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I. Summary 

Increasing evidence highlights the crucial role of CD4+ cells in orchestrating cancer 

immunity, suggesting their potential as biomarkers for disease classification and for 

monitoring responses to a wide range of immunotherapies. However, there is currently 

no established noninvasive diagnostic procedure to determine the CD4+ cell content in 

diseased tissue. Molecular imaging of CD4+ cells could offer novel insights into their 

migration dynamics during immunotherapies and better define patient-specific 

therapeutic approaches. Additionally, a noninvasive, repetitive method to detect CD4+ 

cells throughout the entire body would enable clinicians to track disease progression 

and therapeutic effects, thus providing guidance for personalized treatments. 

The aim of this thesis was to validate novel scFv-CH3 (minibody, Mb)-based and VHH 

single domain antibody (nanobody, Nb)-based PET tracers for noninvasive in vivo 

imaging of human CD4+ cells. Aiming for subsequent clinical translation, we thoroughly 

evaluated their ability to visualize, spatially localize, and distinguish clinically relevant 

changes in endogenous CD4+ immune cell infiltrates in preclinical cancer models. 

The simultaneous development of radiolabeled murine and human Mbs (89Zr-mCD4-Mb 

and 89Zr-hCD4-Mb, respectively) for PET imaging enabled noninvasive monitoring and 

visualization of whole-body endogenous CD4+ cell distributions in experimental models 

of cancer immunotherapy (CIT) in human CD4 receptor knock-in (hCD4-KI) and wild-

type (WT) mice, as well as the prediction of CIT response. Furthermore, our newly 

developed 64Cu radiolabeled CD4 specific Nb (64Cu-CD4-Nb1) allowed for the highly 

sensitivedetection and spatial localization of little alterations in CD4+ cell densities in 

different experimental cancer models.  

One of the main differences between the two imaging probes is their molecular weight, 

which influenced their pharmacokinetic properties, making them suitable for different 

imaging purposes. The development of these probes targeting the hCD4 antigen and 

the evidence that neither format alters T-cell proliferation or function make them 

promising candidates for clinical translation across a wide range of tumors and cancer 

immunotherapy applications.  
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II. Zusammenfassung 

CD4⁺-Zellen spielen eine entscheidende Rolle bei der Steuerung der Krebsimmunität 

und sind daher vielversprechende Biomarker für die Klassifizierung von Erkrankungen 

sowie für die Überwachung von Immuntherapien. Allerdings existiert derzeit kein 

etabliertes nichtinvasives Diagnoseverfahren zur Bestimmung des CD4⁺ Zellgehalts im 

erkrankten Gewebe. Die molekulare Bildgebung von CD4⁺ Zellen könnte neue Einblicke 

in deren Migrationsdynamik während Immuntherapien bieten und personalisierte 

Therapieansätze ermöglichen. Darüber hinaus eröffnet die longitudinale, nichtinvasive 

Ganzkörper-Bildgebung von CD4⁺ Zellen klinisch die Möglichkeit, Krankheitsverlauf und 

Therapieeffekt sowohl bei Tumorerkrankungen als auch bei entzündlichen 

Erkrankungen zu verfolgen. 

Ziel dieser Arbeit war es, verschiedene für die Immunzellbildgebung bevorzugte 

Antikörperfragmente wie scFv-CH3-Antikörper (Minibodies, Mbs) und VHH-

Einzeldomänen-Antikörper (Nanobodies, Nbs) für die ImmunoPET-Bildgebung zu 

validieren, um humane CD4⁺ Zellen nichtinvasiv detektieren zu können. Ihre Fähigkeit, 

endogene CD4⁺ Immunzell-Infiltrate sichtbar zu machen, räumlich zu lokalisieren und 

klinisch relevante Veränderungen differenzieren zu können, wurde in präklinischen 

Krebsmodellen im Hinblick auf klinische Umsetzbarkeit untersucht. 

Die gleichzeitige Entwicklung von radioaktiv markierten murinen und humanen 

Minibodies (⁸⁹Zr-mCD4-Mb bzw. ⁸⁹Zr-hCD4-Mb) für die PET-Bildgebung ermöglichte die 

nichtinvasive Überwachung und Visualisierung der körpereigenen CD4⁺-

Zellverteilungen in Krebsimmuntherapie-Modellen in humanen CD4-Rezeptor-Knock-

in- und Wildtyp-Mäusen, die auch eine Vorhersage des Therapieansprechens 

ermöglichte. Darüber hinaus erlaubte ein neu entwickelter ⁶⁴Cu -markierter CD4-

spezifischer Nanobody (64Cu-CD4-Nb1) die hochsensitive Erkennung und räumliche 

Lokalisierung selbst geringer Veränderungen von CD4⁺ Zellinfiltraten in verschiedenen 

experimentellen Krebsmodellen. 

Ein wesentlicher Unterschied zwischen den beiden Tracern liegt in ihrem 

Molekulargewicht, das ihre pharmakokinetischen Eigenschaften maßgeblich 

beeinflusst und sie für unterschiedliche Bildgebungszwecke geeignet macht. Die 

Entwicklung dieser Tracer, die gezielt das humane CD4-Antigen adressieren, sowie der 

Nachweis, dass keines der beiden Formate die Proliferation oder Funktion von T-Zellen 

verändert, machen sie zu vielversprechenden Kandidaten für die klinische Anwendung 

bei einem breiten Spektrum verschiedener Tumoren und Krebsimmuntherapien. 
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1. Introduction 

1.1. Immune system 

The immune system comprises a complex network of organs, cells, cytokines and 

proteins that coordinate a multifaceted defense against pathogens and dysregulated 

self-antigens. Based on the speed and specificity of the response, the immune system 

is divided into two categories: innate and adaptive immunity. Innate immunity refers 

mainly to elements of the immune system that provide immediate host defense, 

including innate lymphocytes, neutrophils, monocytes, macrophages, dendritic cells 

(DCs), natural killer (NK) cells, complement, cytokines, and acute phase proteins. 

However, the lack of specificity of the innate response can damage healthy tissues. The 

production of cytokines and chemokines by cells part of the innate immunity initiates the 

adaptive immune response. In contrast to innate immunity, the adaptive response is 

precise, slower and takes several days or weeks to develop. It is linked to the innate 

immune response by antigen presenting cells (APCs) in perturbed tissue, which allows 

the priming, activation, and differentiation of naïve cluster of differentiation (CD)4+ and 

CD8+ T cells, as well as monocytes and macrophages. The expanded T-cell population 

recognizes foreign antigens on the surface of altered or infected cells via major 

histocompatibility complex (MHC) molecules and efficiently neutralizes the danger at its 

source. The antigen-specific reactions through T and B lymphocytes allow for the 

generation of memory immune cells that can act more quickly and precisely upon a 

second contact with the same antigen [6, 7]. Inflammation resolves when danger is 

removed, and tissue homeostasis is restored [7]. 

1.2. Tumor microenvironment 

Malignant tumors accounted for nearly 10 million deaths worldwide in 2020 [8]. In 1889, 

Stephen Paget proposed the “seed and soil” theory, stating that tumor-initiating cells, or 

“seeds”, need a supportive environment, or “soil”, to grow and metastasize [9, 10]. It is 

now recognized that cancer is not only mediated by genetic modifications, but also by 

the interaction of many cellular components [11]. Indeed, tumors represent complex 

three-dimensional (3D) structures formed by various cell types, including cancer cells 

and immune cells such as T cells, DCs, NK cells, macrophages and neutrophils. 

Additionally, these structures include stroma cells, the vasculature, and the extracellular 

matrix (ECM). Together, these components create a tumor microenvironment (TME) 

that plays a crucial role in tumor growth, metastasis, and treatment response (Figure 

1) [7, 11-16]. 
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Figure 1. Changes of the tumor microenvironment (TME) during cancer progression and 

metastasis. The TME includes different immune cell types, as well as cancer associated fibroblasts 

(CAFs), epithelial cells (ECs) and extracellular matrix (ECM), all co-evolving and varying with the tumor 

as it progresses. Depicted from de Visser KE, Joyce JA, 2023 [11]. 

Immune cells are characterized by different functions, activation states, and 

phenotypes, representing a heterogeneous component of the TME with a significant 

impact on tumor progression and response to treatment [17]. In 2013, Chen and 

Mellman proposed a tumor classification strategy based on patient-specific tumor 

immune status. They defined three main categories, immune desert (or “cold”), immune 

excluded, and immune inflamed (or “hot”) tumors, based on the localization and 

activation profile of the tumor immune infiltrates [18-20]. 

Immune desert tumors occur because of immunological ignorance, tolerance, or lack of 

appropriate T-cell priming or activation, generally associated with a poor prognosis. 

Tumors classified as immune excluded show a specific chemokine state, the existence 

of vascular barriers, or stroma-based suppression, corresponding to an intermediate 

prognosis. In contrast, inflamed tumors are infiltrated by proinflammatory cells, such as 

mature DCs, effector T cells, NK cells, and B cells, as well as anti-inflammatory cells, 

such as Tregs, myeloid-derived suppressor cells (MDSCs), type I and type II 

macrophages (M1 and M2, respectively), and cancer-associated fibroblasts (CAFs), 

associated with a good prognosis [15, 21, 22]. Importantly, the immune phenotype is 

strongly associated with patient-specific immunotherapy outcomes, with a relatively 

high response rate in patients with immune-inflamed tumors, highlighting the need for 
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novel therapeutic approaches for patients with noninflamed phenotypes (Figure 2) [22-

27]. 

  

Figure 2. Classification of the Tumor contexture based on the immune infiltrate. Tumors are 

categorized based on immune cell presence at the tumor site. “Hot ” tumors contain immune infiltrates 

and may either respond to immunotherapy (A) or not (B). Immune cells restricted to the tumor periphery  

form “excluded” tumors (C), while “cold” tumors are defined by the lack of immune infiltrates (D). Depicted 

from Lanitis et al. 2017 [28]. 

1.3. CD4+ immune cells in cancer immunity 

For a long time, cytotoxic CD8+ T cells were considered the main players in cancer 

immune response. However, recent research revealed the crucial role of diverse CD4+ 

immune cell subtypes in controlling immune responses, exerting both inflammatory and 

regulatory effects [29-35]. The evidence of the extensive expression of the CD4 antigen 

on different immune cell types, such as myeloid and lymphoid cells, underscores the 

potential of CD4+ immune cells as a valuable tool for immune monitoring in cancerous 

diseases, facilitating more precise prediction of patient-specific therapeutic strategies 

[32, 35, 36].  

The low expression of CD4 antigen on myeloid populations, including monocytes, 

macrophages, and dendritic cells, contribute to antigen presentation, cell–cell 

interactions, and immune regulation within the TME [37].  
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However, the CD4 antigen is mainly expressed by lymphocytes. More in detail, CD4+ T 

cells represent a heterogeneous group of T lymphocytes with multifaceted roles. 

Different CD4+ T cells subpopulations have been identified, including T helper (Th) cells 

(e.g., Th1, Th2, and Th17), T regulatory (Treg) cells, and cytotoxic CD4+ T cells, with 

functions that range from indirectly assisting cytotoxic T lymphocytes (CTLs) and innate 

immune cells in fighting tumors to directly killing tumor cells, highlighting their role in 

orchestrating immune responses [29, 30, 34, 38, 39]. In contrast to CTLs, the 

differentiation of CD4+ T helper cells into antigen-specific effector cells is induced by 

phagocytotic cells through MHC-II molecules [38, 40]. This interaction causes the 

release of cytokines that support CD8+ T-cell proliferation and activation. Furthermore, 

costimulatory signaling pathways between CD4+ and CD8+ T cells can prime these cell 

types and facilitate efficient migration to sites of disease [40]. CD4+ Th cells also play a 

fundamental role in eliciting humoral responses against tumor antigens via CD40L–

CD40 signaling on B cells, which drives their differentiation and maturation into affinity-

matured plasma cells capable of producing serum antibodies specific to tumor antigens 

(Figure 3) [32] . 

 

Figure 3. Functions of CD4+ T cells in cancer immunity. (a) CD4+ T-cells support CD8+ CTLs response 

through the release of IL-12 (direct mechanism) and/or maintaining the activation of DCs, which in turn 

provide activating signals in support of CD8+ CTLs (indirect mechanism). (b) CD4+ T-cells can have direct 

anti-tumoral activity by secreting effector cytokines (e.g. IFN-γ and TNF) and (c) induce anti-tumoral 

humoral responses by activating the CD40L/CD40 signaling pathway on B cells.  CD: cluster of 

differentiation, CTL: cytotoxic T lymphocyte, IL: interleukin, DC: dendritic cells , IFN: interferon, TNF: tumor 

necrosis factor.  Depicted from Tay et al., 2021 [32]. 

Th1 cells constitute a proinflammatory subset that promotes cell-mediated toxicity, 

supporting not only CD8+ cells but also NK cells and macrophages through the secretion 

of interleukin (IL)-1β, IL-2, IL-12, and tumor necrosis factor (TNF), all of which have 
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been linked to the eradication of intracellular pathogens and tumors [7, 15, 32, 41, 42]. 

However, Th1 cells can contribute to tumor escape via the secretion of interferon (IFN)-

γ, which increases the expression of the inhibitory checkpoint molecule programmed 

cell death ligand 1 (PD-L1) by antitumor M1 macrophages and cancer cells [7, 40, 43]. 

Th2 cells produce cytokines such as IL-4, IL-5, IL-6, IL-10 and IL-13 to activate B cells, 

M2 macrophages and recruit eosinophils, basophils, and mast cells to the sites of 

infection, thus promoting tumor progression [44, 45]. On the other hand, Th2 cells 

promote tissue repair and contribute to inflammatory diseases such as asthma and 

allergies [46, 47].  

Th17 cells not only play a role in the immune response against microorganisms and in 

autoimmunity through the production of IL-17, IL-21, and IL-23 but also they play a dual 

role in tumor immunity, being associated with both favorable and unfavorable outcomes 

[42, 48-50]. Tregs inhibit immune effector cells, prevent tissue damage, and suppress 

inflammation. In the TME, Tregs are reprogrammed to enhance the suppression of 

immune responses, ultimately promoting tumor immune escape or tumor progression. 

Reducing the number of Tregs in the TME by inhibiting their activity or preventing their 

reprogramming can enhance the body's antitumor immune response [15, 32, 41, 51, 

52]. Tregs are characterized by the expression of forkhead box P3 (FOXP3), cytotoxic 

T lymphocyte-associated antigen 4 (CTLA-4), lymphocyte activation gene (Lag-3), and 

CD25 [41, 51]. Among their functions, they are known to modulate NK cell homeostasis 

and function by secreting IL-2 and support the survival of cancer cells by secreting anti-

inflammatory cytokines such as IL-10, growth factors such as transforming growth 

factor-beta (TGF-β), and by interacting with stromal cells (e.g., CAFs and ECs) through 

CTLA-4 (Figure 4) [15, 51].  
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Figure 4. The tumor microenvironment (TME) and immune modulation in cancer progression. This 

schematic representation illustrates the complex interplay of immune and stromal cells within the TME, 

highlighting both anti-tumor influences – driven by CD8⁺ T cells, M1 macrophages, and NK cells – and 

pro-tumor influences, mediated by M2 macrophages, regulatory T cells, and MDSCs. Depicted from 

Peterson et al., 2022  [53]. 

1.4. Cancer immunotherapy (CIT) 

Given that immune cells constitute the cellular basis of immunotherapy, it is crucial to 

gain insight into patient-specific immune infiltration within the TME to increase response 

rates and develop new CIT strategies [54].  

Unlike traditional treatments such as chemotherapy or radiotherapy that target tumoral 

cells, CITs focus on the activation and strengthening of the patient’s immune system, 

reshaping it to eradicate tumors or prevent their recurrence [19, 54-56]. The advantages 

of CITs are the long-term effects, broad applicability across several types of cancer, 

personalized and tailored application, and in most cases a better tolerance compared 

to classical approaches [55, 57-59].  

In recent decades, clinical trials using antibodies that boost T lymphocyte activation, 

cancer vaccines, and adoptive T cell treatments have shown remarkable outcomes [55, 

60, 61].  

Overall, in the last decade, 57 new cancer immunotherapies have been approved by 

the FDA for the treatment of 17 solid tumor types [59]. In addition to monoclonal 
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antibodies (mAbs)-based immune checkpoint inhibitor (ICI) therapies, a broad range of 

cancer immunotherapies are being evaluated in preclinical and clinical settings, with an 

increasing number also receiving FDA or EMA approval for clinical use. These include 

oncolytic viruses, which have the ability to infect and destroy cancer cells while inducing 

an immune response; adoptive T-cell transfer (e.g. chimeric antigen receptor T-cell, 

CAR-T) therapy, which consists of genetically modified patient T cells that are able to 

identify and kill cancer cells; cancer vaccines, which prepare the immune system to 

attack cancer-specific antigens; and cytokine therapy, which boosts immune responses 

to cancer [56, 58, 61-72]. 

However, during both cancer development and immunotherapy, the process of cancer 

immunoediting occurs. This process helps to shape the immunogenic characteristics of 

tumors, reducing the strength of antitumor immune reactions. Importantly, cancer 

progression is tightly regulated by immune checkpoints, surface receptors expressed 

on immune- or cancer cells involved in the control of the activation or suppression of 

immunological responses [73, 74].  

Thus, despite the advantages of CIT, there are still many challenges related to its 

efficacy and safety [53, 64]. Indeed, despite the long-term clinical benefit of some 

patients only 15–60% of patients treated with ICIs have a favorable response, 

highlighting the growing need for biomarkers that can be used to predict individual 

outcomes [56, 64, 75-77]. 

Additionally, immunotherapy-related adverse events (irAEs) can affect any organ in the 

body after ICI administration, representing a major clinical challenge and underscoring 

the importance of prompt identification and appropriate intervention to prevent 

complications and ensure positive patient outcomes [78, 79]. 

1.4.1. Immune checkpoint inhibitor (ICI) therapies 

ICI therapies are based on the use of mAbs that target specific immune checkpoints 

which represent currently the first-line treatment for a wide range of malignancies [73]. 

However, identifying optimal patient selection strategies and determining the most 

effective CIT regimens remain crucial areas of investigation [80-82]. 

The most studied groups of ICIs approved by the FDA for the treatment of different 

malignant tumors such as melanoma, NSCLCs, , Merkel cell carcinoma (MCC), and 

head and neck squamous carcinoma (HNSCC) are programmed death (PD)-1 inhibitors 

(Nivolumab, Pembrolizumab, and Cemiplimab), programmed death -ligand (PD-L)1 

inhibitors (Atezolimumab, Durvalumab and Avelumab), CTLA-4 inhibitor (Ipilimumab), 
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and lymphocyte-activation gene-3 (Lag-3) inhibitors (Relatlimab) (Errore. L'origine 

riferimento non è stata trovata. 5) [53, 61, 75, 83-92].  

 

Figure 5. Schematic representation of clinically approved immune checkpoint inhibitors and their 

basic mechanisms of action.  (a, left) tumor escape is promoted by the interaction of the CD80 molecule 

on antigen presenting cells (APCs) and CTLA-4 on T cells. (a, right) Anti-CTLA-4 antibody (e.g. 

Ipilimumab) binds to the CTLA-4 receptor on T cells promoting T-cell activation, thus tumor elimination.  

(b, left) PD-L1/PD-1 interactions inactivate T cells, promoting tumor evasion. (b, right) Anti-PD-L1 (e.g. 

Atezolimumab, Durvalumab, Avelumab) or anti-PD-1 (e.g. Nivolumab, Pembrolizumab, Cemiplimab) 

antibodies promote the activation of T-cells, initiating tumor elimination. CTLA-4: cytotoxic T lymphocyte-

associated antigen 4, PD-1: programmed cell death 1, MHC: major histocompatibility complex, TCR: T-

cell receptor. Depicted from Lewis et al., 2020 [93]. 

Furthermore, new ICI targets are currently being evaluated in phase I/II clinical trials for 

patients with advanced solid tumors and B-cell non-Hodgkin’s lymphomas. These 

targets include tumor necrosis factor receptor superfamily member 9 (TNFRSF9, or 4-

1BB), which is expressed by activated T cells, NK cells, and antigen-presenting cells 

(APCs); OX40, which is highly expressed by activated CD4+, CD8+ T cells, and Tregs, 

as well as to a lesser extent by neutrophils and NK cells; and inducible costimulatory 

(ICOS), which is expressed mainly by CD4+ T cells [83, 85, 94, 95].  

While ICI therapy has revolutionized cancer treatment, many patients experience a 

limited response or develop resistance [54, 96]. To overcome these limitations, 

combined treatments have shown greater clinical effectiveness. Keys elements of 

combination therapies include the application of ICI, adoptive cell therapy, targeted 

therapy, chemotherapy, where their combination showed improved clinical efficacy and 

have been approved by the FDA [54, 56, 80, 81, 90, 97]. Several clinical trials are 
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currently underway to evaluate the safety and efficacy of these combinations in various 

malignancies. Early clinical data have shown promising results, with manageable 

toxicity profiles and encouraging signs of antitumoral activity. However, long-term follow-

up and robust efficacy data are still needed to establish their clinical benefit [80, 81]. 

Thus, the identification of reliable biomarkers in guiding clinical treatment approaches 

are of main importance [56]. 

Recently, it has become increasingly clear that CD4+ T cells are leading players in 

initiating and maintaining effective anti-tumor immunity. Furthermore, several studies 

demonstrate that the intratumoral distribution of these cells allows for the definition of 

therapy response, and their presence in immunotherapy-naïve patients is associated 

with favorable clinical outcomes [32, 35, 98-100].   

1.5. Noninvasive imaging 

Due to its complexity, a comprehensive understanding of the immune system might 

facilitate the prediction of patient outcomes and the development of effective, 

personalized treatment strategies for cancer patients. However, current clinical 

methods, such as tumor biopsies, are invasive for patients and provide only a limited 

snapshot, representing a significant limitation in the context of ongoing disease and 

therapy monitoring [101]. Therefore, a more comprehensive approach that 

encompasses not only cell counts but also spatial distribution, activity levels, and 

interactions throughout the body is necessary. Thus, in vivo molecular imaging offers a 

promising noninvasive approach for studying the immune system in action [101, 102]. 

1.5.1. Positron Emission Tomography (PET) imaging 

PET imaging utilizes radioactive labelled compounds to evaluate and quantify 

biochemical alterations and molecules within deep tissues of living organisms. This 

technique offers picomolar detection sensitivity and is widely used in clinical oncology, 

neurology, and cardiology [102-105]. Combining PET imaging with anatomical imaging 

modalities such as X-ray computed tomography (CT) or magnetic resonance imaging 

(MRI) provides 3D anatomical reference information, enabling accurate quantification 

and improved image interpretation [104].  

PET relies on the unique characteristic of neutron-deficient isotopes, such as fluorine-

18 (18F), carbon-11 (11C), copper-64 (64Cu), and zirconium-89 (89Zr) to decay via 

positron (β+) emission (Table 1) [104-108].  
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Table 1. Decay half-life of commonly used radioisotopes for PET imaging [104-

108]: 

Isotope Half-life 

18F 110 min 

11C 20.3 min 

64Cu 12.8 h 

89Zr 78.4 h 

Upon decay, the radionuclide emits a positron that travels a short distance (1–2 mm) 

before being annihilated with an electron. This interaction generates two high -energy 

(511 keV) photons that move in almost opposite directions (180° +/- 0.5°).  

These photons are detected by opposing detectors arranged in a ring around the object, 

consisting of multiple crystal elements read out, for example, by photomultiplier tubes 

(PMTs) [104, 106, 109, 110].  

The detected coincident photon pairs are sorted into sinograms, and the radioactivity 

distribution is reconstructed using dedicated image reconstruction algorithms [106]. This 

allows for the localization of the positron-emitting radiotracer within the tissue-of-

interest. However, different types of events can occur during PET measurements: true 

events, scattered events, or random coincidences.  

Among these,  only true events provide accurate information. The other two types of 

events introduce noise and degrade image quality. On one hand, scattered events 

represent a type of background noise where both annihilated photons are diverted from 

their original direction. However, these events can be discriminated from true events 

based on the energy of the scattered photons. On the other hand, random coincidences 

represent a type of background noise that occurs when two separated annihilation 

events occur at different locations but very close in time. 

In addition, a separate scan either using external sources such as 68Ge/68Ga 

(germanium-68/gallium-68) or Co-57 (cobalt-57), or a Computed Tomography (CT)-

scan is required to correct for signal loss due to attenuated photons, enabling a more 

accurate quantification of activity within the body (Figure 6) [106].  
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Figure 6. PET imaging workflow. (1) The radionuclide is produced through a cyclotron or generator. 

This is followed by (2) radiosynthesis where a precursor is labeled with the radionuclide to form a 

radiotracer. (3) Radio-HPLC is used to perform the quality control (QC) of  the f inal tracer, which is then 

(4) injected into the patient. During (5) the PET scan, the tracer undergoes positron decay, resulting in γ-

photon emission via annihilation, which is detected by the PET scanner. Coincidence detection is used 

to localize events. Finally, (6) image analysis is performed to generate detailed 3D images of  tracer 

distribution, typically using computational sof tware for visualization and interpretation. Depicted from 

Rong et al., 2023 [111].  

Since its FDA approval in 2000, 2-deoxy-2-[fluorine-18]fluoro-D-glucose ([18F]FDG) is 

the most commonly used radiotracer in oncology [104, 106, 112]. As a glucose analog, 

FDG allows for the visualization of cellular glucose metabolism. Cancer cells, 

characterized by their elevated glucose uptake and utilization, accumulate and retain 

[18F]FDG at much higher levels than surrounding healthy tissues. This property 

underlies the broad applicability of  [18F]FDG PET imaging, which is routinely used for 

cancer staging, treatment monitoring and cancer recurrence detection. However, while 

applicable to most cancer types, some malignancies, such as prostate cancer, 

hepatocellular carcinoma (HCC), renal cell carcinoma (RCC), low-grade sarcomas, low-

grade lymphomas, and brain tumors, are poorly investigated by [18F]FDG PET likely due 

to its low target specificity [112].  

Furthermore, highly activated immune cells, such as T cells and myeloid cells, exhibit a 

strongly enhanced glucose metabolism, making [18F]FDG PET a valuable tool for the 

detection of inflammatory diseases. However, within inflamed tumors, this behavior 

could lead to a misinterpretation of the [18F]FDG PET results in a phenomenon called 
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pseudoprogression, a transient increase of tumor burden followed by delayed tumor 

shrinkage in response to treatment [113-117].  

Furthermore, [18F]FDG uptake is not only specific for tumors but can also detect benign 

pathologies and inflammatory diseases, leading to false-positive. The limited specificity 

of [18F]FDG PET has driven the development of novel tracers capable of targeting 

specific antigens expressed by either tumor cells or immune cells, thereby advancing 

precision oncology through more accurate and biologically informative imaging [112, 

118, 119]. 

1.5.2. ImmunoPET imaging 

ImmunoPET imaging integrates the high specificity of target-specific probes with the 

superior sensitivity of PET, allowing for noninvasive in vivo visualization of precise 

molecular targets, such as cell surface antigens, with potential applications in patient-

specific treatment decision-making and monitoring treatment response [120]. The first 

in vivo clinical visualization of solid tumors through immunoPET imaging was achieved 

in 1978 via iodine-131 (131I)-labeled whole immunoglobulin G (IgG) targeting 

carcinoembryonic antigen (CEA) [121]. Since then, significant research has been 

conducted to develop radiotracers for immunoimaging with high specificity for antigens 

expressed by cancer or immune cells. These tracers include a range of formats, from 

full-size antibodies to smaller antibody fragments.  

Various tumor-targeting probes have been investigated for immunoPET, with full-length 

mAbs being the most used forms [122]. However, despite their clinical success, several 

limitations must be considered. These include slow blood clearance, serum toxicity, and 

a poor target-to-background ratio (TBR). To address these limitations, antibody 

fragments generated through enzymatic production or protein engineering have been 

introduced as potential alternatives to mAb immunoPET probes. 

Ideally, an immunoPET tracer should exhibit high target specificity, minimal biological 

interaction, serum stability, rapid biodistribution, and efficient background clearance 

[112].  

1.5.3. Engineered antibody fragments 

Engineered antibodies include fragment antigen binding antibodies (Fab′)2 (110 kDa) 

and Fab (50 kDa), which are generated by removing the fragment crystallizable (Fc) 

region from full-length antibodies, resulting in smaller molecules that retain antigen-

binding capabilities while reducing effector functions. Minibodies (Mbs; 80 kDa) are 



33 
 

engineered by fusing a single-chain fragment variables (scFv) molecule with the 

constant heavy chain-3 (CH3) domain of human IgG1, creating a more stable bivalent 

antibody fragment with improved pharmacokinetics. Diabodies (55 kDa) are bispecific 

antibody fragments that are formed by linking heavy chain variable fragments (VH) and 

light-chain variable fragments (VL). ScFv (25 kDa) consisting only of light and heavy 

variable chains. Nanobodies (Nbs, VHH; 15 kDa), derived from the unique heavy-chain-

only antibodies found in camelids, are the smallest antibody fragments currently 

available, providing exceptional tissue penetration and the ability to bind to cryptic 

epitopes inaccessible to larger antibodies. Despite their size, nanobodies exhibit high 

stability and specificity, making them versatile for therapeutic and imaging applications. 

(Figure 7)[122-125].  

 

Figure 7. Schematic representation of full-size antibody and engineered antibody fragments. IgG: 

immunoglobulin G, Fab: fragment antigen binding antibody, Mb: minibody, scFv: single-chain fragment 

variable, Nb: nanobody. Adapted from Rodrigo et al., 2015 [126]. 

Their rapid clearance can address critical limitations of PET imaging, paving the way for 

same-day imaging and reducing patient radiation exposure [127-134]. This feature is 

essential when imaging highly complex processes, such as an immune response, where 

a single imaging tracer may not be sufficient to capture the whole picture [82].  

Several immunoPET tracers are currently undergoing clinical trials to detect different 

types of cancer [117]. For instance, 89Zr-Pertuzumab and 89Zr-Trastuzumab can identify 

HER2-positive tumors in breast cancer [122, 135-139]. Furthermore, anti-PD1 (89Zr-

nivolumab, and 89Zr- pembrolizumab) and anti-PD-L1 (89Zr-atezolizumab) antibodies, 

are used for the selection of NSCLC patients for immunotherapy [140-145].  
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Notably, only a few Nbs currently being developed for noninvasive imaging, such as 

anti-HER2-specific Nb 2Rs15d, have been characterized for their epitopes and 

evaluated in a phase I clinical study [146, 147].  

In addition to immunoPET probes targeting immune checkpoint molecules or tumor-

specific antigens, the development of radiotracers for applications in immunology has 

been significantly enhanced by the availability of a large existing database of “CD” 

markers expressed on the immune cell surface. These include classic biomarkers, such 

as CD45, for the primary lineages of hematopoietic cells, including those of the 

lymphocytic and myeloid varieties, as well as their numerous subsets. The distinction 

between T- and B-cell lineages and the corresponding malignancies derived from these 

cell types can be determined by the presence of specific markers such as CD3, CD4, 

and CD8 (T lineage) or CD19 and CD20 (B lineage). On the other hand, myeloid cells 

are identified by significant markers such as CD33, CD206, CD163 or SIPR [148-

151].The primary cell types can be further distinguished by functional subsets, such as 

helper vs regulatory subsets of CD4 T lymphocytes or M1 vs M2 macrophage 

phenotypes, as well as by their activation state (CD25, CD69, OX40) [82]. 

The noninvasive evaluation of immune cells may predict the response to 

immunomodulatory therapies. In this context, engineered Abs have been developed to 

monitor TIL dynamics after therapy [152-154]. A successful example for clinical use is 

the anti-CD8 minibody [89Zr]Zr-crefmirlimab berdoxam ([89Zr]Zr-IAB22M2C). [89Zr]Zr-

crefmirlimab berdoxam is an engineered scFv-CH3 antibody fragment of approximately 

80 kDa obtained from the humanized heavy and light chain sequences of the murine 

anti-human OKT8 antibody [132]. Owing to the lack of the CH2 domain, it is biologically 

inert, and no interaction with Fc-gamma receptors or the FcRn recycling receptor has 

been reported [82]. 

The evaluation of [89Zr]Zr-crefmirlimab berdoxam in a phase II clinical trial demonstrated 

not only favorable biodistribution but also its ability to visualize a wide range of tumor 

lesions within 24–48 hours post-injection [122, 132]. Moreover, PET imaging 

demonstrated enhanced uptake in patients undergoing immunotherapy, potentially 

indicating immune system modulation and CD8+ cell infiltration into the tumor [155]. 

Additionally, [89Zr]Zr-crefmirlimab berdoxam exhibited low nonspecific uptake, 

suggesting its potential to quantify CD8+ cell infiltrates even in "immune desert" tumors, 
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which typically have few to no immune infiltrates. These characteristics indicate that 

minibody-based probes are potentially helpful tools for targeted cancer immunotherapy 

and other immune-related therapies [82, 127-134, 156]. 

However, due to their exceptional physical properties, nanobody-based probes are 

attracting significant interest for potential clinical applications. Key properties include 

their small size, high stability, rapid tissue penetration, and rapid clearance from 

nontarget regions [157]. This interest is supported not only by promising results in 

imaging CD8+ T-cell dynamics during immunotherapy, but also by other nanobody-

based imaging tracers targeting different markers tested in preclinical and clinical 

settings. For example, an early phase I trial with a 68Ga-NOTA-CD8-targeting Nb 

demonstrated safety, with no adverse events, and showed uptake in lymphoid-rich 

organs and tumors [158]. Another nanobody-based probe, 68Ga-NOTA-Anti-MMR 

VHH2, is being developed to visualize CD206+ macrophages and is currently 

undergoing a phase I/IIa clinical trial with various cancers, including breast cancer, head 

and neck cancer, melanoma, and other oncological disorders. These developments 

highlight the growing potential of nanobody-based imaging probes in targeting different 

aspects of the immune system [159-161]. Nevertheless, despite the relevance of CD4+ 

cells in cancer progression and immunotherapy response, the focus on CD4-targeting 

PET tracers remains limited, with only a few candidates currently under preclinical 

investigation. These include small fragments such as the murine and rhesus CD4-

specific F(ab')2 fragment [162-164], the murine CD4-specific cys-diabody [165-167], 

and the human CD4-targeting scFv-CH3 fragment [168]. 

However, despite the critical role of CD4+ T cells in tumor progression, there are not clinically 

available immunoPET tracers in perspective that allow for specific and whole-body 

visualization of these cells to guide treatment decisions and monitor over-time patient specific 

outcome [72].
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2. Objectives and expected outcomes 

The current lack of CD4-targeting immunoPET probes together with the central role of 

this immune cell population in orchestrating immune responses emphasize the need for 

noninvasive CD4-specific PET tracers. These tracers would provide valuable tools for 

monitoring CD4+ cell distribution in patients and enable personalized treatment 

strategies. Given the favorable clinical outcomes achieved with minibody- and 

nanobody-based tracers targeting other immune components, this thesis aims to 

validate minibody (89Zr-h/mCD4-Mbs) and nanobody (64Cu-CD4-Nb1)-based 

immunoPET tracers for noninvasive whole-body visualization of endogenous CD4+ 

cells.  

Three main objectives were formulated for both CD4-directed tracer formats and 

pursued within the thesis: 

i. to validate their specific binding in vitro and in vivo, as well as assess in vivo 

organ biodistribution kinetics.  

ii. to evaluate their sensitivity for quantifying tumor infiltrating CD4+ cells. 

iii. to explore their potential as imaging biomarkers for therapy monitoring and 

clinical decision-making. 

The general hypothesis of this work was that small-sized tracers targeting the CD4 

immune cell subset would enable faster and more accurate characterization of the tumor 

microenvironment, providing insights into CD4+ cell migration dynamics related to 

immunotherapy, as well as the mechanisms of actions of immune checkpoint inhibitor 

therapy.  

  



38 
 

  



39 
 

3. Results 

This thesis consists of two original publications on the validation of novel immunoPET 

imaging probes targeting CD4+ cells for the visualization of endogenous immune 

infiltrates and their dynamics in response to ICI-therapy in preclinical cancer models. 

The first published manuscript (Accepted publication I) focuses on the cross-validation 

of murine and human CD4-targeting minibodies [1]. The second published manuscript 

(Accepted publication II) focuses on the production and extensive validation of CD4-

Nb1 [2], supported by the third manuscript (Accepted publication III) about the 

evaluation of CD4-Nb1 as an imaging probe for precise intratumoral spatial visualization 

of CD4+ T cells and ICI treatment outcome prediction [4]. 
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3.1. Accepted publication I 

Pezzana, S., Blaess, S., Kortendieck, J., Hemmer, N., Tako, B., Pietura, C., Ruoff, L., 

Riel, S., Schaller, M., Gonzalez-Menendez, I., Quintanilla-Martinez, L., Mascioni, A., 

Aivazian, A., Wilson, I., Maurer, A., Pichler, B.J., Kneilling, M., Sonanini, D. (2024). In-

depth cross-validation of human and mouse CD4-specific minibodies for noninvasive 

PET imaging of CD4+ cells and response prediction to cancer immunotherapy. 

Theranostics, 14(12), 4582-4597. https://doi.org/10.7150/thno.95173 [1]  
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3.2. Accepted publication II 

Traenkle B, Kaiser PD, Pezzana S, Richardson J, Gramlich M, Wagner TR, Seyfried D, 
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BJ, Sonanini D, Rothbauer U. Single-Domain Antibodies for Targeting, Detection, and 

In Vivo Imaging of Human CD4+ Cells. Front Immunol. 2021 Dec 9;12:799910. doi: 

10.3389/fimmu.2021.799910. [2] 
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4. Discussion 

CIT has emerged as a pivotal component in treating various malignancies and 

significantly improved outcomes, particularly in situations where traditional treatments 

such as chemotherapy and radiation therapy are less effective [61]. Heterogeneity 

within the TME represents a crucial hallmark of cancer, and spatial and temporal 

variations in immune cell profiles have been linked to immunotherapy efficacy in both 

preclinical and clinical studies across multiple cancer types [72, 169-173]. In fact, there 

is an unmet need to increase the efficacy of immunotherapies for a broader range of 

patients and cancers beyond the currently approved indications [82, 174]. However, 

optimal patient selection strategies and determining the most effective CIT regimens 

remain crucial areas of investigation [80-82]. 

The widespread expression of the CD4 antigen on various immune cells highlights the 

potential of CD4⁺ cells as key biomarkers for immune monitoring in cancer, enabling 

more precise patient-specific therapeutic strategies [32, 35, 36].  

Thus, understanding CD4+ cell dynamics within the TME is essential, particularly in the 

context of cancer immunotherapy. Early quantification of the presence of CD4+ cells 

could provide valuable information on potential resistance to therapies such as PD-1 

checkpoint blockade, allowing for personalized treatment approaches that combine 

immunotherapy with other modalities such as chemo- and radiotherapy and targeted 

therapy [2, 81, 167, 175]. However, current methods for tracking and detecting CD4+ 

cells, such as blood sampling or local biopsies, are invasive, provide limited information 

on whole-body distribution, preclude whole tumor characterization, and do not allow for 

longitudinal observations [72].  

To address these challenges, the following sections delve into the discussion of the 

results we obtained from the evaluation of both Zirconium-89 (89Zr)-labeled murine and 

human CD4-targeting minibodies (m/hCD4-Mbs) and the Copper-64 (64Cu)-labeled 

human CD4-targeting nanobody (hCD4-Nb1) for immunoPET imaging in experimental 

cancer immunotherapy models. 
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4.1. Impact on T-cell function 

The lack of the Fc region is an important characteristic of antibody fragments, as it is 

known to interact with IgG–Fc-γ-receptors (FcγR) on immune cells possibly triggering 

immune reactions [82, 107, 176, 177]. Both tracer formats validated in this thesis - CD4-

Mbs and CD4-Nb1 – lack this region. Remarkably, neither tracer format influenced 

peripheral blood mononuclear cell (PBMC) activation, proliferation, or cytokine secretion 

in vitro, an essential prerequisite for clinical translation.  

Although most Nbs developed for in vivo imaging lack detailed epitope characterization, 

the diverse roles of CD4⁺ T cells in tumor progression and sensitivity to immunotherapy 

motivated us to conduct an in-depth structural analysis of our hCD4-targeting nanobody 

candidates [2, 159, 169, 178-184]. Furthermore, for in vivo imaging applications, we 

functionalized their C-terminal region with an azide group. This approach enables 

versatile conjugation of detectable moieties by DBCO-mediated click chemistry [185, 

186].  

Initial in vitro experiments demonstrated high target specificity of both the 89Zr-m/hCD4-

Mbs and the 64Cu-CD4-Nb1. In contrast, other studies examining Fab fragments or Cys-

diabodies derived from the monoclonal anti-CD4 antibody GK1.5 found that higher 

doses of these fragments led to increased interferon (IFN)-γ production in vitro and 

reduced CD4 expression in vivo [1, 167, 187]. It is known in literature that the GK1.5 

antibody binds to the first extracellular immunoglobulin-like domain (D1) of murine CD4 

antigen, which is critical for interaction with MHC-II molecules, thus triggering a domain-

specific cellular activation [188]. Notably, during our in vivo studies no single mouse 

suffered from tracer injection-associated adverse events. Our observations were 

supported by findings of a study by Nagle et al, where the in vivo injection of 64Cu-

labeled hCD4-Mb in a humanized glioblastoma model did not result in detectable 

depletion or alterations in the proliferation or polarization of hCD4+ cells [168]. 

4.2. Biodistribution, Sensitivity and Specificity testing 

89Zr-m/hCD4-targeting Mbs were cross-validated in vivo using preclinical cancer models 

to determine their binding specificity to m/hCD4+ cells. While in vitro 89Zr-hCD4-Mb 

uptake by hCD4+ hematopoietic peripheral blood acute lymphoblastic leukemia tumors 

(HPB-ALL) cells was approximately 80-fold greater than by hCD4- diffuse histiocytic 

lymphomas (DHL) B-cell lymphoma cells, the in vivo accumulation in hCD4+ HPB-ALL 
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xenografts was only about 4-fold greater than in hCD4- DHL xenografts. This 

discrepancy underscores the impact of in vivo factors such as biodistribution, tissue 

permeability, and nonspecific accumulation, which can limit tracer accessibility [1, 122]. 

In contrast to 89Zr-m/hCD4-Mbs which exhibited specific uptake by hCD4+ HPB-ALL 

tumors from 6 to 48 hours post injection, two selected CD4-targeting Nbs candidates 

(CD4-Nb1 – high binding affinity, and CD4-Nb4 – low binding affinity) firstly labeled with 

a fluorescent dye (Cy5.5) showed a rapid recruitment (10-30 min post-injection) at the 

tumor site of hCD4+ HPB-ALL xenografts. Importantly, the high affinity CD4-Nb1-Cy5.5 

exhibited constant high accumulation at the target site and specificity when compared 

to the low affinity CD4-Nb4-Cy5.5, confirming their different binding potential observed 

in vitro. Furthermore, ex vivo immunofluorescence (IF) staining of excised hCD4+ HPB-

ALL tumors enabled co-registration of the signal obtained from the previously injected 

CD4-Nb1-Cy5.5 tracer, with the signal obtained from ex vivo staining of the hCD4 

antigen. Interestingly, some hCD4+ HPB-ALL cells exhibited internalization of the Nb-

based tracer, characteristic which was also identified by other authors [2, 124, 189]. 

These results confirm the specificity and suitability of CD4-Nb1 for the fast in vivo 

visualization of CD4⁺ cells [190-192], opposite to bigger engineered antibodies, such as 

our 89Zr-m/hCD4-Mbs, which allowed for the detection of differences in uptake only at 

later time-points. However, xenograft models do not reflect the natural distribution of 

CD4+ cells in vivo. Thus, to better validate our hCD4-targeting Mb and Nb in a model 

resembling natural conditions, we employed the hCD4-KI mouse model. Furthermore, 

to enhance clinical translational potential and spatial resolution of our newly developed 

CD4-Nb1, we radiolabeled the Nb with 64Cu. The radiolabeling did not affect the 

biological properties of our Nb and neither its rapid clearance profile. 

Both, the 89Zr-m/hCD4-Mbs and the 64Cu-CD4-Nb1 tracers successfully enabled 

visualization of endogenous CD4+ cells in immune cell-enriched lymphatic organs, such 

as the spleen and lymph nodes. However, the optimal imaging windows differed 

significantly between the two tracers. While Mbs required imaging at later time-points 

post-injection (24 – 48 hours) to achieve optimal signal-to-background ratios, the Nb 

probe reached optimal contrast much earlier, between 90- and 180-minutes post-

injection [1, 2]. This characteristic is likely attributed to the rapid blood clearance which 

is typical of small fragments [122]. The assessed tracer kinetics are consistent with 

previously reported biodistribution profiles of Mb- and Nb-based imaging agents and 
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reflect the inherent differences in size, clearance, and tissue penetration [131, 162, 163, 

165-168, 177, 193, 194].   

While enhanced tracer accumulation in lymphatic organs act as an antigen sink 

reducing its availability at tumor sites [162, 195], immunoPET imaging with 89Zr-mCD4-

Mb allowed detection of low densities of endogenous mCD4+ cells in the spleens of 

immunodeficient NSG mice [196-198] and in the TME of orthotopic mouse 

mammary tumor virus-polyoma middle tumor-antigen (MMTV-PyMT, PyMT) tumors, 

underscoring its high sensitivity as CD4-specific immunoPET probe [1]. However, the 

antigen sink effect likely contributed to the challenges observed when comparing blood 

biodistribution of 89Zr-CD4-Mb in knock-out/knock-in mouse models. By normalizing 

tracer uptake in the TME to corresponding blood values, we were able to identify a 

species-specific Mb signal in experimental PyMT tumor-bearing WT and hCD4-KI mice 

[1, 162]. This was true also for other tracers, such as the CD4- and CD8-targeting 

F(ab)’2 fragments evaluated by Kristensen et al. in several preclinical cancer models 

[162]. On the other hand, the smaller fragment 64Cu-CD4-Nb1 allowed for the 

visualization of endogenous hCD4+ cells in the TME of orthotopic PyMT tumor-bearing 

mice at early time points with no need to normalize the tumor uptake for blood uptake 

values, highlighting its fast clearance from blood and rapid binding to the target [4]. 

To mitigate the antigen sink effects, several strategies can be employed. These include 

pre-dosing with an excess of unlabeled antibody targeting the same antigen as the 

immunoPET tracer, to saturate immune cell-rich organs and reduce non-specific tracer 

uptake, or increasing the dose of the immunoPET tracer to enhance its availability at 

tumor sites [162, 195, 199]. However, these strategies have inherent limitations, such 

as potentially saturating the target and reducing tracer sensitivity. 

Interestingly, 64Cu-CD4-Nb1 showed peak uptake in all organs of interest, the spleen, 

lymph nodes, blood, lung, and muscle (2 - 8 %ID/ml) at 10 min post-injection, with 

particularly high uptake in the kidneys (approximatively 60 %ID/ml), consistent with 

renal excretion [1]. Indeed, conversely to bigger fragments (> 70 kDa) which are 

excreted via the liver, small fragments, including Nbs are primarily cleared through 

kidney filtration [122, 158, 162, 200]. Moreover, Nbs are characterized by prolonged 

kidney retention, which is mainly mediated by the endocytic receptor megalin [200]. 

When nanobodies are conjugated with a radioisotope, long-term renal retention can 
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cause nephrotoxicity and interfere with the imaging of nearby molecular targets [201]. 

Nevertheless, this limitation can be mitigated through the targeted engineering of Nbs, 

such as glycosylation, PEGylation, or albumin-binding unit fusion, which can reduce 

renal retention and prolong serum persistence, although they may delay optimal target-

to-background signal detection [178, 202, 203]. Another approach to overcome kidney 

retention is the co-injection of the tracer with compounds such as gelofusine, lysins, or 

monosodium glutamate, which can impede nanobody binding to crucial transporters 

expressed in the kidneys [200, 204, 205]. 

Moreover, compared to full-size mAbs, engineered fragments lacking the Fc region do 

not bind to the neonatal Fc receptor, preventing antibody recycling. This results in faster 

clearance, and reduced non-specific accumulation, favoring their use as immunoPET 

tracers [107]. The rapid target-to-background uptake and reduced immunogenicity was 

detected not only for our candidate, but also for other Nb-based probes. A recent study 

successfully evaluated a gallium-68 (68Ga)-labeled anti-hCD8β Nb for PET imaging 

which enabled the specific targeting of CD8+ T cells in both murine and primate 

experimental models, and the monitoring of T cell dynamics during tumor growth [2, 

194]. Given the challenges of targeting immune cell populations due to their dynamic 

and lower antigen expression across the body compared to tumor-specific molecules 

like HER2, these preclinical studies show promising results for further clinical translation 

[206]. Notably, a HER2-targeting Nb is already under clinical evaluation, further 

supporting the feasibility of this approach [147, 207]. 

4.3. Predictive value for ICI efficacy 

Due to their fast clearance from blood, imaging probes based on antibody fragments 

are regarded as favorable for the visualization of minimal variations in the tumor immune 

infiltrate [162, 208]. Thus, we evaluated the sensitivity of the different tracer formats to 

visualize dynamic variations of CD4+ cell infiltrates over the tumor growth and treatment 

response. While 89Zr-mCD4-Mb immunoPET did not allow for the differentiation 

between ICI-responsive syngenic MC38 adenocarcinomas ("hot tumors") and ICI-

resistant B16F10 melanomas ("cold tumors") at baseline, 64Cu-CD4-Nb1 immunoPET  

delineated CD4+ cell densities from immunologically "cold" B16F10 melanomas and 

"hot" orthotopic PyMT breast tumors and control tumors without hCD4 expression [1, 4, 

162, 208]. In fact, the TME of immunogenic MC38 tumors is mainly characterized by 

myeloid cells and only a few CD4+ cells [209, 210]. Another research group examined 
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the 89Zr-mCD4-F(ab')2 in multiple syngeneic tumor models (MC38, CT26, B16F10, 4T1, 

P815, RenCa, Sa1N) and could not detect differences in the 89Zr-mCD4-F(ab')2 uptake 

between MC38 and B16F10 tumors. However, they reported a correlation between the 

tumoral 89Zr-mCD4-F(ab')2 uptake, ex vivo CD4+ cell density, and the response to αPD-

1 ICI therapy in CT26, Sa1N and P815 tumor models [162]. 

Given that CD4+ cells represent highly heterogeneous immune cell populations with 

both pro-tumoral and anti-tumoral functions, we explored whether 89Zr-mCD4-Mb PET 

could be used for the assessment of ICI therapy sensitivity. Notably, 89Zr-mCD4-Mb 

PET enabled us to differentiate responsive from nonresponsive MC38 tumors of 

experimental mice with αPD-L1/αLag-3 immunotherapy. Responsive MC38 tumors 

exhibited an enhanced 89Zr-mCD4-Mb uptake compared to nonresponsive MC38 

tumors 7 to 9 days after therapy initiation. This observation was consistent with our ex 

vivo immunofluorescence analyses, which revealed a significant enhanced CD4+ T-cell 

infiltration in the TME of responsive MC38 tumors [1]. 

With respect to our 64Cu-CD4-Nb1, we were able to distinguish minor variations in 

hCD4+ cell infiltrates between immune-hot and immune-cold tumors at baseline. In 

addition, we could spatially localize the hCD4+ infiltrates within the tumors, making it 

possible to distinguish between immunological “hot” and “cold” tumors, as well as giving 

hints about ICI treatment effectiveness [4].Indeed, we observed an increased 64Cu-

hCD4-Nb uptake mainly at the tumor margins of hCD4-KI mice bearing immunologically 

“hot” PyMT tumors when compared to immunologically “cold” B16F10 melanomas. 

Furthermore, we could detect higher 64Cu-hCD4-Nb uptake at the tumor core following 

the administration of the combined αPD-1 and α4-1BB ICI therapy, indicating an 

increased infiltration of hCD4+ cells into the tumor [4].  

The uptake differences observed by noninvasive 64Cu-CD4-Nb1 PET imaging were 

consistent with ex vivo histological findings. Both analyses confirmed the spatial 

localization of hCD4⁺ cell infiltrates and demonstrated enhanced hCD4⁺ cell 

accumulation in the TME of responsive tumors, suggesting that 64Cu-CD4-Nb1 could 

serve as a promising tracer for distinguishing between immunologically “hot” and “cold” 

tumors, as well as a potential predictor of immunotherapy response or valuable 

decision-making tool [4].  

The ability of 64Cu-CD4-Nb1 to visualize hCD4+ cells at the tumor periphery of mice non-

responsive to αPD-1/α4-1BB mAbs treatment and the known ability of regulatory T cells 

(Tregs) to form physical and metabolic barriers that limit the infiltration in the tumor core 
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of effector T cells, let us hypothesize that the tracer signal detected in the tumor margins 

of non-responsive animals was linked to the accumulation of Tregs, which suppress 

immune cell infiltration in the tumor, and thus therapeutic response [211].  

This hypothesis was confirmed using another experimental model where MC38 tumor-

bearing animals were treated with the standard-of-care αPD-1 therapy and the 

additional α4-1BB mAbs were administered only to mice showing increased 64Cu-CD4-

Nb1 uptake at the tumor periphery, aiming to deplete Tregs thus improving treatment 

success [212, 213]. With this approach we could specifically select and thus increase 

the response rate to therapy, even in mice bearing larger tumors [4]. Moreover, 64Cu-

CD4-Nb1 PET imaging enabled insights into systemic immune responses following 

immunotherapy. Indeed, mice treated with αPD1/α4-1BB immunotherapy presented 

greater 64Cu-CD4-Nb1 uptake in lymphoid tissues, reflecting the increased activation 

and proliferation of immune cells in response to treatment. Additionally, tumor-draining 

lymph nodes showed higher tracer uptake when compared to contralateral, non-

draining counterparts, suggesting localized immune engagement in response to tumor 

antigen presentation [4]. This differential uptake was not only indicative of treatment-

induced immune activation but also appeared to correlate with individual 

responsiveness to therapy. The different uptake patterns of secondary lymphatic 

organs, specifically the higher uptake in the tumor-draining lymph node compared to the 

contralateral part, aligns with observations from other studies using immune cell -specific 

tracers, such as a recent investigation employing CD8-specific T cell-targeting Nb for 

monitoring CD8 T cell dynamics in preclinical models of cancer immunotherapy [4, 194]. 

Collectively, these findings underscore the potential of CD4-targeted nanobody PET 

imaging as a noninvasive, whole-body approach for early therapy monitoring and patient 

stratification, highlighting its high sensitivity in detecting subtle variations in CD4⁺ cell 

infiltration [4]. 

The situation differed for larger fragments, such as the 89Zr-m/hCD4-Mbs evaluated in 

this thesis as well as for other antibody-based constructs, like cys-diabodies examined 

by other research groups [1, 162]. Owing to their larger size and slower clearance 

compared to Nb-based probes, it was necessary to consider the TBR to accurately 

assess differences in CD4⁺ cell infiltration within the TME. However, even after 

normalizing the tumor uptake, the imaging data only allowed for the differentiation 

between tumors with relatively higher or lower levels of CD4⁺ cell infiltration, 

corresponding to their responsiveness to CIT [1]. 
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4.4. Prerequisites for Clinical Translation 

Before imaging probes targeting immune cells can be translated into clinical use, their 

potential immunogenicity must be assessed to determine whether they might interact 

with the human immune system. Recent clinical studies involving other Mbs, such as 

89Zr-crefmirlimab berdoxam, and Nbs, such as 68Ga-NOTA-Anti-MMR revealed that only 

a few patients developed low levels of antibodies against the administered PET tracers, 

suggesting that these engineered fragments have a low risk of immunogenicity [131, 

157, 190]. Interestingly, Nbs are known to share high sequence homology with the 

human VH3 domain, which contributes to their low immunogenicity in humans. To 

further minimize the risk of unwanted immune reactions, a small number of amino acid 

residues were substituted in our CD4-Nb1 construct. This humanization step is known 

to improve tolerance of the probe by the host immune system, thereby reducing the 

probability of adverse immune responses upon administration [4, 192, 214, 215].  

Another important consideration is the choice of radioisotope used to label the tracer. 

Although 89Zr is widely used in clinical applications and can be shipped world-wide, 

several limitations remain. Its production requires a high-energy cyclotron, which is 

available only at a limited number of institutions world-wide. Furthermore, 89Zr exposes 

patients to relatively high radiation doses compared to short-lived radionuclides, and the 

instability of the 89Zr-DFO chelation complex can result in the release of free 89Zr, which 

tends to accumulate in bone marrow. However, these drawbacks are acceptable for 

imaging probes with slow pharmacokinetics, which matches the long half-life of 89Zr 

[216]. 

In contrast, 64Cu offers more favorable decay characteristics, lower radiation exposure, 

and easier production, while still enabling continent-wide shipping [111, 217].  

For smaller tracers such as Nbs, short-lived radioisotopes like ¹⁸F are particularly 

advantageous. Their short half-life aligns with the fast pharmacokinetics of Nbs, allowing 

rapid and specific visualization of the target. In addition, the quick clearance of the tracer 

from the body and the low energy of ¹⁸F reduces patient radiation exposure and enables 

the administration of other imaging probes within the same day. This same-day, multi-

target imaging approach paves the way for a more comprehensive assessment of the 

patient’s immune status, supporting a more precise and personalized therapeutic 

strategy [218, 219].  
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5. Conclusion 

Overall, both the 89Zr-m/hCD4-Mbs and 64Cu-CD4-Nb1 evaluated in this thesis 

demonstrated high target sensitivity and specificity for CD4+ cells, enabling the detection 

of clinically relevant differences in immune-cell densities within the TME [1, 2, 4].  

While both tracer formats allowed early visualization of responses to CIT, only 64Cu-

CD4-Nb1 provided sufficient spatial resolution to localize CD4+ cells within the tumor, 

distinguishing their accumulation at the invasive margins from that in the tumor core. 

This feature makes 64Cu-CD4-Nb1 a powerful tool for uncovering patient-specific 

immune patterns associated with sensitivity to CIT, highlighting its potential to guide and 

optimize combinatorial treatment approaches [4].  

Taken together, these findings indicate that both tracer formats hold strong promise for 

the noninvasive whole-body visualization of endogenous CD4+ cells, paving the way for 

future clinical approaches.  

Additionally, their distinct pharmacokinetic profiles suggest their possible use for 

different clinical applications. On the one hand, the slower clearance of the 89Zr-

m/hCD4-Mbs makes it suitable for longitudinal studies to monitor CD4+ cell dynamics 

and treatment outcomes. On the other hand, the faster clearance of 64Cu-CD4-Nb1 

tracer enables same-day and multiple-tracer imaging with additional tracers targeting 

other immune cell subsets. This feature could provide a more integrated view of 

immune-cell interactions within the TME during immune responses [220].  

In conclusion, the successful preclinical validation of these CD4-targeting immunoPET 

probes makes them optimal candidates for clinical translation, offering new 

opportunities to visualize, understand, and personalize immune-based cancer 

treatments.  

  



98 
 

  



99 
 

6. Bibliography 

1. Pezzana S, Blaess S, Kortendieck J, Hemmer N, Tako B, Pietura C, et al. In-depth cross-

validation of human and mouse CD4-specific minibodies for noninvasive PET imaging of CD4(+) 

cells and response prediction to cancer immunotherapy. Theranostics. 2024; 14: 4582-97. 

2. Traenkle B, Kaiser PD, Pezzana S, Richardson J, Gramlich M, Wagner TR, et al. Single-

Domain Antibodies for Targeting, Detection, and In Vivo Imaging of Human CD4(+) Cells. Front 

Immunol. 2021; 12: 799910. 

3. Wagner TR, Blaess S, Leske IB, Frecot DI, Gramlich M, Traenkle B, et al. Two birds with 

one stone: human SIRPα nanobodies for functional modulation and in vivo imaging of myeloid 

cells. Front Immunol. 2023; 14: 1264179. 

4. Pezzana S, Blaess S, Traenkle B, Schaefer A, Ruoff L, Tako B, et al. PET-based 

immunomapping of intratumoral CD4(+) cells to monitor acquired resistance to checkpoint 

inhibitors. Sci Adv. 2025; 11: eadw1924. 

5. Stammes MA, Koopman G, Wagner TR, Traenkle B, Kaiser PD, Mooij P, et al. 

Noninvasive Monitoring of Inflammatory Processes by Myeloid Cell-Directed PET Tracers in an 

Experimental Severe Acute Respiratory Syndrome Coronavirus 2 Infection Model. J Nucl Med. 

2025. 

6. Parkin J, Cohen B. An overview of the immune system. Lancet. 2001; 357: 1777-89. 

7. Pitt JM, Marabelle A, Eggermont A, Soria J-C, Kroemer G, Zitvogel L. Targeting the tumor 

microenvironment: removing obstruction to anticancer immune responses and immunotherapy. 

Annals of Oncology. 2016; 27: 1482-92. 

8. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, Bray F. Global 

Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 

Cancers in 185 Countries. CA: A Cancer Journal for Clinicians. 2021; 71: 209-49. 

9. Langley RR, Fidler IJ. The seed and soil hypothesis revisited-The role of tumor-stroma 

interactions in metastasis to different organs. International Journal of Cancer. 2011; 128: 2527-

35. 

10. Paget S. The distribution of secondary growths in cancer of the breast. Cancer 

Metastasis; 1889. 

11. de Visser KE, Joyce JA. The evolving tumor microenvironment: From cancer initiation to 

metastatic outgrowth. Cancer Cell. 2023; 41: 374-403. 

12. Hanahan D, Weinberg A, Robert. Hallmarks of Cancer: The Next Generation. Cell. 2011; 

144: 646-74. 

13. Hinshaw D, Shevde LA. The Tumor Microenvironment Innately Modulates Cancer 

Progression. Cancer research; 2019. 

14. E. Weber C, Kuo PC. The Tumor Microenvironment. surgical oncology; 2012. 

15. Anderson NM, Simon MC. The tumor microenvironment. Current Biology. 2020; 30: 

R921-R5. 



100 
 

16. Fu L-Q, Dub W-L, Caia M-H, Yao J-Y, Zhao Y-Y, Mou X-Z. The roles of tumor-associated 

macrophages in tumor angiogenesis and metastasis. Cellular Immunology; 2020. 

17. Wang J, Li D, Cang H, Guo B. Crosstalk between cancer and immune cells: Role of 

tumor‐associated macrophages in the tumor microenvironment. Cancer Medicine. 2019; 8: 

4709-21. 

18. Chen DS, Mellman I. Elements of cancer immunity and the cancer–immune set point. 

Nature. 2017; 541: 321-30. 

19. Chen S, Daniel, Mellman I. Oncology Meets Immunology: The Cancer-Immunity Cycle. 

Immunity. 2013; 39: 1-10. 

20. Wu B, Zhang B, Li B, Wu H, Jiang M. Cold and hot tumors: from molecular mechanisms 

to targeted therapy. Signal Transduction and Targeted Therapy. 2024; 9: 274. 

21. Slebe M, Pouw JEE, Hashemi SMS, Menke-Van Der Houven Van Oordt CW, Yaqub MM, 

Bahce I. Current state and upcoming opportunities for immunoPET biomarkers in lung cancer. 

Lung Cancer. 2022; 169: 84-93. 

22. Tiwari A, Oravecz T, Dillon LA, Italiano A, Audoly L, Fridman WH, Clifton GT. Towards a 

consensus definition of immune exclusion in cancer. Front Immunol. 2023; 14: 1084887. 

23. Herbst RS, Soria JC, Kowanetz M, Fine GD, Hamid O, Gordon MS, et al. Predictive 

correlates of response to the anti-PD-L1 antibody MPDL3280A in cancer patients. Nature. 2014; 

515: 563-7. 

24. Gide TN, Wilmott JS, Scolyer RA, Long GV. Primary and Acquired Resistance to Immune 

Checkpoint Inhibitors in Metastatic Melanoma. Clin Cancer Res. 2018; 24: 1260-70. 

25. Hegde PS, Karanikas V, Evers S. The Where, the When, and the How of Immune 

Monitoring for Cancer Immunotherapies in the Era of Checkpoint Inhibition. Clin Cancer Res. 

2016; 22: 1865-74. 

26. Hammerl D, Martens JWM, Timmermans M, Smid M, Trapman-Jansen AM, Foekens R, 

et al. Spatial immunophenotypes predict response to anti-PD1 treatment and capture distinct 

paths of T cell evasion in triple negative breast cancer. Nat Commun. 2021; 12: 5668. 

27. Demaria S, Romano E, Brackstone M, Formenti SC. Immune induction strategies to 

enhance responses to PD-1 blockade: lessons from the TONIC trial. J Immunother Cancer. 

2019; 7: 318. 

28. Lanitis E, Dangaj D, Irving M, Coukos G. Mechanisms regulating T-cell infiltration and 

activity in solid tumors. Oxford University Press; 2017. p. xii18-xii32. 

29. Fang D, Zhu J. Dynamic balance between master transcription factors determines the 

fates and functions of CD4 T cell and innate lymphoid cell subsets. J Exp Med. 2017; 214: 1861-

76. 

30. Zhu X, Zhu J. CD4 T Helper Cell Subsets and Related Human Immunological Disorders. 

Int J Mol Sci. 2020; 21. 

31. Duhen R, Fesneau O, Samson KA, Frye AK, Beymer M, Rajamanickam V, et al. PD-1 

and ICOS coexpression identifies tumor-reactive CD4+ T cells in human solid tumors. Journal 

of Clinical Investigation. 2022; 132. 



101 
 

32. Tay RE, Richardson EK, Toh HC. Revisiting the role of CD4+ T cells in cancer 

immunotherapy—new insights into old paradigms. Cancer Gene Therapy. 2021; 28: 5-17. 

33. Oliveira G, Wu CJ. Dynamics and specificities of T cells in cancer immunotherapy. Nat 

Rev Cancer. 2023; 23: 295-316. 

34. Luckheeram RV, Zhou R, Verma AD, Xia B. CD4+T Cells: Differentiation and Functions. 

Clinical and Developmental Immunology. 2012; 2012: 1-12. 

35. Speiser DE, Chijioke O, Schaeuble K, Münz C. CD4+ T cells in cancer. Nature Cancer. 

2023; 4: 317-29. 

36. Yang W, Yu T, Cong Y. CD4+ T cell metabolism, gut microbiota, and autoimmune 

diseases: implication in precision medicine of autoimmune diseases. Precision Clinical 

Medicine. 2022; 5. 

37. Jardine L, Barge D, Ames-Draycott A, Pagan S, Cookson S, Spickett G, et al. Rapid 

detection of dendritic cell and monocyte disorders using CD4 as a lineage marker of the human 

peripheral blood antigen-presenting cell compartment. Front Immunol. 2013; 4: 495. 

38. Kravtsov DS, Erbe AK, Sondel PM, Rakhmilevich AL. Roles of CD4+ T cells as mediators 

of antitumor immunity. Frontiers in Immunology; 2022. 

39. Zhu J. T Helper Cell Differentiation, Heterogeneity, and Plasticity. Cold Spring Harbor 

Perspectives in Biology. 2018; 10: a030338. 

40. Farhood B, Najafi M, Mortezaee K. CD8+ cytotoxic T lymphocytes in cancer 

immunotherapy: A review. Journal of Cellular Physiology. 2019; 234: 8509-21. 

41. Corthay A. How do Regulatory T Cells Work? Scandinavian Journal of Immunology. 

2009; 70: 326-36. 

42. Lee HL, Jang JW, Lee SW, Yoo SH, Kwon JH, Nam SW, et al. Inflammatory cytokines 

and change of Th1/Th2 balance as prognostic indicators for hepatocellular carcinoma in patients 

treated with transarterial chemoembolization. Scientific Reports. 2019; 9. 

43. Zhu J, Yamane H, Paul WE. Differentiation of effector CD4 T cell populations (*). Annu 

Rev Immunol. 2010; 28: 445-89. 

44. Gurram RK, Zhu J. Orchestration between ILC2s and Th2 cells in shaping type 2 

immune responses. Cell Mol Immunol. 2019; 16: 225-35. 

45. Le L, Tokumaru Y, Oshi M, Asaoka M, Yan L, Endo I, et al. Th2 cell infiltrations predict 

neoadjuvant chemotherapy response of estrogen receptor-positive breast cancer. Gland Surg. 

2021; 10: 154-65. 

46. Walker JA, McKenzie ANJ. T(H)2 cell development and function. Nat Rev Immunol. 

2018; 18: 121-33. 

47. Schnell A, Littman DR, Kuchroo VK. TH17 cell heterogeneity and its role in tissue 

inflammation. Nature Immunology. 2023; 24: 19-29. 

48. Ruterbusch M, Pruner KB, Shehata L, Pepper M. In Vivo CD4+ T Cell Differentiation and 

Function: Revisiting the Th1/Th2 Paradigm. Annual Review of Immunology. 2020; 38: 705-25. 



102 
 

49. Marques HS, de Brito BB, da Silva FAF, Santos MLC, de Souza JCB, Correia TML, et 

al. Relationship between Th17 immune response and cancer. World J Clin Oncol. 2021; 12: 

845-67. 

50. Bailey SR, Nelson MH, Himes RA, Li Z, Mehrotra S, Paulos CM. Th17 Cells in Cancer: 

The Ultimate Identity Crisis. Frontiers in Immunology. 2014; 5. 

51. Balkwill FR, Capasso M, Hagemann T. The tumor microenvironment at a glance. Journal 

of Cell Science. 2012; 125: 5591-6. 

52. Wu X, Zhou Z, Cao Q, Chen Y, Gong J, Zhang Q, et al. Reprogramming of Treg cells in 

the inflammatory microenvironment during immunotherapy: a literature review. Front Immunol. 

2023; 14: 1268188. 

53. Peterson C, Denlinger N, Yang Y. Recent Advances and Challenges in Cancer 

Immunotherapy. Cancers. 2022; 14: 3972. 

54. Rui R, Zhou L, He S. Cancer immunotherapies: advances and bottlenecks. Front 

Immunol. 2023; 14: 1212476. 

55. Coulie PG, Van Den Eynde BJ, Van Der Bruggen P, Boon T. Tumour antigens recognized 

by T lymphocytes: at the core of cancer immunotherapy. Nature Reviews Cancer. 2014; 14: 

135-46. 

56. Liu C, Yang M, Zhang D, Chen M, Zhu D. Clinical cancer immunotherapy: Current 

progress and prospects. Front Immunol. 2022; 13: 961805. 

57. Tan S, Li D, Zhu X. Cancer immunotherapy: Pros, cons and beyond. Biomed 

Pharmacother. 2020; 124: 109821. 

58. Jogalekar MP, Lakshmi Rajendran R, Khan F, Dmello C, Gangadaran P, Ahn B-C. CAR 

T-Cell-Based gene therapy for cancers: new perspectives, challenges,and clinical 

developments. Frontiers in Immunology; 2022. 

59. De Miguel M, Calvo E. Clinical Challenges of Immune Checkpoint Inhibitors. Cancer 

Cell. 2020; 38: 326-33. 

60. Lee DH. Update of early phase clinical trials in cancer immunotherapy. BMB Reports. 

2021; 54: 70-88. 

61. Waldman AD, Fritz JM, Lenardo MJ. A guide to cancer immunotherapy: from T cell basic 

science to clinical practice. Nature Reviews Immunology. 2020; 20: 651-68. 

62. Andtbacka RHI, Kaufman HL, Collichio F, Amatruda T, Senzer N, Chesney J, et al. 

Talimogene Laherparepvec Improves Durable Response Rate in Patients With Advanced 

Melanoma. Journal of Clinical Oncology. 2015; 33: 2780-8. 

63. Soiffer RJ, Kooshesh KA, Ho V. Whole tumor cell vaccines engineered to secrete GM‐

CSF (GVAX). ImmunoMedicine. 2021; 1. 

64. Riley RS, June CH, Langer R, Mitchell MJ. Delivery technologies for cancer 

immunotherapy. Nature Reviews Drug Discovery. 2019; 18: 175-96. 

65. Berraondo P, Sanmamed MF, Ochoa MC, Etxeberria I, Aznar MA, Pérez-Gracia JL, et 

al. Cytokines in clinical cancer immunotherapy. British Journal of Cancer. 2019; 120: 6-15. 



103 
 

66. Bach PB, Giralt SA, Saltz LB. FDA Approval of Tisagenlecleucel: Promise and 

Complexities of a $475 000 Cancer Drug. JAMA. 2017; 318: 1861-2. 

67. Rosewell Shaw A, Suzuki M. Oncolytic Viruses Partner With T-Cell Therapy for Solid 

Tumor Treatment. Frontiers in Immunology. 2018; 9. 

68. Ott PA, Hu Z, Keskin DB, Shukla SA, Sun J, Bozym DJ, et al. An immunogenic personal 

neoantigen vaccine for patients with melanoma. Nature. 2017; 547: 217-21. 

69. Ribas A, Dummer R, Puzanov I, VanderWalde A, Andtbacka RHI, Michielin O, et al. 

Oncolytic Virotherapy Promotes Intratumoral T Cell Infiltration and Improves Anti-PD-1 

Immunotherapy. Cell. 2017; 170: 1109-19.e10. 

70. Reiss DJ, Do T, Kuo D, Gray VE, Olson NE, Lee C-W, et al. Multiplexed 

Immunofluorescence (IF) Analysis and Gene Expression Profiling of Biopsies from Patients with 

Relapsed/Refractory (R/R) Diffuse Large B Cell Lymphoma (DLBCL) Treated with 

Lisocabtagene Maraleucel (liso-cel) in Transcend NHL 001 Reveal Patterns of Immune 

Infiltration Associated with Durable Response. Blood. 2019; 134: 202-. 

71. Balança CC, Salvioni A, Scarlata CM, Michelas M, Martinez-Gomez C, Gomez-Roca C, 

et al. PD-1 blockade restores helper activity of tumor-infiltrating, exhausted PD-1hiCD39+ CD4 

T cells. JCI Insight. 2021; 6. 

72. Lu Y, Houson HA, Gallegos CA, Mascioni A, Jia F, Aivazian A, et al. Evaluating the 

immunologically "cold" tumor microenvironment after treatment with immune checkpoint 

inhibitors utilizing PET imaging of CD4 + and CD8 + T cells in breast cancer mouse models. 

Breast Cancer Res. 2024; 26: 104. 

73. Esfahani K, Roudaia L, Buhlaiga N, Del Rincon SV, Papneja N, Miller WH. A review of 

cancer immunotherapy: from the past, to the present, to the future. Current Oncology; 2020. 

74. Gubin MM, Vesely MD. Cancer Immunoediting in the Era of Immuno-oncology. Clinical 

Cancer Research. 2022; 28: 3917-28. 

75. Shiravand Y, Khodadadi F, Kashani SMA, Hosseini-Fard SR, Hosseini S, Sadeghirad H, 

et al. Immune Checkpoint Inhibitors in Cancer Therapy. Current Oncology. 2022; 29: 3044-60. 

76. Das S, Johnson DB. Immune-related adverse events and anti-tumor efficacy of immune 

checkpoint inhibitors. J Immunother Cancer. 2019; 7: 306. 

77. Vranic S, Gatalica Z. PD-L1 testing by immunohistochemistry in immuno-oncology. 

Biomol Biomed. 2023; 23: 15-25. 

78. Casagrande S, Sopetto GB, Bertalot G, Bortolotti R, Racanelli V, Caffo O, et al. Immune-

Related Adverse Events Due to Cancer Immunotherapy: Immune Mechanisms and Clinical 

Manifestations. Cancers (Basel). 2024; 16. 

79. Conroy M, Naidoo J. Immune-related adverse events and the balancing act of 

immunotherapy. Nat Commun. 2022; 13: 392. 

80. Kraehenbuehl L, Weng CH, Eghbali S, Wolchok JD, Merghoub T. Enhancing 

immunotherapy in cancer by targeting emerging immunomodulatory pathways. Nat Rev Clin 

Oncol. 2022; 19: 37-50. 



104 
 

81. Butterfield LH, Najjar YG. Immunotherapy combination approaches: mechanisms, 

biomarkers and clinical observations. Nat Rev Immunol. 2024; 24: 399-416. 

82. Wu AM, Pandit-Taskar N. ImmunoPET: harnessing antibodies for imaging immune cells. 

Mol Imaging Biol. 2022; 24: 181-97. 

83. Granier C, De Guillebon E, Blanc C, Roussel HB, Cecile, Colin E, Saldmann A, et al. 

Mechanisms of action and rationale for the use of checkpoint inhibitors in cancer. 2017. 

84. Hodi FS, O'Day SJ, Mcdermott DF, Weber RW, Sosman JA, Haanen JB, et al. Improved 

Survival with Ipilimumab in Patients with Metastatic Melanoma. New England Journal of 

Medicine. 2010; 363: 711-23. 

85. Marin-Acevedo JA, Dholaria B, Soyano AE, Knutson KL, Chumsri S, Lou Y. Next 

generation of immune checkpoint therapy in cancer: new developments and challenges. Journal 

of hematology & oncology. 2018; 11: 39-. 

86. Darvin P, Toor SM, Sasidharan Nair V, Elkord E. Immune checkpoint inhibitors: recent 

progress and potential biomarkers. Exp Mol Med. 2018; 50: 1-11. 

87. Kaptein P, Jacoberger-Foissac C, Dimitriadis P, Voabil P, de Bruijn M, Brokamp S, et al. 

Addition of interleukin-2 overcomes resistance to neoadjuvant CTLA4 and PD1 blockade in ex 

vivo patient tumors. Sci Transl Med. 2022; 14: eabj9779. 

88. Hodi FS, Chiarion-Sileni V, Gonzalez R, Grob JJ, Rutkowski P, Cowey CL, et al. 

Nivolumab plus ipilimumab or nivolumab alone versus ipilimumab alone in advanced melanoma 

(CheckMate 067): 4-year outcomes of a multicentre, randomised, phase 3 trial. Lancet Oncol. 

2018; 19: 1480-92. 

89. Wang Z, Zou X, Wang H, Hao Z, Li G, Wang S. Companion diagnostics and predictive 

biomarkers for PD-1/PD-L1 immune checkpoint inhibitors therapy in malignant melanoma. Front 

Immunol. 2024; 15: 1454720. 

90. Tawbi HA, Schadendorf D, Lipson EJ, Ascierto PA, Matamala L, Gutiérrez EC, et al. 

Relatlimab and Nivolumab versus Nivolumab in Untreated Advanced Melanoma. New England 

Journal of Medicine. 2022; 386: 24-34. 

91. Chocarro L, Bocanegra A, Blanco E, Fernández-Rubio L, Arasanz H, Echaide M, et al. 

Cutting-Edge: Preclinical and Clinical Development of the First Approved Lag-3 Inhibitor. Cells. 

2022; 11. 

92. Johnson DB, Nebhan CA, Moslehi JJ, Balko JM. Immune-checkpoint inhibitors: long-

term implications of toxicity. Nat Rev Clin Oncol. 2022; 19: 254-67. 

93. Lewis AL, Chaft J, Girotra M, Fischer GW. Immune checkpoint inhibitors: a narrative 

review of considerations for the anaesthesiologist. British Journal of Anaesthesia. 2020; 124: 

251-60. 

94. Singh R, Kim YH, Lee SJ, Eom HS, Choi BK. 4-1BB immunotherapy: advances and 

hurdles. Exp Mol Med. 2024; 56: 32-9. 

95. Chester C, Sanmamed MF, Wang J, Melero I. Immunotherapy targeting 4-1BB: 

mechanistic rationale, clinical results, and future strategies. Blood. 2018; 131: 49-57. 



105 
 

96. Zhang Y, Cao M, Wu Y, Malih S, Xu D, Yang E, et al. Preclinical development of novel 

PD-L1 tracers and first-in-human study of [(68)Ga]Ga-NOTA-RW102 in patients with lung 

cancers. J Immunother Cancer. 2024; 12. 

97. Woo SR, Turnis ME, Goldberg MV, Bankoti J, Selby M, Nirschl CJ, et al. Immune 

inhibitory molecules LAG-3 and PD-1 synergistically regulate T-cell function to promote tumoral 

immune escape. Cancer Res. 2012; 72: 917-27. 

98. Ling A, Lundberg IV, Eklöf V, Wikberg ML, Öberg Å, Edin S, Palmqvist R. The infiltration, 

and prognostic importance, of Th1 lymphocytes vary in molecular subgroups of colorectal 

cancer. J Pathol Clin Res. 2016; 2: 21-31. 

99. Laheurte C, Dosset M, Vernerey D, Boullerot L, Gaugler B, Gravelin E, et al. Distinct 

prognostic value of circulating anti-telomerase CD4(+) Th1 immunity and exhausted PD-

1(+)/TIM-3(+) T cells in lung cancer. Br J Cancer. 2019; 121: 405-16. 

100. Bawden EG, Wagner T, Schröder J, Effern M, Hinze D, Newland L, et al. CD4(+) T cell 

immunity against cutaneous melanoma encompasses multifaceted MHC II-dependent 

responses. Sci Immunol. 2024; 9: eadi9517. 

101. Zeelen C, Paus C, Draper D, Heskamp S, Signore A, Galli F, et al. In-vivo imaging of 

tumor-infiltrating immune cells: implications for cancer immunotherapy. The Quarterly Journal 

of Nuclear Medicine and Molecular Imaging. 2018; 62. 

102. James ML, Gambhir SS. A MOLECULAR IMAGING PRIMER: MODALITIES, IMAGING 

AGENTS, AND APPLICATIONS. Physiological Reviews. 2012; 92: 897-965. 

103. Pichler BJ, Wehrl HF, Kolb A, Judenhofer MS. Positron Emission Tomography/Magnetic 

Resonance Imaging: The Next Generation of Multimodality Imaging? Seminars in Nuclear 

Medicine. 2008; 38: 199-208. 

104. Vaquero JJ, Kinahan P. Positron Emission Tomography: Current Challenges and 

Opportunities for Technological Advances in Clinical and Preclinical Imaging Systems. Annual 

Review of Biomedical Engineering. 2015; 17: 385-414. 

105. Cherry SR. Fundamentals of Positron Emission Tomography and Applications in 

Preclinical Drug Development. The Journal of Clinical Pharmacology. 2001; 41: 482-91. 

106. Valk PE, Delbeke D, Bailey DL, Townswnd DW, Maisey MN. Positron Emission 

Tomography. Basic Science and Clinical Practice.: Springer; 2003. 

107. Dewulf J, Adhikari K, Vangestel C, Wyngaert TVD, Elvas F. Development of Antibody 

Immuno-PET/SPECT Radiopharmaceuticals for Imaging of Oncological Disorders-An Update. 

Cancers (Basel). 2020; 12. 

108. Velikyan I. Prospective of ⁶⁸Ga-radiopharmaceutical development. Theranostics. 2013; 

4: 47-80. 

109. Kiessling FP, BJ; Hauff, P. Small Animal Imaging: Basics and Practical Guide. 2011: 1-

597. 

110. Ziegler SI. Positron Emission Tomography: Principles, Technology, and Recent 

Developments. Nuclear Physics A; 2005. 



106 
 

111. Rong J, Haider A, Jeppesen TE, Josephson L, Liang SH. Radiochemistry for positron 

emission tomography. Nat Commun. 2023; 14: 3257. 

112. Lopci E, Fanti S. Non-FDG PET/CT.  Molecular Imaging in Oncology: Springer 

International Publishing; 2020. p. 669-718. 

113. Rahman WT, Wale DJ, Viglianti BL, Townsend DM, Manganaro MS, Gross MD, et al. 

The impact of infection and inflammation in oncologic (18)F-FDG PET/CT imaging. Biomed 

Pharmacother. 2019; 117: 109168. 

114. Safaie E, Matthews R, Bergamaschi R. PET scan findings can be false positive. Tech 

Coloproctol. 2015; 19: 329-30. 

115. Ma Y, Wang Q, Dong Q, Zhan L, Zhang J. How to differentiate pseudoprogression from 

true progression in cancer patients treated with immunotherapy. Am J Cancer Res. 2019; 9: 

1546-53. 

116. Miele E, Spinelli GP, Tomao F, Zullo A, De Marinis F, Pasciuti G, et al. Positron Emission 

Tomography (PET) radiotracers in oncology – utility of 18F-Fluoro-deoxy-glucose (FDG)-PET in 

the management of patients with non-small-cell lung cancer (NSCLC). Journal of Experimental 

& Clinical Cancer Research. 2008; 27: 52. 

117. Mayer AT, Gambhir SS. The Immunoimaging Toolbox. J Nucl Med. 2018; 59: 1174-82. 

118. Lau J, Rousseau E, Kwon D, Lin KS, Bénard F, Chen X. Insight into the Development of 

PET Radiopharmaceuticals for Oncology. Cancers (Basel). 2020; 12. 

119. Iking J, Staniszewska M, Kessler L, Klose JM, Lückerath K, Fendler WP, et al. Imaging 

Inflammation with Positron Emission Tomography. Biomedicines. 2021; 9. 

120. Mulero F. Editorial: ImmunoPET imaging in disease diagnosis and therapy assessment. 

Front Med (Lausanne). 2023; 10: 1231525. 

121. Goldenberg DM, DeLand F, Kim E, Bennett S, Primus FJ, van Nagell JR, Jr., et al. Use 

of radiolabeled antibodies to carcinoembryonic antigen for the detection and localization of 

diverse cancers by external photoscanning. N Engl J Med. 1978; 298: 1384-6. 

122. Manafi-Farid R, Ataeinia B, Ranjbar S, Jamshidi Araghi Z, Moradi MM, Pirich C, Beheshti 

M. ImmunoPET: Antibody-Based PET Imaging in Solid Tumors. Front Med (Lausanne). 2022; 

9: 916693. 

123. Hu S, Shively L, Raubitschek A, Sherman M, Williams LE, Wong JY, et al. Minibody: A 

novel engineered anti-carcinoembryonic antigen antibody fragment (single-chain Fv-CH3) 

which exhibits rapid, high-level targeting of xenografts. Cancer Res. 1996; 56: 3055-61. 

124. Salvador JP, Vilaplana L, Marco MP. Nanobody: outstanding features for diagnostic and 

therapeutic applications. Anal Bioanal Chem. 2019; 411: 1703-13. 

125. Kwon NY, Kim Y, Lee JO. Structural diversity and flexibility of diabodies. Methods. 2019; 

154: 136-42. 

126. Rodrigo G, Gruvegård M, Van Alstine JM. Antibody Fragments and Their Purification by 

Protein L Affinity Chromatography. Antibodies. 2015; 4: 259-77. 

127. Li C, Han C, Duan S, Li P, Alam IS, Xiao Z. Visualizing T-Cell Responses: The T-Cell 

PET Imaging Toolbox. Journal of Nuclear Medicine. 2022; 63: 183-8. 



107 
 

128. Bouleau A, Lebon V, Truillet C. PET imaging of immune checkpoint proteins in oncology. 

Pharmacology & Therapeutics. 2021; 222. 

129. Olafsen T, Torgov M, Zhang GG, Romero J, Zampila C, Marchioni F, et al. Pet imaging 

of cytotoxic human T cells using an 89Zr-labeled anti-CD8 minibody. Journal for 

ImmunoTherapy of Cancer. 2015; 3: P388. 

130. Griessinger CM, Olafsen T, Mascioni A, Jiang ZK, Zamilpa C, Jia F, et al. The PET-Tracer 

89Zr-Df-IAB22M2C Enables Monitoring of Intratumoral CD8 T-cell Infiltrates in Tumor-Bearing 

Humanized Mice after T-cell Bispecific Antibody Treatment. Cancer Research. 2020; 80: 2903-

13. 

131. Farwell MD, Gamache RF, Babazada H, Hellmann MD, Harding JJ, Korn R, et al. CD8-

targeted PET Imaging of Tumor Infiltrating T cells in Patients with Cancer: A Phase I First-in-

Human Study of 89Zr-Df-IAB22M2C, a Radiolabeled anti-CD8 Minibody. Journal of Nuclear 

Medicine. 2021: jnumed.121.2624. 

132. Pandit-Taskar N, Postow MA, Hellmann MD, Harding JJ, Barker CA, O'Donoghue JA, et 

al. First-in-Humans Imaging with 89Zr-Df-IAB22M2C Anti-CD8 Minibody in Patients with Solid 

Malignancies: Preliminary Pharmacokinetics, Biodistribution, and Lesion Targeting. Journal of 

nuclear medicine : official publication, Society of Nuclear Medicine. 2020; 61: 512-9. 

133. Schwenck J, Sonanini D, Seyfried D, Ehrlichmann W, Kienzle G, Reischl G, et al. In vivo 

imaging of CD8+ T cells in metastatic cancer patients: first clinical experience with simultaneous 

[89Zr]Zr-Df-IAB22M2C PET/MRI. Theranostics. 2023; 13: 2408-23. 

134. Chakravarty R, Goel S, Cai W. Nanobody: The “Magic Bullet” for Molecular Imaging? 

Theranostics. 2014; 4: 386-98. 

135. Ulaner GA, Lyashchenko SK, Riedl C, Ruan S, Zanzonico PB, Lake D, et al. First-in-

Human Human Epidermal Growth Factor Receptor 2-Targeted Imaging Using (89)Zr-

Pertuzumab PET/CT: Dosimetry and Clinical Application in Patients with Breast Cancer. J Nucl 

Med. 2018; 59: 900-6. 

136. Laforest R, Lapi SE, Oyama R, Bose R, Tabchy A, Marquez-Nostra BV, et al. 

[89Zr]Trastuzumab: Evaluation of Radiation Dosimetry, Safety, and Optimal Imaging 

Parameters in Women with HER2-Positive Breast Cancer. Molecular Imaging and Biology. 

2016; 18: 952-9. 

137. Dijkers EC, Oude Munnink TH, Kosterink JG, Brouwers AH, Jager PL, De Jong JR, et 

al. Biodistribution of 89Zr-trastuzumab and PET Imaging of HER2-Positive Lesions in Patients 

With Metastatic Breast Cancer. Clinical Pharmacology & Therapeutics. 2010; 87: 586-92. 

138. Laforest R, Lapi SE, Oyama R, Bose R, Tabchy A, Marquez-Nostra BV, et al. 

[(89)Zr]Trastuzumab: Evaluation of Radiation Dosimetry, Safety, and Optimal Imaging 

Parameters in Women with HER2-Positive Breast Cancer. Mol Imaging Biol. 2016; 18: 952-9. 

139. Tamura K, Kurihara H, Yonemori K, Tsuda H, Suzuki J, Kono Y, et al. 64Cu-DOTA-

trastuzumab PET imaging in patients with HER2-positive breast cancer. J Nucl Med. 2013; 54: 

1869-75. 

140. Li M, Ehlerding EB, Jiang D, Barnhart TE, Chen W, Cao T, et al. In vivo characterization 

of PD-L1 expression in breast cancer by immuno-PET with (89)Zr-labeled avelumab. Am J 

Transl Res. 2020; 12: 1862-72. 



108 
 

141. Jagoda EM, Vasalatiy O, Basuli F, Opina ACL, Williams MR, Wong K, et al. Immuno-

PET Imaging of the Programmed Cell Death-1 Ligand (PD-L1) Using a Zirconium-89 Labeled 

Therapeutic Antibody, Avelumab. Mol Imaging. 2019; 18: 1536012119829986. 

142. Bensch F, van der Veen EL, Lub-de Hooge MN, Jorritsma-Smit A, Boellaard R, Kok IC, 

et al. 89Zr-atezolizumab imaging as a non-invasive approach to assess clinical response to PD-

L1 blockade in cancer. Nature Medicine. 2018; 24: 1852-8. 

143. Wierstra P, Sandker G, Aarntzen E, Gotthardt M, Adema G, Bussink J, et al. Tracers for 

non-invasive radionuclide imaging of immune checkpoint expression in cancer. EJNMMI 

Radiopharmacy and Chemistry. 2019; 4. 

144. Niemeijer AN, Leung D, Huisman MC, Bahce I, Hoekstra OS, van Dongen G, et al. 

Whole body PD-1 and PD-L1 positron emission tomography in patients with non-small-cell lung 

cancer. Nat Commun. 2018; 9: 4664. 

145. Niemeijer AN, Oprea-Lager DE, Huisman MC, Hoekstra OS, Boellaard R, de Wit-van 

der Veen BJ, et al. Study of (89)Zr-Pembrolizumab PET/CT in Patients With Advanced-Stage 

Non-Small Cell Lung Cancer. J Nucl Med. 2022; 63: 362-7. 

146. D'Huyvetter M, De Vos J, Xavier C, Pruszynski M, Sterckx YGJ, Massa S, et al. (131)I-

labeled Anti-HER2 Camelid sdAb as a Theranostic Tool in Cancer Treatment. Clin Cancer Res. 

2017; 23: 6616-28. 

147. Keyaerts M, Xavier C, Heemskerk J, Devoogdt N, Everaert H, Ackaert C, et al. Phase I 

Study of 68Ga-HER2-Nanobody for PET/CT Assessment of HER2 Expression in Breast 

Carcinoma. J Nucl Med. 2016; 57: 27-33. 

148. Chen Y-P, Kim HJ, Wu H, Price-Troska T, Villasboas JC, Jalali S, et al. SIRPα expression 

delineates subsets of intratumoral monocyte/macrophages with different functional and 

prognostic impact in follicular lymphoma. Blood Cancer Journal. 2019; 9: 84. 

149. Parker CC, Bin Salam A, Song PN, Gallegos C, Hunt A, Yates C, et al. Evaluation of a 

CD206-Targeted Peptide for PET Imaging of Macrophages in Syngeneic Mouse Models of 

Cancer. Mol Pharm. 2023; 20: 2415-25. 

150. Lauwers Y, De Groof TWM, Vincke C, Van Craenenbroeck J, Jumapili NA, Barthelmess 

RM, et al. Imaging of tumor-associated macrophage dynamics during immunotherapy using a 

CD163-specific nanobody-based immunotracer. Proc Natl Acad Sci U S A. 2024; 121: 

e2409668121. 

151. Nguyen DH, Ball ED, Varki A. Myeloid precursors and acute myeloid leukemia cells 

express multiple CD33-related Siglecs. Experimental Hematology. 2006; 34: 728-35. 

152. Tavaré R, Escuin-Ordinas H, Mok S, Mccracken MN, Zettlitz KA, Salazar FB, et al. An 

Effective Immuno-PET Imaging Method to Monitor CD8-Dependent Responses to 

Immunotherapy. Cancer Research. 2016; 76: 73-82. 

153. Rashidian M, Lafleur MW, Verschoor VL, Dongre A, Zhang Y, Nguyen TH, et al. Immuno-

PET identifies the myeloid compartment as a key contributor to the outcome of the antitumor 

response under PD-1 blockade. Proceedings of the National Academy of Sciences. 2019; 116: 

16971-80. 



109 
 

154. Seo JW, Tavaré R, Mahakian LM, Silvestrini MT, Tam S, Ingham ES, et al. CD8+ T-cell 

density imaging with 64Cu-labeled cys-diabody informs immunotherapy protocols. Clinical 

Cancer Research. 2018. 

155. Farwell MD, Gamache RF, Babazada H, Hellmann MD, Harding JJ, Korn R, et al. CD8-

Targeted PET Imaging of Tumor-Infiltrating T Cells in Patients with Cancer: A Phase I First-in-

Humans Study of (89)Zr-Df-IAB22M2C, a Radiolabeled Anti-CD8 Minibody. J Nucl Med. 2022; 

63: 720-6. 

156. Omidvari N, Jones T, Price PM, Ferre AL, Lu J, Abdelhafez YG, et al. First-in-human 

immunoPET imaging of COVID-19 convalescent patients using dynamic total-body PET and a 

CD8-targeted minibody. Sci Adv. 2023; 9: eadh7968. 

157. De Pauw T, De Mey L, Debacker JM, Raes G, Van Ginderachter JA, De Groof TWM, 

Devoogdt N. Current status and future expectations of nanobodies in oncology trials. Expert 

Opin Investig Drugs. 2023; 32: 705-21. 

158. Wang Y, Wang C, Huang M, Qin S, Zhao J, Sang S, et al. Pilot study of a novel nanobody 

(68) Ga-NODAGA-SNA006 for instant PET imaging of CD8(+) T cells. Eur J Nucl Med Mol 

Imaging. 2022; 49: 4394-405. 

159. Blykers A, Schoonooghe S, Xavier C, D'Hoe K, Laoui D, D'Huyvetter M, et al. PET 

Imaging of Macrophage Mannose Receptor-Expressing Macrophages in Tumor Stroma Using 

18F-Radiolabeled Camelid Single-Domain Antibody Fragments. J Nucl Med. 2015; 56: 1265-

71. 

160. Gondry O, Xavier C, Raes L, Heemskerk J, Devoogdt N, Everaert H, et al. Phase I Study 

of [(68)Ga]Ga-Anti-CD206-sdAb for PET/CT Assessment of Protumorigenic Macrophage 

Presence in Solid Tumors (MMR Phase I). J Nucl Med. 2023; 64: 1378-84. 

161. Xavier C, Blykers A, Laoui D, Bolli E, Vaneyken I, Bridoux J, et al. Clinical Translation of 

[(68)Ga]Ga-NOTA-anti-MMR-sdAb for PET/CT Imaging of Protumorigenic Macrophages. Mol 

Imaging Biol. 2019; 21: 898-906. 

162. Kristensen LK, Fröhlich C, Christensen C, Melander MC, Poulsen TT, Galler GR, et al. 

CD4(+) and CD8a(+) PET imaging predicts response to novel PD-1 checkpoint inhibitor: studies 

of Sym021 in syngeneic mouse cancer models. Theranostics. 2019; 9: 8221-38. 

163. Clausen AS, Christensen C, Christensen E, Cold S, Kristensen LK, Hansen AE, Kjaer A. 

Development of a 64Cu-labeled CD4+ T cell targeting PET tracer: evaluation of CD4 specificity 

and its potential use in collagen-induced arthritis. EJNMMI Research. 2022; 12. 

164. Kim I, Srinivasula S, DeGrange P, Long B, Jang H, Carrasquillo JA, et al. Quantitative 

PET imaging of the CD4 pool in nonhuman primates. European Journal of Nuclear Medicine 

and Molecular Imaging. 2022; 50: 14-26. 

165. Tavaré R, McCracken MN, Zettlitz KA, Salazar FB, Olafsen T, Witte ON, Wu AM. 

Immuno-PET of Murine T Cell Reconstitution Postadoptive Stem Cell Transplantation Using 

Anti-CD4 and Anti-CD8 Cys-Diabodies. Journal of nuclear medicine : official publication, Society 

of Nuclear Medicine. 2015; 56: 1258-64. 

166. Freise AC, Zettlitz KA, Salazar FB, Tavaré R, Tsai W-TK, Chatziioannou AF, et al. 

Immuno-PET in Inflammatory Bowel Disease: Imaging CD4-Positive T Cells in a Murine Model 

of Colitis. Journal of Nuclear Medicine. 2018; 59: 980-5. 



110 
 

167. Freise AC, Zettlitz KA, Salazar FB, Lu X, Tavaré R, Wu AM. ImmunoPET Imaging of 

Murine CD4+ T Cells Using Anti-CD4 Cys-Diabody: Effects of Protein Dose on T Cell Function 

and Imaging. Molecular Imaging and Biology. 2017; 19: 599-609. 

168. Nagle VL, Hertz CAJ, Henry KE, Graham MS, Campos C, Pillarsetty N, et al. 

Noninvasive Imaging of CD4+ T Cells in Humanized Mice. Molecular Cancer Therapeutics. 

2022; 21: 658-66. 

169. Bruni D, Angell HK, Galon J. The immune contexture and Immunoscore in cancer 

prognosis and therapeutic efficacy. Nat Rev Cancer. 2020; 20: 662-80. 

170. Hanahan D. Hallmarks of Cancer: New Dimensions. Cancer Discovery. 2022; 12: 31-46. 

171. Jia Q, Wang A, Yuan Y, Zhu B, Long H. Heterogeneity of the tumor immune 

microenvironment and its clinical relevance. Exp Hematol Oncol. 2022; 11: 24. 

172. Lin Z, Meng X, Wen J, Corral JM, Andreev D, Kachler K, et al. Intratumor Heterogeneity 

Correlates With Reduced Immune Activity and Worse Survival in Melanoma Patients. Front 

Oncol. 2020; 10: 596493. 

173. Li J, Byrne KT, Yan F, Yamazoe T, Chen Z, Baslan T, et al. Tumor Cell-Intrinsic Factors 

Underlie Heterogeneity of Immune Cell Infiltration and Response to Immunotherapy. Immunity. 

2018; 49: 178-93.e7. 

174. Michaeli DT, Mills M, Michaeli T, Miracolo A, Kanavos P. Initial and supplementary 

indication approval of new targeted cancer drugs by the FDA, EMA, Health Canada, and TGA. 

Invest New Drugs. 2022; 40: 798-809. 

175. Zhu S, Zhang T, Zheng L, Liu H, Song W, Liu D, et al. Combination strategies to 

maximize the benefits of cancer immunotherapy. J Hematol Oncol. 2021; 14: 156. 

176. Dammes N, Peer D. Monoclonal antibody-based molecular imaging strategies and 

theranostic opportunities. Theranostics. 2020; 10: 938-55. 

177. Mohr P, van Sluis J, Lub-de Hooge MN, Lammertsma AA, Brouwers AH, Tsoumpas C. 

Advances and challenges in immunoPET methodology. Front Nucl Med. 2024; 4: 1360710. 

178. Rashidian M, Ingram JR, Dougan M, Dongre A, Whang KA, Legall C, et al. Predicting 

the response to CTLA-4 blockade by longitudinal noninvasive monitoring of CD8 T cells. Journal 

of Experimental Medicine. 2017; 214: 2243-55. 

179. Huang L, Gainkam LO, Caveliers V, Vanhove C, Keyaerts M, De Baetselier P, et al. 

SPECT imaging with 99mTc-labeled EGFR-specific nanobody for in vivo monitoring of EGFR 

expression. Mol Imaging Biol. 2008; 10: 167-75. 

180. Roovers RC, Laeremans T, Huang L, De Taeye S, Verkleij AJ, Revets H, et al. Efficient 

inhibition of EGFR signaling and of tumour growth by antagonistic anti-EFGR Nanobodies. 

Cancer Immunol Immunother. 2007; 56: 303-17. 

181. Evazalipour M, D'Huyvetter M, Tehrani BS, Abolhassani M, Omidfar K, Abdoli S, et al. 

Generation and characterization of nanobodies targeting PSMA for molecular imaging of 

prostate cancer. Contrast Media Mol Imaging. 2014; 9: 211-20. 



111 
 

182. Bala G, Baudhuin H, Remory I, Gillis K, Debie P, Krasniqi A, et al. Evaluation of 

[(99m)Tc]Radiolabeled Macrophage Mannose Receptor-Specific Nanobodies for Targeting of 

Atherosclerotic Lesions in Mice. Mol Imaging Biol. 2018; 20: 260-7. 

183. Jailkhani N, Ingram JR, Rashidian M, Rickelt S, Tian C, Mak H, et al. Noninvasive 

imaging of tumor progression, metastasis, and fibrosis using a nanobody targeting the 

extracellular matrix. Proc Natl Acad Sci U S A. 2019; 116: 14181-90. 

184. Accogli T, Bruchard M, Végran F. Modulation of CD4 T Cell Response According to 

Tumor Cytokine Microenvironment. Cancers (Basel). 2021; 13. 

185. Meyer JP, Adumeau P, Lewis JS, Zeglis BM. Click Chemistry and Radiochemistry: The 

First 10 Years. Bioconjug Chem. 2016; 27: 2791-807. 

186. Bauer D, Cornejo MA, Hoang TT, Lewis JS, Zeglis BM. Click Chemistry and 

Radiochemistry: An Update. Bioconjug Chem. 2023; 34: 1925-50. 

187. Haque S, Saizawa K, Rojo J, Janeway CA, Jr. The influence of valence on the functional 

activities of monoclonal anti-L3T4 antibodies. Discrimination of signaling from other effects. J 

Immunol. 1987; 139: 3207-12. 

188. Lange G, Lewis SJ, Murshudov GN, Dodson GG, Moody PCE, Turkenburg JP, et al. 

Crystal structure of an extracellular fragment of the rat CD4 receptor containing domains 3 and 

4. Structure. 1994; 2: 469-81. 

189. Chabrol E, Fagnen C, Landron S, Marcheteau E, Stojko J, Guenin SP, et al. 

Biochemistry, structure, and cellular internalization of a four nanobody-bearing Fc dimer. Protein 

Sci. 2021; 30: 1946-57. 

190. Ackaert C, Smiejkowska N, Xavier C, Sterckx YGJ, Denies S, Stijlemans B, et al. 

Immunogenicity Risk Profile of Nanobodies. Front Immunol. 2021; 12: 632687. 

191. Muyldermans S, Baral TN, Retamozzo VC, De Baetselier P, De Genst E, Kinne J, et al. 

Camelid immunoglobulins and nanobody technology. Vet Immunol Immunopathol. 2009; 128: 

178-83. 

192. Vincke C, Loris R, Saerens D, Martinez-Rodriguez S, Muyldermans S, Conrath K. 

General strategy to humanize a camelid single-domain antibody and identification of a universal 

humanized nanobody scaffold. J Biol Chem. 2009; 284: 3273-84. 

193. Tavaré R, McCracken MN, Zettlitz KA, Knowles SM, Salazar FB, Olafsen T, et al. 

Engineered antibody fragments for immuno-PET imaging of endogenous CD8+ T cells in vivo. 

Proc Natl Acad Sci U S A. 2014; 111: 1108-13. 

194. De Groof TWM, Lauwers Y, De Pauw T, Saxena M, Vincke C, Van Craenenbroeck J, et 

al. Specific imaging of CD8 + T-Cell dynamics with a nanobody radiotracer against human 

CD8β. Eur J Nucl Med Mol Imaging. 2024; 52: 193-207. 

195. Smit J, Borm FJ, Niemeijer A-LN, Huisman MC, Hoekstra OS, Boellaard R, et al. PD-L1 

PET/CT imaging with radiolabeled durvalumab in patients with advanced stage non-small cell 

lung cancer. Journal of Nuclear Medicine. 2021: jnumed.121.2624. 

196. Shultz LD, Schweitzer PA, Christianson SW, Gott B, Schweitzer IB, Tennent B, et al. 

Multiple defects in innate and adaptive immunological function in NOD/LTSZ-SCID mice. 

Journal of Immunology. 1995; 154: 180-91. 



112 
 

197. Serreze DV, Gaskins HR, Leiter EH. Defects in the differentiation and function of antigen 

presenting cells in NOD/Lt mice. J Immunol. 1993; 150: 2534-43. 

198. Shultz LD, Lyons BL, Burzenski LM, Gott B, Chen XH, Chaleff S, et al. Human lymphoid 

and myeloid cell development in NOD/LtSz-scid IL2Rγnull mice engrafted with mobilized human 

hemopoietic stem cells. Journal of Immunology. 2005; 174: 6477-89. 

199. Hegi-Johnson F, Rudd S, Hicks RJ, De Ruysscher D, Trapani JA, John T, et al. Imaging 

immunity in patients with cancer using positron emission tomography. npj Precision Oncology. 

2022; 6. 

200. Gainkam LO, Caveliers V, Devoogdt N, Vanhove C, Xavier C, Boerman O, et al. 

Localization, mechanism and reduction of renal retention of technetium-99m labeled epidermal 

growth factor receptor-specific nanobody in mice. Contrast Media Mol Imaging. 2011; 6: 85-92. 

201. Babamohamadi M, Mohammadi N, Faryadi E, Haddadi M, Merati A, Ghobadinezhad F, 

et al. Anti-CTLA-4 nanobody as a promising approach in cancer immunotherapy. Cell Death 

Dis. 2024; 15: 17. 

202. Debie P, Lafont C, Defrise M, Hansen I, van Willigen DM, van Leeuwen FWB, et al. Size 

and affinity kinetics of nanobodies influence targeting and penetration of solid tumours. Journal 

of Controlled Release. 2020; 317: 34-42. 

203. Pan H, Liu J, Deng W, Xing J, Li Q, Wang Z. Site-specific PEGylation of an anti-CEA/CD3 

bispecific antibody improves its antitumor efficacy. International Journal of Nanomedicine. 2018; 

Volume 13: 3189-201. 

204. D'Huyvetter M, Vincke C, Xavier C, Aerts A, Impens N, Baatout S, et al. Targeted 

radionuclide therapy with A 177Lu-labeled anti-HER2 nanobody. Theranostics. 2014; 4: 708-20. 

205. Rousseau E, Lau J, Kuo HT, Zhang Z, Merkens H, Hundal-Jabal N, et al. Monosodium 

Glutamate Reduces (68)Ga-PSMA-11 Uptake in Salivary Glands and Kidneys in a Preclinical 

Prostate Cancer Model. J Nucl Med. 2018; 59: 1865-8. 

206. Vaidyanathan G, McDougald D, Choi J, Koumarianou E, Weitzel D, Osada T, et al. 

Preclinical Evaluation of 18F-Labeled Anti-HER2 Nanobody Conjugates for Imaging HER2 

Receptor Expression by Immuno-PET. J Nucl Med. 2016; 57: 967-73. 

207. Zhao L, Xing Y, Liu C, Ma S, Huang W, Cheng Z, Zhao J. Detection of HER2 expression 

using (99m)Tc-NM-02 nanobody in patients with breast cancer: a non-randomized, non-blinded 

clinical trial. Breast Cancer Res. 2024; 26: 40. 

208. Demehri S, Cunningham TJ, Manivasagam S, Ngo KH, Moradi Tuchayi S, Reddy R, et 

al. Thymic stromal lymphopoietin blocks early stages of breast carcinogenesis. J Clin Invest. 

2016; 126: 1458-70. 

209. Shields NJ, Peyroux EM, Ferguson AL, Steain M, Neumann S, Young SL. Late-stage 

MC38 tumours recapitulate features of human colorectal cancer - implications for appropriate 

timepoint selection in preclinical studies. Frontiers in Immunology. 2023; 14. 

210. Lau J, Cheung J, Navarro A, Lianoglou S, Haley B, Totpal K, et al. Tumour and host cell 

PD-L1 is required to mediate suppression of anti-tumour immunity in mice. Nature 

Communications. 2017; 8: 14572. 



113 
 

211. Scott EN, Gocher AM, Workman CJ, Vignali DAA. Regulatory T Cells: Barriers of 

Immune Infiltration Into the Tumor Microenvironment. Front Immunol. 2021; 12: 702726. 

212. Jin Y, An X, Mao B, Sun R, Kumari R, Chen X, et al. Different syngeneic tumors show 

distinctive intrinsic tumor-immunity and mechanisms of actions (MOA) of anti-PD-1 treatment. 

Scientific Reports. 2022; 12. 

213. Smith SE, Hoelzinger DB, Dominguez AL, Van Snick J, Lustgarten J. Signals through 4-

1BB inhibit T regulatory cells by blocking IL-9 production enhancing antitumor responses. 

Cancer Immunol Immunother. 2011; 60: 1775-87. 

214. Sulea T. Humanization of Camelid Single-Domain Antibodies. Methods Mol Biol. 2022; 

2446: 299-312. 

215. Fernández-Quintero ML, Guarnera E, Musil D, Pekar L, Sellmann C, Freire F, et al. On 

the humanization of VHHs: Prospective case studies, experimental and computational 

characterization of structural determinants for functionality. Protein Sci. 2024; 33: e5176. 

216. De Feo MS, Pontico M, Frantellizzi V, Corica F, De Cristofaro F, De Vincentis G. 89Zr-

PET imaging in humans: a systematic review. Clinical and Translational Imaging. 2022; 10: 23-

36. 

217. Braune A, Oehme L, Freudenberg R, Hofheinz F, van den Hoff J, Kotzerke J, Hoberück 

S. Comparison of image quality and spatial resolution between 18F, 68Ga, and 64Cu phantom 

measurements using a digital Biograph Vision PET/CT. EJNMMI Physics. 2022; 9: 58. 

218. Cleeren F, Lecina J, Bridoux J, Devoogdt N, Tshibangu T, Xavier C, Bormans G. Direct 

fluorine-18 labeling of heat-sensitive biomolecules for positron emission tomography imaging 

using the Al(18)F-RESCA method. Nat Protoc. 2018; 13: 2330-47. 

219. Xavier C, Blykers A, Vaneycken I, D'Huyvetter M, Heemskerk J, Lahoutte T, et al. (18)F-

nanobody for PET imaging of HER2 overexpressing tumors. Nucl Med Biol. 2016; 43: 247-52. 

220. Harmand TJ, Islam A, Pishesha N, Ploegh HL. Nanobodies as in vivo, non-invasive, 

imaging agents. RSC Chem Biol. 2021; 2: 685-701. 

 


