al., 2004), troponin I (Colvin-Adams and Agnihotri, 2011),
microRNA 628-5p (Neumann et al., 2017), and circulating
apoptotic endothelial cells (Singh et al., 2012) have been
proposed but none have progressed to clinical application as
screening tools. Post-cardiac transplant follow-up also includes
screening for allograft rejection, the gold standard for which
is serial endomyocardial biopsy (EMB) which is also invasive
(Strecker et al., 2013).

Many patients with CAV have microvasculopathy seen
on routine EMB. This, however, is not used for diagnosis
because it is considered low sensitivity due to the exclusion of
microvasculature in many EMBs. Current data suggest that the
role of identifying microvasculopathy on EMB in CAV is more
relevant to prognosis than to diagnosis (Hiemann et al., 2007).
The discovery of a reliable invasive biomarker in cardiac biopsy

TABLE 1 | Demographic data and clinical condition of individual patients at time of 2nd heart transplant, as reflected by NYHA CF classification (I–IV).

Patient # Diagnosis Time since 1st heart
Tx (years)

Clinical
condition

Comments

1 CGF 7 IV Chronic transplant coronary artery vasculopathy

2 AMR 9 IV Recurrent AMR and kidney failure

3 PGF 2 days IV (shock /
ECMO)

1st heart allograft removed within 48 h and insertion TAH
Thoratec

4 CGF 10 IV Chronic transplant coronary artery vasculopathy; developed
renal failure

5 CGF 11 II-III Chronic transplant coronary artery vasculopathy

6 CGF 17 IV Chronic transplant coronary artery vasculopathy

7 PGF 9 days IV (shock /
ECMO)

1st heart allograft removed within 9 days

8 CGF 16 IV Chronic transplant coronary artery vasculopathy

9 CGF 8 IV Chronic transplant coronary artery vasculopathy

10 RHF 14 III Constrictive pericarditis (symptoms of right heart failure)

11 CGF 10 IV (shock /
ECMO)

Chronic transplant coronary artery vasculopathy

12 CGF 14 IV Chronic transplant coronary artery vasculopathy

13 CGF 11 III-IV Chronic transplant coronary artery vasculopathy

14 CGF 13 IV Chronic transplant coronary artery vasculopathy

15 CGF 6 II-III Chronic transplant coronary artery vasculopathy

16 CGF 13 IV (shock /
BiVentricular

support)

Chronic transplant coronary artery vasculopathy, progressed to
cardiogenic shock. Heart explant and insertion TAH Thoratec

17 CGF 13 III Chronic transplant coronary artery vasculopathy

18 CGF 9 III Chronic transplant coronary artery vasculopathy

19 CGF 9 II-III Chronic transplant coronary artery vasculopathy

20 CGF 6 IV Diastolic heart failure(symptoms of right heart failure)

CGF, chronic graft failure; AMR, antibody mediated rejection; PGF, primary graft failure (acute graft failure); RHF, right heart failure; Tx, transplantation; TAH, total artificial
heart; ECMO, extracorporeal membrane oxygenation. Clinical condition of the patient is reflected in 4 tier scale, as by NYHA functional classification: I = asymptomatic,
II = minimal symptoms on exertion, III = symptoms on moderate efforts, IV = symptoms at rest or with minimal exercise.
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tissue could allow for concurrent CAV/graft rejection screening
without subjecting patients to additional procedures.

Osteopontin (OPN) is a multifunctional secreted glycoprotein
synthesized by multiple cells and tissues (Lund et al., 2009).
OPN is a pro-inflammatory cytokine that plays a role in
the recruitment of immune cells and type-1 (Th1) cytokine
expression to areas of inflammation (Singh et al., 2014). It
is implicated in the pathogenesis of multiple disease states
including atherosclerosis and chronic inflammatory disorders
such as Crohn’s disease, lupus, rheumatoid arthritis, and multiple
sclerosis. Under normal circumstances, OPN expression in the
heart is low (Singh et al., 2014); however, plasma OPN has been

used as a causative biomarker for various cardiac pathologic
states such as myocardial infarction (Trueblood et al., 2001),
left ventricular hypertrophy (Graf et al., 1997), and heart failure
(Stawowy et al., 2002; Li et al., 2017; Yousefi et al., 2019). OPN was
recently proposed as a biological marker and prognostic indicator
of chronic ischemic heart disease (Coculescu et al., 2019).
Considering the significant role of OPN not only in inflammatory
and fibrotic processes as well as several cardiac pathologies, it
comes as no surprise that OPN may be implicated in CAV.

In order to determine if OPN could serve as a novel biomarker
for CAV, in this retrospective study we analyzed the expression
pattern of OPN in cardiac tissue from 20 heart transplant patients

TABLE 2 | Clinical condition of individual patients at time of myocardial biopsy, as reflected by NYHA CF classification (I–IV).

Patient # Explant # #1 Biopsy #1 Biopsy # 2 Biopsy # 3 Explant # 2 Comments

1 (Dx = VCM) IV II (10 days) I (1 month) I (1 year) IV (7 years) Chronic rejection led to 2nd heart Tx

2 (Dx = VCM) IV II (8 days) I (1 month) I (3 years) IV (9 years) Recurrent AMR and kidney failure

3 (Dx = DCM) IV Shock (1 day) Shock (2 days) - - 1st Heart Tx removed within 2 days

4 (Dx = DCM) IV II (12 days) I (5 weeks) II (1 year) IV (11 years) Developed renal failure

5 (Dx = DCM) IV I (16 days) I (6 weeks) I (1 year) II–III (9 years) Chronic coronary artery vasculopathy

Dx, diagnosis; VCM, valvular cardiomyopathy; DCM, dilated cardiomyopathy; AMR, anti-body mediated rejection requiring plasmapheresis and thymoglobulin; Tx,
transplantation; Explant # 1, pathology of native heart explanted at time of 1st heart transplant; Biopsy, endomyocardial biopsy after 1st heart transplant; Explant #
2, pathology of 1st transplanted heart, obtained at time of 2nd heart transplant.

FIGURE 1 | Nuclear OPN expression in explanted hearts but not endomyocardial biopsies (EMBs). In Patient #1, nuclear OPN (shown in white) in ACTA1-positive
cardiomyocytes (shown in red) is visible in failing native and transplanted hearts, but in none of the three serial follow-up EMB samples collected at 1 week, 1 month,
and 1 year post first transplant. Representative confocal z-stack images are shown. Scale bar = 20 µm.
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FIGURE 2 | Nuclear OPN expression in explanted hearts but not endomyocardial biopsies (EMBs). In Patient #2, nuclear OPN (shown in white) in ACTA1-positive
cardiomyocytes (shown in red) is visible in failing native and transplanted hearts, but not in the serial follow-up EMB sample collected at almost 1 week post first
transplant. Representative confocal z-stack images are shown. Scale bar = 20 µm.

FIGURE 3 | Nuclear OPN expression in explanted hearts but not endomyocardial biopsies (EMBs). In Patient #3, nuclear OPN (shown in white) in ACTA1-positive
cardiomyocytes (shown in red) is visible in failing native and transplanted hearts, but in none of the three serial follow-up EMB samples collected at 1 week, 1 month,
and 1 year post first transplant. Representative confocal z-stack images are shown. Scale bar = 20 µm.
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receiving retransplantation. For 5 of these 20 patients, we also
analyzed tissues from the native explanted hearts as well as three
serial follow-up biopsy samples of the transplanted hearts.

MATERIALS AND METHODS

Myocardial Tissue Samples
Cardiac tissue samples from 20 patients subjected to heart
retransplantation were obtained from the Department of
Pathology at the, Miller School of Medicine, University of Miami.
The ages of the patients ranged between 7 and 69 years at
the time of the 2nd heart transplant. Each patient underwent
heart retransplantation surgery at our institution between 2005
and 2019. Table 1 delineates the demographic data and clinical
conditions of all individual patients used for this study.

For patients 1–5, we received samples from the 1st explant,
follow-up biopsies between the heart transplants, and lastly
the 2nd explant. The first biopsy sample for each patient
was taken 8–16 days post-transplant. The second biopsy was
taken around a month after the first biopsy. The third biopsy
was taken 1 year after the transplant. For one of these

five patients, the first heart allograft was removed within
48 h due to primary graft failure (PGF). For this reason,
only one biopsy was done 1 day after the surgery before
retransplantation. Table 2 presents relevant clinical information
for these five patients.

We also analyzed myocardial biopsy samples from three
additional patients who underwent heart transplant and
developed post-transplant infectious complications leading to
sepsis. Demographic information pertaining to these patients is
shown in Supplementary Table S1.

This retrospective study was carried out in accordance with
the recommendations of the University of Miami Institutional
Review Board (IRB protocol # 2018-0439). All specimens were
de-identified (assigned patients #1–20 and sepsis patients #1–3)
and archived prior to the study, therefore negating the need
for consent forms.

Immunofluorescence Staining, Image
Acquisition, and Statistical Analyses
To investigate the presence of OPN in paraffin-embedded
sections, immunofluorescence imaging was performed
in heart tissues from all patients as previously described

FIGURE 4 | Nuclear OPN expression in explanted hearts but not endomyocardial biopsies (EMBs). In Patient #4, nuclear OPN (shown in white) in ACTA1-positive
cardiomyocytes (shown in red) is visible in failing native and transplanted hearts, but in none of the three serial follow-up EMB samples collected at 1 week, 1 month,
and 1 year post first transplant. Representative confocal z-stack images. Scale bar = 20 µm.
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(Irion et al., 2018). Three slides per heart were stained and
five to six images per slide were analyzed. In brief, samples
were incubated for 45 min at 70◦C, dewaxed with two 5-min
xylene washes, and hydrated by 3-min graded ethanol washes
of 100% (twice), 95%, 80%, and 70% followed by two 4-min
water immersions. Antigen retrieval was achieved by steaming
the slides for 75 min in 1× Citrate Antigen Retrieval Buffer
(Ab93678). Samples were permeabilized with 0.2% Triton X-100
(Sigma-Aldrich) for 30 min, followed by blocking with 10%
Donkey serum in TBST for 45 min. Slides were incubated
with primary antibodies against Alpha Skeletal Muscle Actin,
Alpha-Sr 1 (ACTA-1) (Abcam Ab28052; dilution 1:200), and
hOPN (R&D AF1433; dilution 1:50) overnight at 4◦C. ACTA-1
was used as a cardiomyocyte marker. Slides were washed with
PBS and then incubated for 1 h at room temperature with
conjugated secondary antibodies: Donkey anti-Mouse IgG, Alexa
Fluor 568 (Thermo Fisher Scientific A-10037; 1:400) and Donkey
anti-Goat IgG, Alexa Fluor 647 (Thermo Fisher Scientific
A-21447, 1:400) in blocking solution. DAPI was used to stain
nuclei before mounting with ProLong Gold Antifade (Invitrogen
P36934) and coverslips. To determine myocyte area, paraffin-
embedded sections were stained with Alexa Fluor 555 Wheat
Germ Agglutinin (WGA) (Thermo Fisher Scientific W32464) as

recommended by the manufacturer’s instructions to stain cell
membrane. All slides were scanned at 20× magnification using
an Olympus VS120–L100 Virtual Slide Microscope (Tokyo,
Japan) and analyzed using Olympus OlyVIA 2.9 software.
Representative confocal images (shown in Figures 1–5) were
captured at 40× magnification and 0.6× digital zoom using
Z-stacking on a Zeiss LSM710 confocal microscope.

A quantitative analysis was performed by two investigators
to determine the number of cells including cardiomyocytes and
non-cardiomyocyte with nuclear OPN in representative fields.
Six images per sample were counted and averaged from all 2nd

explants. Values were expressed in percentage (%). Myocyte area
(µm2) was measured in Image J using WGA images from all 2nd

explants. Five WGA images per sample were used and at least 30
cells per image were analyzed by three investigators. For statistical
analysis, unpaired t-test was used for comparing two groups,
and one-way ANOVA with Tukey’s post hoc test was used for
comparing more than two groups. A linear correlation between
myocyte area and % of myocyte cells with nuclear OPN was
applied. Data are presented as mean ± SD and p-values < 0.05
were considered significant. Statistical analyses were performed
with Prism 7.05 software (GraphPad Software Inc, San Diego, CA,
United States).

FIGURE 5 | Nuclear OPN expression in explanted hearts but not endomyocardial biopsies (EMBs). In Patient #5, nuclear OPN (shown in white) in ACTA1-positive
cardiomyocytes (shown in red) is visible in failing native and transplanted hearts, but in none of the three serial follow-up EMB samples collected at 1 week, 1 month,
and 1 year post first transplant. Representative confocal z-stack images are shown. Scale bar = 20 µm.
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RESULTS

Immunofluorescence was performed on paraffin-embedded
sections of myocardial explants, and biopsies obtained from heart
transplant patients to evaluate the presence of OPN. Out of a total
of 20 patients who received 2nd transplant, 15 had CAV. Of these
15 CAV patients, 13 patients expressed nuclear OPN (86.67%).
In the 5 non-CAV patients, 4 (80%) expressed nuclear OPN.
The overall clinical diagnoses included primary graft failure,
antibody-mediated rejection, constrictive pericarditis with right
heart failure, and diastolic heart failure with symptoms of right
heart failure. Of these, the single patient presenting without
CAV or nuclear OPN expression had primary graft failure
with allograft removal only after 9 days. The single patient
with antibody-mediated rejection expressed OPN in the nucleus
despite receiving the 2nd transplant only 2 days after the first
transplanted heart. Individual immunofluorescence images for
each of the 20 patients are displayed in Supplementary Figure S1.
As shown in Figures 1–5, all five patients presented with nuclear
OPN in both their 1st and 2nd explants. In the serial biopsies,
however, no OPN expression was seen; 4/5 of these patients had
diagnoses of dilated cardiomyopathy and 3/5 had CAV at the time
of retransplantation.

Interestingly, patient #7 developed primary graft failure (heart
was removed 9 days after transplant) and did not express OPN in
the nucleus indicating that OPN expression may only be present

after long-standing disease. When we analyzed the heart tissue
from sepsis patients, all three patients expressed OPN in the
nucleus and one patient also expressed OPN in the cytoplasm as
seen in Supplementary Figure S2.

When we evaluated the percentage of cells, including
cardiomyocytes and non-cardiomyocytes that express OPN in
the nucleus in the 2nd explant, both CAV patients and non-CAV
patients had a higher percentage of cardiomyocytes expressing
OPN in the nucleus than non-cardiomyocytes cells (CAV
patients: 60.14% ± 17.22 of cardiomyocytes with nuclear OPN
vs. 39.86% ± 17.22 of non-cardiomyocytes with nuclear OPN,
p = 0.0062; non-CAV patients: 62.31% ± 10.16 of cardiomyocytes
with nuclear OPN vs. 37.69% ± 10.15 of non-cardiomyocytes
with nuclear OPN, p = 0.014) as seen in Figures 6A,B,D,E. In
patients with sepsis, this difference was not significant however,
the results followed a similar trend (Figures 6C,F). Patients with
sepsis presented a significant increase in myocyte area when
compared with CAV and non-CAV groups (p < 0.05) as shown in
Figure 7. On the other hand, in CAV patients, there was a trend
for increased myocyte area compared with non-CAV patients
(Figure 7). These findings were noted in all patients regardless of
the presence or absence of OPN expression in the cardiomyocyte
nuclei. No significant correlation between myocyte area and %
of cells with OPN in the nucleus was present in CAV and non-
CAV patients; however, in sepsis patients, a positive correlation
was observed (Figure 8).

FIGURE 6 | Representative images of 2nd explant hearts from CAV (A), non-CAV (B), and sepsis patients (C) showing the presence of OPN in the nucleus in
cardiomyocytes and non-cardiomyocytes. (D) Percentage of cardiomyocytes and non-cardiomyocytes with nuclear OPN expression in 2nd explant hearts from
patients with CAV (n = 13) and (E) non-CAV patients (n = 4). In both cases, cardiomyocytes presented a higher percentage of nuclear OPN compared to
non-cardiomyocytes. No differences were observed in patients with sepsis (F). Unpaired t-test. * p < 0.05, **p < 0.01. CAV, cardiac allograft vasculopathy; nOPN,
nuclear OPN. Scale bar = 20 µm.
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FIGURE 7 | Representative images of 2nd explant hearts from CAV (A), non-CAV (B), and sepsis patients (C) showing staining with WGA-555 to evaluate myocyte
area. Patients with sepsis presented a significant increase in myocyte area when compared to CAV and non-CAV patients in hearts with nuclear OPN (D) and all
hearts with and without nuclear OPN (E). The few hearts without nuclear OPN are indicated in red. One-way ANOVA with Tukey’s post hoc test, *p < 0.05,
**p < 0.01. CAV, cardiac allograft vasculopathy; CM, cardiomyocyte; WGA, Wheat Germ Agglutinin. Scale bar = 20 µm.

FIGURE 8 | Correlations between myocyte area and % of cardiomyocytes with nuclear OPN in CAV (A), non-CAV (B), and sepsis (C) patients are shown. Pearson’s
correlation *p < 0.05. CAV, cardiac allograft vasculopathy; CM, cardiomyocyte; nOPN, nuclear OPN.

DISCUSSION

Heart retransplantation accounts for 2–4% of heart transplants
performed every year in the United States and has remained
constant over the years. Major indications for cardiac
retransplantation include early graft failure and coronary
vasculopathy (Lund et al., 2014). Although the overall survival
of retransplant patients is lower than that of first transplants
(70% at 1 year, 55% at 5 years vs. 85% at 1-year, 69% at 5-years),
subjects who are retransplanted more than 1 year after the first
transplant have significantly higher survival rates than those
transplanted within 1 year of the first transplant (unadjusted
Hazard Ratio 1.79, p < 0.001) (Miller et al., 2019). Therefore, it

is important to develop diagnostic procedures to identify those
cardiac transplant patients with CAV and/or early graft failure
who are high-risk candidates for early retransplantation.

Here, we show for the first time, the presence of nuclear
OPN in human myocardial tissue from explanted hearts
taken after heart retransplantation. The presence of nuclear
OPN in immunofluorescence imaging of cardiac biopsies has
the potential to act as an invasive biomarker for CAV and
retransplantation. Our results showed that 13/15 patients with
CAV had clear OPN expression in cardiomyocyte nuclei. If
OPN is proven to have a role in this pathogenesis, it may also
serve as a novel therapeutic target for which blockade may
delay or prevent the further development of this condition.

Frontiers in Physiology | www.frontiersin.org 8 August 2020 | Volume 11 | Article 928

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-11-00928 August 11, 2020 Time: 19:13 # 9

Irion et al. Nuclear OPN in Failing Hearts

The possibility also exists that nuclear OPN localization may
occur concurrently with or prior to CAV development in
transplant patients. This could be applied to CAV screening
during endomyocardial biopsy in conjunction with coronary
angiography or be implemented in the risk stratification of
these patients. Whereas other biological markers for CAV have
been implicated in various studies (Mehra et al., 2004; Colvin-
Adams and Agnihotri, 2011; Singh et al., 2012; Neumann
et al., 2017; Stehlik et al., 2018), these have not been applied
generally for CAV prediction or as diagnostic screening tools
in clinical settings to our knowledge. Whereas we do not know
the reasons for this, our present evidence using clinical samples
acquired directly from transplant patient samples supports such
clinical application for OPN that may be used as alternative
or in addition to one or more of these other markers to
confirm the condition.

Four out of five patients for whom we analyzed explants x2 and
biopsies x3 had diagnoses of idiopathic dilated cardiomyopathy
at the time of their first heart transplant. Each of these
patients expressed OPN in the nuclei of the cardiomyocytes.
These results suggest a strong correlation between end-stage
dilated cardiomyopathy and nuclear localization of OPN.
Dilated cardiomyopathy (DCM) shows myocyte hypertrophy
and interstitial fibrosis on EMB, which are nonspecific but
abnormal histopathological features (Cunningham et al., 2006).
OPN localization in the nucleus could potentially correlate with
severity of DCM and therefore serve as a prognostic biomarker.
The usefulness of routine EMB in idiopathic DCM is still under
debate (Cooper, 2013), but immunofluorescence imaging for
OPN could provide added utility for this test.

Based on staining of the available follow-up cardiac biopsies,
we were able to validate the association of cardiomyocyte nuclear
OPN localization with a disease state. Whereas at the time of
both 1st and 2nd heart transplantation, explanted hearts showed
OPN expression in the nucleus; in 5/5 patients with recently
transplanted healthy allografts, OPN was not detected by at any
of the biopsy time points (1 week, 1 month, 1 year). Because
recently transplanted cardiac allografts are free of chronic heart
disease, this consistent with our hypothesis that nuclear OPN is
associated with end-stage heart disease requiring heart transplant
and retransplant.

Other studies have reported the presence of different OPN
isoforms in tumor cells in vivo where its presence correlates
with tumor aggression, poor prognosis, and enhanced metastasis,
at least in part by regulating PI3K/Akt/GSK3β and endothelial-
mesenchymal transition (EMT) pathways, perhaps in some
cancers through interaction with hypoxia-inducible factors (HIF-
1α and 2α) (Gomaa et al., 2013; Jia et al., 2016). Isoforms OPN-a
and OPN-b were seen only in the nucleus while OPN-c was
seen in the cytoplasm of breast carcinoma cells. OPN-c, present
in 75% of breast cancer patients, was absent in normal tissues,
while OPN-a and OPN-b were identified in both normal tissues
and breast carcinoma cells (Castello et al., 2017). To determine
the role of OPN in cell proliferation, fluorescent OPN-GFP
fusion proteins were transfected into embryonic kidney 293 cells
and revealed nuclear localization of OPN. In the same study,
endogenous OPN also stained strongly in nuclei (Junaid et al.,

2007). To date, nuclear localization of OPN in cardiomyocytes
in situ has not been reported.

Our group has previously described the presence of increased
OPN expression in cardiomyocyte cytoplasm in sepsis in
pediatric patients (Irion et al., 2018), which occurs as a result of
widespread inflammation in the body. Of note, there were three
additional explant tissue samples taken from patients suffering
from sepsis at the time of the transplant surgery (shown in
Supplementary Figure S2). OPN was localized to the nucleus in
all 3 patients as well as in the cytoplasm for 1/3 patients.

In CAV and non-CAV transplant patients cardiomyocytes
presented a higher percentage of nuclear OPN compared to non-
cardiomyocytes. Interestingly, myocyte area was higher in sepsis
transplant patients compared to CAV and non-CAV transplant
patients. Myocyte area was also correlated to percentage of
cardiomyocytes with nuclear OPN in sepsis transplant patients,
but not in CAV and non-CAV transplant patients.

Limitations
Serial biopsy samples were available for only 5/20 patients;
therefore, for the remaining 15 patients, we could not confirm
that OPN nuclear localization was indeed absent during the
“chronic disease-free state.” Additionally, EMB samples were
limited to 1-year post-transplant so we have no data on the time
course of progression of OPN nuclear localization. Whereas 20
patients may be considered a small sample size for a clinical study,
cardiac retransplantation is rare and 20 cases from a single center
is a significant achievement. However, this is acknowledged as
a limitation and additional testing to confirm these preliminary
findings are warranted.

CONCLUSION

In this study, we report clear nuclear localization of OPN
in cardiomyocytes of patients suffering from cardiac allograft
vasculopathy at the time of cardiac retransplant as well as patients
with dilated cardiomyopathy at the time of the 1st transplant.
These conditions involve fibrotic processes of the coronary
vasculature and myocardium, respectively. This is the first study
to report nuclear OPN expression in cardiac tissue in situ. Our
findings highlight a potentially important role for OPN as a novel
biomarker in severe CAV and DCM.
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FIGURE S1 | Nuclear OPN expression in failing transplanted hearts. In 15/20
patients undergoing second heart transplant, nuclear OPN (shown in white) in
ACTA1 positive cardiomyocytes (shown in red) is visible in the failing transplanted
hearts. Shown are representative fluorescence images from scanner microscope.
Scale bar = 20 µm.

FIGURE S2 | Nuclear OPN expression in failing native hearts of sepsis patients. In
3/3 sepsis patients undergoing a heart transplant, nuclear OPN (shown in white) in
ACTA1 positive cardiomyocytes (shown in red) is visible in the failing native hearts.
Shown are representative fluorescence images from scanner microscope. Scale
bar = 20 µm.

TABLE S1 | Clinical condition of three patients with sepsis at time of 1st heart
transplant. CAD: coronary artery disease.

REFERENCES
Almufleh, A., Al-Ahwal, M., Hamour, O., Wagner, R., Zhang, L., and Mielniczuk,

L. M. (2020). Biomarker discovery in cardiac allograft vasculopathy using
targeted aptamer proteomics. Clin. Transplant. 34:e13765.

Aranda, J. M., and Hill, J. (2000). Cardiac transplant vasculopathy. Chest 118,
1792–1800. doi: 10.1378/chest.118.6.1792

Castello, L. M., Raineri, D., Hoggard, R., Daryl, S., Long, P., Salmi, L., et al.
(2017). Osteopontin at the crossroads of inflammation and tumor progression.
Mediators Inflamm. 2017:4049098.

Chih, S., Chong, A. Y., Mielniczuk, L. M., Bhatt, D. L., and Beanlands, R. S. (2016).
Allograft vasculopathy: the achilles’ heel of heart transplantation. J. Am. Coll.
Cardiol. 68, 80–91.

Coculescu, B. I., Manole, G., Dinca, G. V., Coculescu, E. C., Berteanu, C., and
Stocheci, C. M. (2019). Osteopontin - a biomarker of disease, but also of
stage stratification of the functional myocardial contractile deficit by chronic
ischaemic heart disease. J. Enzyme. Inhib. Med. Chem. 34, 783–788. doi: 10.
1080/14756366.2019.1587418

Colvin-Adams, M., and Agnihotri, A. (2011). Cardiac allograft vasculopathy:
current knowledge and future direction. Clin. Transplant. 25, 175–184. doi:
10.1111/j.1399-0012.2010.01307.x

Cooper, L. T. (2013). Role of left ventricular biopsy in the management of heart
disease. Circulation 28, 1492–1494. doi: 10.1161/circulationaha.113.005395

Cunningham, K. S., Veinot, J. P., and Butany, J. (2006). An approach to
endomyocardial biopsy interpretation. J. Clin. Pathol. 59, 121–129. doi: 10.
1136/jcp.2005.026443

Goerler, H., Simon, A., and Gohrbandt, B. (2008). Cardiac retransplantation: is
it justified in times of critical donor organ shortage? Long-term single-center
experience. Eur. J. Cardiothorac. Surg. 34, 1185–1190. doi: 10.1016/j.ejcts.2008.
06.044

Gomaa, W., Al-Ahwal, M., Hamour, O., and Al-Maghrabi, J. (2013). Osteopontin
cytoplasmic immunoexpression is a predictor of poor disease-free survival in
thyroid cancer. J. Micros. Ultrastruct. 1, 8–16.

Graf, K., Do, Y. S., Moon, M. C., Harding, G. E., and Ashizawa, N.
(1997). Myocardial osteopontin expression is associated with left
ventricular hypertrophy. Circulation 96, 3063–3071. doi: 10.1161/01.cir.96.
9.3063

Hiemann, N. E., Wellnhofer, E., Al-Ahwal, M., Hamour, O., Watson, P., Knosalla,
C., et al. (2007). Prognostic impact of microvasculopathy on survival after heart

transplantation: evidence from 9713 endomyocardial biopsies. Circulation 116,
1274–1282. doi: 10.1161/circulationaha.106.647149

Irion, C. I., Parrish, K., John-Williams, K., Gultekin, S. H., and Shehadeh, L. A.
(2018). Osteopontin expression in cardiomyocytes is increased in pediatric
patients with sepsis or pneumonia. Front. Physiol. 9:1779. doi: 10.3389/fphys.
2018.01779

Jia, R., Liang, Y., and Chen, R. (2016). Osteopontin facilitates tumor metastasis
by regulating epithelial-mesenchymal plasticity. Cell Death Dis. 7:e2564. doi:
10.1038/cddis.2016.422

Johnson, M. R., Aaronson, K. D., Howlett, J. G., Khush, K. K., Teuteberg, J. J.,
Canter, C. E., et al. (2007). Heart retransplantation. Am. J. Transplant. 7,
2075–2081.

Junaid, A., Moon, M. C., Harding, G. E., and Zahradka, P. (2007). Osteopontin
localizes to the nucleus of 293 cells and associates with polo-like kinase-1. Am J
Physiol Cell Physiol. 292, C919–C926.

Khan, U. A., Williams, S. G., Fildes, J. E., and Shaw, S. M. (2009). The
pathophysiology of chronic graft failure in the cardiac transplant patient. Am.
J. Transplant. 9, 2211–2216. doi: 10.1111/j.1600-6143.2009.02807.x

Khush, K. K., Cherikh, W. S., Howlett, J. G., Khush, K. K., Teuteberg, J. J.,
Chambers, D. C., et al. (2019). The international thoracic organ transplant
registry of the international society for heart and lung transplantation: thirty-
sixth adult heart transplantation report focus theme: donor and recipient size
match. J. Heart Lung. Transplant. 38, 1056–1066. doi: 10.1016/j.healun.2019.
08.004

Li, J., Yousefi, K., Ding, W., Singh, J., and Shehadeh, L. A. (2017).
Osteopontin RNA aptamer can prevent and reverse pressure overload-
induced heart failure. Cardiovasc. Res. 113, 633–643. doi: 10.1093/cvr/
cvx016

Lund, L. H., Edwards, L. B., and Kucheryavaya, A. Y. (2014). The registry
of the international society for heart and lung transplantation: thirty-first
official adult heart transplant report–2014; focus theme: retransplantation.
J. Heart Lung. Transplant. 33, 996–1008. doi: 10.1016/j.healun.2014.
08.003

Lund, S. A., Giachelli, C. M., and Scatena, M. (2009). The role of osteopontin
in inflammatory processes. J. Cell Commun. Signal. 3, 311–322. doi: 10.1007/
s12079-009-0068-0

Mehra, M. R., Uber, P. A., Potluri, S., Ventura, H. O., Scott, R. L., and
Park, M. H. (2004). Usefulness of an elevated B-type natriuretic peptide to
predict allograft failure, cardiac allograft vasculopathy, and survival after heart

Frontiers in Physiology | www.frontiersin.org 10 August 2020 | Volume 11 | Article 928

https://www.frontiersin.org/articles/10.3389/fphys.2020.00928/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphys.2020.00928/full#supplementary-material
https://doi.org/10.1378/chest.118.6.1792
https://doi.org/10.1080/14756366.2019.1587418
https://doi.org/10.1080/14756366.2019.1587418
https://doi.org/10.1111/j.1399-0012.2010.01307.x
https://doi.org/10.1111/j.1399-0012.2010.01307.x
https://doi.org/10.1161/circulationaha.113.005395
https://doi.org/10.1136/jcp.2005.026443
https://doi.org/10.1136/jcp.2005.026443
https://doi.org/10.1016/j.ejcts.2008.06.044
https://doi.org/10.1016/j.ejcts.2008.06.044
https://doi.org/10.1161/01.cir.96.9.3063
https://doi.org/10.1161/01.cir.96.9.3063
https://doi.org/10.1161/circulationaha.106.647149
https://doi.org/10.3389/fphys.2018.01779
https://doi.org/10.3389/fphys.2018.01779
https://doi.org/10.1038/cddis.2016.422
https://doi.org/10.1038/cddis.2016.422
https://doi.org/10.1111/j.1600-6143.2009.02807.x
https://doi.org/10.1016/j.healun.2019.08.004
https://doi.org/10.1016/j.healun.2019.08.004
https://doi.org/10.1093/cvr/cvx016
https://doi.org/10.1093/cvr/cvx016
https://doi.org/10.1016/j.healun.2014.08.003
https://doi.org/10.1016/j.healun.2014.08.003
https://doi.org/10.1007/s12079-009-0068-0
https://doi.org/10.1007/s12079-009-0068-0
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-11-00928 August 11, 2020 Time: 19:13 # 11

Irion et al. Nuclear OPN in Failing Hearts

transplantation. Am. J. Cardiol. 94, 454–458. doi: 10.1016/j.amjcard.2004.
04.060

Miller, R. J. H., Clarke, B. A., Howlett, J. G., Khush, K. K., Teuteberg, J. J., and
Haddad, F. (2019). Outcomes in patients undergoing cardiac retransplantation:
a propensity matched cohort analysis of the UNOS Registry. J. Heart Lung
Transplant. 38, 1067–1074. doi: 10.1016/j.healun.2019.07.001

Neumann, A., Napp, L. C., and Kleeberger, J. A. (2017). MicroRNA 628-5p as
a novel biomarker for cardiac allograft vasculopathy. Transplantation 101,
e26–e33. doi: 10.1097/tp.0000000000001477

Ramzy, D., Rao, V., Brahm, J., Miriuka, S., Delgado, D., and Ross, H. J. (2005).
Cardiac allograft vasculopathy: a review. Can. J. Surg. 48, 319–327.

Singh, M., Dalal, S., and Singh, K. (2014). Osteopontin: at the cross-roads of
myocyte survival and myocardial function. Life Sci. 118, 1–6. doi: 10.1016/j.
lfs.2014.09.014

Singh, N., Van Craeyveld, E., and Tjwa, M. (2012). Circulating apoptotic endothelial
cells and apoptotic endothelial microparticles independently predict the
presence of cardiac allograft vasculopathy. J. Am. Coll. Cardiol. 60, 324–331.
doi: 10.1016/j.jacc.2012.02.065

Stawowy, P., Blaschke, F., Ghao, L., and Pfautsch, P. (2002). Increased myocardial
expression of osteopontin in patients with advanced heart failure. Eur. J. Heart
Fail. 4, 139–146. doi: 10.1016/s1388-9842(01)00237-9

Stehlik, J., Kobashigawa, J., Hunt, S. A., Reichenspurner, H., and Kirklin, J. K.
(2018). Honoring 50 years of clinical heart transplantation in circulation:

in-depth state-of-the-art review. Circulation 137, 71–87. doi: 10.1161/
circulationaha.117.029753

Strecker, T., Rosch, J., Weyand, M., and Agaimy, A. (2013). Endomyocardial biopsy
for monitoring heart transplant patients: 11-years-experience at a german heart
center. Int. J. Clin. Exp. Pathol. 6, 55–65.

Trueblood, N. A., Xie, Z., and Communal, C. (2001). Exaggerated left ventricular
dilation and reduced collagen deposition after myocardial infarction in mice
lacking osteopontin. Circ. Res. 88, 1080–1087. doi: 10.1161/hh1001.090842

Yousefi, K., Irion, C. I., and Takeuchi, L. M. (2019). Osteopontin promotes left
ventricular diastolic dysfunction through a mitochondrial pathway. J. Am. Coll.
Cardiol. 73, 2705–2718. doi: 10.1016/j.jacc.2019.02.074

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Irion, Dunkley, John-Williams, Condor Capcha, Shehadeh, Pinto,
Loebe, Webster, Brozzi and Shehadeh. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Physiology | www.frontiersin.org 11 August 2020 | Volume 11 | Article 928

https://doi.org/10.1016/j.amjcard.2004.04.060
https://doi.org/10.1016/j.amjcard.2004.04.060
https://doi.org/10.1016/j.healun.2019.07.001
https://doi.org/10.1097/tp.0000000000001477
https://doi.org/10.1016/j.lfs.2014.09.014
https://doi.org/10.1016/j.lfs.2014.09.014
https://doi.org/10.1016/j.jacc.2012.02.065
https://doi.org/10.1016/s1388-9842(01)00237-9
https://doi.org/10.1161/circulationaha.117.029753
https://doi.org/10.1161/circulationaha.117.029753
https://doi.org/10.1161/hh1001.090842
https://doi.org/10.1016/j.jacc.2019.02.074
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

	Nuclear Osteopontin Is a Marker of Advanced Heart Failure and Cardiac Allograft Vasculopathy: Evidence From Transplant and Retransplant Hearts
	Introduction
	Materials and Methods
	Myocardial Tissue Samples
	Immunofluorescence Staining, Image Acquisition, and Statistical Analyses

	Results
	Discussion
	Limitations

	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


