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Abstract

Transplant rejection remains a significant barrier to the long-term success of organ transplantation. Biopsy,

although considered the gold standard, is invasive, costly, and unsuitable for routine monitoring. Traditional biomarkers,
such as creatinine and troponin, offer limited predictive value owing to their low specificity, and conventional imaging
techniques often fail to detect early organ damage, increasing the risk of undiagnosed rejection episodes. Consider-
ing these limitations, emerging noninvasive biomarkers and molecular imaging techniques hold promise for the early
and accurate detection of transplant rejection, enabling personalized management strategies. This review highlights
noninvasive biomarkers that predict, diagnose, and assess transplant prognosis by reflecting graft injury, inflammation,
and immune responses. For example, donor-derived cell-free DNA (dd-cfDNA) is highly sensitive in detecting early graft
injury, whereas gene expression profiling effectively excludes moderate-to-severe acute rejection (AR). Additionally,
microRNA (miRNA) profiling enhances the diagnostic specificity for precise AR detection. Advanced molecular imaging
techniques further augment the monitoring of rejection. Fluorescence imaging provides a high spatiotemporal resolu-
tion for AR grading, ultrasound offers real-time and portable monitoring, and magnetic resonance delivers high tissue
contrast for anatomical assessments. Nuclear imaging modalities such as single photon emission computed tomog-
raphy and positron emission tomography, enable dynamic visualization of immune responses within transplanted
organs. Notably, dd-cfDNA and nuclear medicine imaging have already been integrated into clinical practice, thereby
demonstrating the translational potential of these techniques. Unlike previous reviews, this work uniquely synthesizes
advancements in both noninvasive biomarkers and molecular imaging, emphasizing their complementary strengths.
Biomarkers deliver molecular-level insights, whereas imaging provides spatial and temporal resolution. Together, they
Create a synergistic framework for comprehensive and precise transplant monitoring. By bridging these domains, this
review underscores their individual contributions and collective potential to enhance diagnostic accuracy, improve
patient outcomes, and guide future research and clinical applications in transplant medicine.
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Introduction

Organ transplantation remains the definitive therapeutic
option for end-stage organ failure. However, post-trans-
plant grafts are susceptible to immune-mediated injuries,
collectively referred to as transplant rejection [1, 2]. This
process is initiated when the recipient’s immune system
recognizes the allograft as foreign, triggering a series of
immune responses that can compromise graft function
and survival [3]. Transplant rejection is generally clas-
sified into three primary types: hyperacute, acute, and
chronic rejection [4]. Hyperacute rejection occurs within
minutes to hours after transplantation due to pre-existing
antibodies in the recipient’s bloodstream, often directed
against donor human leukocyte antigen (HLA) [5]. These
antibodies activate the complement cascade, leading to
endothelial damage, thrombosis, and ischemia, result-
ing in immediate graft failure. Acute rejection typically
develops within days to weeks after transplantation and
is primarily mediated by T lymphocytes [6]. CD4" helper
T cells and CD8* cytotoxic T cells recognize donor
antigens presented by the recipient’s major histocom-
patibility complex (MHC), initiating inflammatory and
cytotoxic responses that can damage the graft. Chronic
rejection is a slow, progressive process that develops over
months or years and is characterized by ongoing inflam-
mation, vascular damage, and fibrosis within the graft [7].
This form of rejection typically leads to irreversible dam-
age to the graft’s microvasculature and parenchymal cells,
eventually resulting in graft failure. Additionally, some
studies have identified subacute rejection, a less common
form that exhibits a mild yet progressive inflammatory
response, lying between acute and chronic rejection [8].
Understanding the pathophysiology and immunology
of these rejection types is critical for the development
of effective monitoring strategies and therapeutic inter-
ventions to improve long-term graft survival and patient
outcomes.

For the past five decades, monitoring transplant rejec-
tion has become a central focus in the field of transplan-
tation, with the aim of accurately diagnosing various
types of rejection and enabling timely and effective inter-
vention [9]. The classic diagnosis of transplant rejection
relies on clinical assessment and biopsy, while biomark-
ers and imaging techniques are adjunctive tools for iden-
tifying graft damage. Organ biopsy remains the gold
standard for diagnosing transplant rejection, as it enables
direct tissue examination. However, this invasive pro-
cedure is uncomfortable and inconvenient for patients
and carries the risk of complications, such as a 3.5% inci-
dence of gross hematuria following kidney biopsy [10].
Furthermore, biopsies are expensive, time-consuming,
and subject to bias and subjectivity [11]. Traditional bio-
markers such as creatinine (Cr) and blood urea nitrogen
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are commonly used to assess graft function, particularly
for kidney transplants. While these biomarkers provide
some information on graft function, they lack specific-
ity for transplant rejection and may be influenced by
factors unrelated to immune-mediated injury, such as
dehydration or drug toxicity [12]. Conventional imag-
ing techniques can help identify structural changes in
the graft and blood flow alterations [13]. However, these
methods often fail to detect early rejection events or
subtle changes in graft function and may not accurately
reflect the underlying immunological processes. Some
imaging examinations are invasive, such as angiogra-
phy, which is often required to assess the prognosis after
heart transplantation and provides limited information
on arterial wall thickness. [14] Moreover, current thera-
peutic approaches, such as immunosuppressive drugs,
carry risks of side effects and long-term complications
[15]. These treatments help reduce rejection, but diag-
nostic limitations may delay intervention, emphasizing
the need for more precise and less invasive monitoring
tools. Therefore, it is crucial to continuously develop and
validate methods for monitoring rejection responses to
effectively assess graft status and improve patient prog-
nosis. In particular, noninvasive techniques that are safer
and more efficient than biopsies, hold the potential to
offer patients less harm and greater benefits, demonstrat-
ing significant promise in the monitoring of rejection
responses.

In recent vyears, significant advancements have
been made in noninvasive monitoring of transplant
rejection. An increasing number of biomarkers have
undergone clinical validation, providing methods to
monitor dynamic immune changes and quantify graft
injury, thereby facilitating timely clinical intervention
[16]. An ideal biomarker would serve as a surrogate end-
point, accurately reflecting disease progression or trans-
plant rejection, and should be readily accessible [17].
Biomarkers in transplant monitoring are often catego-
rized as predictive, diagnostic, or prognostic. Predictive
biomarkers help predict a patient’s response to specific
interventions, diagnostic biomarkers are used to detect
or confirm the presence of disease, and prognostic bio-
markers provide insights into long-term outcomes, such
as organ survival and function. In the context of moni-
toring transplant rejection, emerging biomarkers hold
significant value in multiple aspects [18]. For example,
cell-free DNA (cfDNA) can be used both to predict rejec-
tion and to diagnose acute cellular rejection (ACR) and
antibody-mediated rejection (AMR) at an early stage
[19]. microRNA (miRNA) is valuable in all aspects of
predicting transplant rejection, diagnosing rejection,
and assessing graft prognosis. The development of reli-
able, multi-purpose biomarkers holds great promise for
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Scheme 1 Strategies for monitoring rejection of organ transplantation

improving the ability of clinicians to monitor transplant
rejection and predict patient outcomes more accurately.

On the other hand, breakthroughs in molecular imag-
ing technologies have transformed traditional imaging
methods, enabling early detection of rejection events and
real-time monitoring of pathological changes in trans-
planted organs. Molecular imaging techniques enable
noninvasive, quantitative assessments of physiological or
pathological processes using specific molecular probes,
such as targeted fluorescent dyes, antibody- or peptide-
functionalized microbubbles, and antibody-modified
iron oxide nanoparticles. These probes offer high speci-
ficity and sensitivity for transplant targets, making them
invaluable tools in precision medicine for tailoring per-
sonalized therapies to individual patient and disease pro-
files [20]. While biomarkers have been widely used in
clinical practice to assess transplant injury, and the appli-
cation of molecular imaging-primarily involving animal
models-remains largely preclinical.
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This review focuses on the clinical applications of bio-
markers and the preclinical development of molecular
imaging, emphasizing their potential for future clinical
translation as noninvasive monitoring tools for trans-
plant rejection. We aimed to provide a thorough analysis
of the latest advancements in noninvasive monitoring of
transplant rejection, concentrating on two main areas:
(1) recent biomarkers identified through clinical studies
and (2) immune monitoring strategies utilizing intravital
imaging modalities in preclinical research (Scheme 1).
We also discuss their respective strengths, limitations,
and challenges in clinical translation.

Noninvasive biomarkers for monitoring organ
transplant rejection

According to the National Institutes of Health (NIH), a
biomarker is defined as "a characteristic that is objec-
tively measured and evaluated as an indicator of nor-
mal biological processes, pathogenic processes, or
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pharmacological responses to a therapeutic intervention”
[21]. In the context of organ transplantation, although
there are numerous potential biomarkers available, non-
invasive monitoring typically relies on two primary sub-
strates: urine and blood, rather than direct analysis of the
transplant tissue itself [22]. These substrates provide a
practical and less invasive means of evaluating the status
of transplanted organs.

Modern biomarker research is increasingly incorporat-
ing data from multiple platforms, such as genotype analy-
sis of single nucleotide polymorphisms (SNPs), epigenetic
studies, miRNA profiling, and assessments of proteins,
peptides, antibodies and metabolites [23]. Among these,
metabolite analysis, such as blood or urine Cr levels post-
transplant, is well-studied but often lacks the necessary
sensitivity and specificity for accurate rejection detec-
tion. On the other hand, genetic and proteomic biomark-
ers, including nucleic acids and cytokines, have shown
great promise due to their ability to provide comprehen-
sive genetic information and reflect the dynamic immune
processes involved in transplant rejection [24]. Despite
this potential, most biomarkers are far from clinical use
and lack robust studies on their performance for moni-
toring transplant rejection [25]. Therefore, rather than
including all candidate biomarkers, our review focuses on
those biomarkers that have gained recognition in clini-
cal practice or are nearing clinical application, particu-
larly highlighting cutting-edge research from the past five
years. These biomarkers are particularly valuable because
of their potential to detect early signs of rejection and
guide clinical decision-making. To differentiate the
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complex biomarkers, we categorized them as pre-trans-
plant biomarkers, post-transplant biomarkers reflecting
graft injury, and post-transplant biomarkers indicating
inflammation and immune processes (Fig. 1).

Pre-transplant biomarkers

Pre-transplant risk assessment is a crucial step in evalu-
ating candidates for solid organ transplantation. The
primary objective is to identify potential risk factors
that may affect the patient’s post-transplant outcomes,
including the risks of rejection, infection, and other
complications. The primary task at this stage is to assess
immunological compatibility prior to transplantation,
and the biomarkers directly related to this assessment
are human leukocyte antigen (HLA) and preformed
donor-specific antibodies (DSA). The human major his-
tocompatibility complex (MHC) is a gene region located
on the short arm of chromosome 6 (6p21) that spans
approximately 3.6 million base pairs. MHC encodes
a family of genes known as HLA, which play a cru-
cial role in immune defense, particularly in recognizing
and combating foreign pathogens and in tumor surveil-
lance. Pre-transplant HLA matching between donor and
recipient remains one of the most reliable biomarkers
for predicting transplant outcomes [26]. Enhanced HLA
compatibility is associated with lower rejection rates,
improved transplantation success, and longer graft sur-
vival [27]. Preformed donor-specific antibodies (DSA)
are antibodies present in the recipient’s immune system
prior to organ transplantation, typically formed through
prior sensitization events such as previous transplants,
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blood transfusions, or pregnancies. Hyperacute rejection
occurs rapidly, and if preformed DSA is present, it often
leads to immediate and irreversible graft loss. Therefore,
screening for DSA, such as crossmatch testing, is essen-
tial before transplantation.

In addition to the HLA system, recent studies have
indicated that pre-transplant inflammatory biomarkers
have a predictive value for graft damage. In kidney trans-
plantation, elevated levels of growth differentiation fac-
tor-15, IL-6, and MIG/CXCL9 prior to transplantation
can predict post-transplant death with a functioning allo-
graft [28]. This finding offers significant potential for the
risk stratification and management of kidney transplant
patients. A higher pre-transplant count of CD16* mono-
cytes count was significantly associated with an increased
risk of acute rejection following kidney transplanta-
tion. Furthermore, the monocyte/macrophage lineage
cells play a crucial role in the pathogenesis of rejection.
A higher pre-transplant count of CD16" monocytes is
significantly associated with an increased risk of acute
rejection following kidney transplantation [29]. The
pre-transplant critical threshold of 23.5/uL for CD16"
monocytes may achieve 90% sensitivity in identifying
individuals at risk of rejection.

Another source of pre-transplant biomarkers is the
perfusion fluid, which can serve as predictive factors
for assessing graft quality and prognosis. These include
proteins released upon cell lysis, such as lactate dehy-
drogenases, glutathione S-Transferases, extracellular
histones, and fatty acid binding proteins, as well as pro-
teins secreted during hypothermic machine perfusion
ischemia, like neutrophil gelatinase-associated lipocalins,
matrix metalloproteinases, kidney injury molecule-1, and
Interleukin-18 (IL-18) [30]. However, these biomarkers
often lack tissue specificity and are influenced by stor-
age temperature, raising questions regarding their value
as predictive factors for short- or long-term transplant
outcomes.

Post-transplant biomarkers reflecting graft injury
Post-transplant biomarkers that reflect graft injury play
a crucial role in monitoring the health of transplanted
organs. These biomarkers provide insights into the physi-
ological status of the graft, indicating whether it is expe-
riencing damage owing to rejection, ischemia, or other
complications. Commonly studied biomarkers include
cfDNA, de novo donor-specific antibodies (dAnDSAs) and
biomarkers of organ/tissue-specific injuries.

cfDNA

cfDNA was first identified by Mandel and Metais in 1948
as DNA fragments released into the bloodstream from
cells undergoing apoptosis or necrosis [31]. Initially,
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cfDNA was initially utilized in prenatal diagnostics and
cancer detection because of its presence in the blood fol-
lowing cell death [32]. A key advancement in the field of
transplantation is the ability to distinguish donor-derived
cfDNA (dd-cfDNA) from recipient-derived cfDNA.
Donor cells in the allograft degrade and release dd-
cfDNA into the bloodstream. These fragments typically
range from 120 to 160 bp. Under normal conditions, dd-
cfDNA constitutes a minor fraction of the total cfDNA
in the recipient’s blood but rises significantly during epi-
sodes of allograft injury.

Currently, dd-cfDNA is one of the most extensively
researched biomarkers for monitoring solid organ
transplantation [33]. De Vlaminck et al. reported that
dd-cfDNA levels peaked at 3.8% one day after heart
transplantation and gradually decreased to less than 1%
by day seven [34]. A landmark study by Aubert et al. ana-
lyzed cfDNA levels in over 2000 kidney transplant recipi-
ents across 14 centers in Europe and America, revealing
a strong correlation between increased dd-cfDNA levels
and the presence, activity, and severity of kidney trans-
plant rejection [35]. Another longitudinal study assessing
the clinical outcomes of dd-cfDNA in kidney allograft
transplantation demonstrated that for every 1% increase
in dd-cfDNA levels, the rejection risk increased by 3.3
times, with an overall rejection risk ratio of 1.89 [36]. This
suggests that dd-cfDNA can enhance rejection detection
accuracy compared to standard monitoring practices.

In comparison to patients with non-rejection biopsies,
dd-cfDNA levels were elevated up to five months prior to
biopsy-confirmed AMR and two months prior to biopsy-
confirmed ACR [37]. Moreover, due to its short half-life,
cfDNA quickly returns to baseline levels following suc-
cessful rejection treatment, making it a valuable tool for
evaluating post-transplant therapeutic efficacy [38]. The
baseline level of dd-cfDNA in the recipient’s blood rep-
resents a stable value following the initial peak caused by
surgical trauma after transplantation. Due to differences
in cell quantity within the graft tissue, baseline levels
of dd-cfDNA are higher after liver and lung transplants
than after kidney and heart transplants [39]. Generally,
dd-cfDNA returns to baseline within 1 to 2 weeks for
liver, kidney, and heart transplants, while the recovery for
lung and pancreas transplants is slower [40].

Notably, dd-cfDNA levels correlated with the types
and severity of graft injury. dd-cfDNA levels were
higher in AMR (median 2.9%) than in T-cell mediated
rejection (TCMR, median 1.2%) and non-rejection
cases (median 0.3%), likely due to more extensive cel-
lular necrosis associated with AMR [41]. Further-
more, differences in dd-cfDNA levels were observed
among patients with varying severities of AR. For
instance, after liver transplantation, patients with mild,
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moderate, and severe acute rejection exhibited dd-
cfDNA levels of 9.1%, 12.1%, and 28.6%, respectively,
highlighting the significant potential of dd-cfDNA as a
biomarker [42].

Standardized testing for dd-cfDNA is now used to
monitor rejection in heart and kidney transplant recipi-
ents [43]. One of the most advanced techniques for ana-
lyzing cfDNA is next-generation sequencing (NGS),
which offers a comprehensive analysis of genetic infor-
mation, including SNPs, from blood samples. In 2013,
the American College of Medical Genetics and Genom-
ics (ACMQG) first released guidelines for NGS testing
laboratories. Since 2017, NGS-based commercial diag-
nostic methods such as AlloSure and Prospera have
been launched in the United States, marking the growing
maturity and availability of advanced NGS technologies
in developed countries. These tests have been extensively
supported by clinical research, which has demonstrated
their utility in detecting graft injury and rejection in
a variety of organ transplant settings [44]. A 2019 mul-
ticenter study by Khush et al. validated the use of dd-
cfDNA for detecting ACR and AMR in heart transplant
patients [45]. This study, using targeted NGS, reported
an area under the curve (AUC) of 0.64, with a negative
predictive value (NPV) of 97.1% and a positive predictive
value (PPV) of 8.9%.

However, while NGS is widely used, its high costs and
lengthy analysis times present challenges for broader
applications [46]. NGS testing requires expensive
sequencing equipment and reagents. Additionally, the
large volume of data generated by NGS requires signifi-
cant computational resources for storage and analysis.
To overcome these limitations, Sorbini et al. developed
a digital droplet PCR (ddPCR) method based on HLA-
DRB1 donor-recipient mismatches [47]. ddPCR is a high-
throughput, specific, and sensitive detection method that
is ideal for c¢fDNA, which has a short half-life, low con-
centration, and complex background [48]. Particularly,
droplet microfluidics technology has enabled efficient
and monodisperse droplet generation, making ddPCR
devices more compact, user-friendly, and potentially
cost-effective. This method demonstrated a specificity of
70.8% and a sensitivity of 64.2% in differentiating acute
rejection from non-rejection, while also reducing costs
and improving patient acceptance. Additionally, ddPCR
can quantify cfDNA with a sensitivity ranging from
0.001 to 0.05%, highlighting its potential for "personal-
ized immunosuppression.” Not all institutions can afford
standard ddPCR systems, so that developing a simplified
nucleic acid extraction protocol is crucial. When inte-
grated into ddPCR devices, this protocol eliminates the
need for separate instruments, making low-cost, auto-
mated cfDNA detection more feasible. The clinical value
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of ddPCR and other cfDNA detection methods remains
underexplored and requires further validation [49].

Despite its widespread use as a "liquid biopsy" for
monitoring transplant rejection, dd-cfDNA has certain
limitations. It is not a specific biomarker for allograft
rejection but rather a marker of severe tissue damage,
with allograft rejection being the most common cause of
such damage [50]. While dd-cfDNA monitoring demon-
strates high AUC and NPV for AR, its PPV is relatively
low. Additionally, although dd-cfDNA is effective in dis-
tinguishing AMR, some studies have suggested that it is
less effective in differentiating ACR from non-rejection
in transplant recipients [51]. The fractional abundance
of dd-cfDNA may also be influenced by fluctuations in
recipient cfDNA levels due to factors such as infection or
physical activity.

Overall, dd-cfDNA demonstrates strong diagnostic
performance in detecting rejection reactions, with a high
NPV [52]. Its most notable advantages are early detection
and a quick return to baseline levels, while a drawback is
its susceptibility to false positives from other biological
factors. Thus, the continuous quantification of dd-cfDNA
is essential for cost-effective and personalized transplant
management. Future research should focus on establish-
ing precise dd-cfDNA thresholds for AR and developing
clinical guidelines for optimal monitoring.

dnDSA

Generally, dnDSAs arise more than three months after
transplantation in the context of insufficient immuno-
suppression [53]. Since current organ transplantation
practices usually mitigate the risk of pre-existing DSAs
through sensitive preoperative DSA testing, dnDSAs are
commonly associated with AMR after transplantation,
often manifesting as graft dysfunction and sometimes
occurring alongside or after TCMR [54].

In 2005, Tambur et al. demonstrated that the presence
of DSAs is linked to adverse outcomes following heart
transplantation [55]. Subsequently, it became increas-
ingly recognized that dnDSA are a major cause of chronic
graft deterioration in allo-transplantation. More than half
of long-term kidney transplant failures can be attributed
to dnDSA-mediated chronic rejection [56]. Furthermore,
approximately 30% of non-sensitized kidney transplant
recipients develop dnDSA within 10 years post-trans-
plant. Among those who develop dnDSA, around 40%
will experience graft failure within 5 years [57].

The presence of HLA antigen mismatches is a signifi-
cant risk factor for the development of dnDSAs, with the
most frequently detected antibodies targeting HLA-DQ
antigens. These antibodies are associated with poorer
graft survival and an increased sensitization post-trans-
plant. Recent advancements in detection technologies
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have significantly improved the accuracy of HLA typing
and the detection of DSA, thereby enhancing the sensi-
tivity and negative predictive value for diagnosing AMR
[58, 59]. Among these technologies, solid-phase mono-
clonal antibody bead assay, such as Luminex, offers sev-
eral key advantages over traditional ELISA methods. It
requires smaller volumes of both serum and reagents,
which reduces detection costs and increases efficiency.
Additionally, the high-throughput capability of the
Luminex technology makes it especially cost-effective
for large-scale applications, further strengthening its
clinical utility. This advancement enables early identifi-
cation of patients at risk for poor transplant outcomes,
thereby improving the potential for timely intervention
and better management [60]. The measurement of DSA
is routinely conducted in clinical practice, with a well-
established association with transplant outcomes, par-
ticularly in monitoring AMR. Currently, DSA testing is a
standard component of post-transplant care [61]. Regular
DSA testing not only aids in diagnosing rejection but also
serves as a tool for predicting the long-term success of
the transplant and patient survival.

Biomarkers of organ/tissue-specific injury

Biomarkers of organ/tissue-specific injury are molecular
indicators that reflect the response of specific organs or
tissues to damage or disease. These biomarkers can be
proteins, lipids, or metabolites, and their levels or pat-
terns change in response to changes in organ function or
tissue injury.

For example, in kidney transplantation, serum Cr
levels and specific urinary proteins (such as albumin,
B2-microglobulin, and N-acetyl-f-D-glucosaminidase)
are used as biomarkers to assess kidney injury [62]. Addi-
tionally, other urinary biomarkers, such as neutrophil
gelatinase-associated lipocalin (NGAL) and kidney injury
molecule-1 (KIM-1), have been extensively studied for
their potential to predict DGF and AR following kidney
transplantation [63]. Similar to kidney transplantation,
in heart transplantation, cardiac-specific troponins (such
as ¢Tnl and c¢TnT) increase in cases of myocardial injury
and rejection. In liver transplantation, when rejection
leads to liver damage, liver function indicators such as
AST and ALT in the blood increase significantly.

These biomarkers can partially reflect the damage
caused to grafts by various types of transplant rejection.
However, the wide range of conditions affecting their var-
iability, such as ischemia—reperfusion injury associated
with organ transplantation, plays a significant role in the
production of various injury molecules [64]. This compli-
cates their use as highly specific indicators for monitor-
ing rejection. Focusing solely on individual biomarkers
of organ injury to monitor transplant rejection is almost
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meaningless, and a comprehensive assessment and the
development of a scoring system are essential.

Post-transplant biomarkers indicating inflammation

and immune processes

Post-transplant biomarkers that indicate inflammation
and immune processes are vital for understanding the
body’s response to transplanted organs. These biomark-
ers help assess the activity of the immune system and
degree of inflammation, which can influence graft sur-
vival. Key indicators include gene expression profiling
(GEP), circulating miRNAs, chemokines and Fas ligand
(FasL).

GEP

GEP provides a broad overview of the immune response
following transplantation by simultaneously evaluating
the expression levels of multiple genes [65]. Its value in
monitoring transplant rejection has been well estab-
lished. This noninvasive method was used to rule out
moderate to severe ACR in stable heart transplant recipi-
ents. According to the guidelines of the International
Society for Heart and Lung Transplantation (ISHLT),
blood-based GEP is recommended for the screening of
ACR in heart transplant recipients [66]. The test scores
range from O to 40, with a score below 34 indicating a
NPV exceeding 97% for ACR of grade 2R or higher.

The FDA-approved AlloMap test, which analyzes gene
expression in peripheral blood mononuclear cells, is
included in evidence-based guidelines along with cardiac
echocardiography for heart transplant monitoring. This
test has been validated in multiple clinical studies and is
reimbursed by some commercial insurance companies
[67]. However, it may lack sufficient sensitivity to detect
early or mild rejection episodes. GEP also hardly effec-
tively differentiate between different types of rejection,
as standard blood-based GEP scores do not show signifi-
cant differences between AMR and non-AMR samples
[68, 69]. Additionally, the cost, availability, and need for
specialized equipment and expertise may limit the wide-
spread adoption of GEP testing.

miRNA

miRNAs are small, noncoding RNA molecules, 19-25
nucleotides long, crucial for regulating gene expression
after transcription [70]. These miRNAs are remarkably
stable in human serum, largely due to their encapsula-
tion within exosomes, microvesicles, or apoptotic bodies,
which protect them from degradation and enhance their
potential as biomarkers for assessing organ viability and
detecting immune rejection [71, 72]. The groundbreaking
work by Lawrie et al. in 2008 demonstrated that miRNAs
are released into the serum from damaged or apoptotic
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cells, highlighting their utility as diagnostic tools [73].
Their stability, conferred by these protective membrane
structures, facilitates their amplification and quantifi-
cation through PCR techniques. Moreover, the organ-
specific expression patterns of circulating miRNAs make
them highly valuable indicators of organ damage follow-
ing transplantation [74].

Over the past two decades, the role of miRNAs in
monitoring transplant outcomes has gained increasing
attention. For instance, Wang et al. identified miR-122a
as being uniquely expressed in liver transplant recipi-
ents [75]. In 2013, a significant study demonstrated that
miRNA analysis can distinguish rejection types in kid-
ney transplants, with specific signatures correlating with
ACR, AMR, and DGF [76]. Similarly, Zepeda-Quiroz
et al. reported that miR-150-5p levels were significantly
elevated in patients with AMR and correlated with
microvascular inflammation, showing a sensitivity of
63.2%, specificity of 89.5%, and AUC of 0.87 [77].

While individual miRNA markers show promise,
effective diagnosis of transplant rejection often requires
monitoring dynamic changes across multiple miRNAs
to capture a more comprehensive picture of the immune
response [78, 79]. For example, urinary miR-10a, miR-
10b, and miR-210 have been found to be differentially
expressed in transplant recipients experiencing acute
TCMR compared to those without rejection [80]. Seo
et al. identified a three-miRNA signature—miR-21, miR-
31, and miR-4532—that effectively distinguishes kidney
transplant recipients with acute rejection from those
with stable graft function [81]. In cases of liver damage
related to rejection, increased levels of miR-155, miR-
122, and miR-181a, along with decreased levels of miR-
133a and miR-191, have been observed [82, 83].

The quantification of miRNAs remains a critical focus
of current research, and the development of cost-effec-
tive and portable detection methods is a key direction.
Studies have shown that reverse transcription quantita-
tive PCR (RT-qPCR) provides superior diagnostic per-
formance for miRNAs compared to digital PCR (dPCR)
[84]. Although RT-qPCR offers high sensitivity and
specificity, its accessibility and portability are limited
due to the need for sophisticated, large-scale thermal
cyclers [85]. This makes RT-qPCR unsuitable for point-
of-care (POC) settings. Additionally, the short length
of miRNA sequences, typically corresponding to just
one primer length, presents challenges for conventional
primer design, necessitating specialized expertise in both
primer design and experimental execution. NGS technol-
ogy has also been proven to be effective for the quantita-
tive analysis of miRNAs. For instance, Kennel et al. used
NGS to quantify three different miRNAs upregulated in
heart transplant rejection, reporting outstanding AUCs
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of 0.938 for miR-29¢-3p in association with AMR and
0.986 for miR-486-5p related to ACR [86]. Notably, the
study reported impressive AUCs, with miR-29c-3p show-
ing an AUC of 0.938 associated with AMR, and miR-
486-5p achieving an even higher AUC of 0.986 in relation
to ACR.

miRNAs are promising biomarkers for predicting graft
outcomes and identifying patients at high risk of compli-
cations. They also offer prognostic value and can aid in
monitoring the success of treatment. However, the com-
plexity of transplant rejection and diversity of miRNAs
present significant challenges in this field. Monitoring
transplant rejection using miRNAs has not been widely
applied in clinical practice and remains in the research
and validation phase. Additionally, the lack of standard-
ized molecular markers across different solid organs
necessitates further investigation into organ-specific
miRNA profiles. Future studies are needed to further val-
idate previous findings, establish standardized diagnostic
tests, and integrate them into clinical care.

IncRNA

Long non-coding RNAs (IncRNAs) are a class of non-
protein-coding transcripts longer than 200 nucleotides
that have been implicated in various biological and
pathological processes, including transplantation [87].
They are known to participate in the regulation of gene
expression at multiple levels, such as transcription, post-
transcription, and translation. In the context of organ
transplantation, IncRNAs have been found to be dif-
ferentially expressed in biopsies, blood, plasma, urine,
and specific cells of patients undergo transplant rejec-
tion [88]. These dysregulated IncRNAs can affect cellu-
lar functions and differentiation of the immune system,
making them potential biomarkers for the diagnosis and
management of post-transplant rejection.

Pérez-Carrillo et al. investigated circulating IncRNAs
in heart transplant patients to evaluate their poten-
tial as noninvasive biomarkers for the diagnosis of ACR
[89]. The study found that AL359220.1 and AC025279.1
exhibited excellent diagnostic capabilities associated with
the severity of rejection, serving as strong independent
predictors of the presence of rejection. Zou et al. ana-
lyzed IncRNAs in kidney transplant biopsies to identify
those associated with acute rejection and transplant out-
comes [90]. They generated a risk score using three of
these IncRNAs, which demonstrated the ability to pre-
dict transplant loss (AUC=0.73). Notably, MIR155HG
is associated with acute rejection, TCMR, and graft
loss, suggesting its involvement in pathways related to
immune responses.

The most widely used method for identifying novel
IncRNA transcripts is RNA sequencing, which is
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considered the gold standard because of its high sensitiv-
ity and specificity [91]. Additionally, reverse transcription
quantitative polymerase chain reaction (RT-qPCR) and
microarray analysis can also be employed for their detec-
tion and quantification [92]. Currently, the monitoring of
IncRNAs in transplant rejection is still in the early stages
of clinical trials. There remains significant potential for
exploration in this area, necessitating further investiga-
tion of their organ specificity and the various factors
influencing their expression.

Chemokines

Chemokines, a specific subset of cytokines, are crucial
for mediating immune responses by interacting with G
protein-coupled receptors. These interactions direct the
migration of leukocytes to sites of inflammation, thereby
playing a pivotal role in the inflammatory process [93].
Chemokine receptors are categorized into two main
families: the CC receptor family (CCR1-CCR10) and
the CXC receptor family (CXCR1-CXCR6) [94]. Among
these, CXCRS3 is particularly significant in organ trans-
plantation, as it specifically binds to the ligands CXCL9,
CXCL10, and CXCL11. These ligands are key in recruit-
ing alloantigen-specific T cells to sites of inflammation
and activating proinflammatory transcription factors,
which are essential for mounting an immune response
against transplanted tissues [95].

In lung transplant recipients, higher levels of CXCR3-
associated chemokines found in bronchoalveolar lav-
age fluid are associated with a greater risk of developing
chronic lung allograft dysfunction (CLAD) after trans-
plantation, particularly in cases of more severe acute
rejection (grade > A2) [96, 97]. Moreover, significant cor-
relations have been established between allograft injury,
AR, acute lung injury, and elevated plasma chemokine
levels. Monitoring CXCR3 and its ligands, particu-
larly CXCL9 and CXCL10, can provide early diagnostic
insights into rejection events, enabling timely clinical
intervention.

Compared to lung and heart transplantation,
chemokines are more widely utilized for monitoring
rejection and detecting subclinical nephritis following
kidney transplantation. Although serum Cr levels have
traditionally been used to monitor kidney function, they
do not accurately reflect tubulointerstitial nephritis pro-
gression. In contrast, dynamic changes in urinary CXCL9
and CXCL10 levels can precede alterations in serum Cr
levels, offering a more immediate indication of tubuli-
tis following clinical allograft rejection [98, 99]. Several
studies have demonstrated that CXCL-10, both in plasma
and urine, exhibits good diagnostic performance for
kidney transplant rejection. Plasma CXCL-10 not only
identifies high-risk patients for subclinical rejection but
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also serves as a valuable biomarker for the prognosis and
diagnosis of TCMR and AMR [100]. Urinary CXCL9 and
CXCL10 are among the most extensively studied and
validated chemokines biomarkers for monitoring kidney
transplantation with the PPV and NPV range from 55 to
90%, and they have been recommended by the European
Society for Organ Transplantation (ESOT) for monitor-
ing immune quiescence [101, 102]. Moreover, the detec-
tion of CXCL-10 in urine shows an AUC of 0.69 for
subclinical rejection, which is superior to serum Cr, with
an AUC of 0.59 [103]. However, the validation of CXCL9/
CXCL10 lacks large-scale, multicenter clinical studies,
and further evidence is needed, along with more reliable
and cost-effective clinical testing technologies, to incor-
porate these biomarkers into standard clinical practice.
When using CXCL chemokines to monitor rejection, it
is essential to consider the potential impact of confound-
ing factors. Conditions such as urinary tract infections
and BK virus nephropathy, which are associated with uri-
nary inflammation, can elevate urinary chemokine lev-
els and confound the interpretation of results [104]. To
address this, Tinel et al. developed and validated a multi-
parameter model for diagnosing AR in kidney transplant
recipients, which improves the noninvasive diagnosis of
AR by accounting for, rather than excluding, confounding
factors [105]. This model demonstrated high diagnostic
accuracy, with an AUC of 0.85, and maintained its accu-
racy across various time points. Additionally, Kaminski
et al. explored the use of CRISPR/Cas13 technology com-
bined with specific high-sensitivity enzymatic reporter
unlocking (SHERLOCK) in urine to detect BKPyV
mRNA and CXCL9 mRNA, significantly reducing the
interference from confounding factors [106]. Despite
these promising studies, further extensive research is
necessary to determine the effectiveness and reliability
of chemokines in clinical practice. This will ensure that
chemokine-based monitoring can effectively guide treat-
ment decisions and improve transplantation outcomes.

Fas/FasL

The Fas/FasL system is essential for maintaining immune
homeostasis, self-tolerance, and immune privilege in
vital organs, and it also plays a significant role in trans-
plant rejection [107]. A study examining FasL mRNA
levels in urinary cells from 35 kidney transplant patients
found that those experiencing rejection had higher levels
of FasL mRNA than those without rejection [108]. Heng
et al. analyzed the diagnostic performance of FasL. mRNA
expression in relation to AR following kidney transplan-
tation [109]. The overall sensitivity and specificity of FasL
mRNA for detecting AR were found to be 0.64 and 0.90,
respectively, with an area under the receiver operating
characteristic curve AUC of 0.94. These results indicate
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that FASL mRNA expression has significant potential as a
biomarker for diagnosing acute rejection in kidney trans-
plant patients. Overall, research on Fas/FasL as biomark-
ers for monitoring transplant rejection remains limited.
The current evidence is primarily derived from prelimi-
nary studies, and further validation in larger and more
diverse cohorts is crucial before these biomarkers can be
widely adopted in clinical practice [110].

Recent studies have reported several promising bio-
molecules over the past five years that could serve as clin-
ical biomarkers for organ transplant rejection (Table 1).
To evaluate the effectiveness of these biomarkers, metrics
such as sensitivity, specificity, and AUC are commonly
used.

Molecular imaging for diagnosis of organ
transplant rejection

Molecular imaging has emerged as a critical noninvasive
tool for monitoring organ transplant rejection, providing
the ability to detect rejection events early and potentially
prevent irreversible graft damage. Studies by Christen
et al. and Matar et al. have highlighted the effectiveness of
various imaging modalities, including fluorescence imag-
ing (FI), ultrasound, magnetic resonance imaging (MRI),
single-photon emission computed tomography (SPECT),
and positron emission tomography (PET), in the early
detection of transplant rejection [113, 114]. These imag-
ing techniques often depend on specialized exogenous
molecular probes tailored to specific modalities-fluoro-
phores for fluorescence imaging, microbubbles for ultra-
sound, magnetic particles for MRI, and radionuclides
for PET scans [115]. By integrating multimodal imaging
techniques with specific molecular markers, clinicians
can more accurately classify different grades of rejection,
thereby enhancing diagnostic precision. Unlike tradi-
tional biomarkers, molecular imaging relies on molecular
probes, which, owing to safety concerns, are often tested
in preclinical models rather than directly in human sub-
jects. As a result, aside from the limited number of clini-
cal studies utilizing SPECT/CT and PET for monitoring
human transplant rejection, other imaging modalities
remain largely confined to applications in animal models.
The primary focus of molecular imaging research is to
identify promising molecular probes for potential clinical
application as alternatives to biopsy-based assessments.

Fluorescent imaging

FI has become an important method for noninvasive
monitoring of solid organ transplants owing to its rapid
feedback, lack of ionizing radiation, high spatiotempo-
ral resolution, and exceptional sensitivity [116]. This
technique involves designing activity-based imaging
probes that emit fluorescence signals upon cleavage by or
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selective binding to active forms of proteases. Granzyme
B (GzmB), a serine protease secreted by cytotoxic T cells
and natural killer cells, is a particularly promising target
for such probes [117, 118]. In kidney transplantation,
elevated levels of GzmB™ lymphocytes are observed dur-
ing the IA and IB stages, compared to control biopsies,
and can predict rapid progression to severe ACR (TCMR
grade II or higher) [119].

While conventional fluorescence probes are typi-
cally limited to superficial tissue imaging owing to tis-
sue scattering, GzmB-targeted imaging can be extended
to deeper tissues. For instance, Mac et al. developed
nanosensors for the early, noninvasive detection of acute
transplant rejection [120]. The activity nanosensors are
engineered by attaching GzmB peptide substrates to nan-
oparticle scaffold, enhancing their stability and circula-
tion time in the bloodstream (Fig. 2a). In preclinical skin
graft models, the GzmB activity nanosensor allows for
the noninvasive identification of early ACR and reflects
recipient graft function (Fig. 2b). Compared to the iso-
graft controls, significant accumulation of nanosensors
was observed as early as postoperative day (POD) 3 in
allografts (Fig. 2c). These nanoparticles increase tissue
accumulation via passive diffusion. Upon GzmB cleavage,
the nanosensors release peptide fragments locally, which
were then detectable in urine, facilitating noninvasive
monitoring (Fig. 2d).

Further advancing this field, Cheng et al. developed
artificial molecular probes (AMPros) for diagnos-
ing acute allograft rejection in renal transplantation
[121]. These probes, including AMProN and AMProT,
which are designed for high renal clearance and spe-
cifically target neutrophils and cytotoxic T lymphocytes
(CTLs) infiltrating the allografts (Fig. 2e, f). Systemically,
AMPros selectively accumulate in the kidneys, where
they interact with precursor immunological biomarkers.
Activation by enzymes such as y-glutamyl transferase
(GGT) and GzmB triggered near-infrared fluorescence
signals (Fig. 2g). This enables easy optical analysis of
urine, allowing for early detection of acute rejection
before significant tissue damage occurs. This noninvasive
and sensitive urine testing method offers great potential
for continuous monitoring of kidney transplant status,
partially overcoming the limitations of traditional opti-
cal imaging. By analyzing ex vivo urine samples, direct
exposure to the patient can be avoided, allowing for pre-
cise quantification of GzmB activity, which reflects the
immune status of the transplanted organ and enables
timely clinical intervention.

Although FI has shown promising results in kidney
transplantation, further studies are needed to determine
whether this technique can be effectively used for imag-
ing other solid organs in vivo without relying on urine
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analysis. Imaging in the second near-infrared window
(NIR-II, 1000-1700 nm) enhanced tissue penetration
and imaging sensitivity, enabling clearer visualization of
rejection processes [122]. Chen et al. introduced ErGZ,
a granzyme B responsive nano-sensor with NIR-II emis-
sion, aimed at the early detection of allograft rejec-
tion [123]. The sensor is composed of Erbium-doped
nanoparticles (ErNPs) that emit in the NIR-II range, a
particle enzyme B-cleavable peptide, and a cleavable
fluorophore ZW800, with enhanced stability provided
by polyethylene glycol (PEG) coating (Fig. 3a). When the
sensor reaches the rejection site, the linker peptide can
be cleaved by granzyme B protease, allowing the fluo-
rescent portion of the ErxNPs to accumulate in the graft,
whereas the dissociated ZW800 is filtered and excreted
by the kidneys. The ErGZ sensor can detect allograft
rejection as early as five days after skin transplantation
(Fig. 3b), and its application allows for highly sensitive
differentiation of early rejection in mouse models of pan-
creatic islet transplantation.

To monitor deeper cardiac transplant rejection, Gao
et al. developed an activatable fluorescent probe, CYGB,
for GzmB imaging [124]. GzmB cleaves the peptide
sequence of CYGB, inducing a cascade reaction that
generates CyOH-Cl that activates a near-infrared fluo-
rescence signal (Fig. 3c). This method utilizes activa-
tion of the NIRF signal by endogenous GzmB in CD8"
T cells, allowing specific imaging of allograft rejection.
In vivo imaging in mouse heart graft models showed
that CYGB responded rapidly to GzmB within 2 h post-
injection, enabling early diagnosis of rejection (Fig. 3d).
Additionally, Gao et al. reported the use of bionic dex-
tran particles (HBTTPEP/GPs) with aggregation-induced
emission (AIE) properties, which can target transplant
sites through oral administration via macrophage-medi-
ated delivery [125]. To enable AlEgens to emit fluo-
rescence actively in GPs, aggregation and activation of
fluorescence emission were achieved through a one-step
incubation process (Fig. 3e). Mice orally administered
HBTTPEP/GPs showed consistent results, with strong
fluorescence observed in the transplanted skin of allo-
graft mice, whereas the fluorescence in isograft mice
skin was weak (Fig. 3f). This method allows for accurate
assessment of immunosuppressive therapy effectiveness

(See figure on next page.)
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after a single oral dose (Fig. 3g). This noninvasive admin-
istration route not only improves patient compliance but
also reduces monitoring costs, offering the potential for
clinical translation as an immune monitoring tool for
solid organ transplantation.

Despite progress in fluorescence imaging, several chal-
lenges remain in its clinical application. First, high-per-
formance fluorophores or nanoparticles must undergo
rigorous clinical validation to ensure their safety and
favorable pharmacokinetics in humans. Second, although
near-infrared optical imaging is effective in small animals,
its limited imaging depth may pose challenges for its use
in transplant patients. Finally, standardization of fluores-
cence imaging systems is essential and requires extensive
validation before clinical implementation. While fluo-
rescence imaging is not yet ready for widespread clinical
use, it holds substantial promise and is rapidly advancing
as a tool for monitoring transplant rejection.

Ultrasound imaging
Ultrasound molecular imaging is increasingly valued
for its ability to deliver immediate, noninvasive, and
safe results, which are critical for AR [126]. Weller et al.
were the first to successfully image intra-graft T cells and
intercellular adhesion molecule-1 (ICAM-1) expression
using targeted ultrasound, demonstrating the potential
of this modality in transplant monitoring [127]. Similarly,
Jin et al. developed microbubbles containing either anti-
granzyme B antibodies (MBGzb) or isotype control anti-
bodies (MBcon) to evaluate acute rejection in a murine
cardiac transplant model (Fig. 4a) [128]. In the allogeneic
MBGzb group, a significant reduction in contrast signals
was observed in the myocardium, followed by a grad-
ual refill of microbubbles seconds after the flash pulse
(Fig. 4b). This group also showed a markedly greater
decrease in peak intensity on postoperative days 2 and 5
compared with both the allogeneic and syngeneic MBcon
group. This approach allows for dynamic, repeatable
quantification of granzyme B (GzB) expression in vivo,
providing a useful measure of rejection responses. How-
ever, the potential effects of microbubble destruction can
compromise the accuracy of the data.

Recent advancements in ultrasound molecular imag-
ing also offer promising noninvasive approaches for

Fig. 2 a Response mechanism of the PEGylated-IONPs to granzyme B. b Construction and in vivo NIR fluorescence images of mice bearing dual
skin grafts. ¢ Quantified fluorescent intensities of excised skin grafts. d Normalized urine fluorescence in naive mice, isograft mice, CD8-depleted
allograft mice, and allograft mice pre- and post-transplant surgery. Reproduced with permission from ref. [67] Copyright 2019 nature biomedical
engineering. e, f The chemical structures and activation forms of AMProN (e) and AMProT (f). g Representative NIRF images of live mice

following intravenous injection of AMProN and AMProT 4 days after drug administration. Reproduced with permission from ref. [68] Copyright 2023

Wiley-VCH



Fig. 2 (Seelegend on previous page.)

Song et al. Journal of Translational Medicine (2025) 23:147 Page 14 of 28
a b
PEGylated Peptide substrate * D i Allo Nanosensor
IONP v accumulation
C 4 8 l\ |
2 ‘ pf :
¥ GzmB ¥ o . '
Max: x LS
Internal Fluorescent - :
quencher reporter Min. 1
PO 7 9
c d
o] g Al | Native Iso CDs8- Allo
c 204 * pd - - .
8 " liso = 8
8 15 * — Skin = c ‘ 0.08 *kkk
2 89 °
o] - N O 2 1 *k
Lo gt a¥ e’
o 1= (e}
g5 =, . 5&1—-%' %0— B %9?
£ H mzﬁ - ‘ ¢ Q
5 0- olo—& L 1T S —
Z POD 1 3 9 POD -4 7 -4 7 -4 7 4 3 5 7
f GGT- GzmB-
e responsive responsive
NE-responsive Moiety Moiety Moiety
NIRF —t —
Signalling{ *_ W el ol W el
Moiety $ ot wi dmd ° g
Y, &g o0 N af W
Renal ( 8-+ “fw NE gme3 3a- 3 ° GzmB Sa* GGT G=-s
Clearance{ (& <t ad S 3, e R o RS s
Moiety J;o.d 2aORE 0,0 Lo A el m;c'd oo ef’vm, Zan A LA SN
AMProy CCD AMPror CCD
NIRF (OFF) NIRF (ON)  NIRF (OFF) NIRF (ON)
g AMPron (Neutrophil elastase) AMPror (Granzyme B & GGT)
3.5
(O]
=
©
| O
Q
Q.
s Q
) 3
(0] @
o|® .
; 2
0| = T
57} o
Q ) o)
E { 2]
o @
< o
(7]
O 3
N
@
ol|& =
CHRY]
we
©
1.9
90 120 180 120
Probe post-mjectlon time (min) Probe post-lnjectlon time (mln)



Song et al. Journal of Translational Medicine (2025) 23:147

diagnosing AMR following cardiac transplantation. Liu
et al. developed nanobubbles containing CD3 antibod-
ies (NBCD3) to detect acute rejection in heart trans-
plantation models (Fig. 4c) [129]. Ex vivo imaging
results showed that the signal intensity of nanobubbles
increased with increasing concentration and demon-
strated excellent stability (Fig. 4d). Key observations
included enhanced adhesion and signal amplification
of anti-CD3 antibody-coated nanobubbles to T lym-
phocytes, particularly in rats with allografts, indicating
increased infiltration of T lymphocytes (Fig. 4e). This
technique holds promise for noninvasive rejection detec-
tion, although further research is required to confirm its
clinical relevance.

Liao et al. explored the use of C4d, a specific biomarker
for AMR, in targeted ultrasound imaging to quantita-
tively assess rejection levels after heart transplantation
[130]. Although C4d is strongly recommended for AMR
surveillance, its application has been constrained by the
need for invasive biopsy. Serial dilutions of C4d-targeted
microbubbles (MB,,) was designed using a streptavi-
din-biotin conjugation method and rat cardiac trans-
plantation models were established. The high sensitivity
of targeted ultrasound and significant C4d expression
during AMR episodes demonstrated real-time C4d dis-
tribution. Crucially, MBC4d injections did not cause
additional damage, indicating the safety of this method
and significant potential for its rapid clinical applica-
tion as a noninvasive method to evaluate AMR. Impor-
tantly, MBC4d injections did not affect the survival of
the patients or cause additional injury, confirming its
safety. Given the widespread use of contrast-enhanced
ultrasound, this safe and quantitative evaluation method
for C4d shows significant potential for rapid clinical
application.

Ultrasound molecular imaging provides dynamic and
continuous imaging, making it a promising approach for
monitoring transplant rejection. Targeted microbubbles
can detect key molecules such as GzB and C4d, offering
high sensitivity for detecting allograft rejection. How-
ever, there are some limitations to this study. The accu-
racy of ultrasound molecular imaging can be affected by
the physical destruction of microbubbles. Furthermore,

(See figure on next page.)
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ultrasound imaging is constrained by its medium and has
a lower contrast resolution than computed tomography
(CT) and MRI. These factors suggest that ultrasound is
best utilized in combination with other imaging tech-
niques in a multimodal approach to enhance the diagnos-
tic accuracy.

MRI

MRI is a powerful imaging technique known for its abil-
ity to provide detailed anatomical views with high resolu-
tion and excellent tissue contrast [131]. Its uses T1 and
T2 contrast agents to enhance imaging quality, making
it particularly useful for monitoring transplant rejec-
tion and investigating various molecular processes [132].
Recent studies focusing on immune cell-based molecu-
lar imaging have demonstrated the potential of MRI to
deliver detailed insights into immune rejection mecha-
nisms. The sensitivity of MRI for tracking the movement
and function of immune cells is especially important for
the early detection of ACR.

Guo et al. demonstrated the effective delivery of plas-
mid DNA (pDNA) and superparamagnetic iron oxide
nanoparticles (SPIO) to primary T cells in a rat heart
transplantation model. This was achieved using SPIOs
loaded with a CD3 single-chain antibody/pDNA poly-
mer complex [133]. The complex consisted of PEG-g-
PEI functionalized with a CD3 single-chain antibody
(scAbD3) and SPIONS (Fig. 5a). From 0 to 10-day period
post-transplantation, rats that received targeted poly-
plexes containing null plasmid showed prominent low-
signal regions on MRI-balanced turbo field echo images
of the transplanted hearts, indicating the accumulation
of targeted polymers in the allografts (Fig. 5b, c). Addi-
tionally, this material facilitated gene transfection in T
cells, and the immune response in the transplanted rats
was significantly suppressed following gene therapy. This
combined strategy enables noninvasive monitoring of the
entire treatment process using MRI and provides real-
time feedback on treatment effectiveness.

Macrophages, owing to their ability to readily phagocy-
tose contrast agents, can be conveniently labeled in situ
with iron oxide particles, making this approach a promis-
ing method for noninvasive in vivo imaging of immune

Fig. 3 aThe design of ErGZ sensor and the absorption competition-induced emission process. b Representative Fgy5 and Fog, fluorescence

and ratio images mice receiving isograft and allograft skins on postoperative day (POD) 1, 3, 5, and 7. Reproduced with permission from ref.

[69] Copyright 2023 Wiley-VCH. c The structure and response mechanism of the GzmB-activatable probe CYGB. d In vivo fluorescent imaging

at different time points post-injection of CYGB, 3 days after heart transplantation in mice. Reproduced with permission from ref. [70] Copyright 2023
Elsevier. e Schematic diagram of fluorescence emission activation by HBTTPEP aggregation within glucan particles. f, g In vivo fluorescent images (f)
and quantification (g) of mice after oral administration of HBTTPEP/GPs on POD 1, 3, 5, and 7. Reproduced with permission from ref. [71] Copyright

2021 American Chemical Society
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cells. Wu et al. reported the noninvasive detection of
organ rejection and in vivo imaging of macrophages
using cellular MRI with iron oxide particles [134]. Mac-
rophages were selected as the target because they play
key roles in organ rejection, inflammation, and autoim-
mune diseases [135, 136]. Furthermore, the potential for
MRI tracking of T cells and lymphocytes has also been
demonstrated [137, 138]. Liu et al. augmented the uptake
of SPIO nanoparticles by T cells through nanoparti-
cle modification with amination [139]. The researchers
synthesized IOPC-NH2 particles from IOPC particles
through EDAC-coupling reactions (Fig. 5d). T cells that
were labeled aggregated within allogeneic heart and lung
grafts after reinfusion, facilitating the early detection of
transplant rejection using MRI (Fig. 5e, f). Immune cells
that internalize nanoscale SPIO particles become mag-
netic and can be concentrated in large numbers at sites of
inflammation, which can then be monitored using MRIL
These labeled immune cells demonstrated good adhesion
properties and biosafety.

MRI molecular imaging, which is closely tied to
immune cells, utilizes specific contrast agents, such as
SPIOs, to track cellular pathologies. MRI provides signifi-
cant advantages owing to its high resolution and excellent
soft tissue contrast. However, there are several challenges
in its practical clinical implementation. Compared with
other molecular imaging techniques, MRI often requires
higher concentrations of probes, which could pose
potential toxicity concerns. Additionally, longer exami-
nation times and higher costs associated with MRI limit
its application in certain patient populations. Despite
these challenges, rapid advancements in high-contrast
probes and hyperpolarization techniques have enhanced
the detection of lower concentrations of biological mol-
ecules. These developments are crucial for improving the
monitoring of transplant rejection, particularly for the
early detection of ACR.

Nuclear medicine imaging

Nuclear medicine imaging techniques, primarily SPECT
and PET, have become alternative tools for the nonin-
vasive monitoring of organ transplant rejection, utiliz-
ing radioactive tracers to provide detailed imaging [140].
SPECT has proven valuable in monitoring immune
responses post-transplantation, with several successful

(See figure on next page.)

Fig. 4 a Synthesis schematic of anti-granzyme B antibodies (MB,,,) and isotype antibodies (MB
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applications in preclinical models. For example, targeted
macrophage imaging using **Ga-labeled CD163 and opti-
cally labeled CD206 has demonstrated the feasibility and
effectiveness of these approaches [141, 142]. O'Neil et al.
used an anti-Sn monoclonal antibody (SER-4) radiola-
beled with *™Tc pertechnetate to visualize sialoadhesin
(Sn, Siglec 1, or CD169) to effectively track macrophages
to monitor transplant rejection responses [143].

SPECT imaging also offers the capability to monitor
the dynamics of transplant rejection by visualizing T-cell
infiltration. Li et al. developed a novel radiolabeled probe,
#MTc-HYNIC-mAbcp,, to detect CD4* T lymphocyte
infiltration in transplanted hearts (Fig. 6a) [144]. In allo-
graft recipients, transplanted hearts showed significant
radiotracer uptake as early as 1 h post-injection, with
peak uptake at 6 h (Fig. 6b). The uptake of **™Tc-HYNIC-
mAbCD4 in allograft hearts was notably higher than in
both treatment and autograft groups (Fig. 6¢). SPECT/
CT imaging, with its ability to distinguish allografts with
higher uptake of **™Tc-HYNIC-mAbp,, represents a
promising advancement for the noninvasive monitoring
and diagnosis of acute cardiac rejection. Furthermore,
Sharif-Paghaleh et al. successfully targeted complement
molecule C3 using *™Tc-rCR2, validated through histo-
logical and autoradiography evidence, underscoring the
potential of SPECT/CT imaging as a valuable tool for
monitoring transplant injury [145].

PET imaging is another revolutionary tool in medi-
cal diagnostics and plays a critical role in detecting early
stages of ACR in transplants [146-150]. In a notable
study using a murine cardiac rejection model, the util-
ity of PET imaging was evaluated using two radiotrac-
ers: '8F-labeled fluorodeoxyglucose (['*F]-FDG) and
13N-labeled ammonia ([BN]-NH?,).151 In this study,
which involved heterotopic heart transplants in mice
with minor mismatches in the MHC, serial ['*F]FDG
PET imaging showed a significant increase in radiotracer
uptake in allografts, particularly between 14 and 28 days
post-transplant, strongly correlating with increasing
rejection grades. Conversely, ["°N-]NH, imaging indi-
cated a significant decrease in myocardial perfusion in
allografts with chronic vasculopathy compared with con-
trols. These findings highlight the potential of combined
[*®F]-FDG and [IBN]-NH3 PET imaging for noninvasive,

on)- b After injecting MB,,, or MB_,, into mice,

contrast-enhanced ultrasound images were obtained on POD 2 and 5. Reproduced with permission from ref. [75] Copyright 2023 Jin et al. c
Biotin-avidin-biotin linking scheme for the fabrication of CD3-targeted nanobubbles (NBCD3). d Representative in vitro imaging images of NBCD3
and NBcon at different concentrations. e B-mode ultrasound images of isograft and allograft rats after injection with NBCD3 or NBcon. Reproduced

with permission from ref. [76] Copyright 2018 Elsevier
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quantitative monitoring of allograft rejection, suggesting
its potential in human transplantations.

Advancements in PET imaging have led to the devel-
opment of probes that target specific immune cell
markers. For instance, Ueno et al. demonstrated an
innovative approach to detect cardiac transplant rejec-
tion by using PET-CT to image macrophage activity in

allografts [152]. Similarly, Hirai et al. identified OX40
as an imaging target for activated T cells and devel-
oped an immune PET tracer targeting the OX40
receptor (Fig. 6d) [153]. OX40 ImmunoPET provides
quantitative data on the temporal dynamics of reac-
tive T cell expansion and infiltration, which aligns
with findings from flow cytometry studies (Fig. 6e).



Page 20 of 28

Song et al. Journal of Translational Medicine (2025) 23:147

a N,H o
o g @ N 9mTcO N— - C-ni-GD
= I _ II_ 4- //
HQN—HN—QC—O—@ —— HN HN'(\N}C NH-@P ———> N TN
lo) 90m' c
SHNH HYNIC-mAbgp, 9mT-HYNIC-mAbgp,
b 1h 3h 6h 12 h 24 h c

ALLT ISO NOR

-

Allograft

d +) €. Graft MAlo W Iso
89 OX40 2~ ) ~20
Zr |sotope \\\ (=) Hokk -

N I) b - (o)
CD3 = )) CD3 4 3
Anti-OX40 mAb =
> 2
©
a
Resting T cells Alloreactive T cells D

PBS Iso Max

Fig. 6 a Synthetic scheme of nuclide molecular probe (gngc—HYN\C—m/-\bcm). b In vivo SPECT imaging of rats at various time points (1, 3, 6,

12, 24 h) post-injection of ™ Tc-HYNIC-mAbp,. € Ex vivo normal images and representative SPECT images of graft hearts and native hearts.
Reproduced with permission from ref. [91] Copyright 2021 American Chemical Society. d Schematic diagram of activation of T cells by *Zr isotope.
e Comparison of radioactive isotope uptake calculated from image ROIs for allo- and isografts. f Representative OX40 or Iso control PET/CT images
of mice bearing a single allograft at d9 after transplantation. Reproduced with permission from ref. [101] Copyright 2021 Hirai et al.

Since OX40 is mostly present on activated CD4* T
cells, ¥2"OX40mAb effectively identified these cells in
allograft hearts early in the rejection process (Fig. 6f).
These results suggest that nanoparticle-enhanced
macrophage PET-CT not only efficiently detects heart

transplant rejection but also serves as a predictive tool
for organ survival.

Among the imaging modalities in nuclear medi-
cine, several imaging agents have been thoroughly vali-
dated for safety and clinical applications, particularly
in patients with cancer. As a result, nuclear medicine
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imaging, compared to other molecular imaging tech-
niques, has advanced further toward clinical translation
for monitoring transplant rejection. Dar et al. reported a
single-center study using ['*F]JFDG PET-CT to evaluate
cardiac transplant rejection, demonstrating the potential
role of PET in diagnosing cardiac transplant rejection in
preliminary clinical practice [154]. Despite ongoing con-
cerns regarding the cost and safety of SPECT and PET,
nuclear medicine is expected to become one of the first
molecular imaging techniques to be widely adopted for
clinical monitoring of transplant rejection. In conclu-
sion, the rapid development of molecular imaging tech-
nologies has opened up new possibilities for monitoring
transplant rejection (Table 2). Future research is expected
to explore more advanced imaging agents and valuable
targets, thereby providing safer and more effective meth-
ods for post-transplant care.

Table 2 The application of imaging monitoring
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Discussion

Although biopsy remains the gold standard for diagnos-
ing transplant rejection, it has significant limitations.
As an invasive and expensive procedure, biopsy is asso-
ciated with sampling bias due to the small size of tis-
sue specimens and observer bias during tissue grading
[155]. These drawbacks highlight the need for nonin-
vasive monitoring methods that can reduce reliance on
biopsies. For patients at higher risk of acute rejection
(AR), invasive testing and more aggressive immunosup-
pressive strategies may still be required. Conversely, for
stable patients, minimizing repeated biopsies and pro-
longed immunosuppressive therapy can help reduce
complications and adverse effects.

Noninvasive monitoring methods are broadly catego-
rized into biomarker testing and imaging techniques.
Advances in molecular biology have enabled biomark-
ers to evolve into "liquid biopsies,"” which eliminate the
need for tissue sampling and provide dynamic insights

Imaging modality Targting strategy Imaging agent Tracer Application Refs
NIR fluorescent imaging Identify ACR by GzmB activity IONPs GzmB Skin, mouse [120]
Detection of allograft-infiltrating AMPro NE and CTLs Kidney, mouse [121]
neutrophils and CTLs
NIR-Il ratiometric FI of GzB protease ErGZ GzmB Skin and islets, mouse  [123]
activity
Reacting with GzmB secreted CYGB GzmB Skin and heart, mouse [124]
by cytotoxic T cells
Monitoring of macrophage infiltra- HBTTPEP/GPs Macrophages Skin, mouse [125]
tion
Ultrasound Microbubbles targeting the endothe- MBy-yy ICAM-1 Heart, rat [127]
lial cell inflammatory marker
Antigen-antibody reaction MBe,p, GzmB Heart, mouse [128]
T lymphocyte-targeted nanobubbles  NBCD3 T cells Heart, rat [129]
Streptavidin-biotin conjugation MBesg C4d Heart, rat [130]
system
MRI Multifunctional polymeric nanocarri-  scAbCD3-PEG-g-PEI-SPION CcD3 Heart, rat [133]
ers for T-cell targeting
Receptor mediated endocytosis MPIO Macrophages Heart, rat [134]
Magnetic particles of IOPC-NH, IOPC-NH, T cells Heart and lung, rat [139]
labeled with rat and human T cells
SPECT/CT Targeting pro-inflammatory mac- 9MTc-SER-4 SER-4 Heart, mouse [143]
rophages
Infiltration of CD4*T lymphocytes M Te-HYNIC-mAbp, T cells Heart, mouse [144]
Complement activation post-IRI 9MTe-rCR2 C3d Heart, mouse [145]
PET Fluorine-18-FDG and ["*NINH; can ["®FIFDG/['3NINH, Glycolysis Heart, mouse [151]
provides a measure of local inflam- and microhe-
matory activity and microblood flow matology
Dextran nanoparticles were derivat-  %/Cu-CLIO-VT680 Macrophages Heart, mouse [152]
ized with the PET isotope copper-64
Tracking T cells by targeting OX40 89Zr radiolabeled immunoPET probe T cells Heart, mouse [153]

NIR near infrared, ACR acute cellular rejection, GzmB Granzyme B, GPs glucan particles, IONPs iron oxide nanoparticles, ICAM intercellular cell adhesion molecule,
C4d complement 4d, MRI magnetic resonance imaging, MPIO micrometer-sized paramagnetic iron-oxide, SPECT single photon emission computed tomography, IR/

ischemia-reperfusion injury, PET positron emission tomography
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into graft status [156]. Simultaneously, molecular imag-
ing has emerged as "transparent pathology," offering
noninvasive visualization of tissue and cellular pro-
cesses in real time [157]. Together, these approaches
hold significant promise for improving the detection
and management of transplant rejection, though sev-
eral clinical challenges persist.

For biomarkers, key challenges include their low con-
centrations in blood and urine, complicating accurate
detection. Establishing appropriate threshold values is
critical, as inappropriate thresholds can compromise
sensitivity and specificity, leading to false negatives or
positives [158]. Additionally, biomarkers are highly influ-
enced by external factors, such as demographic and envi-
ronmental variability, necessitating validation through
multicenter studies to establish standardized protocols
for routine clinical use.

In molecular imaging, the safety and efficacy of imaging
probes require rigorous validation. Each imaging modal-
ity has unique advantages and limitations. Ultrasound is
cost-effective, real-time, and noninvasive but has lower
resolution compared to other techniques. MRI provides
multi-sequence, multi-plane, and multi-parameter imag-
ing capabilities. However, its longer examination times
and difficulty in detecting small lesions present chal-
lenges [159]. Fluorescence imaging, while promising in
preclinical models, has limited imaging depth for certain
human applications. Nuclear medicine, including PET
and SPECT, has been a cornerstone of clinical transplant
monitoring but faces constraints due to high costs and
radiation exposure [160]. To overcome these limitations,
future advancements will likely involve the development
of multimodal imaging approaches that integrate the
strengths of different modalities for comprehensive graft
assessment.

Molecular imaging plays a pivotal role in visualizing
biomarkers that are challenging to detect through con-
ventional methods and enables the imaging of highly
specific, artificially designed biomarkers. For example,
Cheng et al. developed AMPros to quantify granzyme
B (GzmB) activity for monitoring kidney transplant
rejection through ex vivo urine analysis [121]. Similarly,
Weller et al. employed ultrasound molecular imaging
to target T cells and ICAM-1 within the graft, allowing
dynamic, in vivo quantification [127]. These innovations
demonstrate the potential of molecular imaging to serve
as a noninvasive alternative to traditional procedures for
detecting tissue biomarkers.

Furthermore, the synergy between biomarkers and
molecular imaging is pivotal in monitoring transplant
rejection. This combination provides a comprehen-
sive, rapid, and effective approach to assessing immune
responses following transplantation. Molecular imaging
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techniques, such as PET, offer real-time visualization
of metabolic and molecular processes within the graft,
enabling early detection of inflammatory activity associ-
ated with rejection. For instance, PET imaging can iden-
tify areas of increased glucose metabolism indicative of
immune cell infiltration [161]. However, while PET pro-
vides spatial localization of rejection, it may lack speci-
ficity in distinguishing between different types of graft
injury. On the other hand, biomarkers like dd-cfDNA
serve as a sensitive biomarker for detecting graft injury
at the molecular level. Elevated levels of dd-cfDNA in
the bloodstream correlate with cellular damage and have
been associated with both ACR and AMR. Studies have
demonstrated that dd-cfDNA levels rise prior to histo-
pathological evidence of rejection, offering a lead time for
potential intervention [37].

Recent advancements in imaging agents targeting spe-
cific immune processes have enhanced the specificity
of molecular imaging in detecting transplant rejection.
Wiwat et al. demonstrated that combining molecular
immunomonitoring with a scoring system provides a
more robust approach to predicting rejection compared
to using a single indicator [162]. While biomarkers ena-
ble early and sensitive detection of graft injury, molecular
imaging precisely localizes and characterizes the extent
of the injury [163]. This integrated approach enables
timely and targeted interventions, potentially improv-
ing patient outcomes. For instance, when dd-cfDNA
levels are elevated, subsequent PET imaging can help
determine the specific location and severity of rejection,
thereby guiding biopsy decisions and therapeutic strate-
gies. Overall, the complementary strengths of molecu-
lar imaging and biomarkers detection offer significant
potential for advancing noninvasive monitoring and per-
sonalized management of transplant recipients. By com-
bining these technologies, we can achieve more accurate,
timely, and effective monitoring of transplant rejection,
ultimately improving patient care and outcomes.

Conclusion and future directions

The noninvasive monitoring of transplant rejection has
advanced significantly, providing safer and more effec-
tive approaches to surveillance for transplant recipients.
Biomarkers such as donor-derived cell-free DNA (dd-
cfDNA), miRNAs, and chemokines offer valuable molec-
ular insights into graft status and immune responses.
Complementing these, molecular imaging techniques-
including fluorescence imaging, ultrasound, MRI,
SPECT, and PET-enable precise, real-time visualization
of rejection processes. Despite these advancements,
challenges remain regarding sensitivity, specificity,
and the need for standardized protocols across diverse
patient populations. Integrating molecular imaging with
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biomarker-based assays offers a promising pathway to
enhance diagnostic accuracy and improve clinical out-
comes. Future progress in noninvasive monitoring will
hinge on technological and translational innovations.
This outlook is anchored on two key aspects: (1) the
role of intelligent technologies in advancing noninvasive
monitoring, and (2) the feasibility of integrating these
advanced technologies into routine transplant care.

Artificial intelligence (AI) is poised to drive precision
diagnostics by managing and interpreting complex data-
sets from biomarker assays and molecular imaging. The
development of advanced imaging modalities, alongside
safer and more effective contrast agents, will further
enhance diagnostic capabilities. The integration of bio-
markers with imaging technologies provides comple-
mentary information, improving diagnostic accuracy and
enabling earlier detection of rejection episodes. How-
ever, the analytical complexity of extensive biomarker
and imaging datasets demands sophisticated solutions,
highlighting the pivotal role of AL By uncovering pat-
terns missed by traditional methods, Al can significantly
improve diagnostic accuracy and facilitate personalized
patient care.

Efforts focused on developing advanced algorithms and
collecting bioinformatics data are essential to advance Al
technology into routine clinical practice [164]. The devel-
opment of comprehensive scoring systems, such as the
iBox system for kidney transplant patients, demonstrates
the ability of Al to integrate multiple indicators to predict
long-term allograft function. The endorsement of such
systems by regulatory bodies such as the U.S. Food and
Drug Administration’s Biomarker Qualification Program
not only validates their effectiveness but also confirms
their applicability across diverse patient demographics
and healthcare settings [165]. Additionally, AI’'s integra-
tion with medical imaging holds significant potential for
improving the assessment of risks associated with trans-
plant-related complications [166]. Al algorithms have
achieved high accuracy in detecting ACR following heart
transplants, representing a major advancement in pathol-
ogy-based diagnostics [167]. Although the application of
Al is still in the early stages of being used for noninva-
sive monitoring in organ transplant recipients, further
preclinical studies are needed to adapt Al technologies to
the specific diagnostic needs of patients undergoing dif-
ferent types of allogeneic transplants [168, 169].

Traditional transplant care often emphasizes infec-
tion and complication management, potentially over-
looking early rejection episodes that are asymptomatic
and challenging to detect with conventional methods
[170]. Repeated biopsies for monitoring rejection are
not entirely satisfactory, and some heart transplant
recipients may undergo up to 14 EMBs in the first-year
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post-transplant. Moreover, biopsies are associated with
high costs and inherent risks. The cost-effectiveness of
noninvasive testing has not been comprehensively ana-
lyzed and varies across countries, influenced by health-
care development and insurance policies. In the United
States, reimbursement for GEP and dd-cfDNA testing
is primarily limited to outpatient settings, and it may be
even more restricted in other countries. While there is
currently no unified study assessing the cost of various
testing technologies, the accessibility and cost-effective-
ness of noninvasive techniques hold greater promise for
the future [171]. Advancements in technology are antici-
pated to reduce the costs of both biopsy and noninvasive
monitoring. However, biopsies still require specialized
personnel, presenting additional cost challenges.

It is foreseeable that noninvasive technologies capable
of predicting graft injury due to rejection and providing
prognostic value will play a pivotal role in the future of
transplantation. For instance, patients exhibiting a sus-
tained decline in donor fraction and/or elevated cfDNA
within one-week post-transplant may have a poorer
prognosis, indicating the need for timely immunological
intervention [172]. Early post-transplant and longitu-
dinal assessments using PET can help identify high-risk
patients, enabling intensified monitoring [173]. Integrat-
ing these noninvasive approaches into standard trans-
plant protocols presents challenges, including issues of
accessibility and the need for standardized result inter-
pretation. Furthermore, education and training for the
transplant team are crucial for the effective utilization of
these technologies. Emerging research supports the feasi-
bility of such integration, ultimately allowing for person-
alized care tailored to the unique needs of each transplant
recipient, leading to improved overall outcomes.

Overall, the integration of noninvasive monitoring
techniques, driven by advances in biomarker research
and molecular imaging, represents a significant paradigm
shift in the treatment and care of organ transplant recipi-
ents. These advancements are expected to lead to more
effective and individualized treatment strategies that not
only enhance patient outcomes but also improve overall
quality of life. As these technologies continue to evolve
and gain wider acceptance, they are likely to transform
the landscape of transplant medicine, making it more
efficient and patient-centered.

Abbreviations

HLA Human leukocyte antigen
cfDNA  Cell-free DNA

NGS Next-generation sequencing
PPV Positive predictive value
NPV Negative predictive value

Se Sensitivity

Sp Specificity

AUC Area under the curve

AR Acute rejection
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ACR Acute cellular rejection
AMR Antibody-mediated rejection

ddPCR  Droplet digital polymerase chain reaction
SNP Single nucleotide polymorphism
miR MicroRNA

RT Reverse transcription

TCMR T cell mediated rejection

CXCL Chemokine (C-X-C motif) ligand
DSA Donor specific antibodies

NIR Near infrared

GzmB  Granzyme B

GPs Glucan particles

IONPs Iron oxide nanoparticles

ICAM Intercellular cell adhesion molecule
C4d Complement 4d
MRI Magnetic resonance imaging

MPIO Micrometer-sized paramagnetic iron-oxide
SPECT  Single photon emission computed tomography
IRI Ischemia-reperfusion injury

PET Positron emission tomography
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