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The PD-1/PD-L1 pathway is involved in ACR regulation in human cardiac allografts. Increased PD-L1 expression during ACR
CONCLUSION may represent a counteractive mechanism to limit alloimmune-mediated tissue injury, supporting PD-1/PD-L1 as a potential
therapeutic target in heart TPL recipients.
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Background: Acute cellular rejection (ACR) following heart transplantation (TPL) compromises graft function and survival. The programmed cell
death-1 (PD-1)/PD-1 ligand-1 (PD-L1) pathway represents an immune checkpoint that maintains peripheral immune tolerance, but its expres-
sion and significance in human cardiac allografts with ACR remain unclear. Thus, we investigated PD-1/PD-L1 expression in endomyocardial bi-
opsies from heart TPL recipients to clarify the role of this pathway in the ACR of human cardiac allografts and explore the potential of therapeutic
modulation of PD-1/PD-L1 in this setting. Methods: Endomyocardial biopsies of 78 patients with heart TPL were subjected to immunohisto-
chemistry for PD-L1, PD-1, CD4, and CD8. PD-L1 expression and quantities of PD-17, CD4", and CD8" infiltrating lymphocytes were evaluated ac-
cording to clinicopathological features, ACR presence, and clinical outcomes. Results: Allografts with high-grade ACR (International Society for
Heart and Lung Transplantation grades 2R and 3R) demonstrated markedly higher PD-L1 expression than did those without ACR (62.5% vs.
16.1%, p < .001). PD-L1 expression was positively associated with CD4* lymphocyte infiltration (p = .025), whereas CD8 and PD-1" lymphocyte
counts were higher in PD-L1-positive allografts without reaching statistical significance (p = .059 and p = .390, respectively). Serial biopsies re-
vealed that PD-L1 expression was upregulated in patients with high-grade ACR compared with that in previous non-ACR tissues, and follow-up
biopsies were performed after ACR resolution. Conclusions: The PD-1/PD-L1 pathway is involved in ACR regulation in human cardiac allografts.
Increased PD-L1 expression during ACR may represent a counteractive mechanism to limit alloimmune-mediated tissue injury, supporting
PD-1/PD-L1 as a potential therapeutic target in heart TPL recipients.
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INTRODUCTION

Heart transplantation (TPL) is the only treatment of choice
for prolonging the survival and quality of life of patients with
severe heart failure [1]. Despite advances in immunosuppres-
sive therapy, acute cellular rejection (ACR) continues to impair
long-term graft survival. According to the International Society
for Heart and Lung Transplantation (ISHLT) registry, ACR ac-

counts for approximately 11% of heart transplant deaths in the
first 3 years post-TPL [2], usually occurring within the first year
(often in the first 6 months post-TPL) and affecting 20%-40%
of recipients, with each episode predisposing to graft dysfunc-
tion and failure [3,4]. The gold standard for ACR diagnosis is
histopathological grading of endomyocardial biopsy (EMB) for
lymphocytic infiltration and myocyte injury. Routine EMB sur-
veillance, as per ISHLT guidelines, enables early detection and
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management of rejection [5-8].

ACR arises from the recipient T-cell recognition of donor
alloantigens. T-lymphocytes orchestrate allograft injury via an-
tigen-specific activation and costimulatory signaling. Critically,
co-inhibitory immune checkpoints temper T-cell activation
to maintain peripheral tolerance and prevent excessive tissue
damage [9,10]. Among these, the programmed cell death-1
(PD-1) receptor and its ligand programmed death-ligand 1
(PD-L1; also known as B7-H1) constitute a key inhibitory path-
way activated during chronic antigen exposure. Engagement of
PD-1 on T cells by PD-L1, expressed on antigen-presenting and
parenchymal cells, attenuates effector T cell responses and helps
preserve transplant tolerance [11,12]. Notably, this pathway is
utilized by cancer and chronic viruses to evade immunity. Con-
versely, PD-1/PD-L1 blockade therapies restore T-cell activity
in oncology [11,12]. In TPL models, PD-1/PD-LI interactions
are essential for alloimmune response downregulation and graft
survival promotion [13,14]. For instance, PD-L1 expression
critically modulates immune responses, contributing to cardiac
allograft tolerance in mice and regulating CD8" T cell-medi-
ated injury in the heart [15,16]. In humans, PD-L1 expression
correlates with biopsy-proven ACR severity and rejection risk
[17,18]. Moreover, blocking PD-1 and augmenting its signaling
(e.g., with PD-L1.Ig fusion proteins) accelerate rejection and
prolong allograft survival, respectively [19,20]. PD-1-deficient
mice developed severe myocarditis and rapidly rejected cardiac
allografts, underscoring the protective role of PD-1 [21]. Nota-
bly, patients with solid organ transplants who receive anti-PD-1
cancer therapy manifest acute T cell-mediated graft rejection,
highlighting the PD-1/PD-L1 axis as a pivotal mediator of al-
lograft tolerance in humans [22].

Nonetheless, until recently, PD-1/PD-L1 involvement in hu-
man cardiac allograft rejection was not well characterized [23].
Emerging clinical evidence indicates that PD-L1 expression is
induced in cardiac allografts during ACR [18]. In a recent study
on heart transplant recipients, PD-L1 was upregulated in car-
diomyocytes in proportion to ACR severity [18], suggesting an
intrinsic counter-regulatory mechanism; nevertheless, PD-L1
upregulation alone may not fully prevent allograft damage [24].
While characterization of PD-1/PD-L1 expression in human
cardiac allografts has begun in other populations, a comprehen-
sive understanding of PD-1/PD-L1 status and its precise cor-
relation with rejection severity—particularly within specific co-
horts such as East Asians—remains largely unknown. Thus, we

investigated PD-1 and PD-L1 expression in EMB samples from
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heart TPL patients, aiming to clarify the role of this checkpoint
pathway in the ACR of human cardiac allografts and to explore
the potential of therapeutic modulation of PD-1/PD-L1 in this
setting.

MATERIALS AND METHODS

Patients

Overall, 78 patients who underwent heart TPL and were fol-
lowed up at Seoul National University Hospital (SNUH; Seoul,
Republic of Korea) between March 2010 and May 2015 were
included in this study to evaluate their treatment response and
long-term survival. Acute rejection routine surveillance was
performed in all patients for at least 1 year by protocol EMBs.
Briefly, patients were monitored at the cardiac center for the
first 2 weeks following TPL and followed up with routine clin-
ical visits every 3 months for 1-year post-TPL. Protocol EMBs
were performed 10 days after TPL with subsequent biopsies,
depending on whether the steroids were to be weaned off or re-
duced to a maintenance dose. Clinical data were obtained from
the medical records, and all EMB pathological materials were

reviewed.

Histological EMB evaluation

Histology-based rejection grading for cardiac allografts was
performed according to the 2004 ISHLT guidelines [8] as fol-
lows: (1) grade OR, no rejection; (2) grade 1R, mild rejection—
interstitial and/or perivascular infiltrate with up to 1 focus of
myocyte injury; (3) grade 2R, moderate rejection—two or more
foci of infiltrate with associated myocyte injury; and (4) grade
3R, severe rejection—a diffuse process of myocyte injury in
which distinct foci are difficult to delineate. The most severe
grade observed across multiple sections was recorded as the
ACR grade of the cardiac allograft. In clinical practice, ISHLT
grades 2R and 3R are considered high-grade ACR and require
treatment [8]. Thus, in this study, the correlation between ACR
and clinicopathological features was compared between pa-
tients with grades OR/1R and those with grades 2R/3R.

Immunohistochemistry

Immunohistochemistry (IHC) was performed using a rabbit
anti-PD-L1 (E1L3N) XP monoclonal antibody (mAb) (Cell
Signaling Technology, Danvers, MA, USA), a mouse anti-
PD-1 mAb (clone MRQ-22, Cell Marque, Rocklin, CA, USA),
a mouse anti-CD4 mAD (clone 4B12, Thermo Fisher Scientific,
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Rockford, IL, USA), and the Benchmark XT autostainer (Ven-
tana Medical Systems, Tucson, AZ, USA). IHC for CD8 (rabbit
IgG, clone SP16, Thermo Fisher Scientific) was performed
using a Bond-Max automated immunostainer (Leica Microsys-
tems, Melbourne, Australia). All EMB tissues were subjected
to PD-L1 expression immunohistochemical analysis. IHC for
PD-1, CD4, and CD8 was performed on EMB samples, demon-
strating a grade 1R-3R ACR because ACR grade 0 EMB tissues
were infiltrated by few or no lymphocytes.

PD-L1 IHC was evaluated based on membranous and/or
cytoplasmic staining intensity and proportion in cardiac tissue,
including myocardiocytes, endothelial cells, and immune cells,
and scored as follows: 0, no staining; 1, weak intensity in any
proportion or moderate intensity in >5% of total area in EMB
tissue; 2, moderate intensity in >5% of total area in EMB tissue;
and 3, strong intensity in >5% of total area in EMB tissue. Pa-
tients with PD-L1 THC scores of 2 or 3 were considered positive
for PD-L1 expression. In addition, a PD-L1 H-score was calcu-
lated for each biopsy to capture the overall burden of PD-L1 ex-
pression. For this purpose, we estimated the percentage of PD-
L1-positive cells in the entire biopsy section (0%-100%) and
recorded the predominant staining intensity (0-3). The H-score
was then derived as intensity x percentage of positive cells,
yielding a value between 0 and 300. This continuous H-score
was used particularly to evaluate longitudinal changes in PD-L1

expression in serial biopsies.

CD4", CD8', and PD-1" lymphocyte enumeration

For each specimen, two representative high-power fields (HPFs,
400x magnification) were selected from the areas infiltrated by
the highest number of lymphocytes after examination of hema-
toxylin and eosin-stained slides under a microscope. Identical
areas were taken from CD4-, CD8, and PD-1 immunostained
slides, and CD4", CD8", and PD-1" lymphocytes were manually
counted. The data are presented as the mean number of cells
per HPE.

Statistical analysis

All statistical analyses were performed using the SPSS software
ver. 23 (IBM Corp., New York, NY, USA). Comparisons be-
tween variables were performed using the X’ test, Fisher’s exact
test, or Student’s t-test. Post-transplant survival (PS) was mea-
sured from the date of heart TPL to the date of death from any
cause. Survival analysis was performed using the Kaplan-Meier

method with the log-rank test. Two-sided p-values < .05 were
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considered statistically significant.

RESULTS

Patient characteristics

The characteristics of the patients with heart TPL are summa-
rized in Table 1. The median patient age was 54 years, ranging
from 6 to 76 years. Among others, the underlying diseases
leading to cardiac TPL included dilated cardiomyopathy (CMP;
n = 43), ischemic CMP (n = 16), congestive heart failure (n =

Table 1. Patient characteristics

Variable Value
Age (yr) 47.7 (6-76)
Pediatrics 14.(17.9)
Adult 64 (82.1)
Sex
Male 59 (75.6)
Female 19 (24.4)
Diagnosis
CHF 7 (9.0
Dilated CMP 43 (55.1)
Hypertrophic CMP 1(1.3)
Ischemic CMP 16 (20.5)
Restrictive CMP 2 (2.5)
Valvulopathy 2 (2.5)
Amyloidosis 4(5.2)
Myocarditis 1(1.3)
Endocarditis 1(1.3)
Heart anomaly 1(1.3)
Smoking
Never 53 (67.9)
Ever 25(32.1)
Diabetes mellitus
Absent 55(70.5)
Present 23 (29.5)
Ventilator
Not applied 76 (97.5)
Applied 2(2.5)
BMI (kg/m?) 209 (11.3-37.8)
Pre-operative EF (%) 25.3 (12-77)
Post-operative EF (%) 63.9 (49-77)
Ischemic time (min) 182.9 (59-283)
Pulmonary artery pressure (mmHg) 47.1 (25-84)

Values are presented as mean (range) or number (%).
CHF, chronic heart failure; CMP, cardiomyopathy; BMI, body mass index;
EF, ejection fraction.
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7), and amyloidosis (n = 4). The body mass index was 20.9 +
4.1 (mean + standard deviation [SD]), and 23 patients (29.5%)
exhibited diabetes mellitus. A ventilator was applied to two
patients before heart TPL. The ejection fraction measured 25.3
+12.1 and 63.9 £ 6.6 before and after heart TPL, respectively.
Total ischemic time and the pulmonary artery pressure before
heart TPL were 182.9 + 56.5 minutes and 47.1 + 14.1 mmHg,
respectively. The median follow-up duration for all patients was
124.5 months.

Correlation between ACR and clinical features

EMB histopathological evaluation revealed ACR grade OR, 1R,
2R, and 3R in 25 (32.0%), 37 (47.4%), 12 (15.5%), and four
(5.1%) of the 78 patients with heart TPL, respectively. ACR of
>grade 2R was observed in 20.6% (16/78) of the patients during
the follow-up period. The correlations between the clinical
features of the patients and a high-grade ACR are summarized
in Table 2. No clinical factors were significantly associated with
high-grade ACR in patients with cardiac TPL.

Analysis of PD-L1 expression and PD-1", CD4", and
CD8" lymphocytes according to ACR status
Representative IHC images of PD-L1, PD-1, CD4, and CD8 in
EMBs are displayed in Fig. 1. PD-L1-expressing cells in cardiac
allografts were mostly macrophages or endothelial cells at the
immune cell infiltration site in the myocardium. Additionally,
PD-L1 expression has been occasionally observed in cardio-
myocytes. Overall, PD-L1 expression in cardiac allografts was
positive in 25.6% (20/78) of patients with heart TPL. The num-
ber of PD-17, CD4", and CD8" cells per HPF, evaluated in 39 of
the 78 patients, excluding those with ACR grade OR, was 18.5 +
33.3,116.4 £ 117.8, and 105.2 + 89.2 (mean + SD), respectively.

The correlations between high-grade ACR and pathological
features, including PD-L1 expression and lymphocyte infiltra-
tion, are summarized in Table 2. EMB tissues with high-grade
ACR tended to be infiltrated by higher numbers of CD4" and
CD8" lymphocytes. Notably, patients with high-grade ACR
exhibited significantly higher PD-L1 expression than did those
without high-grade ACR (62.5% vs. 16.1%, p <.001).

The correlations between PD-L1 expression and the clini-
copathological features of patients with heart TPL are summa-
rized in Table 3. There was no significant association between
PD-L1 expression and clinical features. Conversely, EMB tissues
with PD-L1 positivity were infiltrated with a higher number of
CD4" and CD8" lymphocytes (p = .025 and p = .059, respective-
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ly) (Table 3). Moreover, the number of PD-1" lymphocytes was
higher in the PD-L1-positive group (35.6 + 58.7) than in the
PD-L1-negative group (14.8 £ 24.7), but did not reach statisti-
cal significance (p = .390) (Table 3). These findings suggest that
the PD-1/PD-L1 pathway may be involved in ACR in human
heart transplants.

PD-L1 expression evaluation in serial EMBs with ACR
in heart TPL

Serial EMB samples from patients who developed ACR of more
than grade 2R on follow-up were available in 13 patients (Table
4). In six patients, the H-score of PD-L1 expression in EMBs
increased in cardiac allografts after developing high-grade ACR
compared to that in previous EMB tissues without high-grade
ACR (Fig. 2). Conversely, five cases demonstrated no PD-L1
H-score differences in EMBs taken at the time without high-
grade ACR and at the time of high-grade ACR, and two cases
revealed a slight decrease in the PD-L1 H-scores in EMBs with
high-grade ACR compared to previous EMBs without ACR.
Overall, PD-L1 expression levels significantly increased in
EMBs with high-grade ACR compared with previous EMBs
without ACR (p =.001) (Fig. 2) and subsequently decreased in
follow-up EMBs after ACR subsided (Fig. 2).

Prognostic significance of PD-1/PD-L1 pathway status
in heart TPL

Univariate survival analysis revealed that no clinical factors
were associated with survival in patients with heart TPL. The
episodes of high-grade ACR, PD-L1 expression, and the num-
ber of PD-1%, CD4", or CD8" lymphocytes in the EMB tissues

were not associated with PS (Fig. 3).

DISCUSSION

To the best of our knowledge, this is the first study in East Asia
to examine PD-1 and PD-L1 expression in EMBs from heart
transplant recipients, including one of the largest cohorts (78
patients) reported to date on this topic [17,18,25]. PD-L1 was
significantly upregulated in human cardiac allografts during
high-grade ACR, with a concomitant increase in PD-1-positive
T lymphocyte infiltration, thereby suggesting that the PD-1/
PD-L1 immune checkpoint pathway is actively involved in
T-cell-mediated rejection regulation during heart TPL. In ad-
dition to prior work conducted primarily in non-East Asian

populations [17,18,25], our study provides additional data on

https://doi.org/10.4132/jptm.2026.01.02
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Table 2. Correlations between acute cellular rejection and clinical and pathological features including PD-1/PD-L1 status

High-grade acute cellular rejection’

Absent (n = 62) Present (n = 16) p-value
Age (yr)
<60 38(77.6) 1 (22.4) 773
>60 24 (82.8) 5(17.2)
Sex
Male 48 (81.4) 11 (18.6) .520
Female 14 (73.7) 5(26.3)
CAD
Absent 50 (79.4) 13 (20.6) >.99
Present 12 (80.0) 3(20.0)
Diabetes
Absent 45 (81.8) 10 (18.2) .540
Present 17 (73.9) 6(26.1)
Hypertension
Absent 45 (76.3) 14 (23.7) 330
Present 17 (89.5) 2 (10.5)
Smoking
Never 43 (81.1) 10 (18.9) 873
Ever 19 (76.0) 6 (24.0)
Ventilator
Not applied 60 (78.9) 16 (21.1) 334
Applied 2 (100) 0
Dialysis
Never 52 (77.6) 15 (22.4) 273
Ever 10 (90.9) 1(9.1)
Body mass index (kg/m?) 210+ 4.1 20.7 £ 4.2 828
Preoperative EF (%) 255+ 12.6 245+ 10.3 764
Postoperative EF (%) 64.1 £ 6.4 629+75 548
Ischemic time (min) 184.2 + 58.7 177.6 + 48.6 719
Pulmonary artery pressure (mmHg) 46.4 + 14.4 50.6 + 12.8 379
Post-transplant survival (mo) 32.6 £20.0 340+ 19.4 .806
PD-L1 expression
Negative 52 (89.7) 6 (10.3) <.001
Positive 10 (50.0) 10 (50.0)
PD-1+ lymphocytes (number/HPF) 11.3 £20.5 31.3+46.7 148
CD8+ lymphocytes (number/HPF) 89.8 +78.3 129.8 £ 102.3 175
CD4+ lymphocytes (number/HPF) 827 +724 170.5 £ 154.9 .054

Values are presented as number (%) or mean + SD.
PD-1, programmed cell death-1; PD-L1, programmed death-ligand 1; CAD, coronary artery disease; EF, ejection fraction; HPF, high power field; SD,

standard deviation.

*Cases with International Society for Heart and Lung Transplantation (ISHLT) grade 2R and 3R were considered to have high-grade acute cellular re-

jection.

PD-1/PD-L1 expression in an East Asian heart transplant co-

hort, including recipients with serially evaluated endomyocar-

dial biopsies.

This observation is consistent with evidence from various

https://doi.org/10.4132/jptm.2026.01.02

experimental models demonstrating that the PD-1/PD-L1 axis
is crucial for dampening alloimmune injury [13-16]. In murine
transplant models, the absence of PD-1 or PD-L1 accelerates

cardiac allograft rejection and severe myocarditis, demonstrat-
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Fig. 1. Representative immunohistochemical staining for programmed death-ligand 1 (PD-L1), programmed cell death-1 (PD-1), CD8, and
CD4 in endomyocardial biopsies after heart transplantation. (A) PD-L1-positive allograft showing membranous and cytoplasmic PD-L1
expression in cardiomyocytes (blue arrows), infiltrating immune cells (green arrows), and vascular endothelial cells (red arrows) in a biopsy
with acute cellular rejection. The panel on the right is a higher-magnification view of the boxed area. (B) PD-L1-negative allograft with
minimal PD-L1 staining. (C-E) Serial sections from a rejection biopsy demonstrating infiltrating PD-1" lymphocytes (C), CD8" T cells (D), and
CD4" T cells (E).

ing the important role of this pathway in maintaining peripher-
al tolerance [15,16,21]. Specifically, donor tissue-derived PD-L1
has been identified as a key mediator of graft acceptance, and
cardiac allografts in mice lacking PD-L1 on the parenchymal
cells, or specifically on the endothelium, experience more
aggressive T-cell infiltration and damage [16,21]. Moreover,
pro-inflammatory cytokines, such as interferon-y, can strongly
induce PD-L1 on graft cells, suggesting that the alloimmune
response itself induces this protective checkpoint upregulation
[16]. Accordingly, PD-1 signaling blockade exacerbates rejec-
tion in animal models, while augmenting the pathway (e.g.,
with PD-L1.Ig fusion proteins) leads to graft protection and
prolonged graft survival [19,20]. Collectively, these preclinical
findings support our human data and indicate that PD-L1 in-
duction in cardiac allografts functions as a counter-regulatory
mechanism to mitigate acute cellular rejection.

Unlike most previous studies that analyzed cross-sectional
biopsy samples, our study evaluated serial EMBs from individ-

ual patients before, during, and after rejection episodes. This
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longitudinal approach revealed that PD-L1 expression was
dynamically upregulated in allograft tissues early in high-grade
ACR development and declined after the rejection resolution,
paralleling PD-1 T-cell infiltration changes. Therefore, PD-L1
overexpression may be a transient adaptive mechanism that
suppresses T-cell-mediated tissue injury. Consistently, Choud-
hary et al. [18] reported that PD-L1 expression in transplanted
hearts correlated with rejection severity and decreased after
successful anti-rejection therapy. Furthermore, Peyster et al.
[17] found that patients who never experienced rejection had
higher baseline proportions of PD-L1" and FoxP3" cells in their
allografts than did those who developed ACR. Collectively,
these studies support the concept that PD-L1 contributes to an
immune-tolerant graft microenvironment, whereas diminished
PD-L1 expression may predispose patients to rejection.
Another unique aspect of our study is the compartmen-
tal analysis of PD-L1 expression within the allograft and the
quantitative assessment of PD-L1 on graft cardiomyocytes,

endothelial cells, and infiltrating immune cells. Through this

https://doi.org/10.4132/jptm.2026.01.02
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Table 3. Correlations between PD-L1 expression status and clinicopathological features

PD-L1 expression

Absent (n = 58) Present (n = 20) p-value
Age (yr)
<60 35(71.4) 14 (28.6) .593
>60 23 (79.3) 6(20.7)
Sex
Male 47 (79.7) 12 (20.3) 074
Female 11 (57.9) 8 (42.1)
CAD
Absent 49 (77.8) 14 (22.2) 192
Present 9 (60.0) 6 (40.0)
Diabetes
Absent 43 (78.2) 12 (21.8) .263
Present 15 (65.2) 8 (34.9)
Hypertension
Absent 42(71.2) 17 (28.8) .369
Present 16 (84.2) (15.8)
Smoking
Never 41 (77.4) 12 (22.6) 488
Ever 17 (68.0) (32.0)
Ventilator
Not applied 56 (73.7) 20 (26.3) 273
Applied 2 (100) 0
Dialysis
Never 50 (74.6) 17 (25.4) .894
Ever 8(72.7) 3(27.3)
Body mass index (kg/m?) 21.1+ 40 20.1 £ 49 480
Preoperative EF (%) 259+ 125 214 +88 282
Postoperative EF (%) 63.7 £ 6.8 65.3 £ 49 521
Ischemic time (min) 183.9 + 55.8 1769 + 63.7 733
Pulmonary artery pressure (mmHg) 460 £ 13.7 572 + 145 066
Post-transplant survival (mo) 315+ 192 424 +22.1 .104
PD-1+ lymphocytes (number/HPF) 14.8 +24.7 35.6 + 58.7 .390
CD8+ lymphocytes (number/HPF) 91.6 +76.4 158.0 + 119.2 .059
CD4+ lymphocytes (number/HPF) 95.3 + 105.2 198.4 + 135.4 025

Values are presented as number (%) or mean * SD.

PD-L1, programmed death-ligand 1; CAD, coronary artery disease; EF, ejection fraction; HPF, high power field; SD, standard deviation.

comprehensive approach, we found that all three compartments
upregulated PD-L1 during ACR, reflecting a concerted multi-
cellular checkpoint response within the cardiac graft, which is
consistent with the findings of Bracamonte-Baran et al. [25],
who demonstrated that PD-L1 expression in non-hematopoi-
etic cardiac cells (particularly in the endothelium) is crucial
for modulating T cell infiltration in heart transplants. In their

study, higher PD-L1 levels in graft endothelial cells were associ-

https://doi.org/10.4132/jptm.2026.01.02

ated with significantly reduced CD8" T-cell infiltrates, whereas
endothelial PD-L1 loss was associated with dense CD8" T-cell
infiltration and more severe rejection. Furthermore, in a mouse
model, they demonstrated that the lack of PD-L1 in cardi-
ac endothelial cells led to accelerated rejection, implicating
graft-expressed PD-L1 in the protection against alloimmune
injury. These results reinforce our human data and earlier mu-

rine evidence, underscoring the fact that PD-L1 upregulation
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Table 4. Changes of PD-L1 expression and ACR grade in serial biop-
sies of 13 heart transplant patients

Patient No. Prior rejection  Rejection  Post-rejection
1
ACR grade OR 2R OR
PD-L1 H-score 0 14 0
2
ACR grade 1R 2R 1R
PD-L1 H-score 0 0 0
3
ACR grade OR 2R OR
PD-L1 H-score 0 0 0
4
ACR grade OR 2R OR
PD-L1 H-score 0 5 0
5
ACR grade OR 2R OR
PD-L1 H-score 0 5 0
6
ACR grade OR 3R OR
PD-L1 H-score 5 50 0
7
ACR grade OR 2R OR
PD-L1 H-score 2 0 0
8
ACR grade OR 2R OR
PD-L1 H-score 0 6 0
9
ACR grade 1R 2R 1R
PD-L1 H-score 5 2
10
ACR grade 1R 2R 1R
PD-L1 H-score 0 0
1
ACR grade 2R 3R OR
PD-L1 H-score 3 15 0
12
ACR grade OR 2R 2R
PD-L1 H-score 0 0 0
13
ACR grade 1R 3R 2R
PD-L1 H-score 0 0 0

PD-L1, programmed death-ligand 1; ACR, acute cellular rejection;
H-score, histochemical score.

by grafted parenchymal cells actively suppresses alloreactive
T cells. Variability in the dominant site of PD-L1 expression

(endothelial vs. parenchymal) may explain differences in graft
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resilience to immune attacks.

Despite the overall trend of PD-L1 induction in rejection,
we observed heterogeneity. Among the 13 patients with serial
EMBs available, seven (five with no change and two with a
slight decrease) did not exhibit appreciable PD-L1 upregula-
tion at the time of high-grade ACR compared with their prior
EMBs. Notably, all these patients still responded to anti-re-
jection therapy and survived the episode, indicating that the
absence of PD-L1 upregulation did not preclude successful
rejection control. Therefore, when the PD-1/PD-L1 axis is not
engaged, alternative immune-regulatory pathways may com-
pensate; conversely, in some fulminant rejections, the immune
response may outpace PD-L1 induction. Indeed, prior trans-
plant biopsy analyses have reported that although PD-L1 is
frequently induced during rejection, its presence alone is not al-
ways sufficient to prevent ongoing tissue damage [16,18]. Thus,
PD-L1 likely functions as a multiple redundant checkpoint that
collectively modulates alloimmunity [23], implying that other
co-inhibitory receptors (e.g., cytotoxic T-lymphocyte-asso-
ciated protein 4, T-cell Immunoglobulin and Mucin-domain
containing protein 3, and lymphocyte-activation gene 3) may
be concurrently involved in restraining rejection, especially in
cases where PD-L1 expression remains low [23]. Our results
underscore this immune heterogeneity and the need to explore
additional inhibitory pathways in transplant rejection, as the
therapeutic targeting of PD-1/PD-L1 alone may not uniformly
prevent rejection in all settings.

In addition to this heterogeneity within cellular rejection, an-
other important consideration is antibody-mediated rejection
(AMR), which was beyond the scope of the present analysis. In
the present study, we focused on T cell-mediated acute cellular
rejection and did not specifically evaluate pathological or sero-
logical features of AMR. To our knowledge, human data direct-
ly linking PD-L1 expression to AMR in heart TPL are extreme-
ly limited. A small single-center pilot study that analyzed PD-
L1 expression in endomyocardial biopsies from patients with
AMR, ACR, and no rejection did not find a clear difference
in PD-L1 levels between rejection types, although cases with
overlapping AMR and ACR showed higher PD-L1 expression
and tended to exhibit faster histological resolution of rejection
[26]. These preliminary observations, together with prior work
mainly focused on cellular rejection and chronic allograft inju-
ry, underline the need for future studies that integrate PD-L1
assessment with detailed AMR phenotyping to clarify whether

PD-L1 plays a distinct role in humoral rejection.

https://doi.org/10.4132/jptm.2026.01.02
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Additional limitations of our study should be acknowledged.
In this study, immunostaining for PD-1, CD4, and CD8 was re-
stricted to EMBs with ACR grade >1R. Consequently, we could
not systematically quantify low-level baseline immune cell in-
filtration in grade OR allografts, and future work incorporating
these markers across all rejection grades, including OR, will be
needed to more fully define the spectrum of immune activation
within the cardiac allograft.

These findings carry potential clinical implications for graft
monitoring and risk stratification. As PD-L1 expression in
allografts correlates closely with rejection activity, it could be
investigated as a biomarker to aid in ACR diagnosis or pre-
diction. For instance, Novysedlak et al. [27] found that PD-L1
(combined with platelet endothelial cell adhesion molecule-1)
was significantly elevated in lung transplant biopsies with ACR
and proposed PD-L1 as a useful diagnostic marker for rejec-
tion. Similarly, in heart TPL, tracking PD-L1 levels in protocol
biopsies or even non-invasively via novel imaging modalities
might help identify patients at a higher rejection risk [28,29]. A
graft that fails to upregulate PD-L1 in the face of immune stress
or exhibits a PD-L1 expression abrupt decline may be more
susceptible to uncontrolled T-cell attack. This notion is corrob-
orated by the observation that patients whose allografts even-
tually experienced rejection tended to have lower baseline PD-
L1+ cell fractions and more pronounced CD8" T cell infiltrates,
whereas grafts maintaining high PD-L1 and plentiful regula-
tory immune cells were more likely to remain quiescent [17].
Incorporating PD-L1 assessment, potentially alongside other
immunoregulatory markers such as FoxP3, into post-transplant
surveillance may enhance subclinical rejection detection and
predict which patients are at the greatest risk for severe ACR.
The PD-L1 expression increase observed during ACR may rep-
resent a compensatory immunoregulatory response designed to
attenuate tissue-damaging lymphocyte activity, highlighting its
biological importance.

In our cohort with long-term follow-up (median 124.5
months), neither high-grade ACR, PD-L1 expression status,
nor the densities of PD-1%, CD8’, or CD4" lymphocytes were
significantly associated with all-cause post-TPL survival, indi-
cating that even after more than a decade of observation, these
immunological markers did not predict long-term outcomes;
specifically, their expression patterns likely reflect active im-
mune regulation during acute rejection rather than survival
determinants. The absence of an association may reflect the

effective rescue of rejection episodes with immunosuppression,
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mitigating long-term effects, and the influence of other factors,
such as cardiac allograft vasculopathy and infection, may out-
weigh the contribution of PD-L1-related immune regulation.
Taken together, these findings suggest that PD-L1 expression
should be interpreted primarily as a marker of ongoing immu-
nological counterresponses rather than as a prognostic bio-
marker for graft survival.

On the therapeutic front, our data and recent studies provide
a rationale for targeting the PD-1/PD-L1 pathway to promote
transplant tolerance [23,30]. Augmenting this checkpoint—
for example, using PD-1 agonists or strategies to boost PD-L1
expression in the graft—could reinforce the inherent protection
of the allograft against T-cell attacks. Experimental approaches,
such as PD-L1.Ig fusion proteins (soluble PD-1 agonists), have
already prolonged cardiac allograft survival in preclinical mod-
els [19], and methods to increase PD-L1 expression in donor
tissues via gene therapy or pharmacologic induction are being
explored [30]. Any such intervention must be balanced against
risks of oversuppression of the immune system (e.g., infection
or malignancy). Our findings highlight a cautionary note:
therapeutic blockade of the PD-1/PD-L1 axis, as employed in
cancer immunotherapy, may precipitate rejection in transplant
recipients. Indeed, documented cases demonstrate abrupt acute
rejection of transplanted organs in patients receiving PD-1
inhibitors for malignancy [22,31]; moreover, a recent pharma-
covigilance analysis further underscored this risk, reporting
a high incidence of allograft rejection following checkpoint
inhibitor therapy [32]. Collectively, these observations indicate
that intact PD-1/PD-L1 signaling is critical for maintaining
immune tolerance to transplanted organs in humans, because
disrupting this pathway can unleash alloreactive T-cell re-
sponses and precipitate rejection [22]. Thus, while modulating
the PD-1/PD-L1 pathway offers promising opportunities to
improve graft outcomes, caution is warranted in transplant pa-
tients.

Ultimately, elucidating the patterns and effects of PD-1/PD-
L1 signaling in heart transplantation provides a foundation
for improved rejection monitoring and the development of
targeted immunotherapies that enhance graft tolerance without

undue risk.
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