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Abstract: T lymphocytes are central mediators of cardiovascular disease, driving myocardial injury in myocarditis, transplant rejection, 
post-infarct remodeling, atherosclerosis, and post-viral syndromes. Yet current imaging tools ([18F]FDG PET, somatostatin receptor trac-
ers, CXCR4 PET, and cardiac MRI) offer only indirect or nonspecific measures of immune activity. The ability to noninvasively visualize 
and quantify T-cell infiltration and activation could transform diagnosis and management in cardio-immunology. Advances in immuno-
PET have produced a growing arsenal of T-cell specific tracers. CD8-targeted agents (89Zr-Df-IAB22M2C) and small-molecule probes such 
as [18F]F-AraG have entered early clinical trials, demonstrating feasibility and safety in humans. Other tracers, including CD4- and CD3-
directed antibodies, IL-2R and OX40 probes, checkpoint tracers (PD-1, CTLA-4), and granzyme B ligands, remain largely preclinical but 
show strong potential for cardiovascular translation. Applications span acute myocarditis, noninvasive transplant rejection surveillance, 
assessment of post-MI immune remodeling, plaque vulnerability in atherosclerosis, and systemic immune activation in long COVID. 
Compared with existing imaging modalities, T-cell PET offers cell-type specificity, quantitative longitudinal monitoring, and the capac-
ity for whole-body immune mapping, particularly when integrated with total-body PET or hybrid PET/MR. Challenges include low T-cell 
density in the myocardium, tracer specificity, radiation burden, and the need for histopathologic validation. Future directions involve 
repurposing oncology tracers for cardiology, engineering antibody fragments with improved kinetics, and establishing T-cell PET as a 
mechanistic biomarker in cardiovascular clinical trials. With further innovation and validation, T-cell PET has the potential to evolve from 
an experimental tool into a clinically actionable modality, reshaping the management of immune-mediated heart disease.
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Introduction

Cardiovascular diseases remain the leading cause of 
death worldwide, and there is growing recognition that 
adaptive immunity, particularly with T lymphocytes, plays 
a central role in pathogenesis. Cytotoxic CD8+ T-cells, 
helper CD4+ subsets, and regulatory T-cells contribute to 
myocarditis, transplant rejection, ischemic remodeling, 
and atherosclerosis by driving inflammation, tissue injury, 
and maladaptive repair. In myocarditis, lymphocytic infil-
tration directly mediates myocyte damage. In transplanta-
tion, T-cells are the primary effectors of acute cellular 
rejection. After myocardial infarction, T-cells shape both 
clearance of necrotic debris and longer-term remodeling. 
In atherosclerosis, T-cell activation within plaques influ-
ences stability and clinical outcomes [1, 2].

Despite this biological importance, noninvasive imaging 
of T-cells remains limited. [18F]FDG ([18F]Fluorodeoxyg- 
lucose) PET (positron emission tomography) is widely 
used for cardiac sarcoidosis and inflammatory cardiomy-
opathy, but its uptake reflects a mixture of cardiomyo-
cytes and innate immune cells and requires strict sup-
pression protocols to reduce background noise, with vari-

able reproducibility across centers. Cardiac MRI (magnet-
ic resonance imaging) is invaluable for detecting edema 
and fibrosis but cannot distinguish immune cell subsets. 
Thus, current tools provide indirect or nonspecific mark-
ers of inflammation rather than direct visualization of 
adaptive immune activity [3].

Recent advances in immuno-PET now provide a frame-
work to close this gap. Novel tracers have been developed 
to visualize specific T-cell populations or activation path-
ways, many of them first tested in oncology. Among  
the most advanced is the anti-CD8 minibody 89Zr-Df-
IAB22M2C, which demonstrated safety and CD8-rich tis-
sue targeting in a first-in-human trial [4]. Small-molecule 
tracers such as [18F]F-AraG (2’-Deoxy-2’-18F-fluoro-9-β-D-
arabinofuranosylguanine), which accumulates in activat-
ed T-cells, have also shown feasibility in early human 
studies [5]. These agents offer the possibility of cell-type-
specific, quantitative, and longitudinal imaging of adap-
tive immunity in the heart.

This review highlights the emerging landscape of T-cell 
PET tracers in cardiovascular disease. We will outline the 
biologic rationale, survey tracer classes, summarize pre-
clinical and early clinical findings, and discuss opportuni-
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ties and challenges in translating these tools to patient 
care.

This article is a narrative review of emerging T-cell-
targeted PET tracers with relevance to cardiovascular dis-
ease. A focused literature search was conducted using 
the PubMed database, using combinations of keywords 
including “T-cell PET”, “CD3 PET”, “CD4 PET”, “CD8 PET”, 
“IL-2 receptor imaging”, “OX40 imaging”, “granzyme B 
PET”, “[18F]F-AraG”, “myocarditis”, “cardiac transplant 
rejection”, “myocardial infarction”, “atherosclerosis”, and 
“long COVID”. Priority was given to human studies when 
available, supplemented by preclinical cardiovascular and 
oncology literature where relevant to translational de- 
velopment. Additional references were identified through 
citation tracking of key publications.

Relevance of T-cells in cardiovascular 
disease

Myocarditis and inflammatory cardiomyopathies

Myocarditis is among the clearest examples of T-cell-
driven cardiac injury. Biopsy specimens consistently de- 
monstrate infiltration by both CD4+ helper and CD8+ cyto-
toxic T-cells, alongside macrophages and B cells. CD8+ 
T-cells mediate direct myocyte lysis, while CD4+ subsets 
orchestrate cytokine signaling that amplifies inflamma-
tion and fibrosis. Immune checkpoint inhibitor (ICI)-as- 
sociated myocarditis, an increasingly recognized compli-
cation of cancer immunotherapy, further underscores the 
pathogenic role of T-cells: enhanced activation of CD8+ 
lymphocytes has been observed in both experimental 
models and patient tissues [1, 6]. The degree of T-cell infil-
tration correlates with disease severity, yet current imag-
ing cannot directly quantify these populations.

Cardiac transplant rejection

In heart transplantation, T-cells are the dominant effec-
tors of acute cellular rejection. Alloantigen recognition 
drives clonal expansion and infiltration of CD8+ and CD4+ 
T-cells, which damage the allograft through cytotoxicity 
and cytokine release. Surveillance remains biopsy-de- 
pendent, and sampling error and procedural risks limit  
its utility. Molecular imaging of T-cells could provide a  
noninvasive, whole-organ assessment of rejection activi-
ty. Preclinical studies in mice have already demonstrated 
the feasibility of imaging graft-infiltrating T-cells with PET 
tracers [7], while reviews highlight the role of memory and 
effector T-cells as key mediators of rejection, noting that 
memory T-cells resist standard immunosuppression [8].

Post-myocardial infarction remodeling

Following myocardial infarction (MI), adaptive immunity 
contributes to the balance between repair and maladap-
tive remodeling. Early infiltration by CD4+ and CD8+ T-cells 
promotes clearance of necrotic debris, but persistent or 

excessive activation can impair healing and drive ventric-
ular dilation. Regulatory T-cells (Tregs) play a protective 
role by restraining excessive inflammation and promoting 
resolution. In murine MI models, CD4+ T-cell activation 
improved survival and wound healing [9], while Foxp3+ 
Tregs limited adverse remodeling and improved function-
al recovery [10]. These data underscore the importance 
of adaptive immunity in repair and suggest that noninva-
sive imaging could help stratify post-MI patients at risk for 
heart failure, a population where current clinical risk mod-
els remain imperfect.

Atherosclerosis and plaque inflammation

Atherosclerosis is now understood as a chronic inflamma-
tory condition. T-cells accumulate within plaques, where 
they regulate macrophage activation and smooth muscle 
cell behavior. CD4+ effector subsets (Th1, Th17) secrete 
pro-atherogenic cytokines, while Tregs are protective. 
CD8+ T-cells also contribute to plaque destabilization 
through cytotoxic activity. A landmark review summarized 
the diverse contributions of T-cell subsets in plaque pro-
gression and rupture risk [2]. More recently, single-cell 
sequencing has revealed exhausted and activated states 
of plaque-resident T-cells, populations that may represent 
both markers of vulnerability and therapeutic targets [11]. 
Imaging these subsets could refine cardiovascular risk 
prediction beyond what is currently possible with [18F]FDG 
PET or CXCR4 PET.

Post-viral syndromes and long COVID

Persistent immune activation has been implicated in car-
diac sequelae following viral infections, including COVID-
19. Activated T-cells have been detected in myocardium 
and vascular tissues of patients with long COVID, raising 
concern for ongoing immune-mediated injury. Total-body 
PET with [18F]F-AraG is being investigated as a tool to map 
systemic T-cell activation in this population. Total-body 
[18F]F-AraG PET has demonstrated feasibility for systemic 
kinetic modeling in humans, providing a framework for 
investigating diffuse post-viral immune activation [12].

Across conditions like myocarditis, transplantation, MI, 
atherosclerosis, and viral sequelae, T-cells are central 
mediators of cardiac injury and repair. Their dynamic and 
disease-specific roles make them attractive imaging tar-
gets, yet no current modality can noninvasively quantify 
T-cell infiltration or activation in the heart. This unmet 
need provides the rationale for developing and translat- 
ing T-cell PET tracers into cardiovascular medicine.

Classes of T-cell PET tracers with car-
diac potential

T-cell-targeted PET tracers can be broadly categorized 
according to the biological feature they interrogate. 
Lineage markers such as CD3, CD4, and CD8 detect the 
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presence and trafficking of total or subset-specific T-cells. 
Activation-associated targets, including the interleukin-2 
receptor (IL-2R) and OX40, reflect recent immune activa-
tion. Immune checkpoint-related tracers targeting PD-1  
or CTLA-4 provide insight into regulatory and exhaustion 
pathways that are particularly well characterized in oncol-
ogy. Effector-function imaging, exemplified by granzyme 
B-directed tracers, aims to capture cytotoxic activity. 
Finally, metabolic tracers such as [18F]F-AraG assess ac- 
tivated T-cell-specific metabolic pathways rather than  
surface phenotype. This framework highlights the com-
plementary information provided by lineage, activation, 
regulatory, and functional imaging approaches.

General T-cell markers

CD8-targeted tracers: The most clinically advanced T-cell 
PET agent is the anti-CD8 minibody 89Zr-Df-IAB22M2C. 
Human studies of CD8-targeted PET tracers have primar-
ily been conducted in oncology, where safety, biodistribu-
tion, and tumor-infiltrating T-cell visualization have been 
demonstrated. Cardiovascular applications remain large-
ly preclinical, with limited early translational data evaluat-
ing myocardial or vascular inflammation. In a first-in-
human study, this tracer demonstrated safety, favorable 
dosimetry, and specific uptake in CD8-rich tissues and 
tumor lesions [4]. Subsequent work confirmed feasibi- 
lity of imaging tumor-infiltrating CD8+ T-cells in patients 
receiving immunotherapy [13]. More recently, Schwenck 
et al. extended these findings to metastatic cancer pa- 
tients, providing robust human data on biodistribution 
[14]. These studies form the translational basis for apply-
ing CD8 imaging to myocarditis and transplant rejection.

CD4-targeted tracers: For CD4+ helper T-cells, the 89Zr- 
malDFO-GK1.5 cys-diabody has been tested preclinically. 
Tavaré and colleagues used this tracer to image T-cell 
reconstitution in mice following stem-cell transplantation 
[15], while Freise et al. explored how protein dosing influ-
enced both imaging performance and T-cell function, 
showing that higher doses of the anti-CD4 cys-diabody 
could partially impair T-cell proliferation [16]. These re- 
sults demonstrate preclinical feasibility but also highlight 
safety concerns that have limited clinical translation.

CD3-targeted tracers: Pan-T-cell imaging has been achi- 
eved with radiolabeled anti-CD3 antibodies. Beckford 
Vera et al. developed 89Zr-DFO-anti-CD3, enabling visual-
ization of total T-cell infiltration in tumors [17]. While less 
specific than CD4- or CD8-directed probes, this strategy 
could prove useful for global T-cell monitoring in trans-
plant rejection.

It is important to note that lineage-directed tracers such 
as CD3, CD4, and CD8 primarily reflect T-cell presence 
and trafficking rather than functional state. Detection of 
CD8+ T-cell infiltration does not necessarily indicate ac- 
tive cytotoxicity, nor does CD4 imaging distinguish be- 
tween pathogenic effector subsets and regulatory T cells. 

As a result, lineage imaging alone may be insufficient  
to determine whether T-cell infiltration represents protec-
tive immunity, immune surveillance, or pathogenic inflam-
mation. Complementary approaches targeting activation 
markers or effector molecules may therefore provide 
additional mechanistic insight.

Activation-specific tracers

IL-2/IL-2R (CD25): Interleukin-2 receptor α (CD25) is 
expressed on activated T-cells. Clinical experience with 
IL-2-based tracers has been reported predominantly in 
oncology and autoimmune contexts. Dedicated cardio-
vascular applications are more limited and remain largely 
investigational. Early tracer work with [18F]FB-IL-2 demon-
strated successful radiolabeling and in vivo uptake in 
activated T-cell populations [18]. More recent refinements 
have produced GMP-compliant tracers suitable for human 
translation [19, 20]. These studies highlight IL-2 PET as a 
promising approach for imaging acute T-cell activation in 
myocarditis or transplant rejection, and these early pilot 
human studies in oncology and autoimmunity further sup-
port its translational potential.

OX40 (CD134): OX40 is a costimulatory receptor tran-
siently expressed on activated T-cells. Nobashi et al. dem-
onstrated that 89Zr-DFO-OX40 mAb could track vaccine-
induced immune activation and glioblastoma responses 
in mice [21]. This biology suggests possible application to 
autoimmune myocarditis, where activated T-cell popula-
tions are central. Broader reviews have also highlighted 
OX40 imaging as an emerging precision immuno-PET 
strategy [22].

Immune checkpoint-directed tracers

Programmed cell death protein 1 (PD-1) and programmed 
cell death ligand 1 (PD-L1): Checkpoint imaging has pro-
gressed rapidly. In a landmark study, Niemeijer et al. per-
formed first-in-human PET with 18F-BMS-986192 (PD-L1) 
and 89Zr-nivolumab (PD-1), showing uptake in tumors and 
lymphoid tissues in patients with non-small cell lung can-
cer (NSCLC) [23]. Further work extended this approach to 
89Zr-pembrolizumab [24], while Miedema et al. reviewed 
applications across multiple checkpoint inhibitors, includ-
ing nivolumab, pembrolizumab, durvalumab, and ipilim-
umab [25]. These data provide a framework for exploring 
PD-1 imaging in chronic cardiac inflammation and for 
detecting pathogenic PD-1+ T-cells in ICI-myocarditis.

CTLA-4: CTLA-4 is an inhibitory receptor expressed on 
activated T-cells that downregulates immune responses 
by competing with CD28 for binding to CD80/86. Ehlerd- 
ing et al. reported preclinical immuno-PET of CTLA-4 us- 
ing 64Cu-DOTA-ipilimumab, successfully visualizing CTLA-
4+ T-cells in mouse tumor models [26]. Follow-up work 
with antibody fragments confirmed feasibility and altered 
tracer kinetics [27]. Although clinical translation has not 
yet occurred, CTLA-4 tracers could prove informative in 
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peptide-based granzyme B tracer (68Ga-GZP) that predict-
ed immunotherapy response in mice [31]. LaSalle et al. 
extended this work to models of tumor reactivity [32],  
and Napier et al. confirmed its translational promise  
[33]. More recently, Shen et al. reported first-in-human 
evaluation of a novel “grazytracer” in patients, marking 
an important step toward clinical application [34].

Together, these tracers represent a pipeline for imaging 
T-cells at multiple stages: presence (CD3, CD4, CD8), acti-
vation (IL-2R, OX40), dysfunction (PD-1, CTLA-4), and 
effector function ([18F]F-AraG, granzyme B). While most 
have been developed in oncology, their mechanisms 
directly align with the immune pathways central to myo-
carditis, transplant rejection, and ischemic remodeling. 
This growing toolkit provides a strong rationale for ad- 
vancing T-cell PET into cardiovascular imaging.

The key surface markers on CD4+ and CD8+ T-cells rele-
vant to cardiovascular imaging are shown in Figure 1. A 
schematic overview of T-cell PET tracers for cardiovascu-
lar imaging applications is shown in Figure 2. An overview 
of PET heart tracers is listed in Table 1.

Cardiovascular imaging applications of 
T-cell PET

Although several T-cell-targeted PET tracers have pro-
gressed to human evaluation in oncology, cardiovascular 
applications remain comparatively early in development. 
Most cardiac and vascular data are derived from preclini-
cal models, with limited dedicated human cardiovascular 
studies to date.

T-cell PET for myocarditis and inflammatory cardiomyopa-
thies

Myocarditis, whether viral, autoimmune, or related to  
ICIs, is characterized by T-cell-driven myocyte injury. 
Histology consistently reveals CD8+ cytotoxic and CD4+ 
helper T-cell infiltration, often with associated fibrosis. 
The severity of infiltration correlates with clinical out-
comes [1]. ICI-associated myocarditis, though uncom-
mon, carries high mortality, and is primarily mediated by 
activated CD8+ T-cells [6]. 

Molecular imaging could improve diagnosis and monitor-
ing. [18F]FDG PET is already used in myocarditis and sar-
coidosis, but its uptake reflects both myocytes and innate 
immune cells, and suppression protocols are imperfect 
[3]. T-cell tracers may provide more specific readouts: (1) 
CD8 tracers (89Zr-IAB22M2C) could quantify cytotoxic infil-
trates. (2) IL-2R tracers (18F-FB-IL-2) might highlight acti-
vated T-cells in acute flares. (3) [18F]F-AraG, though prom-
ising, requires caution due to uptake in injured cardiomyo-
cytes [5]. (4) OX40 tracers may eventually identify acti-
vated autoreactive T-cells in autoimmune myocarditis. 
Because it is transiently expressed during activation, it 
may allow temporal mapping of acute immune flares in 
myocarditis [21].

immune checkpoint inhibitor-related myocarditis and in 
chronic T-cell-mediated cardiac inflammation.

Functional and metabolism-based tracers

[18F]F-AraG: [18F]F-AraG is a guanosine analog retained in 
activated T-cells through mitochondrial nucleotide sal-
vage pathways. Human studies of [18F]F-AraG have pri-
marily been conducted in oncology and immune-mediat-
ed diseases, demonstrating selective uptake in activat- 
ed T-cells. Cardiovascular applications remain explorato-
ry, with limited direct human cardiac data. It has demon-
strated utility in preclinical oncology and immunotherapy 
response studies [28], and progressed into human imag-
ing, showing safety and biodistribution in healthy volun-
teers and cancer patients [29, 30]. Total-body PET stud-
ies have established both biodistribution and quantitative 
kinetic parameters of [18F]F-AraG in humans, supporting 
its use for whole-body immune monitoring [12]. Impor- 
tantly, preclinical cardiac work has shown uptake in in- 
jured cardiomyocytes after ischemia-reperfusion, sug-
gesting caution when interpreting myocardial signals [5].

Granzyme B tracers: Granzyme B is secreted by acti- 
vated CD8+ T-cells and NK cells during cytotoxic respons-
es. Granzyme B-directed PET imaging has shown feasibil-
ity in human oncology studies as a marker of cytotoxic 
activity. In cardiovascular disease, evidence is currently 
restricted to preclinical models, and human validation 
remains to be established. Larimer et al. pioneered a  

Figure 1. Key surface markers on CD4+ and CD8+ T-cells relevant 
to cardiovascular imaging. PET tracers have been developed for 
CD3, CD4, CD8, PD-1, and CTLA-4 (bolded). Other molecules 
such as CD28, CD40L, and LFA-1 are critical for T-cell biology 
but not yet directly targeted for imaging.
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Translation of tracers into this space is compelling: (1) 
CD8 tracers (89Zr-IAB22M2C) could detect cytotoxic infil-
trates driving acute rejection. (2) IL-2R tracers may cap-
ture activated effector cells during early rejection. (3) 
Checkpoint tracers (PD-1/CTLA-4) might identify regula-
tory versus exhausted phenotypes relevant to chronic 
rejection or tolerance.

A noninvasive T-cell PET assay could reduce biopsy fre-
quency and provide whole-organ immune surveillance, 
while complementary tools would still be needed to 
assess antibody-mediated rejection.

In the transplant setting, T-cell PET could enable earlier 
detection of cellular rejection and reduce reliance on rou-
tine endomyocardial biopsy, particularly for surveillance 
in asymptomatic patients. Quantitative monitoring may 
also help guide immunosuppressive adjustments and 
assess treatment response.

T-cell PET for myocardial infarction and post-infarction 
remodeling

Adaptive immunity is increasingly recognized as a deter-
minant of healing after MI. Experimental depletion of 
CD4+ or CD8+ T-cells alters scar composition, ventricular 

Together, these tools could complement MRI-based Lake 
Louise criteria (standard for diagnosing myocarditis) by 
directly visualizing immune subsets, enabling more pre-
cise monitoring of therapy response.

Clinically, T-cell PET could assist in distinguishing active 
immune-mediated myocarditis from residual scar or non-
inflammatory cardiomyopathy, potentially informing deci-
sions regarding initiation, escalation, or tapering of im- 
munosuppressive therapy. It may also help guide biopsy 
targeting in selected cases.

T-cell PET for cardiac transplant rejection

T-cell-mediated rejection remains the leading cause of 
early morbidity after heart transplantation. Current sur-
veillance relies on endomyocardial biopsy, which is inva-
sive and prone to sampling errors. Noninvasive imaging  
of T-cell infiltration offers a potential paradigm shift.

Preclinical work has demonstrated feasibility. Hirai et al. 
showed PET detection of graft-infiltrating T-cells in a 
murine transplant model, with signal preceding histologic 
rejection [7]. An interesting review has highlighted that 
both effector and memory T-cells orchestrate rejection 
[8].

Figure 2. Schematic overview of T-cell PET tracers for cardiovascular imaging applications. The heart and myocardial section highlight im-
mune cell infiltration in myocarditis, transplant rejection, post-MI remodeling, and atherosclerosis. Tracers target different T-cell states: 
CD8 tracers (89Zr-IAB22M2C; clinical), CD4 tracers (GK1.5 cys-diabody; preclinical), activation tracers (18F-FB-IL-2; early human feasi-
bility; OX40; preclinical; [18F]F-AraG; clinical but also labels myocytes), and checkpoint tracers (PD-1: 89Zr-nivolumab; clinical; CTLA-4: 
64Cu-ipilimumab; preclinical). This framework shows the spectrum of tools being translated from oncology to cardiovascular immunology.
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phage activity. T-cell tracers offer the possibility of sub-
set-specific plaque imaging, particularly: (1) CD4/CD8 
tracers to quantify effector subsets. (2) Checkpoint trac-
ers (PD-1, CTLA-4) to assess exhaustion and regulation. 
(3) IL-2 tracers for plaque-associated activated T-cells. 
This could refine risk prediction beyond standard imaging 
by directly measuring the immune subsets most respon-
sible for destabilization.

In atherosclerosis, T-cell-specific imaging may refine iden-
tification of high-risk plaques characterized by adaptive 
immune activation and potentially guide selection of anti-
inflammatory or immune-modifying therapies.

T-cell PET for post-viral syndromes and long COVID

Post-viral syndromes such as long COVID frequently in- 
clude cardiovascular manifestations, including myocardi-
tis-like injury, dysautonomia, and microvascular dysfunc-
tion. Persistent immune activation, including activated 
T-cells, has been implicated in these syndromes. 

As previously mentioned, [18F]F-AraG PET has emerged  
as a practical tool for systemic T-cell imaging [12]. In  
post-viral syndromes such as long COVID, it could stratify 
patients by degree of systemic versus cardiac involve-
ment, clarify mechanisms of persistent inflammation,  
and guide the development or monitoring of targeted im- 
munomodulatory therapies.

In post-viral syndromes including long COVID, T-cell PET 
remains exploratory but may help clarify whether persis-
tent cardiac symptoms are associated with ongoing ad- 

dilation, and survival. CD4+ T-cell activation improves 
wound healing [9], while regulatory T-cells restrain exces-
sive inflammation and limit adverse remodeling [10].

T-cell PET could provide new biomarkers for post-MI risk 
stratification: (1) [18F]F-AraG has already been tested in 
ischemia-reperfusion models, where it accumulated in 
both activated T-cells and injured myocytes [5]. (2) Gran- 
zyme B tracers could monitor CD8+ cytotoxic activity dur-
ing early tissue injury [32]. (3) IL-2R tracers might visua- 
lize T-cell activation during the inflammatory-repair transi-
tion phase.

By mapping adaptive immune dynamics, these tracers 
could identify patients at risk of adverse remodeling and 
guide timing of immunomodulatory therapies.

In post-MI remodeling, visualization of T-cell subsets may 
help stratify patients at risk for adverse ventricular remod-
eling and inform consideration of targeted immunomodu-
latory strategies in clinical trials.

T-cell PET for atherosclerosis and plaque inflammation

Atherosclerosis is now understood as a chronic inflam- 
matory disease with strong T-cell involvement. CD4+ Th1 
and Th17 cells promote inflammation, while regulatory 
T-cells are protective. CD8+ T-cells contribute to plaque 
destabilization through cytotoxicity. Single-cell analyses 
of human plaques have revealed exhausted and activat- 
ed T-cell subsets that shape plaque vulnerability [2, 11].

Current plaque imaging relies heavily on [18F]FDG and 
68Ga-Pentixafor (CXCR4), which primarily reflect macro-

Table 1. Overview of PET tracers targeting T-cells, their molecular targets, isotopes, stage of development, and potential 
applications in cardiovascular disease*

Tracer/Example Target Isotope Development stage Primary clinical use Potential cardiac  
application

Key  
references

89Zr-Df-IAB22M2C 
(minibody)

CD8 89Zr Clinical (cancer patients; 
multiple trials)

Imaging CD8+ tumor-infil-
trating lymphocytes

Myocarditis, transplant 
rejection

[4, 13, 14]

89Zr-malDFO-GK1.5 cDb CD4 89Zr Preclinical (murine trans-
plant, inflammation)

Imaging helper T-cell 
subsets

Myocarditis, post-MI 
repair

[15, 16]

89Zr-DFO-anti-CD3 CD3 (pan-T-cell) 89Zr Preclinical Broad T-cell imaging Global infiltration in 
myocarditis, rejection

[17]

[18F]FB-IL-2 IL-2R (CD25) 18F Early clinical (pilot human 
studies)

Activated T-cell imaging in 
oncology/autoimmunity

Acute myocarditis, 
rejection

[18, 19]

89Zr-DFO-OX40 mAb OX40 (CD134) 89Zr Preclinical (cancer, vac-
cination models)

Activated T-cell responses Autoimmune myocardi-
tis, graft rejection

[21]

89Zr-nivolumab/ 
89Zr-pembrolizumab

PD-1 89Zr Clinical (oncology trials) Exhausted/activated T-cell 
imaging under ICI therapy

Chronic cardiac inflam-
mation, ICI-myocarditis

[23, 24]

64Cu-DOTA-ipilimumab CTLA-4 64Cu Preclinical (murine 
tumors)

Checkpoint expression 
imaging

ICI-related myocarditis 
(experimental)

[26]

[18F]F-AraG Activated T-cells 
(dGK pathway)

18F Clinical (human dosimetry, 
cancer/viral studies)

Imaging activated T-cells Myocarditis, MI remodel-
ing (note: myocyte 
uptake), long COVID

[5, 12, 30]

68Ga-GZP (granzyme B 
peptide)

Granzyme B (cy-
totoxic effector)

68Ga Early clinical (first-in-hu-
man; mostly preclinical)

Predicting immunotherapy 
response

Cytotoxicity in myocardi-
tis, post-MI injury

[31, 32, 34]

*Tracers are categorized by T-cell subset or functional state. Most agents are translated from oncology; those noted as “clinical” or “early clinical” have entered human 
studies, whereas “preclinical” remain in animal models. Potential cardiac applications include myocarditis, transplant rejection, MI remodeling, atherosclerosis, and post-
viral syndromes such as long COVID.
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tion further degrade spatial resolution and may intro- 
duce quantification variability, underscoring the impor-
tance of motion correction and standardized acquisition 
protocols. Spillovers from adjacent blood pool or nearby 
lymphoid structures may confound interpretation, espe-
cially in coronary and great vessel imaging. As T-cell PET 
moves toward cardiovascular translation, harmonized im- 
aging protocols, careful ROI methodology, and validation 
against histopathology or clinically meaningful endpoints 
will be essential for reproducible and interpretable results.

Comparisons with existing imaging mo-
dalities
[18F]FDG PET

[18F]FDG PET is the most widely used molecular imaging 
tool for cardiac inflammation, particularly in sarcoidosis 
and myocarditis. It has high sensitivity but suffers from 
two major limitations: 1) physiologic myocardial uptake 
due to glucose metabolism, requiring dietary or heparin 
suppression protocols that are cumbersome, variably ef- 
fective, and prone to false positives in patients with dia-
betes or obesity; and 2) lack of cellular specificity, as FDG 
accumulates in both activated macrophages and cardio-
myocytes. While consensus guidelines from the Society of 
Nuclear Medicine and Molecular Imaging (SNMMI) and 
the American Society of Nuclear Cardiology (ASNC) sup-
port its role in cardiac sarcoidosis [3], the method rema- 
ins an indirect readout of inflammation. T-cell tracers 
would provide specificity for adaptive immune processes, 
potentially complementing or even replacing FDG in myo-
carditis and transplant rejection.

Somatostatin receptor (SSTR) tracers

Radiolabeled somatostatin analogs such as 68Ga-DOTAT- 
ATE and 68Ga-DOTATOC, widely used for neuroendocrine 

aptive immune activation, thereby informing decisions 
regarding immunomodulatory treatment trials. Evidence 
is derived from small and heterogeneous cohorts. Per- 
sistent tracer uptake may reflect systemic immune ac- 
tivation rather than cardiac-specific inflammation, and 
careful interpretation within clinical context is essential. 
Dedicated cardiovascular validation studies will be re- 
quired to determine the specificity and prognostic rele-
vance of T-cell imaging in post-viral syndromes.

Across disease states, T-cell imaging provides a more  
precise lens on adaptive immunity in the heart and va- 
sculature. Myocarditis and transplant rejection stand out 
as the most immediate clinical applications, given their 
reliance on T-cell-mediated injury and the limitations of 
current diagnostic approaches. Post-MI remodeling, ath-
erosclerosis, and post-viral syndromes represent expand-
ing frontiers where PET tracers could uncover new bio- 
logy and identify therapeutic windows. The cardiovascu- 
lar imaging applications of T-cell PET are listed in Table 2.

Technical and quantification considerations in cardiovas-
cular T-cell PET

Across cardiovascular applications, accurate quantifica-
tion of T-cell-targeted PET presents unique technical chal-
lenges. Although standard uptake values (SUV) are com-
monly reported, vascular and myocardial imaging fre-
quently rely on target-to-background ratios (TBR) to ac- 
count for circulating tracer activity and variable blood pool 
signal. In atherosclerotic plaque imaging, small lesion size 
renders measurements particularly susceptible to partial 
volume effects, potentially underestimating true tracer 
uptake. Moreover, variability in the selection of blood pool 
reference regions and vessel wall region-of-interest (ROI) 
definition may influence calculated TBR values and limit 
reproducibility across studies. Cardiac and respiratory mo- 

Table 2. Cardiovascular imaging applications of T-cell PET*

Disease Context Pathophysiology Key T-cell  
Subsets

Current Imaging 
Limitations

Candidate T-cell PET 
Tracers

Key  
References

Myocarditis (viral, 
autoimmune, ICI-
associated)

T-cell-driven myocyte injury; CD8+ 
cytotoxic cells dominate; CD4+ 
helper cells and Tregs modulate 
severity

CD8+, CD4+, 
Tregs, activated 
T-cells

18F-FDG PET nonspe-
cific; CMR detects 
edema/fibrosis but not 
immune subsets

CD8 tracers (89Zr-IAB22M2C), 
IL-2R (18F-FB-IL-2), OX40, [18F]
F-AraG (with cardiomyocyte 
uptake caveat)

[5, 6]

Cardiac transplant 
rejection

T-cell-mediated cytotoxicity drives 
acute cellular rejection; memory 
T-cells involved in chronic rejection

CD8+, CD4+, ac-
tivated/memory 
T-cells

Surveillance biopsies 
are invasive and prone 
to sampling error

CD8 tracers, IL-2R tracers, 
checkpoint tracers (PD-1, 
CTLA-4)

[7, 8]

Myocardial infarction 
& remodeling

T-cells influence post-MI heal-
ing, scar formation, and adverse 
remodeling; Tregs protective

CD4+, CD8+, Tregs CMR detects scar/ede-
ma but cannot quantify 
immune subsets

[18F]F-AraG, IL-2R tracers, 
Granzyme B tracers (68Ga-
GZP)

[9, 10, 31]

Atherosclerosis & 
plaque instability

T-cells drive plaque inflammation 
and instability; Th1/Th17 promote, 
Tregs suppress

CD4+, CD8+, 
Tregs, exhausted 
T-cells

18F-FDG and CXCR4 
PET reflect macrophage 
activity; cannot resolve 
T-cell subsets

CD4/CD8 tracers, IL-2R, 
PD-1 tracers

[2, 11]

Post-viral syndromes 
(long COVID, others)

Persistent systemic immune activa-
tion; T-cell-mediated vascular/car-
diac involvement suspected

Activated CD4+/
CD8+ T-cells

CMR shows inflamma-
tion/fibrosis; no sys-
temic immune imaging

[18F]F-AraG with total-body 
PET for systemic mapping

[12]

*Key disease contexts include myocarditis, transplant rejection, myocardial infarction and remodeling, atherosclerosis, and post-viral syndromes. For each, the underlying 
pathophysiology, relevant T-cell subsets, and limitations of current imaging are summarized alongside candidate PET tracers and representative references.
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rophage-specific, not adaptive. (3) CXCR4 PET: chemokine 
receptor-based, intermediate specificity. (4) CMR: excel-
lent structural/functional resolution, no immune subset 
data.

T-cell PET offers complementary value by targeting adap-
tive immunity directly. Integration of T-cell tracers with 
total-body PET could provide systemic context, while 
hybrid PET/MR could merge structural information with 
immune profiling. This multimodal strategy may define  
the future of cardio-immunology imaging.

[18F]FDG PET, SSTR tracers, CXCR4 imaging, and CMR 
have each advanced the field of cardiovascular inflam- 
mation imaging, but they remain nonspecific or indirect 
measures of adaptive immunity. T-cell PET tracers uni- 
quely offer cell-type specificity, the potential to resolve 
immune heterogeneity, and quantitative tracking over 
time. Rather than replacing existing modalities, they are 
likely to serve as complementary tools, particularly when 
integrated with hybrid PET/MR or total-body PET plat-
forms. This synergy could transform both research and 
clinical practice into cardio-immunology. A structured 
comparison of these different approaches is summariz- 
ed in Table 3. Conventional cardiac PET imaging for per- 
fusion assessment is shown in Figure 3, and a normal 
biodistribution of 68Ga-DOTATATE PET (left) and 18F-FDG 
PET (right) is shown in Figure 4. 

Advantages and challenges/limitations 
of T-cell PET imaging

Advantages

Cell-type specificity: Unlike [18F]FDG PET or 68Ga-DOTA- 
TATE, which mainly reflect metabolism or macrophage 
activity, T-cell tracers directly bind to lineage markers 
such as CD3, CD4, and CD8, or activation molecules like 
IL-2R and PD-1. In first-in-human studies, the anti-CD8 
minibody 89Zr-Df-IAB22M2C demonstrated safe biodistri-

tumors, also accumulate in inflammatory lesions. Their 
uptake reflects activated macrophages expressing so- 
matostatin receptors. Early studies have demonstrated 
DOTATATE uptake in cardiac sarcoidosis and systemic 
inflammatory conditions [35]. However, these tracers are 
not specific to T-cells. They may serve as complemen- 
tary tools for imaging macrophage-driven inflammation, 
but they cannot resolve adaptive immunity.

CXCR4 tracers

The chemokine receptor CXCR4 is expressed on mono-
cytes, macrophages, and some lymphocytes. 68Ga-pen- 
tixafor, a CXCR4-targeted PET tracer, has been applied  
to atherosclerosis and myocarditis. In patients with lar- 
ge-vessel vasculitis and atherosclerotic plaques, pentixa-
for PET demonstrated strong uptake in inflamed lesions 
[36, 37]. However, CXCR4 expression is not exclusive to 
T-cells, as it is also present on monocytes, macropha- 
ges, and hematopoietic precursors, leading to overlap 
with innate immune activation. Compared with emerging 
T-cell tracers, CXCR4 imaging offers broader inflammato-
ry profiling but less specificity for adaptive lymphocytes.

Cardiac MRI

Cardiac MRI (CMR) is a cornerstone of noninvasive myo-
carditis and cardiomyopathy evaluation. The Lake Louise 
criteria rely on T2-weighted imaging for edema and late 
gadolinium enhancement (LGE) for fibrosis [38]. T1/T2 
mapping has increased sensitivity for diffuse inflamma-
tion. However, MRI cannot distinguish immune subsets 
and provides only surrogate markers of injury (edema, 
scar). While MRI remains indispensable for structural and 
functional characterization, T-cell PET would add cell-spe-
cific resolution, enabling correlation between immune 
activity and tissue damage.

Integration and complementarity

Each modality has strengths and weaknesses: (1) [18F]
FDG PET: sensitive but nonspecific. (2) SSTR tracers: mac-

Table 3. Comparison of macrophage-centric inflammation imaging and T-cell-targeted PET in cardiovascular disease*
Imaging Strategy Primary Immune Target Strengths Key Limitations What T-cell PET Adds
[18F]FDG PET Glucose metabolism in 

activated inflammatory 
cells (predominantly mac-
rophages)

Widely available; high sensitiv-
ity; established clinical use

Low specificity; physiologic 
myocardial uptake requires 
suppression; cannot distin-
guish immune subsets

Cell-specific visualization 
of adaptive immunity and 
subset-specific tracking

SSTR-targeted PET (e.g., 
68Ga-DOTATATE)

Somatostatin receptor-
expressing activated 
macrophages

Greater specificity for activated 
macrophages compared with 
FDG; useful in plaque imaging

Remains macrophage-
focused; limited insight into 
adaptive immune contribution

Direct assessment of T-cell 
presence and activation 
within lesions

CXCR4-targeted PET CXCR4-expressing inflam-
matory leukocytes

Reflects leukocyte recruitment 
and inflammatory signaling

Not specific to T cells; signal 
may reflect multiple immune 
cell types

Differentiation of innate 
versus adaptive immune 
components

T-cell–targeted PET (CD3, 
CD4, CD8, IL-2R, OX40, 
PD-1, CTLA-4, granzyme 
B, [18F]F-AraG)

T-cell lineage, activation, 
checkpoint status, or 
cytotoxic function

Subset-specific and function-
oriented imaging of adaptive 
immunity; potential for mecha-
nistic phenotyping

Lower cellular abundance 
in myocardium; early-stage 
cardiovascular validation

Mechanistic characterization 
of T-cell-driven pathology 
and potential guidance of 
immunomodulatory therapy

*Although macrophage-centric tracers such as [18F]FDG, SSTR-targeted agents, and CXCR4 imaging have advanced cardiovascular inflammation imaging, they primarily 
reflect innate immune activity. In contrast, T-cell-targeted PET provides direct insight into adaptive immune mechanisms.
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characterization with cell-specific immune imaging for a 
more complete picture.

Challenges and limitations

Tracer specificity in the heart: Although [18F]F-AraG is 
designed to label activated T-cells, it also shows uptake  
in stressed cardiomyocytes, as demonstrated in isch-
emia-reperfusion models [5]. This off-target binding com-
plicates interpretation in cardiac injury.

Low T-cell density: Cardiac infiltrates are often sparse 
compared with tumors, lowering signal-to-noise ratios. 
Early preclinical work with pan-T-cell tracers such as 
89Zr-anti-CD3 demonstrated feasibility but also highlight-
ed the difficulty of detecting low-abundance populations 
in vivo [17].

Dosimetry and safety: Antibody-based tracers labeled 
with 89Zr provide high specificity but deliver higher radia-
tion doses, which may limit their use in longitudinal car-
diovascular imaging. Checkpoint tracers such as 64Cu- 
DOTA-ipilimumab illustrate the trade-off between speci- 
ficity and prolonged circulation times [26]. In contrast, 
small-molecule tracers like [18F]F-AraG achieve lower ra- 
diation exposure, though safety and biodistribution data 
confirm systemic uptake that must be accounted for in 
clinical use [30].

Pharmacokinetics and background uptake: Antibody tra- 
cers often clear slowly and accumulate in blood and lym-

bution and specific uptake in CD8-rich tissues, validating 
the principle of adaptive immune-specific imaging [4]. 
This approach was further extended by Farwell et al.,  
who showed that CD8 PET could quantify tumor-infiltrat-
ing lymphocytes in patients with cancer, highlighting its 
potential for longitudinal monitoring [13].

Quantitative and longitudinal assessment: Because PET 
allows absolute quantification, tracer uptake can be fol-
lowed over time. This provides a way to monitor immune 
dynamics, assess therapy response, and detect recur-
rence risk, particularly relevant in transplant rejection  
and ICI-associated myocarditis.

Whole-body systemic view: Total-body PET has enabled 
simultaneous imaging of cardiac and systemic immune 
activity. Total-body PET with [18F]F-AraG has demonstrat-
ed dynamic imaging and kinetic modeling, showing how 
immune activation can be tracked systemically in real 
time [12].

Integration with multimodal imaging: T-cell PET can be 
combined with structural and functional imaging. Cardiac 
MRI, for example, remains the standard for detecting  
myocardial edema and fibrosis [38], but it cannot iden- 
tify immune subsets. Hybrid PET/MR could merge tissue 

Figure 3. Conventional cardiac PET imaging for perfusion assess-
ment. PET is widely used in cardiology to evaluate myocardial 
blood flow and perfusion defects, as illustrated by the distinction 
between regions of reduced and healthy blood flow. While es-
tablished tracers such as 13N-ammonia and 82Rb provide robust 
perfusion imaging, they do not capture immune cell activity, un-
derscoring the complementary role of novel T-cell-targeted trac-
ers for evaluating inflammation.

Figure 4. Normal biodistribution of 68Ga-DOTATATE PET (left) 
and 18F-FDG PET (right). DOTATATE shows physiologic uptake in 
the liver, spleen, kidneys, and bladder, reflecting somatostatin 
receptor expression in macrophages. In contrast, FDG demon-
strates widespread uptake in the myocardium, brain, bowel, and 
skeletal muscle due to glucose metabolism. While both modali-
ties are useful in cardiovascular inflammation imaging, neither 
provides T-cell specificity, underscoring the potential role for 
novel T-cell-targeted tracers.



PET imaging of T-cell activity in cardiovascular disease

86	 Am J Nucl Med Mol Imaging 2026;16(2):77-89

ments (cys-diabodies, minibodies, nanobodies) that bal-
ance specificity with faster clearance. For instance, pre-
clinical work with anti-CD4 cys-diabodies achieved ro- 
bust T-cell imaging in mouse models with improved phar-
macokinetics compared to full antibodies [15]. Similar 
approaches may yield cardiovascular-optimized tracers 
that can resolve sparse T-cell infiltrates without excessive 
background uptake. Advances in click chemistry and site-
specific labeling may also produce more consistent, high-
affinity probes.

Multimodal imaging strategies

Standalone PET provides specificity but has limited struc-
tural resolution. Combining T-cell tracers with MRI could 
bridge this gap. CMR already excels at characterizing 
edema, fibrosis, and function [38], while PET adds im- 
mune-cell specificity. Integrated PET/MR platforms could 
simultaneously map immune activation and tissue re- 
modeling, enhancing diagnostic precision in myocarditis 
and post-MI remodeling. Similarly, computed tomogra- 
phy (CT) angiography combined with T-cell PET may illu- 
minate both plaque burden and immune activity in 
atherosclerosis.

Leveraging total-body PET

The emergence of total-body PET has expanded possibili-
ties for systemic immune imaging. Because [18F]F-AraG 
PET has been shown to track activated T-cells with high 
sensitivity across organ systems, it has great utility for 
studying widespread immune involvement [12]. Applying 
this technology to cardiovascular patients could reveal 
not only local myocardial infiltration but also systemic 
immune signatures. For example, it could help in distin-
guishing patients with isolated cardiac involvement from 
those with widespread immune activation in long COVID 
or sarcoidosis.

Clinical trial integration

Perhaps the most impactful role for T-cell PET will be as  
a biomarker in clinical trials. For myocarditis, imaging 

phoid tissues. A recent review of checkpoint immuno-PET 
in humans confirmed high physiological uptake in spleen 
and lymph nodes, raising challenges for quantification in 
nearby cardiac tissue [25].

Validation requirements: To establish clinical value, PET 
findings must correlate with biopsy and outcomes. In myo-
carditis and transplant rejection, histology remains the 
reference standard but is invasive and limited by sam-
pling error. Carefully designed trials that integrate imag-
ing, pathology, and outcomes are critical to move the field 
forward.

Cost and accessibility: Specialized isotopes (89Zr, 64Cu) 
and radiochemistry expertise limit widespread adoption. 
Early implementation will likely remain confined to aca-
demic centers until streamlined production and distribu-
tion pathways are established.

T-cell PET offers unprecedented specificity and quantita-
tive insight into adaptive immune activity in cardiovascu-
lar disease. Advantages include immune subset target-
ing, longitudinal monitoring, systemic imaging with total-
body PET, and complementarity with MRI. Limitations 
include off-target uptake, low T-cell density in the heart, 
radiation burden, slow pharmacokinetics, and validation 
challenges. Addressing these barriers through tracer 
engineering, novel isotopes, and prospective clinical trials 
will determine whether T-cell PET evolves from an experi-
mental tool to a clinical standard. Advantages and chal-
lenges of T-cell PET imaging in cardiovascular disease are 
summarized in Figure 5.

Future directions

Repurposing oncology tracers for cardiology

Most of the leading T-cell PET tracers were developed  
for oncology, where immune checkpoint inhibitors have 
driven the need to noninvasively track T-cell biology. CD8 
tracers such as 89Zr-Df-IAB22M2C have already demon-
strated safety and biodistribution in cancer patients [4, 

Figure 5. Advantages and challenges of T-cell PET imaging in cardiovascular disease. 
Advantages include cell-type specificity, quantitative longitudinal assessment, sys-
temic immune mapping with total-body PET, and integration with multimodal imag-
ing. Challenges include low T-cell density in the myocardium, tracer specificity and 
off-target uptake, radiation burden with long-lived isotopes, and the need for valida-
tion against biopsy and clinical outcomes. 

13]. Repurposing these agents for cardio-
vascular disease could accelerate trans-
lation, particularly since some tracers are 
already IND-cleared for oncology, stre- 
amlining regulatory and manufacturing 
hurdles. For example, trials of [18F]F-AraG 
in oncology have established human sa- 
fety profiles [30], enabling investigators 
to pivot toward myocarditis or transplant 
rejection studies without starting from 
scratch.

Engineering next-generation tracers

Despite early success, antibody-based 
tracers remain limited by slow kinetics 
and high radiation exposure. Future 
efforts are focusing on engineered frag-
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will require focused studies to define diagnostic perfor-
mance, prognostic value, and impact on clinical decision-
making in cardiovascular populations. Integration with 
hybrid PET/MR and total-body PET further enhances its 
promise, enabling systemic immune mapping alongside 
cardiac tissue characterization. Challenges remain, in- 
cluding low T-cell density in the myocardium, off-target 
uptake, dosimetry concerns, and the need for rigorous 
clinical validation. Nonetheless, ongoing tracer engineer-
ing, repurposing of oncology-developed probes, and in- 
corporation into clinical trials provide clear pathways for-
ward. In summary, T-cell PET has the potential to trans-
form cardio-immunology by uniting molecular specificity 
with noninvasive imaging. If current barriers are add- 
ressed, these tracers may evolve from experimental tools 
into clinically actionable biomarkers, reshaping the diag-
nosis and management of immune-mediated cardiovas-
cular disease. Ultimately, the success of T-cell PET will 
depend on showing that immune imaging meaningfully 
alters clinical decision-making and outcomes, with rigor-
ous biopsy-correlated and outcomes-driven validation 
serving as the critical next step.
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