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L 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 currenty
no established noninvasive diagnostic procedure to determine the CD4* cell contentin
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 throughoutthe 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 subsequentclinical 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 developmentof radiolabeled murine and human Mbs (839Zr-mCD4-Mb
and 82Zr-hCD4-Mb, respectively) for PET imaging enabled noninvasive monitoring and
visualization of whole-body endogenous CD4* cell distributions in experimental models
of cancerimmunotherapy (CIT) in human CD4 receptor knock-in (hCD4-Kl) and wild-
type (WT) mice, as well as the prediction of CIT response. Furthermore, our newly
developed 64Cu radiolabeled CD4 specific Nb (4*Cu-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 molecularweight,
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.



Il Zusammenfassung
CD4*-Zellen spielen eine entscheidende Rolle bei der Steuerung der Krebsimmunitat

und sind daher vielversprechende Biomarker fur die Klassifizierung von Erkrankungen
sowie fir die Uberwachung von Immuntherapien. Allerdings existiert derzeit kein
etabliertes nichtinvasives Diagnoseverfahren zur Bestimmung des CD4* Zellgehalts im
erkrankten Gewebe. Die molekulare Bildgebungvon CD4* Zellen kdnnte neue Einblicke
in deren Migrationsdynamik wahrend Immuntherapien bieten und personalisierte
Therapieansatze ermdglichen. Daruber hinaus eréffnetdie longitudinale, nichtinvasive
Ganzkérper-Bildgebungvon CD4* Zellen klinisch die Moglichkeit, Krankheitsverauf und
Therapieeffekt sowohl bei Tumorerkrankungen als auch bei entzindlichen
Erkrankungen zu verfolgen.

Ziel dieser Arbeit war es, verschiedene fur die Immunzellbildgebung bevorzugte
Antikorperfragmente wie scFv-CH3-Antikorper (Minibodies, Mbs) und VHH-
Einzeldomanen-Antikdrper (Nanobodies, Nbs) fur die ImmunoPET-Bildgebung zu
validieren,umhumane CD4* Zellen nichtinvasiv detektieren zu kdnnen. lhre Fahigkeit,
endogene CD4" Immunzell-Infiltrate sichtbar zu machen, raumlich zu lokalisieren und
klinisch relevante Veranderungen differenzieren zu kdénnen, wurde in praklinischen
Krebsmodellen im Hinblick auf klinische Umsetzbarkeit untersucht.

Die gleichzeitige Entwicklung von radioaktiv markierten murinen und humanen
Minibodies (3*Zr-mCD4-Mb bzw. 8Zr-hCD4-Mb) furdie PET-Bildgebungermdglichte die
nichtinvasive Uberwachung und Visualisierung der korpereigenen CDA4*-
Zellverteilungen in Krebsimmuntherapie-Modellen in humanen CD4-Rezeptor-Knock-
in- und Wildtyp-Mausen, die auch eine Vorhersage des Therapieansprechens
ermoglichte. DarUber hinaus erlaubte ein neu entwickelter ®Cu-markierter CD4-
spezifischer Nanobody (#Cu-CD4-Nb1) die hochsensitive Erkennung und rdumliche
Lokalisierung selbst geringer Veranderungen von CD4* Zellinfiltraten in verschiedenen
experimentellen Krebsmodellen.

Ein wesentlicher Unterschied zwischen den beiden Tracern liegt in ihrem
Molekulargewicht, das ihre pharmakokinetischen Eigenschaften malgeblich
beeinflusst und sie flr unterschiedliche Bildgebungszwecke geeignet macht. Die
Entwicklung dieser Tracer, die gezieltdas humane CD4-Antigen adressieren, sowie der
Nachweis,dass keines der beiden Formate die Proliferation oder Funktion von T-Zellen
verandert, machen sie zu vielversprechenden Kandidaten fir die klinische Anwendung

bei einem breiten Spektrum verschiedener Tumoren und Krebsimmuntherapien.
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1. Introduction
11. 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 innateresponse can damage healthytissues.The
production of cytokinesand chemokines by cells part of the innateimmunity 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 naive 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 atits
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
Malignanttumors 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].
21
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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, immunedesert (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 | and type |
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

22



novel therapeutic approaches for patients with noninflamed phenotypes (Figure 2) [22-
271.
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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] .

a.Help for CD8 CTLs b. Direct anti-tumour activity c.Help for B cells producing
antibodies

Activated DC

Direct Effector cytokine
cytotoxicity secretion
5 (IFNy, TNFa)

Co-stimulation

CD40 p-MHCII

Plasma cell
differentiation

B cell L Antibody affinity
maturation +
CD8 CTL class-switching

Tumour cells

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-y 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,

supportingnotonly CD8* cells butalso NK cells and macrophagesthrough the secretion

of interleukin (IL)-1B, 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)-
Y, 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 butalso they play a dual
role in tumor immunity, being associated with both favorable and unfavorable outcomes
[42, 48-50]. Tregs inhibitimmune 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 numberof Tregs in the TME by inhibiting their activity or preventing their
reprogramming can enhance the body's antitumorimmune 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 theirfunctions, 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-B), 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 insightinto patient-specificimmune 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,
reshapingitto eradicate tumors or preventtheirrecurrence [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,
cancervaccines, 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 checkpointinhibitor (ICl) therapies, a broad range of
cancerimmunotherapies are being evaluated in preclinical and clinical settings, with an
increasing number also receiving FDA or EMA approval for clinical use. These include
oncolyticviruses, which have the ability to infectand destroy cancer cells whileinducing
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 developmentand 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 ICls 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 affectany 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 (ICl) therapies

ICI therapies are based on the use of mAbs that target specificimmune 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
headand necksquamouscarcinoma (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 ¢ stata trovata. 5) [53, 61, 75, 83-92].

Without With b Without With
Immunotherapy Immunotherapy Immunotherapy Immunotherapy

!

Tumour escape Elimination of Tumour escape Elimination of
tumour cells tumour cells

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 IClI targets are currently being evaluated in phase l/ll 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 combinationsin 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-naive 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 throughoutthe body is necessary. Thus, in vivo molecularimaging 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 quantfy
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-deficientisotopes, such as fluorine-
18 ('8F), carbon-11 (''C), copper-64 (%*Cu), and zirconium-89 (89Zr) to decay via
positron (B*) 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
e 20.3 min
64Cu 12.8h
897r 78.4h

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 photonsare detected by opposing detectors arranged in a ringaroundthe object,
consisting of multiple crystal elements read out, for example, by photomultiplier tubes
(PMTs) [104, 106, 109, 110].

The detected coincidentphoton pairs are sorted into sinograms, and the radioactivity
distribution isreconstructed using dedicated image reconstruction algorithms [106]. This
allows for the localization of the positron-emitting radiotracer within the tissue-of-
interest. However, differenttypes 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 otherhand,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 %8Ge/%8Ga
(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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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 final tracer, which is then
(4) injected into the patient. During (5) the PET scan, the tracer undergoes positron decay, resulting in y-
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to localize events. Finally, (6) image analysis is performed to generate detailed 3D images of tracer
distribution, typically using computational software 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 (['®F]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
['8F]FDG at much higher levels than surrounding healthy tissues. This property
underlies the broad applicability of ['F]JFDG 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,
hepatocellularcarcinoma (HCC), renal cell carcinoma (RCC), low-grade sarcomas, low-
grade lymphomas, and brain tumors, are poorly investigated by ['8F]FDG PET likely due
to its low target specificity [112].

Furthermore, highly activated immune cells, such as T cells and myeloid cells, exhibita
strongly enhanced glucose metabolism, making ['8F]FDG PET a valuable tool for the
detection of inflammatory diseases. However, within inflamed tumors, this behavior

could lead to a misinterpretation of the ['®F]JFDG 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, ['"®F|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 ['®F]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 applicationsin 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 ('3')-labeled whole immunoglobulin G (IgG) targeting
carcinoembryonic antigen (CEA) [121]. Since then, significant research has been
conducted to develop radiotracers forimmunoimaging 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
mADbs 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
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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 (565 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].

N
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18G (150kDa) (Fab), (110 kDa) Mb (80 kDa) Fab (55 kDa) Diabody (55 kDa)  scFv(25kDa)  Nb (15 kDa)

Serum half-life

Figure 7. Schematic representation of full-size antibody and engineered antibody fragments. 1gG:
immunoglobulin G, Fab: fragment antigen binding antibody, Mb: minibody, scFv: single-chain fragment
variable, Nb: nanobody. Adapted from Rodrigo et al., 2015 [126].

Theirrapid 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 whenimaging 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]. Forinstance,8Zr-Pertuzumab and 8Zr-Trastuzumab can idenftify
HER2-positive tumors in breast cancer [122, 135-139]. Furthermore, anti-PD1 (89Zr-
nivolumab, and 89Zr- pembrolizumab) and anti-PD-L1 (8°Zr-atezolizumab) antibodies,
are used for the selection of NSCLC patients forimmunotherapy [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 | 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 CDA45, 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 CD19and CD20 (B lineage). On the other hand, myeloid cells
are identified by significant markers such as CD33, CD206, CD163 or SIPRa [148-
151].The primary cell types can be further distinguished by functional subsets, such as
helper vs regulatory subsets of CD4 T Iymphocytes 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 [8°Zr]Zr-crefmirlimab berdoxam ([8°Zr]Zr-IAB22M2C). [8°Zr]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 Il 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, [#°Zr])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 | trial with a %Ga-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 l/lla clinicalftrial with various cancers, including breast cancer, head
and neck cancer, melanoma, and other oncological disorders. These developments
highlightthe 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 populationin 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 (8°Zr-h/mCD4-Mbs) and nanobody (8*Cu-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.
i 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.
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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 ICl-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 Il) focuses on the production and extensive validation of CD4-
Nb1 [2], supported by the third manuscript (Accepted publication Ill) 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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Abstract

Increasing evidence emphasizes the pivotal role of CD4* T cells in orchestrating cancer immunity. Noninvasive
in vivo imaging of the temporal dynamics of CD4* T cells and their distribution patterns might provide novel
insights into their effector and regulator cell functions during cancer immunotherapy (CIT).

Methods: We conducted a comparative analysis of 89Zr-labeled anti-mouse (m) and anti-human (h)
CD4-targeting minibodies (Mbs) for in vivo positron emission tomography (PET)/magnetic resonance imaging
(MRI) of CD4* T cells in human xenografts, syngeneic tumor-bearing wild-type (WT), and human CD4*
knock-in (hCD4-KI) mouse models.

Results: Both 89Zr-CD4-Mbs yielded high radiolabeling efficiencies of >90%, immunoreactivities of >70%, and
specific in vitro binding to their target antigens. The specificity of in vivo targeting of 8°Zr-hCD4-Mb was
confirmed by PET/MRI, revealing ~4-fold greater 8°Zr-hCD4-Mb uptake in subcutanecus hCD4* hematopoietic
peripheral blood acute lymphoblastic leukemia tumors (HPB-ALL) than in selid hCD4- diffuse histiocytic
lymphomas (DHL) and 8Zr-mCD4-Mb uptake in hCD4* HPB-ALL tumors. In a comparative cross-validation
study in anti-programmed death ligand (aPD-L1)/anti-4-1BB-treated orthotopic PyMT mammary
carcinoma-bearing hCD4-K| and WT mice, we detected 2- to 3-fold enhanced species-specific 8Zr-hCD4-Mb
or 87Zr-mCD4-Mb uptake within CD4+ cell-enriched secondary lymphatic organs (lymph nodes and spleens).
The 85Zr-hCD4-Mb uptake in the PyMT tumors was more pronounced in hCD4-KI mice compared to the WT
control littermates. Most importantly, MC38 adenocarcinoma-bearing mice treated with a combination of
aPD-L1 and anti-lymphocyte-activation gene 3 (alag-3) antibodies exhibited ~1.4-fold higher 8Zr-mCD4-Mb
uptake than mice that were not responsive to therapy or sham-treated mice.

Conclusion: CD4 PET/MRI enabled monitoring of the CD4* cell distribution in secondary lymphatic organs
and the tumor microenvironment, capable of predicting sensitivity to CIT. Our imaging approach will provide
deeper insights inte the underlying molecular mechanisms of CD4-directed cancer immunotherapies in
preclinical mouse models and is applicable for clinical translation.
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Introduction

Many novel cancer immunotherapies
emerged in recent years, reshaping the cancer
treatment landscape. These include immune
checkpoint inhibitors (ICIs), chimeric antigen receptor
T cells, bispecific T-cell engagers, peptide-based
vaccines, and oncolytic virotherapies [1-3]. With
several FDA /EMA-approved monoclonal antibodies
(mAbs) targeting programmed death receptor (PD-1)
or its ligand (PD-L1), cytotoxic T lymphocyte antigen
4 (CTLA-4), and lymphocyte-activation gene 3
(LAG-3), ICIs are widely used in clinical practice for
several tumor types, including melanoma, lung
cancer, lymphoma, and renal cell carcinoma [1, 4-6].

have

While these immunotherapies have shown
remarkable success in achieving long-term remission
even in  patients with  metastatic  and

chemotherapy-resistant cancers, their current overall
response rates remain unsatisfactory, ranging from
12% to 60% depending on the tumor type and
therapeutic combination [1, 6-9]. Moreover, currently
available genomic or immunohistochemical
expression patterns, such as PD-L1 expression, tumor
mutational burden, and microsatellite instability,
from tumor biopsies exhibit limited predictive value
in clinical practice [10-14], underscoring the pressing
need for robust biomarker identification that can
reliably stratify patients and predict immunotherapy
efficacy.

While CD8" cytotoxic T lymphocytes (CTLs) are
well established as the primary cell population
conveying cytotoxic antitumoral responses, mounting
evidence emphasizes the pivotal role of CD4* T helper
cells in orchestrating cancer immunity [15, 16]. Based
on their differentiation, tumor antigen (TA)-specific
CD4* T helper cells can exhibit either protumoral or
antitumoral functions [17, 18]. Interferon-gamma
(IFNvy)-producing CD4" T helper (Th1) cells are highly
efficient antitumoral players because of their ability to
induce polarization into proinflammatory Ml
macrophages, cross-prime CTLs, initiate the
recruitment of dendritic and natural killer (NK) cells
[16, 19-22], or induce tumor senescence [23].

In contrast, TA-specific interleukin
(IL)-4-producing CD4" T helper (Th2) cells evolved as
a negative prognostic marker within the tumor
microenvironment (TME) as they promote tumor
growth by enhancing angiogenesis and inhibiting
cell-mediated immunity [24-26]. CD4" T cells can also
acquire a regulatory phenotype (Tregs) essential to
downregulate excessive T cell responses and inhibit
antitumoral immune responses [27-29].

Besides Thl, Th2 cells, and Tregs, several other
CD4* T cell subsets, including IL-9- (Th9), IL-17-
(Th17), and IL-22-producing (Th22) T helper cells,

have been identified with distinct functions [16, 30,
31]. Recent studies have described a TA-specific CD4*
T-cell subtype with direct cytotoxic effects [32-34]. The
CD4 antigen was found to be expressed on subsets of
NK cells, monocytes, and macrophages at lower levels
and is involved in differentiation, migration, and
cytokine expression [35].

The absence of reliable biomarkers for the
prediction of efficient antitumoral immune responses
upon cancer immunotherapy and the growing interest
in harnessing CD4* T cells for their antitumoral
potential prompted us to embark on in-depth
validation of a minibody-based strategy for tracking
endogenous CD4" T-cell dynamics within tumors and
lymphatic organs in vive by whole-body immune
positron emission tomography (immunoPET). This
technique offers a direct and noninvasive imaging
approach combining the sensitivity of PET isotopes
with the specificity of antibodies applicable for
monitoring the expression of cancer and immune cell
surface proteins [36, 37].

To date, only few CD4" cell-targeting PET tracers
have been validated for use in animal models. Kim et
al. evaluated a #Zr-labeled human CD4-specific
therapeutic antibody ibalizumab and a rhesus F(ab“);
fragment to noninvasively quantify CD4* cells in
rhesus macaques [38]. Kristensen et al. correlated PET
uptake of a murine CD4-specific F(ab“); tracer with ex
vive CD4* T-cell tumor infiltration in seven preclinical
syngeneic tumor models and monitored infiltration
upon aPD-1-based checkpoint inhibitor therapy
(CIT)[39]. In addition, Clausen et al. applied an
identical tracer to longitudinally investigate
collagen-induced arthritis mouse models [40]. Wu
and colleagues developed a biclogically inert murine
CD4-specific cys-diabody PET tracer (~50 kDa) [41] to
monitor the repopulation of CD4* T cells after
hematopoietic stem cell transplantation [42] and CD4*
T-cell migration into sites of inflammation in
DSS-induced experimental colitis [43]. Recently, we
successfully developed a human CD4-targeting single
domain antibody (nanobody)-based immunoPET
probe (~15 kDa) to enable CD4* cell tracking in the
clinical setting and validated its biological properties
and biodistribution in a human-CD4 knock-in mouse
model [44]. Nagle et al. implemented a human-specific
CD4 scFv-CH3 fragment (minibody, Mb, ~80 kDa)
radiolabeled with #Cu to follow human CD4" T cell
migration into a patient-derived glioblastoma [45].

In this study, we radiolabeled anti-mouse and
anti-human CD4-targeting Mbs with 3°Zr using the
chelator desferrioxamine (dfo) and extensively
validated both immunotracers in xenograft,
syngeneic, and hCD4 knock-in (KI) tumor mouse
models to assess their specificity and cross-species
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comparability. Furthermore, evaluated the
potential of these compounds as imaging biomarkers
for predicting the efficacy of ICI-based cancer
immunotherapies. To our knowledge, this is the first
study to analyze human- and mouse-specific
immunotracers comparatively. As a cross-species
theranostic approach, CD4-PET might be applied to
novel immunotherapies in preclinical mouse models
and subsequently used in clinical studies for therapy
guidance and response evaluation. Thus, noninvasive
in vivo monitoring of CD4* cells with CD4-specific
immunotracers holds the promise of providing
valuable insights into the efficacy of cancer
immunotherapy and will facilitate a better
understanding of T-cell-based immunotherapies and
CD4* T-cellmediated immune responses in
immune-mediated inflammatory diseases.

we

Results

89Zr-hCD4-Mbs and 89Zr-mCD4-Mbs
specifically bind to their target antigens in vitro

For radiolabeling with ®Z7r, hCD4- and
mCD4-Mbs were conjugated to the radiochelator dfo,
which did not impair the affinity in the
(sub)nanomolar range as revealed by ELISA (Figure
1A) and flow cytometry (Figure S1A). Subsequent
#7r-radiolabeling  yielded >90%  radiolabeling
efficiency, as determined by HPLC (Figure 1B).
Maximum binding assays with increasing numbers of
cells (Figure S1B) showed immunoreactive fractions
of 78.4% for 87Zr-hCD4-Mb using CD4-expressing
human HPB-ALL cells and 84.3% for #Zr-mCD4-Mb
using murine CD4* T cells. We further confirmed the
hCD4-expression on HPB-ALL cells (Figure S1D) and
the specific binding of both tracers to the target
antigen by species-specific CD4* and CD4 in vitro cell
assays (Figure 1C, Figure S1E) and through CD4
blocking experiments using a 100-fold excess of
unlabeled CD4-Mb. Furthermore, we tested for
potential cross-reactivity of both tracers by ELISA
with hCD4 or mCD4 using both tracers. Here, neither
the hCD4-Mb bound to mouse mCD4, nor the
mCD4-Mb  to human CD4 (Figure S1C). Most
importantly, hCD4-Mb did not induce human PBMC
proliferation under coated or soluble conditions
(Figure S1E) and remained as stable radioimmuno-
conjugate over 72 hours in serum (Figure SIF),
prerequisite for potential clinical application.

hCD4-specific in vivo binding of 39Zr-hCD4-Mb
to hCD4* HPB-ALL xenografts in NSG mice
After we successfully validated radiolabeling
and specific in vitro binding of #Zr-hCD4-Mb and
89 7Zr-mCD4-Mb to CD4* cells, we examined the ixn vivo

PET uptake of 8#7r-hCD4-Mb by HPB-ALL leukemia
xenografts (which constitutively express the hCD4
antigen) subcutaneously (s.c.) implanted into NSG
mice. The tumor volumes at the tracer injection time
point ranged between 50 and 700 mm? (Figure S2A).
We observed a 3.5- to 5-fold increase in the
87r-hCD4-Mb  uptake within hCD4* HPB-ALL
tumors compared with hCD4 DHL B-cell lymphomas
at 6, 24, and 48 h post tracer injection (Figure 2A, 2C-
D; Figure S2C). Interestingly, the #Zr-mCD4-Mb
uptake in hCD4* HPB-ALL tumors, which served as
another control group, was slightly higher than the
897r-hCD4-Mb uptake in CD4 DHL tumors (Figure
2A, 2C - D; Figure S2C), indicating mCD4* cell
infiltration in T-cell-deficient NSG mice. We detected
significantly higher 3*Zr-mCD4-Mb uptake within the
spleen (Figure 2B; Figure S2B, in vivo) and in the
lymph nodes (Figure 2E, ex vivo biodistribution)
compared to both groups injected with
897r-hCD4-Mb. Immunohistochemistry (IHC) of the
tumors and spleens confirmed the presence of a
limited number of mCD4" cells, presumably CD4*
myeloid cells, based on their nuclear morphology and
absence of CD3" cells in the spleen (Figure 2F-G). As
expected from the Mb-based tracer, most of both
897 1-CD4-Mbs cleared from the blood within 48 h with
minimal residual uptake in the muscles, lungs, and
hearts of all groups (Figure S2C-D). Furthermore,
897r-mCD4-Mb exhibited a higher kidney uptake and
lower liver uptake than #71-hCD4-Mb at the 48-h ex
vive biodistribution time point (Figure S2E),
presumably attributed to different excretion kinetics
of the radicimmunoconjugates.

In conclusion, this experiment confirmed the
specific in vivo binding of #Zr-hCD4-Mb to hCD4*
cells and the presence of limited densities of mCD4*
cells #Zr-hCD4-Mb in the tumor tissue and lymphatic
organs of NSG mice.

Whole-body tracking of endogenous CD4+
immune cells in ICl-treated human CD4
knoclk-in (KI) and wild-type (WT) syngeneic
orthotopic breast cancer mouse models

We orthotopically implanted mammary PyMT
tumors into wild-type (WT) and hCD4 antigen
knock-in  (hCD4-KI) mice to further explore
endogenous CD4" cells in the tumor, spleen, draining
and nondraining lymph nodes (dLNs and ndLNs). All
experimental mice were subjected to combined
aPD-1/a4-1BB  immunotherapy two days before
injecting #Zr-hCD4-Mb or 3Zr-mCD4-Mb to increase
the CD4' T cell density of established tumors (Figure
3A, Figure S4A).

We detected 2-3-fold enhanced 37Zr-hCD4-Mb
uptake in the spleens and lymph nodes of PyMT
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tumor-bearing hCD4-KI mice compared with WT
mice (Figure 3B, C; Figure S3A-B, 54B). Likewise, we
found a similar 2-3-fcld increased PET uptake with
8Zr-mCD4-Mb in the lymphatic organs of PyMT
tumor-bearing mCD4" WT mice compared to
non-species-specific hCD4-KI mice (Figure 3B, C;
Figure S3A-B, S4B). Interestingly, the absolute
®Zr-mCD4-Mb PET uptake was higher in the
Iymphatic  organs  of  species-specific = and
non-species-specific groups than the *Zr-mCD4-Mb
PET uptake (Figure 3B-D). Together with the different
excretion kinetics within the NSG mouse models
(Figure S2E), these data suggested a slightly different
biodistribution  between  #Zr-mCD4-Mb  and
#7r-hCD4-Mb in a target-unrelated manner. Also, the
ex vivo biodistribution analysis of lymphatic organs
confirmed our in vivo ¥Zr-hCD4-Mb-PET/ MRI results
(Figure 3D). In addition, we detected a similar aCD4
PET uptake in the tumor-draining and non-draining
Iymph nodes (Figure 3B-D).

Next, we focused on ®Zr-hCD4-Mb and
#Zr-mCD4-Mb uptake within the TME and detected
significantly enhanced #7Zr-hCD4-Mb uptake in
aPD-1/ a4-1BB-treated PyMT tumor-bearing hCD4-KI
mice when compared to WT mice (3.22 £ 0.23 vs. 2.51

87r-mCD4-Mb PyMT tumer uptake was even higher
in hCD4-KI mice than in target-specific WT mice
expressing mCD4+ (Figure 4A, B). To further elaborate
on whether target-specific tracer consumption effects
in the Ilymphatic organs occurring only in
species-specific mice were responsible for these
unexpected observations, we analyzed the in vivo
blood uptake in all experimental mice. We found a
1.9-fold lower #7Zr-mCD4-Mb PET uptake in the
blood of WT mice than hCD4-KI control mice (Figure
4C), resulting in a pronounced species-specific
#7r-mCD4-Mb PET uptake when corrected for blood
background 876 + 099 vs. 630 = 077,
non-significant, Figure 4D). These findings also
applied to the #7Zr-hCD4-Mb to a lesser extent (Figure
4C-D) and could be confirmed by ex wivo
biodistribution analyses of the tumor and blood
(Figure 4E-G).

Despite the limitations of knock-in/out mouse
models in the absolute quantification of antibody-
based immunotracers, we could quantitatively
measure increased and comparable PET uptake
patterns of the lymphatic organs and the TME in a
syngeneic orthotopic tumor mouse model for
#Zr-hCD4-Mb and #Zr-mCD4-Mb.
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Figure 1. In vitro validation of $°Zr-hCD4-Mb and 8Zr-mCD4-Mb. (A) ELISA assay of hCD4-Mb (top) and mCD4-Mb (bottom) with or without dfo conjugation to
recombinant human CD4-his or mCD4-his protein. (B) HPLC chromatograms of dfo-h/mCD4-Mb after radiolabeling with 8Zr. {C}) Total binding of #Zr-h/imCD4-Mb under
antigen excess conditions using HPB-ALL, DHL, or freshly isolated mCD4* cells as indicated (40 x 10¢ cells per well, triplicates). (D) Total binding of #Zr-h/mCD4-Mb to
HPB-ALL cells, freshly isolated hCD4* or mCD4* cells as indicated (2 x 106 cells per well, triplicates) with or without blocking with a 100-fold excess of unlabeled hYmCD4-Mb.
P values were calculated by ordinary one-way and Tukey post-hoc (C) or unpaired t-test for pairwise comparisons (D). The data are presented as mean + SD. *p < 0.05,

i < 0.01, Hp < 0.001; #5p < 0,0001.
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Figure 2. In vive ¥Zr-hCD4-Mb and $9Zr-mCD4-Mb binding to CD4* cells in immunodeficient NSG mice. (A) in vivo PET uptake quantification and
tumor-to-muscle ratio of hCD4* HPB-ALL and hCD4- DHL xenografts 6, 24, and 48 h after 87r-hCD4-Mb or 8#7r-mCD4-Mb injection. (B) In vivo PET uptake quantification of
the spleen. (C) Representative PET/MR images acquired 48 h after 8Zr-hCD4-Mb or 89Zr-mCD4-Mb injection. Tumors are highlighted with a white circle. LN: lymph nodes; s:
spleen; k: kidney; li: liver. (D) Ex vivo biodistribution of hCD4* HPB-ALL and hCD4- DHL tumors and (E) draining lymph nodes (dLNs) measured by y-counting at 48 h after
897 r-hCD4-Mb or #Zr-mCD4-Mb injection. (F) Ex vivo immunohistochemistry (IHC) of endogenous mCD4+ cells from HPB-ALL tumors and DHL tumors of NSG mice. (G) ex
vivo IHC of endogenous mCD4+ cells and mCD3+ cells from the spleens of NSG mice. P values were calculated by two-way ANOVA (A, B) or ordinary one-way ANOVA (D, E)
using the Tukey post-hoc test. Data derived from two independent experiments (n = 6-7 per group). *p < 0.05, *p <0.01, ¥*p < 0.001.

Intratumoral 8Zr-mCD4-Mb uptake as a
response indicator for combined
immunotherapy

Finally, we aimed to evaluate the sensitivity of
#Zr-mCD4-Mb  PET for monitoring moderate
alterations in CD4* T cell density within the TME
before and during ICI treatment and its correlation
with the treatment sensitivity. We injected
89Zr-mCD4-Mb into CIT-responsive MC38
adenocarcinoma-bearing mice and into CIT-resistant

B16F10 melanoma-bearing mice when the tumors
reached a diameter of 8-10 mm (mean volume: ~300
mm?®, Figure S54A) before therapy initiation. The
noninvasive in vivo ¥Zr-mCD4-Mb PET/MRI studies
and subsequent ex wive analyses revealed no
differences in #¥7Zr-mCD4-Mb tumor uptake within
the TME of MC38 and B16F10 tumors at baseline
(Figure 5A, B). IHC confirmed the presence of
scattered CD4* T cells in both tumors, mainly located
at the tumor periphery (Figure 5C).
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Figure 3. In vivo cross-validation of #Zr-h/mCD4-Mb to visualize endogenous CD4* cells in lymphatic organs. (A) Treatment and PET imaging schedule. hCD4-KI
and WT animals were orthotopically inoculated with 0.5 x10¢ PyMT cells in the 4% mammary fat pad and treated with a combination of the aPD-1/a4-1BB mAbs {200 pg/50 pg
per mouse). PET/MRI was performed 3 and 4 days after treatment onset (24 h and 48 h after jv, injection of 88Zr-h/mCD4-Mb). {B) Representative PET/MR images of the spleen
(left, separated from the kidney/liver derive uptake by a white broken line) and lymph nodes (right, white triangle) acquired 48 h post-tracer injection. k: kidney; li: liver; t: tumor.
(C) in vivo quantification of human and murine 8°Zr-CD4-Mb uptake in lymphatic organs {spleen, draining lymph node {dLN), and contralateral non-draining lymph node (ndLN}))
48 h post tracer injection. (D) Ex vivo quantification of #2Zr-h/mCD4-Mb uptake in lymphatic organs 48 h post tracer injection. P values were calculated by an unpaired t-test. Data
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Figure 4. Noninvasive visualization of tumor-infiltrating endogenous CD4* cells in hCD4-KI and WT PyMT mammary tumor-bearing mice. (A)
Representative in vivg PET/MR images of PyMT mammary tumors acquired 48 h post-2?Zr-CD4-Mbs iv. injection (day 4 post-aPD-|/a4-1BB mAb injection). Tumors are
highlighted by white circles. (B) In vivo quantification of #Zr-h/mCD4-Mb uptake in PyMT tumors and (C) blood and (D} the tumor-to-bloed ratio in hCD4-KI and WT mice 48
h post tracer injection. (E) Ex vivo quantification of 89Zr-h/mCD4-Mb uptake in PyMT tumors and (F) blood as well as (G} the tumor-to-blood ratio for hCD4-Kl and WT mice
at 48 h post tracer injection measured by y-counting. P values were calculated by unpaired t-test. Data are derived from two independent experiments (n = 4-6 per group).

*p < 0.05, ¥5p < 0.01, ¥p <0001

Next, only MC38 tumor-bearing mice were
subjected to combined aPD-L1/alag-3 ICI therapy.
Interestingly, 4 out of 7 ICI-treated mice yielded a 2.5
to 5-times increased CD4* T-cell density within the
MC38 TME compared to the sham-treated controls 9
days post aPD-L1/alag-3 therapy initiation,
suggesting  therapy-induced and/or response-
associated accumulation of CD4+ T cells (Figure 5D).
Subsequently, we monitored the presence of CD4*
cells by #Zr-mCD4-Mb-PET/MRI on days 7, 8, and 9
after initiating CIT (Figure 5E). aPD-L1/
alLag-3-treated MC38 tumor-bearing mice were
classified as responders or non-responders based on
tumor growth (tumor volume on day 9 / tumor
volume on day 0 of therapy) (Figure 5E-F). Strikingly,

we observed ~1.4-fold higher #Zr-mCD4-Mb uptake
in responsive MC38 tumors from experimental mice
24 h (5.23 £ 042 %ID/ml) and 48 h (3.97 £ 0.27
%ID/ml) after tracer injection than in non-responsive
MC38 tumors (24 h %ID/ml: 3.87 + 0.20; 48 h %ID/ml:
2.72 £ 0.17) and ~1.3-fold higher intratumoral uptake
than in sham-treated experimental mice (24 h
%ID/ml: 412 £ 0.20; 48 h %ID/ml: 3.00 + 0.14; Figure
5G-H; Figure S5C).

Consistent with our in vivo results, ex vivo organ
biodistribution analysis of the tumors, muscle, and
blood revealed increased *Zr-mCD4-Mb accumu-
lation in the TME and significantly higher
tumor-to-blood and tumor-to-muscle ratios in mice
responding to ICI non-responsive MC38 tumors or
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tumors from sham-treated experimental mice (Figure  such as the spleen, draining lymph nodes, liver,
5I; Figure S5D). Besides, there were no differences in  kidney, lung, or blood, between all experimental
the ex vivo biodistribution of several organs of interest,  groups (Figure S5D).
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Figure 5. In vivo 8¥Zr-mCD4-Mb PET for monitoring endogenous CTD4* cell dynamics in response to ICI therapy. (A) in vivo tumor uptake quantification of
endogenous mCD4* cells in subcutaneous MC38 (n = 9) and BI6F10 (n = 6) tumors 48 h after 8Zr-mCD4-Mb tracer injection. (B) Ex vivo y-counting of the tumor and ex vivo
tumor-to-blood ratio (TBR) 48 h after $9Zr-mCD4-Mb injection. (C) Ex vivo mCD4 IHC of MC38 and B16 tumors. Black arrows indicate mCD4+ cells. (D) Fraction of
intratumoral CD4* cells of all cells from aPD-Ll/alag3-treated (n = 7) and sham-treated animals (n = 5) by flow cytometry. (E) MC38 tumor volumes (mm3) of
aPD-L1/alag-3-treated or sham-treated mice. The red rectangle indicates the PET/MR acquisition period at day 7 (6 h post tracer injection), day 8 (24 h), and day 9 (48 h). (F)
Tumor growth ratio on day 9 vs. day 0 (baseline). Based on the tumor growth ratio (tumor volume at day 9 / tumor volume at day 0), mice were considered responsive (<1.5,
R, blue) or non-responsive to treatment (>1.5, NR, red). (G) Representative in vivo PET/MR images 24 h and 48 h after Zr-mCD4-Mb tracer injection. Tumors are highlighted
with a white circle. k: kidnay; li: liver. (H) In vivo #97r-mCD4-Mb MC38 tumor uptake and tumor-to-blood ratic (TBR) were quantified at & h, 24 h, and 48 h post tracer injection.
() Ex vivo quantification of 8Zr-mCD4-Mb uptake in MC38 tumors and tumor-to-blood ratio measured by y-counting. {J) Correlation of in vivo (left) and ex vivo (right)
897r-mCD4-Mb uptale with the correspending tumor volume and tumor weight, respectively, at 48 h after ®Zr-mCD4-Mb tracer injection. Data are derived from two
independent experiments (¢PD-L1/alag3: n = 11, sham: n = ; four mice were excluded from the study because of ulcerated tumors). ¥p < 0.05, *¥p<0.01, ¥ < 0.001.
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Figure 6. Ex vivo validation of 8Zr-mCD4-Mb uptake. (A) Ex vivo H&E staining of MC38 tumors from aPD-L1/alag3-treated mice and representative immunofluorescence
{IF) of CD3* and CD4* cells (field marked by a green star). Scale bars: 1000 pm H&E, 20 pm IF. (B} Quantification of % intratumoral CD4+ cells of all cells per field (5 fields per
wmor) from oPD-L1/alag3 responders (R, n = 4), non-responders (NR, n = 4) and sham-treated animals (n = 2). (C} Colocalizaticn of intratumoral CD4 protein expression and
89Zr-mCD4-Mb by secondary IF staining. Scale bar: 10 pm. *p <0.05, **p <0.01, **p <0.001.

To exclude that the differences in tumor volumes
between responding and non-responding animals
affect the tracer uptake by biological (e.g. tumor
penetration and accessibility) or physical (e.g. partial
volume effects of the PET detectors) effects, we
correlated the in vivo tracer uptake with the tumor
volumes and the ex vivo tracer uptake with the tumor
weight (Figure 5]). We observed a homogeneous
distribution of the uptake values in the sham-treated
group (not influenced by therapy-induced tumor
growth inhibition) irrespective of the tumor size.
Furthermore, comparable linear regressions and
R%-values between in wvivo and ex vive analyses
indicated that the tracer signals were influenced by
partial volume or other physical effects. Noteworthy,
flow cytometry of the TME revealed no relevant
fraction of CD4* cells when gated for CD45-CD3-
myeloid cells (Figure S5B).

ICI response-associated infiltration of CD4+ T
cells into TME

To  better understand the  increased
87r-mCD4-Mb uptake within the TME and the
intra-tumoral CD4* T cell distribution of therapy
responders, we performed immunofluorescence
analyses of the MC38 tumors on day 9 of
aPD-L1/alag-3 therapy after the 48 h PET imaging
time point. Representative high-resolution images of
the tumor margin and the tumor core (Figure 6A) and
CD4* cell quantification (Figure 6B) revealed about
7-fold increased infiltration of CD3*CD4* T cells into
the TME of responsive MC38 tumors, whereas no

CD3*CD4* T «cells could be identified in
nonresponsive MC38 tumors or tumors from
sham-treated mice (Figure 6A, B). Most importantly,
we were able to colocalize the ®Zr-mCD4-Mb
distribution to endogenous tumor-infiltrating CD4*
cells by secondary staining of the Mb, highlighting the
tracer-specific targeting of CD4* cells within the TME
at the cellular level (Figure 6C).

Discussion

Given the inadequate immunotherapy response
rates and the urgent need for reliable biomarkers tor
therapy stratification, immunoPET approaches have
been applied clinically to visualize intratumoral CTLs
[46, 47] or TME-associated immune checkpoints in
cancer patients [48-50]. A pioneering example of the
most advanced immunotracer in clinical development
was the CD8-targeting PET tracer $°Zr-crefmirlimab
berdoxam [51, 52]. This Mb-based radioimmuno-
conjugate, currently under evaluation in phase II
clinical study and in many pharma- and
investigator-initiated trials, demonstrated remarkable
capability to assess the therapeutic responses to ICIs
and other immunotherapies within the first 3-6 weeks
of treatment [47, 51, 52]. Due to their lower molecular
weight and reduced Fc receptor-mediated interaction
compared to full-length antibodies, Mbs have
superior molecular imaging characteristics, such as
faster tissue penetration, blood clearance, and
reduced immunogenicity [47, 51-54]. While
PD-(L)1-directed ICI therapies, as a standard-of-care
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treatment for several tumor types, critically depend
on CTL-mediated immune responses [55-57],
emerging ICI combinations, including CTLA-4, Lag-3,
or OX40-targeting mAbs, along with innovative
tumor vaccination approaches, emphasize the
increasing focus on reinvigorating antitumoral CD4*
T-cell activity [31, 56-59].

The lack of clinically translatable human-specific
CD4-targeting immunoPET tracers and the promising
clinical development of 3 Zr-crefmirlimab berdoxam
motivated us to develop Mb-based PET tracers to
monitor endogenous CD4* cell dynamics in the TME
and lymphatic organs. First, we verified the in vitro
and in vivo target specificity of 3*Zr-hCD4-Mb and
8 Zr-mCD4-Mb. We demonstrated an ~80-fold higher
in vitro binding of the #7Zr-hCD4-Mb in the hCD4*
HBP-ALL cells than in the hCD4- DHL
B-cell-lymphoma cells while in vivo accumulation of
s.c. injected cells was only ~4-fold higher. In this
context, in vive biodistribution effects, permeability,
and unspecific accumulation have to be considered
that impair tracer accessibility and specificity,
particularly in s.c. injected tumors.

We also monitored the presence of endogenous
CD4* cells in immune cell-enriched lymphatic organs,
such as the spleen and lymph nodes, and in the TME
of tumor-bearing WT and hCD4-KI mice.
Interestingly, even low numbers of endogenous
mCD4* cells present in immunodeficient NSG mice
[60-62] or in the TME of MC38 tumors could be
differentiated by our #Zr-CD4-Mb immunoPET
approach (Figure 2F), highlighting its superior
sensitivity. As for visualizing tumor-infiltrating
lymphocytes, enhanced tracer accumulation in the
Iymphatic organs may be considered an antigen sink,
resulting in reduced amounts of radiotracer available
to bind to target cells at the tumor site [39, 63]. This
was expected for larger antibody-based molecules
and can explain the limitations of head-to-head
comparisons with considerable differences in the
89 7r-CD4-Mb blood biodistribution using,
knock-out/knock-in mouse models (Figure 4). To
avoid this, immune cell-rich organs could be
saturated by administering an excess of an unlabeled
antibody targeting the same antigen or a higher dose
of the immunoPET tracer to increase the availability
of the probe at the tumor site [39, 63, 64]. Therefore,
optimizing the dose may be essential for obtaining a
sufficient imaging signal, while pre-dosing strategies
pose a risk of perturbing the binding of tracers to
intratumoral immune cells [39].

Besides the target abundance, several factors,
including microvascular density, vascular
permeability, stromal content, intratumoral pressure,
and diffusion, influence tumor accumulation of

immunoPET tracers [65]. In our study, correcting for
897r-mCD4-Mb and 3°Zr-hCD4-Mb uptake in the TME
with the blood uptake enabled us to detect a
species-specific Mb signal in experimental PyMT
tumor-bearing WT and hCD4-KI mice [39]. One of the
main concerns in developing new immunotracers is
the effects on targeted cells, such as unintentional
immune cell activation or the inhibition of immune
cell effector functioning. Qur study revealed no
impact of hCD4-Mb on the proliferation of human
PBMCs in vitro. Similarly, the injection of #4Cu-labeled
hCD4-Mb by Nagle et al. did not result in detectable
depletion or alterations in the proliferation or
polarization of hCD4* cells in a humanized
glioblastoma model [45]. These findings hold
particular significance for translational studies on
tracking CD4* cells by hCD4-Mbs in patients. Also,
Freise et al. could not detect alterations in CD3" T-cell
or CD45*CD4* cell compartments in the spleen,
lymph nodes, thymus, or blood using a CD4-targeting
#97r-racdiolabeled cys-diabody despite a mild
reduction of CD4-expressing immune cells [41].
Interestingly, the investigators reported a
dose-dependent downregulation of membranous CD4
expression. Notably, decreased membranous CD4
expression has been reported on activated immune
cells [66, 67]. Nevertheless, Freise et al. could not
identify a CD4-cys-diabody-induced activation of
CD4-expressing immune cells.

Our study did not show differences between
ICI-responsive  MC38  adenocarcinomas  (“hot
tumors”) and ICI-resistant B16F10 melanomas (“cold
tumors”) at baseline by #*Zr-mCD4-Mb immunoPET.
The TME of immunogenic MC38 tumors was
characterized by myeloid cells and very few CD4*
cells (Figure 5C) [68, 69]. Also, Kjaer et al, who
investigated the #Zr-mCD4-F(ab’)2 fragment in seven
preclinical syngeneic tumor models (MC38, CT26,
B16F10, 4T1, P815, RenCa, SalN), could not show
differences in the CD4-derived PET uptake between
MC38 and B16F10 tumors. Nevertheless, the group
demonstrated a correlation between PET uptake, ex
vive CD4* cells densities, and response to aPD1 ICI
therapy in some tumor models, which was not the
case using a CD8-directed #Zr-mCD8-F(ab")2 [39].

Given the fact that CD4* cells represent a very
heterogenous group with either protumoral or
antitumoral function, we investigated whether
897r-mCD4-Mb PET could assess early ICI response or
resistance. Strikingly, we could discriminate MC38
tumor-bearing mice that were responsive (higher PET
uptake) or nonresponsive (lower PET uptake) to
aPD-L1/alag-3 immunotherapy 7 days after therapy
initiation. This finding was consistent with our IF
analyses, demonstrating significant CD4* T cell
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infiltration into the TME in therapy responders
(Figure 6A-C) [70, 71]. In conclusion, our study
presented a comprehensive preclinical cross-
validation of #8Zr-CD4-Mb as a precision tool for
noninvasive monitoring and visualizing endogenous
CD4* cells throughout the body.

Beyond oncological purposes, Mascio et al.
performed valuable research on the whole-body PET
visualization of CD4" T cells in non-human primates
by using dynamic PET data advanced mathematic
modeling approaches. They applied the therapeutic
anti-human CD4 full-length antibody ibalizumab and
rhesus-specific F(ab’), antibody fragments to
immunocompetent and Simian Immunodeficiency
Virus-infected rhesus macaques. The overall
capability of both radicimmunoconjugates to
differentiate increased CD4* T-cell densities of the
spleen and lymph nodes appeared comparable to our
results. However, the limitations of therapeutic
antibodies for diagnostic imaging, observed dose- and
blood pool-dependent uptake kinetics, and the use of
a  primarized Fab’): hinder their clinical
translatability.

Considering the already demonstrated clinical
success of #7Zr-crefmirlimab berdoxam in targeting
human CDS§* cells [51, 52], our Mb-based imaging
approach offers a remarkable balance between high
target specificity and low toxicity due to its rapid
biodistribution and clearance from blood. Based on
increasing histology-driven evidence from human
tumor tissues suggesting CD4* cells as critical
biomarkers to determine therapy efficacy in oncolytic
virus [72], CAR T cells [73], and immune checkpoint
inhibitor therapy [74-79], #Zr-CD4-Mb immunoPET
holds great promise for clinical translation as a
valuable tool for the noninvasive monitoring of CD4*
cells, and the patient-individualized prediction of
cancer immunotherapy outcomes.

Methods
Minibody production

Single-chain variable fragment (scFv) sequences
were derived from anti-human-specific mAb
MAX16H5 and anti-mouse mAb YTA3.1.2. Identical
to the clinically established CDS$-directed Mb PET
tracer 89Zr-crefmirlimab berdoxam, these binding
domains were fused with a human Fc-CH3 domain, to
generate the hCD4-Mb (IAB41M1-3) or mCD4-Mb
(IAB46M?2-18), respectively, with a final molecular
weight of ~80 kDa. Mbs were produced in transiently
transfected Expi293™ cells (ThermoFisher Scientific).
The purified proteins were conjugated via coupling to
primary amines with parabenzoylisothiocyanate-
activated deferoxamine (dfo), yielding chelator-to-

minibody ratios of 245 (hCD4-Mb) and 1.65
(mCD4-Mb), respectively.

Enzyme-linked Immunosorbent Assay (ELISA)

Recombinant hCD4-His or mCD4-His (both Sino
Biologjicals) were diluted to 2 pg/mL in the carbonate
bicarbonate buffer (Sigma), and 100 pL. were added to
each well of a flat-bottom plate and incubated at 2-8°C
overnight. The following day, the plate was washed
3x with Phosphate-Buffered Saline with Tween (PBST
0.05%) and blocked for 1 h at room temperature with
PBS containing 1% bovine serum albumin (BSA)
(Sigma). The plate was washed 3x with PBST (0.05% ).
A serial dilution was prepared by diluting the sample
1:2.5 to achieve a standard curve starting from 16 nM
for both hCD4-Mb and mCD4-Mb; 100 pL of the
sample was added to each well of the test plate and
incubated for 1 h at room temperature. The plate was
washed 3x with PBST (0.05% ). Mouse anti-human IgG
Fc-HRP detection antibody (Southern Biotech) was
diluted 1:20,000 in assay buffer, and 100 pL was
added to each well of the test plate and incubated for
1 h at room temperature. Subsequently, the plate was
washed 3x with PBST (0.05%), 100 pL of TMB
substrate (BioFx) was added to each well of the test
plate and allowed to develop for 10-20 min at room
temperature. The reaction was terminated by adding
100 pL of stop reagent (BioFx). The plate was read at
650 nm using a BioTek Synergy II plate reader.

Human PBMC proliferation assay

The antibodies were coated on plates in triplicate
at 40 pg/mL in PBS at +4°C overnight. PBMCs were
thawed and incubated in Human Serum ARB
according to the RESTORE protocol before use and
plated at 100,000 cells/well (100 mL total). For the
soluble assay format, antibodies were added at a
concentration of 65 nM in triplicate to the plate coated
with PBMCs. The plates were incubated at 37°C and
5% CO, for 5 days, after which the CTG substrate was
added, and the plates were placed on a shaker for 5
min. The luminescence of the plates was subsequently
read on a plate reader to determine the extent of
proliferation.

Radiolabeling

The dfo-conjugated hCD4-Mb and mCD4-Mb
were radiolabeled with 200 MBq Zr-89 oxalate (Perkin
FElmer) per mg protein. Briefly, the desired activity
was neutralized with a 0.45-fold volume of 2 M
sodium carbonate and buffered with a 5-fold volume
of 0.5 M ammonium acetate to achieve a pH of 6.5-7.0.
After adding the protein, labeling was allowed to
proceed for 40 minutes at 25°C, after which the
reaction was quenched by adding DTPA (0.2%
solution, 40 pL. per mg protein) and incubated for an
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additional 10 min. Incorporation of the radioisotope
was confirmed by iTLC analysis (295% radiochemical
purity (RCP); iTLC-SG (Agilent), mobile phase 10 mM
EDTA). The identity of the elution profile with the
original protein and radiolabeling of the protein peak
was confirmed by high-performance size exclusion
chromatography (HPSEC) (BioSep SEC 52000, 300x7.8
mm, Phenomenex). In the case of insufficient RCP
(<90%), the protein was purified using a Bio-Spin 6
desalting column (Bio-Rad) according to the
manufacturer’s instructionsto achieve >95% RCP.

Serum stability

Murine blood was obtained from the retrobulbar
vein of C57BL/6 mice and collected in 1.5 mL
Eppendorf tubes. The blood was kept at room
temperature for 2 h and centrifuged at 12.000 rpm for
15 min. The serum was collected as supernatant and
incubated with the radiolabeled 8 Zr-hCD4-Mb.
HPLC measurements were performed at 0, 24, and
72h after tracer incubation and the % of
89 Zr-hCD4-Mb and 8 Zr-DTP A was determined.

CD4* cell isolation and culture

Murine CD4* cells were isolated from the lymph
nodes and spleens of female C57BL/6 mice using
CD4" magnetic microbeads (Miltenyi Biotec). Six-well
plates were precoated at +4°C overnight with 0.5
pg/mlaCD3 and 5 pg/ml aCD28 mAbs (Bioxcell)in 5
ml/well PBS. The freshly isolated CD4*' cells were
cultured in RPMI medium (Lonza Biosciences)
supplemented with 10% FCS, 0.5% penicillin/
streptomycin (P/S), 0.5 pM p-mercaptoethanol and
1% Insulin Transferrin Selenium (ITS). After 24 h, 30
U/ml IL-2 and 0.5 ng/ml IL-7 were added to each
well. The medium was renewed every 2 to 3 days, and
the cells were cultured for no longer than 14 days.

Human CD4* cells were isolated from
whole-blood samples of healthy donors wusing
StraightFrom Whole Blood CD4 MicroBeads (Miltenyi
Biotec) immediately before each in vitro experiment.

Tumor cells

The hCD4* hematopoietic peripheral blood acute
Iymphoblastic leukemia tumor (HPB-ALL) and hCD4
diffuse histiocytic lymphoma (DHL) cell lines were
purchased from the German Collection of
Microorganisms and Cell Cultures (DSMZ) and
cultured in RPMI-1640 medium, supplemented with
10% Fetal Calf Serum (FCS) and 1% P/S. The MC38
murine colon adenocarcinoma cell line was purchased
from Kerafast and cultured in DMEM (Lonza
Biosciences) supplemented with 10% FCS, 1% P/S,
and 1% HEPES (Lonza Biosciences). The B16F10
murine melanoma cell line was purchased from
ATCC and cultured in DMEM, supplemented with

10% FCS and 1% P/S. The SIWTP3 (PyMT)
triple-negative breast cancer cell line was kindly
provided by Andreas Moeller (Queensland
University, Australia) and cultured in DMEM
supplemented with 10% FCS, 1% P/S, and 1%
pyruvate (Sigma).

In vitro binding assays

The in vitro binding of #Zr-mCD4-Mb or
897r-hCD4-Mb was assessed using freshly isolated or
immortalized murine or human CD4* cells. Different
numbers of cells were incubated with 10 ng of
897 1r-mCD4-Mb or 8 Zr-hCD4-Mb for 90 min. The cells
were washed with PBS/2% FCS and resuspended in
200 uL PBS / 2% FCS. For the antigen-blocking
experiments, a 100-fold excess of unlabeled CD4-Mb
was added to the wells 30 min before tracer
incubation. The residual cell-bound radioactivity was
measured in a y-counter (Wallac 1480 WIZARD 3”
Gamma Counter; PerkinElmer). The immunoreactive
fraction of each radicimmunoconjugate was
determined by calculating the maximum specific
binding (Bmax) of a one-site nonlinear regression
model within an antigen excess assay with an
increasing number of cells (0 - 32 x 10¢).

Animals

All experiments were performed according to
the animal use and care protocols of the German
Animal Protection Law and were approved by the
Regierungsprisidium Tiibingen. 6-10-week-old NOD
SCID gamma (NSG, NOD.Cg-Prkdesed [12rghnIVi /Sz],
Charles River Laboratories), C57BL/6 (Charles River
Laboratories), and human CD4-Knock-in (hCD4-KI,
C57BL/6]-Cd4tm1.UCDA)Geno Genoway, in-house
breeding) mice were bred wunder specific
pathogen-free conditions with free access to food and
water ad libitum.

Tumor models and immunotherapies

10 x10¢ HPB-ALL or DHL cells were injected s.c.
in the right flank of NSG mice in 200 pl of 50%
PBS/50% Matrigel (Corning). 0.125 x10® MC38 or
B16F10 tumor cells were injected s.c. into C57BL/6
mice in 50% PBS/50% Matrigel (Corning). A total of
05 x10¢ PyMT mammary tumor cells were
orthotopically injected into the 4™ mammary fat pad
in PBS into C57BL /6 or hCD4-KI mice.

C57BL/6 and hCD4-KI mice with PyMT tumors
were injected intraperitoneaily (ip.) with 200 pg of
aPD-1 (clone: RMP1-141) and 50 pg of a4-1BB (clone:
3H3). C57BL/ 6 mice with MC38 tumors were injected
ip. with 500 pg of aPD-L1 (10F.9G2) and alag-3
(C9B7W) or isotype control mAbs (LTF-2 and HRPN,
respectively). All therapeutic antibodies were
purchased from Bioxcell.
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Positron Emission Tomography (PET) and
Magnetic Resonance Imaging (MRI)

For simultaneous PET/MRI, experimental mice
received 2 MBq/10 pg of #Zr-rmCD4-Mb or
80 Zr-mCD4-Mb via tail vein injection. Static scans (600
s) were acquired under 1.5% isoflurane anesthesia
(100% oxygen) with an in-house manufactured PET
insert [80] at 6, 24, and 48 h post tracer injection.
Simultaneous T2-weighted MR images [repetition
time (TR): 1800 ms, echo time (TE): 4.763 ms, field of
view (FoV) 76.8 x 34.8 x 22.8, x mm?3, matrix 256 x 256
% 64, resolution 0.25 % 0.25 % 0.25 pm?] were acquired
in a 7T small animal MR system (ClinScan; Bruker
BioSpin).

Image analysis

PET images from list mode were reconstructed
using 2-dimensional ordered subset expectation
maximization (OSEM-2D), applied to a Gaussian filter
of 1.5 mm, and registered to the anatomical T2 MR
images using Inveon Research Workplace (Siemens
Preclinical Solutions). Volumes of interest (VOIs) of
the organs of interest were created based on the
anatomical MR images. The uptake values of the
respective organs (%ID/mL) were calculated based
on the Bq/mL after correction for radioactive decay
and normalization to the injected activity. For visual
comparison between the PET images, the signal
intensity between the groups and the color scale was
normalized within one experiment.

Ex vivo biodistribution

The experimental mice were sacrificed by
cervical dislocation under deep anesthesia after the
final imaging time point. Organs were harvested, and
radioactivity was measured by y-counting using an
energy window between 350 and 650 keV.
Standardized aliquots of the injected tracer were
added to the wells for quantification. The values for
each organ are expressed as the percentage of the
overall injected dose per g (%ID/g), corrected for
radioactive decay, and normalized to the injected
activity.

Immunohistochemistry

After y-counting of the organs, the tumors,
spleens, and lymph nodes were fixed in formalin and
embedded in paraffin. For histology, 3-5 pm-thick
sections were cut and stained with hematoxylin and
eosin (H&F). Immunochistochemistry was performed
on an automated immunostainer (Ventana Medical
Systems, Inc.) according to the manufacturer’s
protocols for open procedures, with slight
modifications. All slides were stained with antibodies
against CD4 (SP35; Zytomed, Berlin, Germany) and
CD3 (SP7; DCS Innovative Diagnostics-Systeme

GmbH & Co., KG). Appropriate positive and negative
controls were used to confirm the adequacy of the
staining. All samples were scanned with a Ventana
DP200 (Roche, Basel, Switzerland) and processed with
the Image Viewer MFC Application. Final image
preparation was performed with Adobe Photoshop
CS6.

Immunofluorescence
Paraffin-embedded MC38 tumor tissues were
cut into 3-5pm-thick sections, deparaffinized,

unmasked with EDTA buffer (pH 9.0; Thermo Fisher
Scientific), and washed with distilled water, PBS
(Sigma“-Aldrich), and PBS containing BSA (Aurion)
and Tween 20 (Roth). The tissue sections were
blocked with donkey serum, incubated with primary
antibodies against CD3 (DCS) and CD4 (R&D
Systems), and visualized by incubation with Alexa
Fluor 488 donkey anti-rabbit (Dianova), Cy3 donkey
anti-goat (Dianova) and Cy3 donkey anti-human
(Dianova) antibodies. Nuclei were stained with DAPT
(Sigma-Aldrich). Images were analyzed using Zeiss
LSM 800 and ZEN 2.3 software (blue edition). CD4
fluorescence staining and nuclei were quantified
using ZEN Module Image Analysis and by manually
counting.

Flow cytometry

Tumors were excised and digested for 30 min at
37°C on a shaker with 23 mg/ml Collagenase
(Sigma-Aldrich) and 2.3 mg/ml DNAse (Sigma-
Aldrich) in RPMI 2% FCS. Single-cell suspensions
were prepared by passing the tumors through 70 pyM
and 40 pM cell strainer sieves. The cell pellet was
incubated at room temperature in ACK lysis buffer
(Gibco Life Technologies). The following fluorescent
dyes were used for staining: viability ghost dye
UV450 (Cytek), BUV395-CD45 (Clone: 30-F11, BD
Horizon), BUV805-CD3 (Clone: 17A2, Thermofisher),
PerCP-CD4 (Clone: GK1.5, BioLegend), AF700-CD8a
(Clone: 53-6.7, BioLegend), BV650-CD69 (Clone:
H1.2F3; BioLegend), PE-mOX40 (Clone: OX-86,
BioLegend). HPB-ALL and DHL cells were pelleted
and stained with the following fluorescence dyes:
FITC-hCD4 (Clone: OKT4; Biclegend) and viability
ghost dye UV450 (Cytek). Cell suspensions were
measured on a Cytek Aurora cytometer. Data were
analyzed with Flow]Jo Software.

Statistical analyses

All data were analyzed using GraphPad Prism,
Version 9 or later (GraphPad Software, Inc., San
Diego, California, USA). The values were expressed as
the arithmetic mean + standard error of the mean
(SEM), if not otherwise stated in the figure legend. For
statistical analyses, unpaired t-tests were applied for
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pairwise comparisons. Ordinary one-way ANOVA or
two-way ANOVA was used for multiple group
comparisons and was corrected for multiple
comparisons using the Tukey post-hoc test. Adjusted
P values less than 0.05 were considered significant,
and significance levels are indicated as follows: * for
<0.05, ** for £0.01, and *** for <0.001.

Abbreviations

CIT: checkpoint inhibitor therapy; CTL: cytotoxic
T lymphocytes; CTLA-4: cytotoxic T lymphocyte
antigen 4; dfo: desferrioxamine; DHL: diffuse
histiocytic lymphoma; FCS: Fetal Calf Serum; FoV:
field of view; H&E: hematoxylin and eosin; hCD4-KTI:
human CD4* knock-in; HPB-ALL: hematopoietic
peripheral blood acute lymphoblastic leukemia
tumors; HPSEC: high-performance size exclusion
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The advancement of new immunoctherapies necessitates appropriate probes to monitor the
presence and distribution of distinct immune cell populations. Considering the key role of
CD4" cells in regulating immunclogical processes, we generated novel single-domain
antibodies [nanchbodies {Nosg)] that specifically recognize human CD4. After in-depth
analysis of their binding properties, recognized epitopes, and effects on T-cell proliferation,
activation, and cytokine release, we selected CD4-specific Nbs that did not interfere with
crucial T-cel processes in vitro and converted them into iImmune tracers for noninvasive
malecular imaging. By optical imaging, we demenstrated the ability of a high-affinity CD4-No
to specifically visualize CD4™ cells in vivo using a xenograft model. Furthermere, quantitative
high-resclution immune positron emission tomography {immunoPETY/MR of a human CD4
knock-in mouse medel showed rapid accumulation of $4Cu-radiolabeled CD4-Nb1in CD4* T
cell-rich tissues. We oropcse that the CD4-Nbs presented here could serve as versatie
probes for stratifying patients and monitoring indiviadual immune responses during
personalized immunctherapy in both cancer and infllmmatory diseases.

Keywords: CD4, nanobody, immune tracer, PET imaging, magnetic resonance imaging, immunotherapies

INTRODUCTION

In precision medicine, diagnostic classification of the disease-associated immune status should guide the
selection of appropriate therapies. A comprehensive analysis of a patient’s specific immune cell
composition, activation state, and infiltration of affected tissue has been shown to be highly
informative for patient stratification (1-3). In this context, CD4 is an important marker, as it is
found on the surface of immune cells such as monocytes, macrophages, and dendritic cells and most
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CD4-Nanokodies

abundant on CD4" T cells (4, 5). CD4™ T cells are a key determinant
of the immune status due to their essential role in orchestrating
immune responses in autoimmune diseases, immune-mediated
inflammatory diseases (IMIDs), cancer, and chronic viral infections
(6-13). Current diagnostic standards such as intra-cytoplasmic flow
cytometry analysis (IC-FACS), immunohistochemistry, and ex vivo
cytokine assays or RT-PCR analysis are exclusively invasive and
therefore limited with respect to repetitive analyses over time (14-17).
Considering the emerging role of infiltrating lymphocytes and the
impact of CD4" T cells on the outcome of immunotherapies, novel
approaches are needed to assess CD4™ T cells more holistically (18).
In this context, noninvasive imaging approaches offer a significant
benefit compared to the current diagnostic standard. To date,
radiolabeled antibodies have been applied to image CD4" cells in
preclinical models (10, 19-21). Due to the recyding effect mediated
by the neonatal Fc receptor, full-length antibodies have a long serum
half-life, which requires long clearance times of several days before
high-contrast images can be acquired (22). Additionally, effector
function via the Fc region was shown to induce depletion or
functional changes in CD4" cells including the induction of
proliferation or cytokine release (23-25). Notably, also higher
dosages of recombinant antibody fragments like Fab fragments or
Cys-diabodies derived from the monoclonal anti-CD4 antibody
GK1.5 were recently shown to decrease CD4 expression in vivo and
inhibit proliferation and interferon (IFN)-y production in vitro
(24-26). These studies highlight the importance of carefully
investigating CD4" cell-specific immunoprobes for their epitapes,
binding properties, and functional effects.

During the last decade, antibody fragments derived from
heavy-chain-only antibodies of camelids, referred to as VHHs
or nanobodies (Nbs) (27), have emerged as versatile probes for
molecular imaging [reviewed in (28]]. In combination with
highly sensitive and/or quantitative whole-body meolecular
imaging techniques such as optical or radionuclide-based
modalities, particularly positron emission tomography (PET),
Nbs have been shown to bind their targets within several minutes
of systemic application (29). Due to their great potential as highly
specific imaging probes, numerous Nbs targeting immune- or
tumor-specific cellular antigens are currently in preclinical
development and even in clinical trials (28, 30, 31).

Here, we generated a set of human CD4 (hCD4)-specific Nbs.
Following in-depth characterization of their binding properties,
we selected candidates that did not affect T-cell proliferation,
activation, or cytokine release and converted them into immune
tracers for noninvasive optical and PET imaging. Using a mouse
xenograft model and an hCD4 knock-in mouse model, we
successfully demonstrated the capacity of these CD4-Nbs to
visualize CD4" cells in viva.

RESULTS

Generation of High-Affinity CD4
Nanobodies

To generate Nbs directed against hCD4, we immunized an alpaca
(Vieugna pacos) with the recombinant extracellular portion of

hCD4 following an 87-day immunization protocol. Subsequently,
we generated a Nb phagemid library comprising ~4 » 107 clones
that represent the full repertoire of variable heavy chains of heavy-
chain antibodies (VHHs or Nbs) of the animal. We performed
phage display using either passively adsorbed purified hCD4 or
CHO and HEK293 cells stably expressing full-length hCD4 (CHO-
hCD4 and HEK293-hCD4 cell lines, respectively). Following two
cycles of phage display for each condition, we analyzed a total of 612
individual clones by wheole-cell phage ELISA and identified 78
positive binders. Sequence analysis revealed 13 unique Nbs
representing five different B-cell lineages according to their
complementarity determining region (CDR) 3 (Figure 1A). One
representative Nb of each lineage, termed CD4-Nb1-CD4-Nb5, was
expressed in bacteria (Escherichia coli} and isolated with high purity
using immobilized metal ion affinity chromatography (IMAC)
followed by size exclusion chromatography (SEC) (Figure 1B).
To test whether selected Nbs are capable of binding to full-length
hCDA4 localized at the plasma membrane of mammalian cells, we
performed live-cell staining of CHO-hCD4 cells (Figure 1C,
Supplementary Figure 1). Executed at 4°C, images showed a
prominent staining of the plasma membrane, whereas at 37°C,
the fluorescent signal was mainly localized throughout the cell body,
presumably a consequence of endocytotic uptake of receptor-bound
Nbs. CHO wild-type (wt) cells were not stained by any of the five
CD4-Nbs at both temperatures (data not shown). CD4-Nbl and
CD4-Nb3, both identified by whole-cell panning, displayed strong
staining of CHO-hCD4 cells. Of the Nbs derived from panning with
recombinant hCD4, CD4-Nb2 also showed strong cellular staining,
whereas staining with CD4-Nb4 revealed weak signals. CD4-Nb5
showed no staining under these conditions and was consequently
excluded from further analyses (Figure 1C). To quantitatively assess
binding affinities, we performed biolayer interferometry (BLI),
measuring serial dilutions of Nbs on the biotinylated extracellular
domain of hCD4 immabilized at the sensor tip. For CD4-Nb1 and
CD4-Nb2, Ky values were determined to be ~5 and ~7 nM,
respectively, while CD4-Nb3 and CD4-Nb4 displayed lower
affinities of 75 and 135 nM, respectively (Figure 1D, Table 1,
Supplementary Figure 2A). In addition, we determined
corresponding ECso values with full-length plasma membrane-
located hCD4 on HEK293-hCD4 cells by flow cytometry. In
accordance with cellular staining and biochemically determined
affinities, these values revealed a strong functional binding for CD4-
Nbl and CD4-Nb2 with ECsp values in the subnanomolar range
(~0.7 nM), whereas CD4-Nb3 and CD4-Nb4 displayed
substantially lower cellular affinities (Figure 1E, Table 1,
Supplementary Figure 2B). In summary, we generated four
CD4-Nbs that bind isclated and cell-resident hCD4. While CD4-
Nb3 and CD4-Nb4 appeared less affine, CD4-Nbl and CD4-Nb2
displayed high affinities in the low nanomolar range.

Domain Mapping

Next, we applied chemo-enzymatic coupling using sortase A for
site-directed functionalization of CD4-Nbs (32, 33). We thereby
linked peptides conjugated to a single fluorophore to the C-
terminus of CD4-Nbs, vielding a defined labeling ratio of 1:1
(34). Live-cell immunofluorescence imaging showed that all
sortase-coupled CD4-Nbs retained their capability of binding
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FIGURE 1 | Identification and characterization of nanobodies (Nbs) against human CD4 thCD4). {A) Amino acid sequences of the complementarity determining
region (CDR) 3 from unique CD4-Nbs selected after two rounds of biopanning are listed. (B} Recombinant expression and purification of CD4-Nbs using immobilized
metal ion affinity chromatography (IMAC) and size exclusion chromatagraphy (SEC). Coomassie-stained SDS-PAGE of 2 g of purified Nbs is shown. {C)
Representative images of live CHO-hCD4 cells stained with CD4-Ns for 30 min at 4°C (top row) or 80 min at 37°C (bottom row); scale bar: 50 pm. (D) For biolayer
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TABLE 1 | Summary of affinities (kp) and association (k) and dissociation constants (k.y and coefficient of determination Rg) determined by BLI (left side) and ECsq

values of flow cytometry (right side).

Dissociation constant Kp, Kon (10° M1 57) ko (1074 57") R? ECso
CD4-Nb1 5.1 nM 121 £0.022 613 £0.27 0.996 Q.74 nM
CD4-Nb2 6.5nM 1220015 7.95+0.18 0.998 0.73 nM
CDA4-Nb3 75.3 nM 0.82 + 0.026 §1.8 + 2.00 0.983 533 nM
CD4-Nb4 135 nM 1.18=0.014 160 + 0.97 0.998 7.36 UM

to cell-resident hCDD4 of CHO-hCD4 cells (Supplementary
Figure 3A). To localize the binding sites of the selected CD4-
Nbs, we generated domain-deletion mutants of hCD4.
Expression and correct surface localization of these mutants in
CHO cells were confirmed by staining with antibody RPA-T4
binding to domain 1 of CD4., For mutants lacking domain 1, we
introduced an N-terminal BC2 tag (35) to allow for live-cell
surface detection with a fluorescently labeled bivBC2-Nb (34)
(Supplementary Figure 3B). Transiently expressed domain-
deletion mutants were then tested for binding of CF568-
labeled CD4-Nbs by live-cell immunofluorescence imaging,
including a non-specific fluorescently labeled green fluorescent
protein (GFP)-binding Nb (GFP-Nb} as negative control. Based
on these results, we allocated binding of CD4-Nb1 and CD4-Nb3
to domain 1, whereas CD4-Nb2 and CD4-Nb4 bind to domain 3
and/or 4 of hCD4 (Figure 2A, Supplementary Figure 3C).

To further examine combinatorial binding of the different
CD4-Nbs, we performed an epitope binning analysis by BLL
Recombinant full-length hCD4 was immobilized at the sensor
tip, and combinations of CD4-Nbs were allowed to bind
consecutively (Supplementary Figure 4). Unsurprisingly,

CD4-Nbs binding to different domains displayed combinatorial
binding. Interestingly, a simultaneous binding was also detected
for the combination of CD4-Nb1 and CD4-Nb3, suggesting that
both CD4-Nbs bind to different epitopes within domain 1. In
contrast, we did not observe simultaneous binding for CD4-Nb2
and CD4-Nb4, which might be due to close-by or overlapping
epitopes at domain 3/4 for the latter Nb pair.

For a more precise epitope analysis, we conducted a
hydrogen—deuterium exchange mass spectrometry (HDX-MS)
analysis of hCD4 bound to CD4-Nbl, CD4-Nb2, or CD4-Nb3
(Figures 2B-E, Supplementary Figure 5). Due to its low affinity,
CD4-Nb4 was not considered for HDX-MS analysis (data not
shown). In accordance with our previous findings, binding of
CD4-Nbl and CD4-Nb3 protected sequences of domain 1 from
HDX, whereas CD4-Nb2 protected sequences of domains 3 and
4 of hCD4 {Figure 2B). The results obtained for binding of CD4-
Nbl (Figure 2C) are similar to those obtained for CD4-Nb3
(Figure 2D) in that binding of either Nb reduced hydrogen
exchange at amino acid (aa) residues from aa T17 to N73, albeit
with a different extent of protection at individual sequence
segments. For CD4-Nbl, the greatest protection from HDX
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FIGURE 2 | Localization of CD4-nancbedy (Nb) binding epitopes. (A) Representative images of live CHO cells expressing full-length or domain-deletion mutants of
human CD4 (hCD4) stained with fluorescently labeled CD4-Nbs (CF568) are shown; scale bar 10 pm. (B) Surface structure medel of hCD4 (PDBe 1wig) (36) and the
hydrogen-deuterium exchange mass spectrometry (HDX-MS) epitope mapping results of CD4-Nb1-3 are depicted. Different colors highlight the amino acid residues
protected by CD4-Nb1 (blue), CD4-Nb2 (red), or CD4-Nb3 (yellow). Overlapping residues protected by both Nb1 and Nb3 are colered green. A more detailed
surface map (%AD) of these specific regions is highlighted in (C) (CD4-Nb1), (B) (CD4-Nb3), and (E) (CD4-Nb2) with the corresponding CD4 amino acid sequence.

was observed for the sequence ranging from aa K35 to L44  to CF568 (100 nM for high-affine CD4-Nb1 and CD4-Nb2; 1,000
corresponding to B3 strand C” and C’” of the immunoglobulin ~ nM for low-affine CD4-Nb3 and CD4-Nb4) in combination with
fold of domain I and residues aa K46-K75, comprising 3 strands ~ an anti-CD3 antibody and analyzed the percentage of double-
D and E. In contrast, binding of CD4-Nb3 confers only a minor positive cells (CD37CD4%) by flow cytometry (Figure 3,
reduction in HDX within the latter sequence but additionally  Supplementary Figure 6). Compared to staining with an anti-
protects sequence aa C84-E91, which correspond to 3 strands G~ CD4 antibody used as a positive control, all CD4-Nbs stained a
and F and their intermediate loop. For CD4-Nb2, we found  similar percentage of CD4™ I’ cells for all tested donors, while the
protection of sequences aa W214-F229 ( strands Cand C") and  non-specific GFP-Nb yielded a negligible percentage of double-
aa K239-1259 ([3 strands C""-E) and to a minor extent sequence positive cells even at the highest concentration (1,000 nM)
aa R293-1296 as part of B strand A of domain 4 {Figure 2E). In (Table 2). Our analysis further revealed that, as observed with
summary, our HDX-MS analysis revealed that all three tested a conventional anti-CD4 antibody, the CD4-Nbs stain a
Nbs bind three dimensional epitopes within different parts of  substantial proportion of CD3" cells, indicating that all selected
hCD4. It further provides an explanation how CD4-Nbl and  candidates are also able to recognize cells such as monocytes,
CD4-NDb3 can bind simultanecusly to domain 1 of hCD4 and  macrophages, or dendritic cells that express lower levels of
confirms that the epitope of CD4-Nb2 is mainly located at ~ CD4 (Figure 3).
domain 3.

Impact of CD4-Nbs on Activation,
Binding of CD4-Nbs to Human Peripheral Proliferation, and Cytokine Release of
Blood Mononuclear Cells CD4* T and Immune Cells
Having demonstrated that all selected Nbs bind to recombinant ~ In view of the envisioned application as clinical imaging tracer,
and exogenously overexpressed cellular hCD4, we next examined we next evaluated the potential of the Nbs to be further
their capability and specificity of binding to physiologically  developed into clinically approved binding molecules. Since
relevant levels of CD4" ' cells within peripheral blood  CD4-Nb2 and CD4-Nb3 contain a number of cysteine residues
mononuclear cell (PBMC) samples. We costained human in their CDR3, we excluded them at this stage because such non-
PBMCs from three donors with CD4-Nb1-CD4-Nb4 coupled  canonical unpaired cysteines are often associated with expression
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FIGURE 3 | Flow cytometry analysis of human peripheral blood mononuclear cells (PBMCs) stained with flucrescently labeled CD4-nanobodies (Nbs). Schematic
representation of the final gating step for CD3"CD4™ double-positive cells derived from donor 1.

problems and a higher tendency to form aggregates in
downstream production (37, 38). With CD4-Nbl and CD4-
Nb4, we pursued two candidates that do not contain non-
canonical cysteines and also cover a broad affinity spectrum.
For these two Nbs and a non-specific GFP-Nb as a control, we
then examined their influence on CD4" T-cell activation,
proliferation, and cytokine release. To rule out adverse eftects of
bacterial endotoxins in the Nb preparations, we first removed
endotoxins by depletion chromatography, resulting in Food and
Drug Administration (FDA)-acceptable endotoxin levels of <0.25
EU per mg. Typically, Nb-based radiotracers are applied at serum
concentrations between 0.01 and 0.2 pM in (pre)clinical imaging
(39, 40). 'T'o investigate the effects of Nbs at the expected, but also
at a 10-fold increased concentration and consequently elongated
serum retention times that might occur during in vive (pre)clinical
imaging, we treated carboxyfluorescein succinimidyl ester (CFSE)-
labeled human PBMCs from three preselected healthy donors with
three Nbs at concentrations ranging from 0.05 from 5 uM for 1 h
at 37°C. Subsequently, cells were washed to remove Nbs and
stimulated with an antigenic [cognate major histocompatibility
complex (MHC)IL peptides] or a non-antigenic stimulus
(phytohemagglutinin, PHA-L) and analyzed after 4, 6, and 8
days by flow cytometry with the gating strategy shown in
Supplementary Figure 7A. According to the highly similar
CFSE intensity profiles observed, the total number of cell

divisions was not affected by the different Nb treatments
(exemplarily shown for one of three donors on day 6;
Supplementary Figure 7A). For samples of the same donor and
time point, no substantial differences in the percentage of
proliferated cells were observed between mock incubation and
individual Nb treatments.

For both stimuli, the average percentage of proliferated cells
increased over time in all donors tested, with no clear differences
between conditions (Figure 4A). As a quantitative measure of T-
cell activation, we also determined the cell surface induction of a
very early activation marker {CD69) and of the interleukin (IL)-2
receptor @ chain (CD25) on CD4" T cells (Figure 4B}. Among
samples of the same donor and stimulation, we found highly
similar activation profiles for all Nb treatments. While the
percentage of CD4"CD25" cells steadily increased over time
for MHCII peptide stimulation, for the PHA-stimulated
condition, the percentage of positive cells was similarly high at
all times of analysis. Importantly, regardless of the differences
between donors, the individual Nb treatments from the same
donor did not result in significant differences in the percentage of
CD47CD25" or CD47CD69" cells for either stimulation at any
peint in the analysis.

Next, we analyzed cytokine expression of CD4* 'I' cells by
intracellular cytokine staining after restimulation with cognate
MHCII peptides. The corresponding gating strategy is shown in
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TABLE 2 | Percentage of double-positive cells of three donors, stained with CD4-Nb1 or CD4-Nb2 (100 nM), or CD4-Nb3 or CD4-Nb4 (1,000 nM), compared to anti-

CD4 antibody and negative control Nb (GFP-Nb, 1,000 nM).

Frequency CD3" CD4" (%)

c (nM) Donor 1 Donor 2 Donor 3
Anti-CD4 antibody ~1 33.7 27.0 24.3
CD4-Nb1 100 305 29.2 22.7
CB4-Nb2 100 33.8 25.6 18.4
CD4-Nb3 1,000 35.5 26.5 20.4
CDh4-Nb4 1,000 33.8 2689 23.9
GFP-Nb 1,000 1.4 0.3 1.0

Supplementary Figure 7B. Samples of the same donor treated
with different Nbs had highly similar percentages of cytokine
[tumor necrosis factor (TNF}, IFN-v, or IL-2] or activation
marker (CD154)-positive cells without stimulation and upon
stimulation with MHCII peptides (Figure 4C). Overall, exposure
to CD4-Nbs did not affect the proliferation, activation, or
cytokine production of CD4™ T cells. In addition, we analyzed
potential effects of CD4-Nbs on the release of cytokines from
full-blood samples of three further donors. Upon stimulation
with lipopolysaccharide (LPS) or PHA-L, we determined the
serum concentrations with a panel of pro- and anti-
inflammatory cytokines (Supplementary Table 2). Although

there was significant inter-donor variation for some cytokines,
Nb treatment did not result in significant differences in either
stimulated or unstimulated samples (Supplementary Figure 8).

CD4-Nbs for In Vivo Imaging

For optical in vivo imaging, we labeled CD4-Nbs with the
fluorophore Cy5.5 (CD4-Nb-Cy5.5) by sortase-mediated
attachment of an azide group followed by click-chemistry
addition of dibenzocyclooctyne {DBCO)-Cy5.5. First, we tested
potential cross-reactivity of the four Cy5.5-labeled CD4-Nbs to
murine CD4" lymphocytes. Notably, flow cytometric analysis
showed that none of the selected CD4-Nbs bound murine CD4"
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cells, suggesting exclusive binding to hCD4. Moreover, low-affine
binding CD4-Nb4 bound neither mouse nor human CD4" cells
at the concentration used here (0.75 pg/ml, ~49 nM)
(Supplementary Figure 9). Consequently, we focused on CD4-
Nbl as the most promising candidate and CD4-Nb4 as a
candidate with a high off-target rate, both of which we further
analyzed for their in vivo target specificity and dynamic
distribution using a murine xenograft model.

To establish hCD4-expressing tumors, NOD SCID gamma
(NSG) mice were inoculated subcutaneously with CD4" T-cell
leukemia HPB-ALL cells (41). After 2-3 weeks, mice bearing
HPB-ALL xenografts were intravenously (i.v.) injected with 5 ug
of CD4-Nb1-Cy5.5, CD4-Nb4-Cy5.5, or a control Nb (GFP-Nb-
Cy5.5) and non-invasively in vivo investigated by optical imaging
(OI) in intervals over the course of 24 h (Figure 5A, Supplementary
Figure 10A). The Cy5.5 signal intensity (SI) of the control Nb
peaked within 10-20 minutes and rapidly declined thereafter to
approximately the half and a quarter of maximum level at 2 and 24
h, respectively (Figure 5B, Supplementary Figure 10B). While the
ST of the low-affinity CD4-Nb4-Cy5.5 did not exceed the SI of the
control Nb at any time (Supplementary Figure 10B), CD4-Nbl-
Cy5.5 reached its maximum SI within the HPB-ALL xenograft
of ~1.8-fold above the control Nb at 30 min and slowly declined to
~90% and ~80% of maximum after 2 and 4 h, respectively
(Figure 5B). Based on the differences in the SI between
CD4-Nb1-Cy5.5 and GFP-Nb-Cy5.5, we observed constant high

target accumulation and specificity between 30 and 480 min post
injection (Figure 5B). After 24 h, mice were euthanized, and the
presence of fluorophore-labeled CD4-Nbs within the explanted
tumors was analyzed by Ol (Figure 5C, Supplementary Figure
10C). Compared to control, tumors from mice injected with CD4
—Nb1-Cy5.5 had ~4-fold higher Cy5.5 S, indicating a good signal-
to-background ratio for this Nb-derived fluorescently labeled
immunoprobe even at later time points. Toe confirm CD4-specific
targeting of CD4-Nb1 within the xenograft, we additionally
performed ex vive immunofluorescence of HPB-ALL tumors at 2
and 24 h post injection (Supplementary Figure S11). At the early
time point, when the in vivo Ol signal peaked, CD4-Nb1 was widely
distributed throughout the whole tumor, whereas no Cy5.5 signal
was detected in the GFP-Nb-injected mice (Supplementary
Figures 114, B). Semiquantitative analysis at the single-cell level
revealed intense CD4-Nb1 binding at the surface of HBP-ALL cells
that correlated with the CD4 antibody signal and internalization of
CD4-Nbl in some cells (Supplementary Figure 11C). In contrast,
no binding was observed upon administration of unrelated GFP-Nb
(Supplementary Figure 11D). At 24 h post injection, we observed
regions of strongly internalized CD4-Nb1 (Supplementary Figures
11E, G), but also regions showing a low residual CD4-Nb1 uptake
(Supplementary Figures 11E, H).

The OI data from the xenograft model clearly indicates that
the high-affinity CD4-Nbl but not CD4-Nb4 is suitable to
specifically visualize CD4" cells in vive within a short period
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FIGURE 5 | /n vivo optical imaging (Ol) with CD4-Nbs-Cy5.5. Here, 5 pg of CD4-Nbs-Cy5.5 (top) or CD4-Nb4-Cy5.5 {bottom) or GFP-Nb-Cy5.5 ftop and bottom)
were administered intravenously (i.v.) to subcutaneously human CD4* HPB-ALL-bearing NSG mice, and tumor biodistribution was monitored by repetitive O
measurements over the course of 24h {A) Acauired images of each measurement time point of one representative mouse injected with CD4-Nbs-Cy5.5 (eft) or GFP-
Nb-Cy5.5 (right, ¢trl). Red circles and white arrows indicate the tumor localization at the right upper flank. (BY Quantification of the fluorescence signal from the
tumers (n = 4 per group, arithmetic mean of the average radiant efficiency + SEM) determined at indicated time points. (C) After the last imaging time point, tumors
were explanted for ex vivo Ol, confirming increased accumulation of CD4-Nb1-Cy5.5 compared to the GFP-ND-Cy5.5 (h = 2 per group, arithmetic mean = SEM).
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(30-120 min) after administration. Considering that this model
does not reflect the natural distribution of CD4" T cells in an
organism, we continued with a model that allowed us to visualize
the physiological composition of CD4" immune cells. Thus, we
employed a humanized CD4 murine knock-in model (hCD4KI)
in which the extracellular fraction of the mouse CD4 antigen was
replaced by the hCD4 while normal immunological function and
T-cell distribution is restored (42).

84Cu-CD4-Nb1 Specifically Accumulates in
CD4" T Cell-Rich Organs

To generate immunoPET compatible tracers, CD4-Nbl and
GFP-Nb were labeled with the PET isotope °*Cu using a
copper-chelating BCN-NODAGA group added to our azide-
coupled Nbs. Radiolabeling yielded high radiochemical
purity (295%) and specific binding of *'Cu-hCD4-Nb1 to
CD4-expressing HBP-ALL cells (46.5% + 5.6%) in vitro that
was ~30 times higher than the non-specific binding to CD4-
negative DHL cells or of the radiolabeled **Cu-GFP-Nb control
(Supplementary Figure 12A).

Subsequently, we injected **Cu-CD4-Nb1 i.v. in hCD4KI and
wt C57BL/6 mice and performed PET/MRI repetitively over
24 h. In two of the hCD4KI animals, we additionally followed
tracer biodistribution over the first 90 min by dynamic PET
(Supplementary Figure 12B). As expecled for small-sized
immunotracers, afler an initial uptake peak within the first 10
min, *'Cu-CD4-Nbl is rapidly cleared from the blood, lung, and
liver via renal elimination. In comparison to wild type, mice
carrying the hCD4 anligen on T cells showed an increased tracer
accumulation in lymph nodes, thymus, liver, and spleen
(Figure 6A). In these organs, which are known to harbor high
numbers of CD4" T cells (43), discrimination of CD4"-specific

signal from organ background was optimal 3 h post injection
(Figure 6B). [Tere, lymph nodes yielded a ~3-fold, spleen a ~2.5-
fold, and liver a ~1.4-fold higher %1Cu-CD4-Nb1 accumulation
in hCD4KI mice compared lo wt littermates (Figure 6B). In
conlrast, we observed similar uptake levels for blood, muscle,
lung, and kidney in both groups (Supplementary Figure 12C).
Analyzing ex vive biodistribution 24 h post tracer injection
confirmed persistent accumulation of “Cu-CD4-Nb1 in lymph
nodes and spleen of hCD4-expressing mice, although the limited
number of animals per group did not allow statistical analysis
(Supplementary Figure 12D). In summary, these results
demonstrate that CD4-Nbl is capable of visualizing and
monitoring CD4" T cells in both optical and PET-based imaging.

DISCUSSION

Given the important role of CD4 as a marker for a variety of
immune cells including monocytes, macrophages, dendritic cells,
and CD4" T cells, detailed monitoring of this marker is proving
to be extremely important for the diagnosis and concomitant
therapeutic monitoring of a variety of diseases. Several mouse
studies and early clinical trials have already indicated the value of
noninvasive imaging of CD4" cells in rheumatoid arthritis (20),
colitis (21), allogeneic stem cell transplantation (44), organ
transplant rejection (45), acquired immunodeficiency disease
(10), and in the context of cancer immunotherapies (46), using
radiolabeled full-length antibodies or fragments thereof.
ITowever, biological activity, particularly CD4" T-cell
depletion, and long-term systemic retention of full-length
antibodies limit their development into clinically applied
immunoprobes (20, 24, 47, 48).

hCD4KI

—%— thymus

»

gall bladder J—‘

liver
spleen

kidney:

lymph nodes

—+— hCD4KI
- wt

FIGURE 6 | *'Cu-CD4-Nb1 specifically accumulates in GD4* T cell-rich organs. (A) Representative maximum intensity projection PET/MR images of human CD4
knock-in (hCD4KI) and wild-type (wt) C57BL/6 mice 3 h post intravenous (i.v.) injection of #/Cu-CD4-Nb1. White arrows indicate localization of lymph nodes. (B)
Exemplary lransversal PET/MR images of spleen, lymph nodes, and liver {3 h post injection} and dynamic organ uplake quantification of **Cu-CD4-Nb1 over 24 h [n

= 3 per group, arithmelic mean of the % injecled dose per ml {%I0/ml) + SEM, unpaired (-lest

organ.

of the 3-h lime point, * p < 0.05]. While arrows indicale Lhe largel
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The aim of this study was to develop hCD4-specific Nbs as
novel in vive imaging probes to overcome the limitations of
previous noninvasive imaging approaches. To identify binders
that recognize the cellular exposed CD4, we employed two
screening strategies where we selected Nbs either against
adsorbed recombinant CD4 or against hCD4-expressing cells.
Interestingly, both panning strategies proved successful, as
demonstrated by the selection of two Nbs each that efficiently
bind cell-resident CD4. Combining different biochemical
analyses including epitope binning, cellular imaging, and
HDX-MS, we were able to elucidate in detail the detected
domains, as well as the three-dimensional epitopes addressed
by the individual Nbs, and thus identified two candidates, CD4-
Nbl and CD4-Nb3, that can simultaneously bind to different
segments within domain 1, while CD4-Nb2 has been shown to
bind to domain 3 of CD4.

Notably, for most Nbs currently being developed for in vive
imaging purposes, detailed information about their epitopes is
not available (49-55). There are only few examples such as the
anti-HER2-specific Nb 2Rs15d, where the precise epitope was
elucidated by complex crystallization (56) and that was
successfully applied in a phase I study for clinical imaging (39).
However, for CD4-specific Nbs, this knowledge is all the more
important because epitope-specific targeting of CD4" T-cell
functions has far-reaching implications. This is true especially
for cancer treatment, as CD4™ T cells have opposing effects on
tumor growth and response to immunotherapies, crucially
depending on the CD4 effector cell differentiation and tumor
entity (57, 58). In this context, it was shown that domain 1 of
CD4 mediates transient interaction of the CD4 receptor and the
MHCII complex (59-61), while T-cell activation is abrogated
when T-cell receptor (TCR) and CD4 colocalization is blocked
via domain 3 (62). To further elucidate a possible impact on
immunomodulation, we analyzed the effect of CD4-Nbl and
CD4-Nb4 targeting two different domains on CD4" Teell
proliferation and cytokine expression. Notably, neither CD4-
Nbl nor CD4-Nb4 affected the behavior of endogenous CD4*
T-cells in vitre or induced increased cytokine levels in whaole
blood samples when employed at concentrations that are
intended for molecular imaging purposes in patients. From
these data, it can be concluded that these Nbs are muostly
biclogically inert and thus might be beneficial compared to
full-length antibodies (24) or other antibody fragments such as
the anti-CD4 Cys-diabody, which was recently reported to
inhibit the proliferation of CD4" cells and IFN-y production i#
vitro (26).

Following our initial intention to generate immune tracer for
in vive imaging, we performed a site-directed labeling approach
employing C-terminal sortagging to conjugate an azide group,
which can be universally used to attach a multitude of detectable
moleties by straightforward DBCO-mediated click chemistry
(49). For the fluorescent and radiolabeled CD4-Nbl, we
observed rapid recruitment and sustained targeting of CD4*
cells in a xenograft and hCD4 knock-in mouse model. Using a
quantitative high-resolution PET/MR imaging approach, our
radiolabeled **Cu-CD4-Nbl allowed visualizing T cell-rich

organs with high sensitivity. Beyond immune organs including
lymph nodes, thymus, and spleen, we could detect enhanced
CD4-Nbl uptake in liver. At this point, we cannot distinguish
whether this is due to the presence of D47 cells or non-specific
elimination occurring through this organ. Consequently, further
experiments are needed to analyze whether CD4-Nbs lacking the
Fc region are advantageous compared to larger antibody formats,
which have a higher tendency to accumulate non-specifically in
the spleen and liver due to Fey receptor-mediated uptake.
However, to further modify serum retention times in order to
improve specific tissue targeting, CD4-Nbs could easily be
modified, as shown by the addition of an albumin-binding
fragment (63) or PEGylation (49).

Considering the translation of the CD4-Nbl for clinical
imaging, additional aspects such as potential immunogenicity
have to be assessed. Due to their high homology to the human
type 3 VII domain, Nbs were described as weakly immunogenic
in humans (64), and several strategies are available to humanize
Nbs by exchanging a small number of aa residues in the
framework regions (65). Moreover, a recent study of two Nbs
in phase II clinical trials for PET imaging reported that very few
patients developed low levels of anti-drug antibodies after
prolonged administration of Nbs (66), indicating that
monomeric Nbs present a low immunogenicity risk profile. In
addition, long-term kidney retention of radiolabeled Nbs,
mediated primarily by the endocytic receptor megalin (67), can
cause undesirable nephrotoxicity and interfere with imaging of
molecular targets near the kidneys. However, this can be
overcome by targeted engineering of Nbs, e.g., removal of
charged aa tags or simultaneous administration of positively
charged components that interact with megalin receptors (68,
69). Of note, compared to other radiolabeled Nbs used for
preclinical imaging of similar targets (49), CD4-Nbl showed
relatively low renal accumulation. However, as the molecular
reasons for this are unclear at this stage, further studies are
needed to gain deeper insight into this phenomenon.

In summary, this study demonstrates for the first time the
generation and detailed characterization of Nbs specific for
hCD4 and their comprehensive experimental evaluation in
vitro and in vivo. In particular, CD4-Nbl turned out as a
promising candidate for a noninvasive whole-body study of
CD4" cells in mice. Considering the increasing importance of
advanced molecular imaging in clinical practice, we anticipate
that this Nb-based immunotracer could become a highly
versatile tool as a novel theranostic to accompany the clinical
translation of emerging immunotherapies.

MATERIALS AND METHODS
Nanobody Library Generation

Alpaca immunization and Nb library construction were carried
out as described previously (70, 71). Animal immunization has
been approved by the government of Upper Bavaria (Permit
number: 55.2-1-54-2532.0-80-14). In brief, an alpaca (Vicugna
pacos) was immunized with the purified extracellular domains of
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hCD4 (aa26-390) recombinantly produced in HEK293 cells
(antibodies-online GmbH, Germany). After initial priming
with 1 mg, the animal received six boost injections with 0.5 mg
hCD4 each, every second week. Then, 87 days after initial
immunization, ~100 ml of blood were collected and
lymphocytes were isolated by Ficoll gradient centrifugation
using Lymphocyte Separation Medium (PAA Laboratories
GmbH). Total RNA was extracted using TRIzol (Life
Technologies), and mRNA was transcribed into cDNA using
the First-Strand ¢cDNA Synthesis Kit (GE Healthcare). The Nb
repertoire was isolated in three subsequent PCR reactions using
the following primer combinations: 1) CALLOOL and CALL0O2;
2) forward primer set FR1-1, FR1-2, FR1-3, FR1-4, and reverse
primer CALLO02; and 3) forward primer FR1-ext]l and FR1-ext2
and reverse primer set FR4-1, FR4-2, FR4-3, FR4-4, FR4-5, and
FR4-6 introducing Sl and Notl restriction sites. The Nb library
was subcloned into the Sfil/NotI sites of the pIIEN4 phagemid
vector (72).

Nanobody Screening

For the selection of CD4-specific Nbs, two consecutive phage
enrichment rounds were performed, both with immobilized
recombinant antigen and CIO-hCD4 cells. E. coli TG1 cells
comprising the hCD4-Nb library in pHEN4 were infected with
the M13K07 helper phage to generate Nb-presenting phages. For
each round, 1 x 10" phages of the hCD4-Nb library were applied
on immunetubes coated with hCD4 (10 pug/ml). In each selection
round, extensive blocking of antigen and phages was performed
with 5% milk or bovine serum albumin (BSA) in phosphate-
buffered saline containing 0.05% (v/v) Tween 20 PBS-T, and with
increasing panning rounds, PBS-T washing stringency was
increased. Bound phages were eluted in 100 mM triethylamine
(TEA; pH 10.0), followed by immediate neutralization with 1 M
Tris/HCL pH 7.4. For cell-based panning, 2 x 10° CHO-hCD4 or
HEK293-hCD4 cells were non-enzymatically detached using
dissociation buffer (Gibeo) and suspended in 5% fetal bovine
serum (FBS) in PBS. Antigen-expressing cells were incubated
with 1 x 10" phages under constant mixing at 4°C for 3 h. Cells
were washed 3x with 5% FBS in PBS. Cell lines were alternated
between panning rounds. Phages were eluted with 75 mM citric
acid buffer at pH 2.3 for 5 min. To deplete non-CD4-specific
phages, eluted phages were incubated 3x with 1 x 107 wt cells,
Exponentially growing E. coli TG1 cells were infected with eluted
phages from both panning strategies and spread on selection
plates for the following panning rounds. Antigen-specific
enrichment for each round was monitored by counting colony-
forming units (CFUs).

Whole-Cell Phage ELISA

Polystyrene Costar 96-well cell culture plates (Corning) were
coated with poly-L-lysine (Sigma Aldrich) and washed once with
H,0O. CHO-wt and CHO-hCD4 were plated at 2 x 10 cells per
well in 100 pl and grown to confluency overnight. Next day, 70 ul
of phage supernatant was added to the culture medium of each
cell type and incubated at 4°C for 3 h. Cells were washed 5x with
5% FBS in PBS. Ml3-horseradish peroxidase (HRP)-labeled
antibody (Progen) was added at a concentration of 0.5 ng/ml

for 1 h, washed 3% with 5% FBS in PBS. One-Step Ultra TMB
32048 ELISA Substrate [Thermo Fisher Scientific (TFS)] was
added and incubated until color change was visible, and the
reaction was stopped by addition of 100 pl of 1 M H,SO..
Detection occurred at 450 nm at a Pherastar plate reader, and
phage ELISA-positive clones were defined by a 2-fold signal
above wt control cells.

Expression Constructs

The (DNA of hCD4 (UniProtKB-P01730) was amplified from
hCD4-mOrange plasmid DNA (hCD4-mOrange was a gift from
Sergi Padilla Parra; addgene plasmid #110192; http//n2t.net/
addgene:110192; RRID : Addgene 110192) by PCR using forward
primer hCD4 fwd and reverse primer hCD4 rev and introduced
into BamHI and Xhol sites of a pcDNA3.1 vector variant
[pcDNA3.1(+)IRES GFP, a gift from Kathleen_L Collins; addgene
plasmid #51406; http://n2t.net/addgene:51406; RRID :
Addgene_51406]. We replaced the neomycin resistance gene
(NeoR) with the ¢DNA for Blasticidin § deaminase (bsd),
amplified with forward primer bsd fwd and reverse primer bsd
rev, by integration into the Xmal and BssHII sites of the vector. CD4
domain deletion mutants were generated using the Q5 Site-Directed
Mutagenesis Kit (NEB) according to the manufacturer’s protocol.
For mutants lacking domain 1 of hCD4, we introduced an N-
terminal BC2-tag (35). For the generation of plasmid
pcDNA3.1_CD4_AD1_IRES-eGFP, we used forward primer AD1
fwd and reverse primer ADI rev; for
pcDNA3.1_CD4_ADIAD2_IRES-eGFP, forward primer
ADIAD2 fwd and reverse primer ADIAD2 rev; for
pcDNA3.1_CD4_AD3AD4_IRES-EGFP, forward primer
AD3AD4 fwd and reverse primer AD3AD4 rev. For bacterial
expression of Nbs, sequences were cloned into the pHENG vector
(73), therebyadding a C-terminal sortase tag LPETG followed by 6x
His-tag for IMAC purification as described previously (34). For
protein production of the extracellular domains 1-4 of hCD4 in
Expi293 cells, corresponding cDNA was amplified from plasmid
DNA containing full-length hCD4 ¢DNA (addgene plasmid
#110192) using forward primer CD4-D1-4 f and reverse primer
CD4-D1-4 r. A 6x His tag was introduced by the reverse primer.
Esp3Tand EcoRI restriction sites were used to introduce the cDNA
into a pcDNA3.4 expression vector with the signal peptide
MGWTLVFLFLLSVTAGVHS from the antibody JE5 (74).

Cell Culture, Transfection, Stable

Cell Line Generation

HEK293T and CHO-K1 cells were obtained from ATCC (CCL-
61, LGC Standards GmbH, Germany). As this study does not
include cell line-specific analysis, cells were used without
additional authentication. Cells were cultivated according teo
standard protocols. Briefly, growth media containing
Dulbecco’s modified Fagle’s medium (DMEM) (HEK293) or
DMEM/F12 (CHO) [both high glucose, pyruvate (TFS]]
supplemented with 10% (v/v) FBS, L-glutamine, and penicillin/
streptomyein (P/S; all from TFS) were used for cultivation. Cells
were passaged using 0.05% trypsin-EDTA (TFS) and were
cultivated at 37°C and 5% CO, atmosphere in a humidified
chamber. Plasmid DNA was transfected using Lipofectamine
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2000 (TFS) according to the manufacturer’s protocol. For the
generation of the stable HEK293-hCD4 and CHO-hCD4 cell
line, 24 h post transfection, cells were subjected to a 2-week
selection period using 5 ug/ml Blasticidin § (Sigma Aldrich)
followed by single cell separation. Individual clones were
analyzed by live-cell fluorescence microscopy regarding their
level and uniformity of GFP and CD4 expression.

Protein Expression and Purification
CD4-specific Nbs were expressed and purified as previously
published (71, 75). Extracellular fragment of hCD4 comprising
domains 1-4 of hCD4 and a C-terminal His6-tag was expressed
in Expi293 cells according to the manufacturer’s protocol (TFS).
Cell supernatant was harvested by centrifugation 4 days after
transfection, sterile filtered and purified according to previously
described protocols (76). For quality control, all purified proteins
were analyzed via sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) according to standard procedures.
Therefore, protein samples were denaturized (5 min, 95°C) in 2x
SDS sample buffer containing 60 mM TrisfHCl, pH 6.8; 2% (w/v)
SDS; 5% (v/v) 2-mercaptoethanol, 10% (v/v) glycerol, 0.02%
bromphenole blue. All proteins were visualized by InstantBlue
Coomassie (Expedeon) staining. For immunoblotting, proteins
were transferred to a nitrocellulose membrane (Bio-Rad
Laboratories) and detection was performed using anti-His
primary antibody (Penta-His Antibody, #34660, Qiagen)
followed by donkey anti-mouse secondary antibody labeled
with Alexa Fluor 647 (Invitrogen) using a Typhoon Trio
scanner (GE Healthcare, excitation 633 nm, emission filter
settings 670 nm BP 30).

Live-Cell Immunofluorescence

CIIO-hCD4 and CHO wt cells transiently expressing CD4 domain-
deletion mutants were plated at ~10,000 cells per well of a pClear
96-well plate (Greiner Bio One, cat. #655090) and cultivated at
standard conditions. Next day, medium was replaced by live-cell
visualization medium DMEMgfp-2 (Evrogen, cat. #MC102)
supplemented with 10% FBS, 2 mM L-glutamine, 2 pg/ml
Hoechst 33258 (Sigma Aldrich) for nuclear staining and
fluorescently labeled or unlabeled CD4-Nbs at concentrations
between 1 and 100 nM. Unlabeled CD4-Nbs were visualized by
addition of 2.5 ug/ml anti-VHH secondary Cy5 AffiniPure Goat
Anti-Alpaca IgG (Jackson ImmunoResearch). Images were acquired
with a MetaXpress Micro XL system (Molecular Devices) at x20
or x40 magnification.

Biolayer Interferometry

To determine the binding affinity of purified Nbs to recombinant
hCD4, biolayer interferometry (BLItz, ForteBio) was performed.
First, CD4 was biotinylated by 3-fold molar excess of biotin-N-
hydroxysuccinimide ester. CD4 was then immobilized at single-
use streptavidin biosensors (SA) according to manufacturer’s
protocals. For each Nb, we executed four association/
dissociation runs with concentrations appropriate for the
affinities of the respective Nbs (overall between 15.6 nM and 1
uM). As a reference run, PBS was used instead of Nb in the
association step. As a negative control, the GFP-Nb (500 nM)

was applied in the binding studies. Recorded sensograms were
analyzed using the BLItzPro software, and dissociation constants
(Kp) were calculated based on global fits. For the epitope
competition analysis, two consecutive application steps were
performed, with a short dissociation period of 30 s after the
first association.

Peripheral Blood Mononuclear Cell
Isolation, Freezing, and Thawing

Fresh blood, buffy coats, or mononuclear blood cell concentrates
were obtained from healthy volunteers at the Department of
Immunology or from the ZKT Tibingen gGmbH. Participants
gave informed consent, and the studies were approved by the
ethical review committee of the University of Ttibingen, projects
156/2012B01 and 713/2018BO2. Blood products were diluted
with PBS 1x (homemade from 10x stock solution, Lonza,
Switzerland), and PBMCs were isolated by density gradient
centrifugation with Biocoll separation solution (Biochrom,
Germany). PBMCs were washed twice with PBS 1x, counted
with an NC-250 cell counter {(Chemometec, Denmark), and
resuspended in heat-inactivated (h.i.) FBS (Capricorn
Scientific, Germany) containing 10% dimethyl sulfoxide
(DMSO; Merck). Cells were immediately transferred into a -
80°C freezer in a freezing container (Mr. Frosty; TFS). After at
least 24 h, frozen cells were transferred into a liquid nitrogen
tank and were kept frozen until use. For the experiments, cells
were thawed in Iscove’s Modified Dulbecco s Medium (IMDM)
(+L-Glutamin + 25 mM HEPES; Life Technologies)
supplemented with 2.5% hi. human serum (HS; PanBiotech,
Germany), 1x P/S (Sigma-Aldrich), and 50 um B-
mercaptoethanol (B-ME; Merck), washed once, counted, and
used for downstream assays.

Affinity Determination by Flow Cytometry
For cell-based affinity determination, IIEK293-hCD4 cells were
detached using enzyme-free cell dissociation buffer (Gibco) and
resuspended in FACS buffer (PBS containing 5% FBS). For each
staining condition, 200,000 cells were incubated with suitable
dilution series of CD4-Nbs at 4°C for 30 min. Cells were washed
two times, and for detection of Cys AffiniPure Goat Anti-Alpaca
IgG, VHH domain (Jackson ImmunoResearch) was applied for
15 min. PBMCs (Department of Immunology/ZKT Tubingen
gGmbH, Germany) were freshly thawed and resuspended in
FACS buffer. For each sample, 200,000 cells were incubated with
suitable concentrations of CD4-Nbs coupled to CF568 in
combination with 1:500 dilution of anti-CD3-FITC (BD
Biosciences) at 4°C for 30 min. For control staining, PE/Cy5-
labeled anti-hCD4 antibody (RPA-T4, BioLegend) was used.
After two washing steps, samples were resuspended in 200 pl
FACS buffer and analyzed with a BD FACSMelody Cell Sorter.
Final data analysis was performed via FlowJol0® software
(BD Biosciences).

Sortase Labeling of Nanobodies

Sortase A pentamutant (eSrtA) in pET29 was a gift from David
Liu (Addgene plasmid # 75144) and was expressed and purified
as described (77). CF568-coupled peptide H-Gly-Gly-Gly-Doa-
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Lys-NH; (sortase substrate) was custom-synthesized by Intavis AG.
For the click chemistry, a peptide H-Gly-Gly-Gly-propyl-azide was
synthesized. In brief, for sortase coupling 50 uM Nb, 250 pM sortase
peptide dissolved in sortase buffer (50 mM Tris, pH 7.5, and 150
mM NaCl) and 10 pM sortase were mixed in coupling buffer
(sortase buffer with 10 mM Ca(Cl,) and incubated for 4 h at 4°C.
Uncoupled Nb and sortase were depleted by IMAC. Unbound
excess of unreacted sortase peptide was removed using Zeba Spin
Desalting Columns (TFS, cat. #89890). Azide-coupled Nbs were
labeled by strain-promoted azide-alkyne cycloaddition (SPAAC)
click chemistry reaction with 2-fold molar excess of DBCO-Cy5.5
(Jena Bioscience) for 2 h at 25°C. Excess DBCO-Cyb.5 was
subsequently removed by dialysis (GeBAflex-tube, 6-8 kDa,
Scienova). Finally, to remove untagged Nb (side product of the
sortase reaction), we used hydrophobic interaction
chromatography (HIC; HiTrap Butyl-S FF, Cytiva). Binding of
DBCO-Cyb.5-coupled Nb occurred in 50 mM H,NaPO,, 1.5 M
(NH4),50,, pH7.2. Elution took place with 50 mM H,NaPO,, pH
7.2. Dye-labeled protein fractions were analyzed by SDS-PAGE
followed by fluorescent scanning on a Typhoon Trio (GE-
Healthcare; CF568: excitation 532 nm, emission filter settings 580
nm BP 38; Cy5.51 excitation 633 nm, emission filter settings 670 nm
BP 30; 546) and subsequent Coomassie staining, Identity and purity
of final products were determined by liquid chromatography-mass
spectrometry (LC-MS) (CD4-Nbs-CF568, »60%; CD4-Nb1-Cyb.5,
~94%; CD4-Nbd-Cy5.5, ~99%; GBP-Cy5.5, ~94%; CD4-Nbl-3,
~99%; bivGFP-Nb, ~99%).

Hydrogen-Deuterium Exchange

CD4 Deuteration Kinetics and Epitope Elucidation

On the basis of the affinity constants of 5.1 nM (CD4-Nbl), 6.5
nM (CD4-Nb2), and 753 nM (CD4-Nb3) (predetermined by
BLI analysis), the molar ratio of antigen to Nb was calculated,
ensuring 90% complex formation according to Kochert et al.
(78). CD4 (5 pl, 65.5 pM) was preincubated with CD4-specific
Nbs (5 ul; 60.3, 674, and 143.1 uM for Nbl, Nb2, and Nb3,
respectively) for 10 min at 25°C. Deuteration samples containing
CD4 only were preincubated with PBS instead of the Nbs. HDX
of the preincubated samples was initiated by 1:10 dilution with
PBS (pH 7.4) prepared with D,0, leading to a final concentration
of 90% D, 0. After 5- and 50-min incubation at 25°C, aliquots of
20 pl were taken and quenched by adding 20 pl ice-cold
quenching solution (0.2 M TCEP with 1.5% formic acid and 4
M guanidine HCl in 100 mM ammonium formate solution pH
2.2), resulting in a final pH of 2.5. Quenched samples were
immediately snap-frozen.

Immobilized pepsin (TFS) was prepared using 60 pl of 50%
slurry (in ammonium formate solution pH 2.5) that was then
centrifuged (1,000 x g for 3 min at 0°C). The supernatant was
discarded. Prior to each analysis, samples were thawed and
added to the pepsin beads. After digestion for 2 min in a water
ice bath, samples were separated from the beads by
centrifugation at 1,000 x g for 30 s at 0°C using a 0.22-uym
filter (Merck, Millipore) and immediately analyzed by LC-MS.
Undeuterated control samples for each complex and CD4 alone
were prepared under the same conditions using H,© instead of
D,0. Additionally, each Nb was digested without addition of

CD4 to generate a list of peptic peptides deriving from the Nb.
The HDX experiments of the CD4-Nb complexes were
performed in triplicate. The back-exchange of the method as
determined using a standard peptide mixture of 14 synthetic
peptides was 24%.

Chromatography and Mass Spectrometry
HDX samples were analyzed as described previously (75).

HDX Data Analysis

A peptic peptide list was generated in a preliminary LC-MS/MS
experiment as described previously (75). For data-based search,
no enzyme selectivity was applied; furthermore, identified
peptides were manually evaluated to exclude peptides
originated through cleavage after arginine, histidine, lysine,
proline, and the residue after proline (79). Additionally, a
separate list of peptides for each Nb was generated, and
peptides overlapping in mass, retention time, and charge with
the antigen digest were manually removed. Analysis of the
deuterated samples was performed in MS mode only, and
HDExaminer v2.5.0 (Sierra Analytics, USA) was used to
caleulate the deuterium uptake (centroid mass shift). HDX
could be determined for peptides covering 87%-88% of the
CD4 sequence (Supplementary Figure 11). The calculated
percentages of deuterium uptake of each peptide between
CD4-Nb and CD4-only were compared. Any peptide with
uptake reduction of 5% or greater upon Nb binding was
considered protected. All relevant HDX parameters are shown
in Supplementary Table §3 as recommended (80).

Endotoxin Determination and Removal

The concentration of bacterial endotoxins was determined with
Pierce LAL Chromogenic Endotoxin Quantitation Kit (TFS), and
removal occurred using EndoTrap HD 1 ml (Lionex) according
to the manufacturer’s protocols.

Synthetic Peptides

The following human leukocyte antigen (FHLA)-class IT peptides
were used for the stimulations: MHCII pool (HCMVA pp65 aa
109-123 MSIYVYALPLKMLNI, HCMV pp65 aa 366-382
HPTFTSQYRIQGKLEYR, EBVB9 EBNA2 aa 276-290
PRSPTVFYNIPPMPL, EBVBY9 EBNA1 aa 514-527
KTSLYNLRRGTALA, EBV BXLF2 aa 126-140
LEKQLFYYIGTMLPNTRPHS, EBV BRLFI1 aa 119-133
DRFFIQAPSNRVMIP, EBVBY EBNA3 aa 381-395
PIFIRRLHRLLLMRA, EBVBY9 GP350 aa 167-181
STNITAVVRAQGLDV, TABAN HEMA aa 306-318
PKYVKQNTLKLAT) or CMVpp65 aa 510-524
YQEFFWDANDIYRIF. All peptides were synthesized and
dissolved in water 10% DMSO as previously described (purity
=80%) and were kindly provided by S. Stevanovic (81).

Stimulation and Cultivation of Peripheral
Blood Mononuclear Cells

PBMCs from donors previously screened for ex vivo CD4" T-cell
reactivities against MHCII peptides were thawed and rested in T-
cell medium (TCM; IMDM + 1x P/S + 50 pM B-ME + 10% hi.
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HS) containing 1 pg/ml DNase I (Sigma-Aldrich) at a
concentration of 2-3 x 10° cells/ml for 3 h at 37°C and 7.5%
CO,. After resting, cells were washed once and counted, and up
to 1 x 10° cells were labeled with 1.5-2 pM carboxyfluorescein
succinimidyl ester (CFSE; BioLegend, USA) in 1 ml PBS 1x for
20 min according to the manufacturer’s protocol. The cells were
washed twice in medium containing 10% FBS after CFSE labeling
and incubated with 5, 0.5, or ©.05 pM of CD4-Nb1, CD4-Nb4, or
a control Nb for 1 h at 37°C in serum-free IMDM medium.
Concentrations and duration were chosen to mimic the expected
approximate concentration and serum retention time during
clinical application. After incubation, cells were washed twice
and counted, and each condition was separated into three parts
and seeded in a 48-well cell culture plate (1.6-2.5 x 10° cells/well
in triplicate). Cells were stimulated with either 10 pg/ml PITA-L
(Sigma-Aldrich) or 5 pg/ml MHCII peptide(s) or left
unstimulated and cultured at 37°C and 7.5% CO,. Then, 2 ng/
ml recombinant human IL-2 (R&D, USA) were added on days 3,
5,and 7. One-third of the culture on day 4, one half of the culture
on days 6 and 8, and the remaining cells on day 12 were
harvested, counted, and stained for flow cytometry analyses.
For donor 1, the proliferation/activation status and cytokine
production were analyzed in two different experiments, whereas
for donors 2 and 3, cells from a single experiment were used for

the three assays.

Assessment of T-Cell Proliferation

and Activation

Cells from days 4, 6, and 8 were transferred into a 96-well round-
bottom plate and washed twice with FACS buffer [PBS + 0.02%
sodium azide (Roth, Germany) + 2 mM EDTA (Sigma-Aldrich) +
2% h.i. FBS]. Extracellular staining was performed with CD4 APC-
Cy7 (RPA-T4; BD Biosciences), CD8 BV605 (RPA-TS8; BioLegend),
the dead cell marker Zombie Aqua (BioLegend), CD25 PE-Cy7
(BCY6; BioLegend), CD69 PE (FN50; BD Biosciences) and
incubated for 20 min at 4°C. All antibodies were used at pretested
optimal concentrations. Cells were washed twice with FACS buffer.
Approximately 500,000 cells were acquired on the same day using
an LSRFortessaTM SORP (BD Biosciences, USA) equipped with the
DIVA Software (Version 6, BD Biosciences, USA). The percentage
of proliferating CD4* cells was determined by assessiment of CFSE-
negative cells and activation by the percentage of CD69* or CD25%.

Assessment of T-Cell Function by
Intracellular Cytokine Staining

On day 12, the MHCII peptide(s)-stimulated and cultured cells
were transferred into a 96-well round-bottom plate (0.5-1 x 10°
cells/well) and restimulated using 10 ug/ml of the same peptide
(s), 10 ug/ml staphylococcal enterotoxin B (SEB; Sigma- Aldrich;
positive control), or 10% DMSO (negative control). Protein
transport inhibitors brefeldin A (10 pg/ml; Sigma-Aldrich) and
Golgi Stop (BD Biosciences) were added at the same time as the
stimuli. After 14-h stimulation at 37°C and 7.5% CO,, cells were
stained extracellularly with the fluorescently labeled antibodies
CD4 APC-Cy7, CD8 BV605, and Zombie Aqua and incubated
for 20 min at 4°C. Afterward, cells were washed once, fixed, and

permeabilized using the BD Cytofix/Cytoperm solution (BD
Biosciences) according to the manufacturer’s instructions;
stained intracellularly with TNF Pacific Blue (Mabll), TL-2
PE-Cy7 (MQ1-17H12), IFN-y Alexa Fluor 700 (48.B7), and
CD154 APC (2431) antibodies (all BioLegend) (82); and
washed twice. Approximately 500,000 cells were acquired on
the same day using an LSRFortessaTM SORP (BD Biosciences,
USA) equipped with the DIVA Software (Version 6; BD
Biosciences). All flow cytometry analyses were performed with
FlowJo version 10.6.2; gating strategies are shown in
Supplementary Figure 6. Statistical analyses were performed
with GraphPad Prism version 9.0.0.

Full Blood Stimulation and Cytokine
Release Assay

Here, 100 pl of lithium-heparin blood was incubated for 1 h at
37°C and 7.5% CO,. The blood was stimulated with 5 pM Nb
(CD4-Nbl, CD4-Nb4, or control Nb), 100 ng/ml LPS
(Invivogen, USA), or 2 pug/ml PHA-L in a final volume of 250
Wl (serum-free IMDM medium) or left unstimulated for 24 h at
37°C and 7.5% CO,. After two centrifugations, supernatant was
collected without transferring erythrocytes. The supernatants
were frozen at -80°C until cytokine measurements. Levels of
IL-1B, IL-1Ra, IL-4, IL-6, IL-8, IL-10, IL-12p70, IL-13,
granulocyte-macrophage colony-stimulating factor (GM-CSF),
IFN-y, macrophage chemotactic protein (MCP)-1, macrophage
inflammatory protein (MIP)-1pB, TNFe, and vascular endothelial
growth factor (VEGF) were determined using a set of in-house-
developed Luminex-based sandwich immunoassays each
consisting of commercially available capture and detection
antibodies and calibrator proteins. All assays were thoroughly
validated ahead of the study with respect to accuracy, precision,
parallelism, robustness, specificity, and sensitivity (83, 84).
Samples were diluted at least 1:4 or higher. After incubation of
the prediluted samples or calibrator protein with the capture
coated microspheres, beads were washed and incubated with
biotinylated detection antibodies. Streptavidin-phycoerythrin
was added after an additional washing step for visualization.
For control purposes, calibrators and quality control samples
were included on each microtiter plate. All measurements were
performed on a Luminex FlexMap® 3D analyzer system using
Luminex xPONENT® 4.2 software (Luminex, USA). For data
analysis, MasterPlex QT, version 5.0, was employed. Standard
curve and quality control samples were evaluated according to
internal criteria adapted to the Westgard Rules (85) to ensure
proper assay performance.

Analysis of Cross-Species Reactivity
Binding to Mouse CD4" Cells by

Flow Cytometry

Murine CD4* cells were isolated from spleen and lymph nodes of
C57BL/6N mice by positive selection over CD4 magnetic
microbeads (Miltenyi Biotech, Germany). Human CD4" cells
were extracted from blood using StraightFr0m® Whole Blood
CD4 MicroBeads (Miltenyi Biotech). Single-cell suspensions
were incubated with 0.75 pg/ml of CD4-Nbs-Cy5.5 (~47-60
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nM) or GFP-Nb-Cy5.5 (~51 nM) in 1% FPS/PBS at 4°C for 20
min and subsequently analyzed on an LSR-II cytometer
(BD Biosciences).

Optical Imaging of CD4-Expressing
HPB-ALL Tumors

Human T-cell leukemia HPB-ALL cells (German Collection of
Microorganisms and Cell Cultures GmbH, DSMYZ, Braunschweig,
Germany) were cultured in RPMI-1640 supplemented with 10%
FBS and 1% P/S. Here, 107 HPB-ALL cells were injected
subcutaneously in the right upper flank of 7-week-old NSG
(NOD.Cg-Prkdcmd Iergm TWitS,]: Charles River Laboratories,
Sulzfeld, Germany) mice, and tumer growth was monitored for
2-3 weeks. When tumors reached a diameter of ~7 mm, 5 ug of
CD4-Nbs-Cy5.5 or control Nb (GFP-Nb-Cy5.5) were administered
into the tail vein of two mice each. Optical imaging (OI) was
performed repetitively in short-term isoflurane anesthesia over a
period of 24 h using the IVIS Spectrum In Vivo Imaging System
(PerkinElmer, Waltham, MA, USA). Four days after the first Nb
administration, the CD4-Nbs-Cy5.5 groups received the GFP-Nb-
Cyb.5 (and vice versa), and tumor biodistribution was analyzed
identically by OI over 24 h. After the last imaging time point,
animals were sacrificed and tumors were explanted for ex vivo Ol
analysis. Data were analyzed with Living Image 4.4 software
(PerkinElmer). The fluorescence intensities were quantified by
drawing regions of interest around the tumor borders and were
expressed as average radiant efficiency (phetons/s)/ (LW /cm?)
subtracted by the background fluorescence signal before Nb
injection to eliminate potential residual signal from the previous
Nb application. All mouse experiments were performed according
to the German Animal Protection Law and were approved by the
local authorities (Regierungsprasidium Tabingen).

Immunofluorescence Staining of
Explanted Xenograft Tumors

Freshly frozen 5-pm sections of hCD4-Nb1-Cy5.5-containing
mouse tumors were analyzed using an LSM 800 laser scanning
microscope (Zeiss), Afterward, the sections were fixed with
perjodate-lysine-paraformaldehyde, blocked using donkey serum,
and stained with primary rabbit-anti-CD4 antibody (Cell Marque,
USA). Bound antibody was visualized using donkey-anti-rabbit-Cy3
secondary antibody (Dianova, Germany). YO-PRO-1 (Invitrogen,
USA) was used for nuclear staining, Acquired images of the same
areas were manually overlaid.

Radiolabeling With NODAGA and ®*Cu

All procedures for conjugation and radiolabeling with *Cu were
performed using metal-free equipment and Chelex 100 (Sigma-
Aldrich) pretreated buffers. Azide-modified Nbs (100 pg) were
treated with 4 ul of 5 mM EDTA in 25¢ mM sodium acetate
buffer (pH 6) for 30 min at room temperature (RT). The protein
was reacted with 15 molar equivalents of BCN-NODAGA
(CheMatech, Dijon, France) in 250 mM sodium acetate pH 6
for 30 min at RT followed by incubation at 4°C for 18 h. Excess of
chelator was removed by ultrafiltration (Amicon Ultra 0.5 ml, 3
kDa MWCO, Merck Millipore) using the same buffer. [%*Cu]

CuCl, (150 MBq in 0.1 M HCl) was neutralized by addition of
1.5 volumes of 0.5 M ammonium acetate solution (pH 6),
resulting in a pH of 5.5. To this solution, 50 pg of conjugate
was added and incubated at 42°C for 60 min. Then, 1 ul of 20%
diethylenetriaminepentaacetic acid (DTPA) solution was added
to quench the labeling reaction. Complete incorporation of the
radioisotope was confirmed after each radiosynthesis by thin-
layer chromatography (iTLC-SA; Agilent Technologies; mobile
phase 0.1 M citric acid pH 5) and high-performance size
exclusion chromatography (HPSEC; BioSep SEC-s2000, 300 x
7.8 mm, Phenomenex; mabile phase DPBS with 0.5 mM EDTA).
All radiolabeled preparations used for i vivo PET imaging had
radiochemical purities of 297% (iTLC) and >94% (HPSEC).

In Vitro Radioimmunoassay

Here, 10" HPB-ALL or DHL cells were incubated in triplicate
with 1 ng (3 MBq/ug) of radiolabeled *Cu-CD4-Nbl or *Cu-
GFP-Nb for 1 h at 37°C and washed twice with PBS/2% FCS. The
remaining cell-bound radioactivity was measured using a
Wizard® 2480 gamma counter (PerkinElmer Inc., Waltham,
MA, USA) and quantified as percentage of total added activity.

PET/MRI

Human CD4 knock-in (hCD4KI, genOway, Lyon, France] and
wt C57BL/6] mice (Charles River) were injected intravenously
with 5 pug (~15 MBq) of *Cu-CD4-Nb1. During the scans, mice
were anesthetized with 1.5% isoflurane in 100% oxygen and
warmed by water-filled heating mats. Ten-minute static PET
scans were performed after 1.5, 3, 6, and 24 h in a dedicated
small-animal Inveon microPET scanner (Siemens Healthineers,
Knoxville, TN, USA; acquisition time: 600 s). For anatomical
information, sequential T2 TurboRARE MR images were
acquired immediately after the PET scans on a small animal 7
T ClinScan magnetic resonance scanner (Bruker BioSpin GmbH,
Rheinstetten, Germany). Dynamic PET data of the first 90 min
post injection were gained in two mice and divided into 10-min
frames. After attenuation correction by a cobalt-57 point source,
PET images were reconstructed using an ordered subset
expectation maximization (OSEM3D) algorithm and analyzed
with Inveon Research Workplace (Siemens Preclinical
Solutions). The volumes of interest of each organ were drawn
based on the anatomical MRI to acquire corresponding PET
tracer uptake. The resulting values were decay-corrected and
presented as percentage of injected dose per volume (%ID/ml).
Ex vive y-counting was conducted after the last imaging time
point by measuring the weight and radioactivity of each organ.
For quantification, standardized aliquots of the injected
radiotracer were added to the measurement.

Analyses and Statistics

Data analysis of the flow cytometry data was performed with the
FlowJo Software Version 10.6.2 (FlowJo LLT, USA), and graph
preparation and statistical analysis were performed using the
GraphPad Prism Software (Version 8.3.0 or higher).
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CD4* T cells are crucial in shaping response and resistance to immunotherapy. To enhance our understanding of
their multifaceted functions, we developed copper-64-radiolabeled nancbodies targeting the human CD4 recep-
tor (**Cu-CD4-Nb1) for positron emission tomography (PET). In human CD4-receptor knock-in mice, S3Cu-CD4-
Nb1 specifically accumulated in different orthotopic tumors, correlating with histological CD4" cell densities.
Based on intratumoral CD4" cell distribution patterns within the core and periphery, we distinguished responders
to combined aPD-1/4-1BB antibodies early on-treatment. CD4-PET identified resistance to «PD-1 monotherapy,
which was mitigated by adding regulatory T cell-depleting o4-1BB antibodies. Patients with early-stage non-
small cell lung cancer who relapsed after neoadjuvant «PD-L1 therapy revealed low CD4" T cell densities in the
tumor core. In human and mouse tumortissues, regulatory T cells correlated with CD4* cell densities. Thus, visual-
izing the spatial distribution patterns of CD4" cells by PET offers mechanistic insights into CD4-mediated therapy
efficacy, with great potential for guiding combinatorial immunotherapies in patients with cancer.

INTRODUCTION

T cells are crucially involved in the development and treatment of
cancer. Whereas CD8™ cytotoxic T lymphocytes (CTLs) primarily
mediate antitumoral immunity, CD4" T cells are a heterogeneous
group of cells with complex and multifaceted roles in either orches-
trating or suppressing therapeutic immune responses (I, 2). On the
basis of their differentiation, CD4™ T helper cells can induce the
cytotoxic activity of CTLs and activate B cells, dendritic cells, natu-
ral killer cells, and macrophages (3). In addition, specific subsets
of CD4* T cells exert direct antitumoral cytotoxicity and induce
tumor senescence (4-6). In contrast, regulatory T (T,y) cells in-
hibit antitumoral immune responses within the tumor microenvi-
ronment (TME) (7).

"Werner Siemens Imaging Center, Department of Preclinical Imaging and Radio-
pharmacy, University Hospital Tuebingen, University of Tuebingen, Tuebingen,
Germany. “NMI Natural and Medical Sciences Institute at the University of Tuebingen,
Reutlingen, Germany. 3Department of Nuclear Medicine, University Hospital
Tuebingen, University of Tuebingen, Tuebingen, Germany Pharmaceutical Bio-
technology, University of Tuebingen, Tuebingen, Germany. *Cluster of Excellence
iFIT (EXC2180) “Image-Guided and Functlonally Instructed Tumor Therapies’; Uni-
versity of Tuebingen, Tuebingen, Germany. Department of Pathology and Neu-
ropathology, University Hospital and Comprehenswe Cancer Center Tuebingen,
University of Tuebingen, Tuebingen, Germany. Department of Dermatology, Uni-
versity Hospital Tuebingen, University of Tuebingen, Tuebingen, Germany. ®De-
partment of Medlcal Imaging, Radboud University Medical Center, Nijmegen,
Netherlands. “Department of Medlcal Biosciences, Radboud University Medical
Center, Nijmegen, Netherlands, ' Department of Pulmonology, Radboud Universi-
ty Medical Center, Nijmegen, Netherlands, ' Department of Pulmonaol ogy, Univer-
sity Medical Center Utrecht, Utrecht, Netherlands, “Department of Nudear Medicine
and Malecular Imaging, University Medical Center Groningen, Groningen, Netherlands,
¥ German Cancer Consortium (DKTK) and German Cancer Research Center (DKF2),
Partner site Tuebingen, Tuebingen, Germany “Department of Medical Oncology
and Pneurnalogy, University Hospital Tuebingen, University of Tuebingen, Tuebingen,
Germany.
*Corresponding author. Email: dominik.sonanini@med.uni-tuebingen.de

Pezzana et al, Sci. Adv. 11, eadw 1924 (2025) 25 June 2025

Tey cells have been identified as key drivers of resistance to
immune checkpoint inhibitors (ICIs) targeting the programmed
death protein 1 (PD-1) oritsligand (PD-L1) (8). PD-(L)1-directed
ICIs have become the standard of care for many types of metastatic
cancer (9, 10), but overall response rates remain unsatisfactory,
ranging from 12 to 40% depending on the tumor type (11-15).
To improve therapeutic outcomes, aPD-(L)1 ICIs have been com-
bined with other immunotherapies targeting additional immune
checkpoints—such as cytotoxic T lymphocyte antigen 4 (CTLA-4),
lymphocyte activation antigen 3 (LAG-3), chemokine receptor 7
(CCR-7), and 4-1BB—or with tumor vaccination. All of these ap-
proaches have been shown to specifically modulate CD4" T cell
function (16-21).

Positron emission tomography (PET), a noninvasive molecular
imaging method, enables visualization of immune cells by using ra-
diolabeled antibodies or antibody fragments targeting cell-specific
surface markers (22). To better understand the mechanisms under-
lying CD4-mediated immunity and to individually stratify patients
for combinatorial immunotherapies, various radiotracers, includ-
ing full-length antibodies, radiolabeled F(ab’), fragments, engi-
neered scFv dimers (cys-diabodies), or scFv-CH3 (minibodies),
have been developed for the specific targeting of mouse, nonhu-
man primate, or human CD4" cells (23-29). Recently, we com-
pared zirconium-89 (*Zr)-labeled human and mouse CD4-specific
minibodies in different syngeneic tumor models and successfully
identified responders to combined «wPD-L1/aLAG-3 [CI therapy in
an MC38 tumor mouse model based on the whole-tumor PET up-
take (30).

Increasing histology-driven evidence from mouse and human
tumor tissties highlights the spatial location of specific CD4™ sub-
sets within the TME and their proximity to other immune cells
as critical biomarkers for determining ICI efficacy (31-37). To
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meet the requirement for highly specific and sensitive radiotracers
capable of capturing the dynamic distribution patterns of immune
cell with sufficient spatial resclution, we recently generated alpaca-
derived single-domain antibodies [nanobodies (Nbs)] that target
the human CD4 receptor for clinical PET imaging of CD4" T cells
in vivo (38). Because of their low molecular and picomolar binding
affinities, Nbs offer advanced imaging properties including rapid
tissue penetration and clearance from blood (39). From a set of 78
positive binders, we selected CD4-Nbl as the lead candidate based
on its binding characteristics, recognized epitopes, and lack of ef-
fects on T cell proliferation, activation, or cytokine release in vitro.
CD4-Nbl was subsequently radiclabeled with copper-64 (**Cu) for
in vivo imaging (38).

In this study, we applied **Cu-CD4-Nbl to track intratumoral
CD4" T cells in human CD4 receptor knock-in (hCD4-KI) and
wild-type (WT) C57BL/6] mouse models to explore whether clini-
cally relevant changes CD4" cells within the TME and lymphatic
organs can be visualized by in vivo PET imaging. Spatially resolved
PET uptake patterns observed during «aPD-L1 monotherapy and
combined ICI therapy were correlated with histological distribution
of CD4™ cells and therapy response. Notably, we demonstrate that
differential core and marginal CD4" cell quantifications of whole
tumor tissues derived from patients with non-small cell lung
cancer (NSCLC) after neoadjuvant aPD-L1 therapy were predictive
of therapy resistance. These findings underscore the potential of
#Cu-CD4-Nbl PET imaging to provide mechanistic insights into
CD4-mediated immune responses and resistance, paving the way
for its use in guiding combinatorial immunotherapy strategies in
patients with cancer.

RESULTS

54Cu-CD4-Nb1 specifically binds to human CD4 in vitro

and invivo

For in vivo PET imaging of CD4™ cells, our CD4-Nbl was con-
jugated site-specifically to p-NCS-benzyl- NODA-GA (NODAGA)
and radiolabeled with **Cu, with labeling efficiencies of over 90%
(Fig. 1A). We revealed a maximum binding of 92.6% for *Cu-CD4-Nb1
using hCD4-coated beads (Fig. 1B) and confirmed specific binding
to freshly isolated hCD4" T cells (Fig. 1C).

To determine the CD4-specific biodistribution kinetics in vivo,
we analyzed **Cu-CD4-Nbl uptake in orthotopic $ZWTP3 poly-
oma virus middle T antigen (PyMT) breast cancer-bearing hCD4
knock-in (hCD4-KI) and WT C57BL/6] mice (fig. S1A). Whereas
#Cu-CD4-Nb1 was rapidly cleared from the blood within the first
90 min after injection in both groups, we observed increased PET
uptake in the lymphatic organs and PyMT tumors of hCD4-KI
mice over time in vivo (1.5 to 6 hours) (Fig. 1D and fig. S1B) and
ex vivo (6 hours) (fig. S1D). At the 3-hour imaging time point,
CD4-derived PET signals could be clearly distinguished visually
(Fig. 1E) and quantification revealed ~3.6-fold higher uptake in the
spleen, ~3.5-fold higher uptake in tumor-draining lymph nodes,
and ~1.8-fold higher uptake in PyMT tumors in hCD4-KI mice
than in WT mice (Fig. 1, F and G, and fig. $1C). In contrast, organs
with low CD4" T cell infiltration, such as the lung, kidney, and
muscle, as well as bload, showed a similar “*Cy-CD4-Nb1 uptake
(fig. 81, B and C). This observation indicates that the presence or
absence of the target antigen does not influence the biodistribution
of the tracer in vivo.
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54Cu-CD4-Nb1 PET imaging can detect clinically relevant
changes in intratumoral CD4* cell density

Next, we analyzed the sensitivity of *Cu-CD4-Nb1 to detect varia-
tions in intratumoral CD4* T cell densities. For this purpose, we
orthotopically inoculated cells of the low-immunogenic B16F10
melanoma tumor cell line (40) and the immunogenic PyMT breast
cancer cell line (41) into hCD4-KI or WT mice. The tumor-bearing
mice were either left untreated or received combined aPD-1/04-
IBB ICI therapy for 7 days before **Cu-CD4-Nbl PET imaging
(fig. S2A).

In untreated hCD4-KI mice, “*Cu-CD4-Nb1 uptake was slightly
higher in PyMT tumors (0.30 = 0.05 %I1D/ml) than in B16F10 tu-
mors (0.23 + 0.02 %ID/ml) (Fig. 2, A and B). In the ICI-treated
PyMT tumor-bearing hCD4-KI mice, the **Cu-CD4-Nbl uptake
was significantly higher (0.44 + 0.04 %ID/ml) than in the ICI-
treated PyMT tumor-bearing W'T mice. The latter showed a *Cu-
CD4-Nbl uptake of 0.23 + 0.02 %ID/ml, similar to that of the
poorly immunogenic B16F10 melanomas (Fig. 2, A and B, and
fig. $3A). Quantitative ex vivo biodistribution analysis of the tumors
demonstrated values similar to the in vivo uptake values for each
group (Fig. 2C and fig. $3C). The immunohistochemical analysis
revealed that the CD4™ T cell densities correlated with **Cu-CD4-
Nb1 in vivo and ex vivo uptake when corrected for nonspecific back-
ground *'Cu-CD4-Nb1 uptake in tumors of W'T animals (Fig. 2D). To
note, we observed an accumulation of *Cu-CD4-Nb1 preferentially
at the tumor margins of nontreated PyMT tumors (Fig. 2A). In
sharp contrast, in ICI-treated mice **Cu-CD4-Nb1 mainly accumu-
lated within the tumor cores (Fig. 2A). This ICI-related CD4" T cell
infiltration into the TME was also confirmed by immunohisto-
chemical staining (Fig. 2, D and E).

Furthermore, we detected higher *Cu-CD4-Nb1 uptake in the
spleen and tumor-draining and contralateral lymph nodes of PyMT-
bearing ICI-treated hCD4-KI mice when compared to untreated
PyMT- and B16F10-bearing hCD4-KI mice (Fig. 3, A to C, and
fig. 82, B and C). This observation was validated by ex vivo CD4 im-
munofluorescence microscopy of the spleen (Fig. 3D), suggesting a
systemic aPD-1/04-1BB treatment-related increase in CD4" cells in
the secondary lymphoid organs.

CD4* immune cell infiltration in the tumor core is correlated
with sensitivity to aPD-1/a4-1BB therapy

To further investigate whether dynamic changes in CD4™ T cell den-
sity within the TME provide early insights into immunotherapy ef-
ficacy, we subjected additional PyMT tumor-bearing ICI-treated
hCD4-KI mice to in vive **Cu-CD4-Nbl-PET imaging. Following
ICI treatment, 7 of the 13 animals were classified as responders
based on inhibited tumor growth (Fig. 4A). Notably, in responsive
turnors of hCD4-KI mice, **Cu-CD4-Nb1 uptake was significantly
higher (047 =+ 0.03 %ID/ml) than in nonresponsive tumors
(0.36 =+ 0.02 %ID/ml) (Fig. 4B). In addition, we identified different
uptake patterns within the TME. In responders, **Cu-C[4-Nbl
predominantly accumulated in the tumor core (classified as T cell-
enriched). In contrast, nonresponsive tumors showed a ubiquitously
reduced **Cu-CD4-Nb1 uptake (T cell-deserted) or signal accumu-
lation predominantly at the tumor margin (T cell-excluded; Fig. 4C).
To quantitatively assess these distinct spatial uptake patterns, we
analyzed the tumor core and periphery separately. This was done by
defining a tumor region of interest (RQOI) reduced by 50% for the
core, with the corresponding peripheral region encompassing the
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(hCD47). n = 3 per group, means + SD, representative data from >3 independent experiments. (C) In vitro binding of **Cu-CD4-Nb1 and a control Nb (**Cu-GFP-Nb) to
freshly isolated hCD4" T cells, hCD4 ™~ DHL cells, or no cells (—). n = 3 per group. (D) *’Cu-CD4-Nb1 PET uptake dynamics 5 to 360 min post-tracer injection (p.i.) in the blood,
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(ndLNs). (G) **Cu-CD4-Nb1 PET uptake quantification 180 min after tracer injection in PyMT tumeors and the tumor-to-blood ratio. Pairwise comparisons were performed
with Student’s t test and corrected for multiple comparisons using the Holm-Sidak method (*P < 0.05; ***P < 0.001).

this animal model, we found that the intratumoral distribution of
Treg cells was associated with the CD4" cell densities and no indi-
vidual indicator of therapy resistance, highlighting the ability of our
PET approach to capture CD4* cell-mediated immune responses
based on the spatial localization during treatment.

remaining area (Fig. 4C). The calculation of the core-to-periphery
tracer uptake ratio determined for each tumor enabled us to differ-
entiate between responders and nonresponders on an individual
basis (Fig. 4D). These findings are in line with the results of quanti-
tative ex vivo immunchistochemical analysis, which revealed higher
CD4™" cell densities in the tumor core of therapy-responsive mice
and higher CD4% cell densities in the tumor periphery of two non-
responsive hCD4-KI mice classified with immune excluded PET
uptake patterns (Fig. 4, E and [). Noteworthy, there was no correla-

CD4-directed PET imaging to guide treatment regimens in
MC38 tumor-bearing mice
On the basis of ex vivo studies in aPD-1-treated WT animals show-

tion between therapy outcome and *'Cu-CD4-Nb1 uptake in the
secondary lymphatic organs (fig. §3, D and E).

Unexpectedly, we detected greater fractions of FoxP3" T, cells
in both the tumor core of responding animals and the tumor pe-
riphery of nonresponsive animals (Fig. 4, G and H). Thus, at least in

Pezzana et al,, Sci. Adv. 11, eadw1924 (2025) 25 June 2025

ing a huge variety of 7.5 to 20.3% CD4* T cells within the MC38
tumor infiltrate (fig. S4A), we aimed to investigate whether on-
treatment CD4-PET imaging can be used to identify early therapy
resistance, thus enabling timely therapy adaptation. To achieve het-
erogeneous therapeutic responses in a preclinical model similar to
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those observed in patients with cancer, we administered an ineffec-
tive dose oaPD-1 treatment to MC38 colon adenocarcinoma-bearing
hCD4-KI mice (42). Here, single «PD-1 ICI therapy resulted in a
response rate of 42% (5 of 12 animals) (Fig. 5A). In a second group
of animals, we applied *'Cu-CD4-Nb1-PET imaging 5 days after on-
set of aPD-1 treatment for early assessment of potential therapy re-
sistance (Fig. 5B). Here, 33% of mice (7 of 21 animals) showed an
increased **Cu-CD4-Nb1 uptake in the tumor core (Fig. 5C). These
mice were considered as potential responders and continued to re-
ceive aPD-1 monotherapy. Notably, all seven mice with continued
«PD-1 monotherapy presented delayed tumor growth (Fig. 5D). Of
these, five mice demonstrated a clear therapy response (Fig. 5D). In
contrast, the animals that exhibited either enhanced tracer uptake
patterns in the tumor periphery or no increased tracer uptake within
the whole tumor at day 5 received o4-1BB monoclonal antibodies
(mAbs) in addition to the uPD-1 antibodies from day 6 onward. This
treatment was administered to overcome suspected CD4" cell-me-
diated treatment failure. Here, another 10 of the 14 mice receiving
subsequent combined «PD-1/04-1BB therapy exhibited regressing
MC38 tumors (Fig. 5E). In conclusion, we were able to increase the
response rates of MC38 tumor-bearing mice from 36% in the aPD-1
monotherapy group to 71% when early CD4-PET-guided therapy
adaptation was applied.

Furthermore, in the second cohort of 13 animals, we conducted
additional follow-up CD4-PET imaging 12 days after therapy ini-
tiation (6 days after «4-1BB treatment). Here, we observed a sig-
nificant decrease in the tumor core/margin ratio between day 5 and
day 12 within the aPD-1 monotherapy group and in one animal
that did not respond to combined aPD-1/0e4-1BB ICI (Fig. 5F). Most
animals of the combined «PD-1/a4-1BB ICI group demonstrated a

Pezzana et al., Sci. Adv. 11, eadw1924 (2025) 25 June 2025

stable or increased tumor core/margin ratio at the later imaging
time point, suggesting that a4-1BB therapy increased the influx
of CD4™ T cells into the TME (Fig. 5F).

Low intratumoral CD4* T cell densities are associated with
early relapse after neocadjuvant aPD-L1 therapy in patients
with NSCLC

Last, we aimed to determine the extent to which the differential
distribution patterns of tumor-infiltrating CD4™ cells could serve
as predictors of therapy efficacy in a clinical setting. For this pur-
pose, we analyzed the immune cell infiltration in 35 tumor
biopsies (pretreatment) and subsequent whole tumor samples (on-
treatment) from patients with NSCLC enrolled in two prospective
clinical trials (NCT03853187 and NCT03514719) and treated with
two cycles of ®PD-L1 mADs {(durvalumab or avelumab) in a neoad-
juvant setting (Fig. 6A). Because the multiplex immunofluores-
cence panel lacked CD4, CD3TCD8 cells were classified as CD4™"
T cells after confirming that the densities of CD4 CD8" cells
were <10% of all T cells within the TME (fig. S4, B and C). As
expected from the relatively low response rates in patients with
NSCLC, CD4" T cells were significantly enriched in the tumor
margin, whereas only a few patients presented increased CD4" T
cell accumulation within the tumor core between baseline and after
aPD-L1 treatment (Fig. 6B). On the basis of the on-treatment cD4t
T cell densities at the tumor core and margin, we differentiated T
cell-enriched (n = 9), T cell-excluded (n = 11), and T cell-de-
serted tumors (n = 15) (Fig. 6, C and D). Notably, five of the six
patients who relapsed within 1 year after surgery were classified as
having T cell-deserted tumors on-treatment, and all patients with
NSCLC exhibited low CD4™ T cell densities within the tumor core
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Fig. 3. Noninvasive visualization of lymphatic organs in mice treated with or without «PD-1/x4-1BB immunotherapy. (A) In vivo and (B) ex vivo quantification of
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(Fig. 6E). Patients with NSCLC who experienced a later relapse (af-
ter >2 vears) revealed an increased CD4 ™" T cell density in both the
tumor core (nonsignificant) and the tumor margin compared to
patients with early relapse (<1 year) (Fig. 6F). In line with our pre-
clinical data, we did not detect relevant changes in the fraction of
FoxP3" Ty cells between the relapse groups and the intratumoral
location (Fig. 6F). These observations suggest that spatial CD4t T
cell distribution is a clinically relevant biomarker for primary (low
core CD4) and secondary (high margin CD4) resistance to aPD-
(L)1 therapy. In contrast, the pathological response, which is based
on the fraction of residual vital tumor cells upon treatment and
considered as the gold standard for the evaluation of therapy re-
sponsiveness in neoadjuvant regimens, was not correlated with pa-
tient relapse (Fig. 6G).

Pezzana etal., Sci. Adv. 11, eadw1924 (2025) 25 June 2025

DISCUSSION

Starting with the approval of the CTLA-4-targeting ICI ipilimumab
for metastatic melanoma in 2011, the subsequent decade of immu-
notherapy has introduced several antibody-based, cell-based, and
vaccine-based treatment options for patients with cancer, with many
more options expected in the next 5 to 10 years (43). However, all
these approaches sufter from limited response rates and a lack of reli-
able biomarkers to predict therapeutic efficacy (44). Tumor-derived
parameters such as immunohistochemical assessed PD-(L)1 expres-
sion or tumor mutational burden (45-48) and blood-based biomarkers
(49-51) have been identified as promising indicators for predicting
therapeutic efficacy. However, even artificial intelligence-based mul-
timodal integration of these different parameters has demonstrated
very limited predictive value in larger patient cohorts (52, 53).
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as responders (tumor volume d7/d0 < 1, blue), and six mice were classified as nonresponders (tumor volume d7/d0 > 1, red). (B) ®*Cu-CD4-Nb1 PET uptake 7 days after
aPD-1/24-1BB therapy initiation in responders and nonresponders. (C) Representative MR (axial slice) and PET images {axial slice, tumor only) acquired 180 min after Scu-
CD4-Nb1 injection. Tumors were classified as T cell-“enriched, T cell-“excluded; or T cell-“desertad” on the basis of the spatial distribution of *Cu-CD4-Nb1 PET uptake.
The tumor core and tumor margin uptake values were differentiated by a centered 50% reduced ROl (white circles). (D) The intratumoral CD4" T cell distribution was
quantified by the ratio of the tumor core and tumor margin **Cu-CD4-Nb1 PET uptake. (E) Ex vivo quantification of CD4™ cells in the tumor core and the tumor margin by
immunofluorescence. (F) Tumor core-to-margin ratios of CD4* T cells. (G) Representative immunofluorescence images and fractions of CD4*FoxP3* T cells within the
tumor core and tumar margin (gray: DAPI; blue: FoxP3; red: CD4). Scale bar, 10 um. (H) Tumor core-ta-margin ratios of CD4*FoxP3* Ty cells. Pairwise comparisons were

performed with Student’s t test and corrected for multiple comparisons using the Holm-Sidak method (#P < 0.05; **P < 0.01; ***P < 0.001).

On the basis of the hypothesis that immune responses and resis-
tance mechanisms become visible only after treatment has been initi-
ated, we introduced a noninvasive imaging approach for the early
monitoring of immunotherapy. In contrast to cancer cell-specific tar-
gets (such as PSMA, HER-2, and SSTR), immune cell imaging faces
the challenge of limited target-expressing cell densities, necessitating
tracers with exceptional sensitivity and spatial resolution to achieve
accurate detection. Recently, Nbs have been introduced in the diag-
nostic field for their unique structural and functional properties, in-
cluding high stability and binding affinity, and low molecular weight.
In a previous study (38), we developed and extensively validated dif-
ferent CD4-targeting Nbs and selected our lead candidate, which ex-
hibited the ability to quantitatively assess CD4" cells within the TME
and lymphatic tissues, The advantageous biological properties of Nbs,
as well as the high spatial resolution of “cy (54, 55), allowed us to
differentiate clinically relevant variations in CD4" cell densities and
even intratumoral distribution patterns of mouse tumors with di-
ameters below 5 mm. Our hCD4-KI versus WT mouse comparisons
demonstrated that specific uptake is not affected by varying levels
of CD4 antigen in the system, which occurs in the context of
chemotherapeutics or CD4%-depleting therapies. This character-
istic is unique compared with other published CD4-targeting PET
tracers with human or murine specificity (23-28, 56, 57). Notably,

Pezzana et al., Sci. Adv, 11, eadw1924 (2025) 25 June 2025

fluorescence-based imaging approaches have been developed to track
CD4" T helper and other immune cells with high sensitivity (58, 59).
However, the limited tissue penetration depth and the semiquantita-
tive nature of the signals largely restrict the clinical use of optical im-
aging to certain endoscopic or cutaneous applications.

CD4™ cells comprise a diverse group of T helper cells, T e, cells,
and T effector cells, and as such, their role as predictive biomarkers
remains a topic of ongoing and controversial debate (1, 2, 32-
36, 60-64). Moreover, the CD4 antigen is also expressed to a lesser
extent on other immune cells, including subsets of natural killer
cells, monocytes, and macrophages (65). In contrast to inducible
immune cell targets (66, 67), CD4 expression exhibits only minor
variations following antigenic activation {68}, virus infection (69) or
epigenetic regulation during thymic differentiation (70), thereby en-
abling accurate quantification of CD4™ cells by PET.

Through *Cu-CD4-Nb1 PET imaging, we could spatially local-
ize CD4" cells within the TME of both immunologically “cold”
B16F10 melanomas and “hot” PyMT breast tumors, discerning mini-
mal variations in CD47 cell densities in the TME (23, 71). Notably,
we observed different CD4" cell infiltration patterns in PyMT tu-
mors with ineftectively aPD1/a4-1BB-treated animals showing in-
filtration predominantly at the tumor periphery, whereas effectively
treated animals exhibited increased infiltration within the tumor core.
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Consistent with our findings of increased CD4-derived PET up-
take in lymph nodes and spleens, Kim ef al. similarly observed the
accumulation of CD4" and CD8" cells in oPD-1/w4-1BB-treated
C57BL/6 mice. 'The authors further reported pronounced lymph
node swelling and interferon-y-driven macrophage recruitment
following repeated a4-1BB administration, which they associated
with impaired CD8™ T cell function and the development of adverse
events {72).

Thep cells have been reported to form physical, metabolic, and
trafficking barriers that limit the entry of effector T cells into the

Pezzana etal, Sci. Adv. 11, eadw 1924 (2025} 25 June 2025

tumor core (73). Thus, we hypothesized that the CD4-derived
tracer signal from tumor margins in nonresponding animals
were due to increased accumulation of Ty cells, which suppress
the therapeutic response and immune cell infiltration into the
tumor. Ex vivo immunofluorescence of mouse and NSCLC pa-
tient samples confirmed the correlating accumulation of both
CD4" helper cells and T, cells in the tumor periphery and in
the tumor core, suggesting that immune effector functien induc-
es regulatory immune responses irrespective of therapy response
or resistance.
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after surgery (n = 5). (E) Correlation between the time to relapse after surgery and the number of CD4" cells within the core of the resected tumors. (F) Tumor core and
margin densities of CD4™ cells {left) and FoxP3™ Treg fraction of CD4™ cells {right) of patients relapsed within 1 year and >2 years after surgery. (G) Correlation of time to
relapse after surgery and pathological response based on the fraction of vital cells. Pairwise comparisons were performed with Student’s t test and corrected for multiple
comparisons using the Holm-Sidak method (*P < 0.05).
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To substantiate the value of CD4-directed PET imaging as a
decision-making approach, we applied additional ®4-1BB mAbs,
which have been shown to deplete T\, cells (74), to standard-of-
care aPD-1-treated MC38 tumor-bearing animals, which presented
increased **Cu-CD4-Nbl PET tracer uptake in the tumor periph-
ery. Most animals were correctly selected for therapy respense, and
combined treatment was successful even in mice with larger tumors.
In tumor samples from patients with NSCLC treated with [ CIs, high
CD47 cell densities in the tumor cores correlated with favorable
clinical outcomes, highlighting the clinical utility of our noninvasive
PET imaging approach.

With respect to clinical application, **Cu is a valuable radionu-
clide, combining preferable decay characteristics (radiation expo-
sure) compared to frequently used long-living isotopes such as *'Z,
with the advantages of centralized tracer production and continent-
wide overnight shipping capabilities (54, 55). Nevertheless, com-
bining Nb technology with fluorine-18 (**F) labeling, which has
recently been established for Nbs (75, 76), could pave the way for
multiparametric imaging approaches allowing noninvasive 1-day
visualization and localization of multiple immune cell populations,
thereby providing a comprehensive assessment of a patients im-
mune status without relying on invasive techniques such as biopsy
(23,28,77).

Various metabolic factors such as hypoxia (78), immunologi-
cal components including suppressive immune cells, cytokines, and
MHC-IT expression (79), as well as tumor-intrinsic drivers such as
oncogenic mutations (e.g., KRAS, TP53, and BRAF) and aberrant
signaling pathways (80), collectively influence the infiltration of
CD4" T cells. To better understand the underlying mechanisms of
our findings, it will be crucial to colocalize the PET-based macro-
scapic distribution patterns of CD4™ T cells with spatial transcrip-
tomics and immunogenomics.

In conclusion, analysis of CD4-directed PET tracer uptake pat-
terns allowed us to identify distinct immune features within the
TME that are associated with sensitivity to ICIs and have the poten-
tial to guide the development and optimization of combinatorial
immunotherapy strategies. Moreover, the spatially resolved “*Cu-
CD4-Nbl-PET data of the TME enables us to forecast treatment
resistance, which was further validated through immunotluores-
cence analysis in both mouse and human NSCLC tumor tissues.
Thus, Nb-based PET imaging of CD4% cells provides mechanistic
insights into the therapeutic actions of immunotherapies and un-
derlying resistance mechanisms, extending beyond the mere moni-
toring of therapeutic responses. This approach holds great potential
for guiding combinatorial immunotherapy strategies in patients
with cancer.

MATERIALS AND METHODS

Nb production

CD4-Nbl and GFP-Nb were either produced and labeled as previ-
ously described (38), or adapted versions that allow for site-directed
chemical conjugation (81) were produced using the ExpiCHO
Expression System according to the manufacturer’s protocols (Ther-
mo Fisher Scientific, Germany). The latter Nbs were isolated from the
cell-free culture supernatant by a combination of protein affinity chro-
matography, anion exchange chromatography, and cation exchange
chromatography. Nbs were reacted with p-NCS-benzyl NODA-GA
(Chematech, France) to produce Nb-NODAGA conjugates. The
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integrity and high purity of the Nbs and Nb-NODAGA conju-
gates were confirmed via liquid chromatography-mass spectrometry
(LC-MS) and SDS-polyacrylamide gel electrophoresis. The compa-
rability of the Nb-NODAGA conjugates from the two production
systems was confirmed by highly similar target-binding affinities
using biolayer interferometry (Qctet RED96e system, Sartorius).

Radiolabeling

[**Cu] Cudl; [150 megabecquerel (MBq) in 0.1 M HCI] was neutral-
ized by addition of 1.5 volumes of 0.5 M ammonium acetate solution
(pH 6), resulting in a pH of 5.5. To this solution, 50 pg of the conju-
gate was added and incubated at 42°C for 60 min. Then, 1 pl of 20%
diethylenetriamine pentaacetic acid solution was added to quench
the labeling reaction. Complete incorporation of the radioisotope
was confirmed after each radiosynthesis by thin layer chromatog-
raphy [iTLC-SA; Agilent Technologies; mobile phase: 0.1 M citric
acid (pH 5)] and high-performance size exclusion chromatography
[HPSEC; BioSep SEC-s2000, 300 mm by 7.8 mm, Phenomenex; mo-
bile phase: Dulbecco’s Balanced Salt Solution (DPBS) with 0.5 mM
EDTA]. All radiolabeled preparations used for in vivo PET imaging
had radiochemical purities of >90% (iTLC and HPSEC).

Bead assay

A total of 20 pl of Ni-NTA beads (nickel-nitrilotriacetic acid;
HisPur Ni-NTA magnetic beads; Thermo Fisher Scientific) was washed
with 380 pl of phosphate-buffered saline (PBS) containing 0.05%
Tween 20 (PBS-T), vortexed for 5 s, and placed on a magnetic rack
(12321D; DynaMag-2; Thermo Fisher Scientific) for 30 to 45 s to
isolate the magnetic beads. The His-tagged hCD4 antigen (Thermo
Fisher Scientific) was resuspended as per the manufacturer’s instruc-
tions to achieve a concentration of 0.1 mg/ml. The washed beads
were resuspended in 190 pl of PBS-T, incubated with 1 pg of His-
tagged hCD4 antigen for 15 min on a rotating mixer at room tem-
perature (RT), and then washed with PBS-T. A large excess (1 pg) of
the unlabeled ligand was added to the antigen-coated beads in
the blocking arm and incubated for 15 min on a rotating mixer at
RT. Afterward, 1 ng of **Cu-CD4-Nbl was incubated with antigen-
coated beads for 30 min on a rotating mixer at RT. The beads were
isolated using a magnet, and half of the supernatant (SN) was trans-
ferred to a y-counter tube. The solutions of beads + SN (BS) and SN
only (§) were measured by y-counting (Wallac 1480 WIZARD 37
Gamma Counter; PerkinElmer, Waltham, MA, USA), and the im-
munoreactive fraction was calculated as (BS — $)/(BS + S).

Tumor cells

hCD4™ diffuse histiocytic lymphoma (DHL) cell lines were pur-
chased from the German Collection of Microorganisms and Cell
Cultures (DSMZ, Braunschweig, Germany) and cultured in RPMI
1640 medium supplemented with 10% fetal calf serum (FCS) and
1% penicillin/streptomycin (P/S). The B16F10 murine melanoma
cell line was purchased from the American Type Culture Collection
(ATCC) and cultured in Dulbeccos modified Eagle’s medium
(DMEM) supplemented with 10% FCS and 1% P/S. The S2WTP3
(PyMT) triple-negative breast cancer cell line was kindly provided
by A. Meeller (Queensland University, Australia) and cultured in
DMEM supplemented with 10% FCS, 1% P/S, and 1% pyruvate
(Sigma-Aldrich). The MC38 murine colon adenocarcinoma cell line
was purchased from Kerafast and cultured in DMEM supplemented
with 10% FCS, 1% P/S, and 1% Hepes.
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In vitro binding assays

The binding of *Cu-CD4-Nbl or **Cu-GBP-Nb to freshly isolated
hCDA™ T cells and hCD4™ SU-DHIL-4 cells was assessed in vitro. A
total of 1 x 10° cells was incubated with 2 ng of **Cu-CD4-Nbl or
#Cu-GBP-Nb for 90 min at 37°C on a shaker. The cells were washed
twice with PBS/1% FCS and resuspended in 200 pl. The radicactiv-
ity was measured by y-counting.

Animals

All experiments were performed according to the animal use and care
protocols (R 04/22 G, R 08/21 G) of the German Animal Protection Law
and were approved by the local authorities (Regierungsprisidium
Tubingen). Eight- to 16-week-old WT C57BL/6] (Charles River
Laboratories) and hCD4-KI (C57BL/g]- Cdg™ H(CD4Geme, Genoway,
in-house breeding) mice were bred under specific pathogen-{ree
conditions with free access to food and water ad libitum.

Tumeor models

A total 0f 0.12 x 10° BI6F10 tumor cells was implanted by intrader-
mal injection into hCD4-KI mice in PBS. A total of 0.5 x 10°to 0.6 X
10° PyMT mammary tumor cells were orthotopically injected into
the fourth mammary fat pad in PBS into C57BL/6] or hCD4-KI
mice. WT or hCD4-KI mice with PyMT tumors were injected intra-
peritoneally with 200 pg of «PD-1 (clone: RMP1-14; Bioxcell) and
50 pg of w4-1BB (clone: 3H3; Bioxcell) mAbs 7 days prior to in vivo
imaging. hCD4-KI mice with MC38 tumors were injected intraperi-
toneally with 100 pg of aPD-1 mAbs every 3 days for a total of seven
injections. Animals with low tumor core PET tracer uptake on day 5
received five additional o4-1BB antibodies (50 pg) beginning on day
6 in combination with the oPD-1 mAbs.

PET/MR imaging

For noninvasive in vivo imaging, 5 pg (~2 MBg/pg) “*Cu-CD4-Nb1
or **Cu-GFP-Nb was administered intravenously via the tail vein of
experimental mice. PET and magnetic resonance (MR) scans were
acquired at 5 and 90 min and 3 and 6 hours post-tracer injection
(longitudinal scans) or only at the 3-hour post-tracer injection time
point. Anatomic images were acquired by MR on a dedicated 7T
small animal MR tomograph (ClinScan; Bruker BioSpin, Ettlingen,
Germany). A T2-weighted image three-dimensional space sequence
[repetition time (TR): 1800 ms, echo time (TE): 4.7 ms, field of view
(FoV): 76.8 mm by 34.8 mm by 22.8 X mm, matrix: 256 X 116 X 78]
was acquired in ~9 min. The animals were kept under 1.5% isoflu-
rane (100% oxygen) anesthesia, and the breathing frequency was
monitored with a control unit (SA Instruments, Stony Brook, NY,
USA). Static PET images (800 s) were acquired with dedicated
[nveon small animal PET scanners (Siemens Preclinical Solutions,
Knoxville, TN, USA).

Image analysis

PET images from list mode were reconstructed using three-
dimensional ordered subset expectation maximization (OSEM-3D)
and coregistered to the anatomical T2 MR images using Inveon Re-
search Workplace (Siemens Preclinical Solutions). The volumes of
interest (VOlIs) of the organs of interest were created based on the
anatomical MR images. The uptake values of the respective organs
were calculated from the mean Bg/ml, corrected for radicactive de-
cay and normalized to the injected activity, and presented as per-
centage injected dose per milliliter (%ID/ml).

Pezzana et al., Sci. Adv. 11, eadw1924 (2025) 25 June 2025

Spatial distribution analyses were performed by defining tumor
margin and tumor core ROIs as 50% of the tumor diameter in a
centered cross section of the PET-acquired image using open-source
Image] software. PET signal intensity was quantified as the mean
intensity of the tumor margin and core.

Ex vivo biodistribution

The experimental mice were euthanized by cervical dislocation un-
der deep anesthesia after the final imaging time point. Organs were
harvested, and radioactivity was measured by y-counting. For quan-
tification, standardized aliquots of the injected tracer were added to
the measurement. The values for each organ are expressed as the
percentage of the overall injected dose per gram (%ID/g), corrected
for radioactive decay and normalized to the injected activity.

Immunchistochemistry of PyMT tumors

After the organs were y-counted, the tumors, spleens, and draining
and contralateral nondraining lymph nodes were fixed in formalin
and embedded in paraffin. For histology, 3- to 5-pm-thick sections
from paraffin-embedded tissues were cut and stained with hema-
toxylin and eosin (H&E). Immunochistochemistry (IHC) was per-
formed on an automated immunostainer (Ventana Medical Systems
Inc.) according to the manufacturer’s protocols for open procedures,
with slight modifications. All the slides were stained with antibodies
against anti-human CD4 (SP35, Zytomed). Appropriate positive
and negative controls were used to confirm the adequacy of the
staining. All the samples were scanned with a Ventana DP200
(Roche, Basel, Switzerland) and processed with the Image Viewer
MEC application. The final image preparation was performed with
Adobe Photoshop C86. The number of CD4™ T cells was counted in
at least 10 high-power fields (HPFs). The data are presented as the
number of CD4™ T cells per field.

Immunofluorescence microscopy of PyMT tumors

and spleens

Fresh-frozen 5-pm cryosections fixed with iodate-lysine-
paraformaldehyde or sections from paraffin-embedded tissues were
blocked with donkey serum and incubated with rabbit anti-FoxP3
(polyclonal, Novus Biologicals, USA) or rabbit anti-CD3 (DCM-39,
DCS, Germany) and goat anti-CD4 (polyclonal, R&D Systems,
USA). Bound mAbs were visualized with Alexa Fluor 647-Donkey
anti-rabbit-F(ab’)2 (H+L, Dianova, USA) and Cy3-Donkey anti-
goat-F(ab”)2 (H+L, Dianova). For nuclear staining, we used
4’,6-diamidino-2-phenylindole (DAPI) (Sigma- Aldrich). Immuno-
fluorescence images were acquired with an LSM 800 confocal laser
scanning microscope (Carl Zeiss) and processed with ZEN Blue
software, version 2.6. The analysis of cell nuclei was performed using
Zeiss Zen software, whereas the number of CD47, FoxP3", and
CD4 FoxP3" cells was counted manually. For each section, the sum
of a minimum of six different areas—three intratumoral and three
marginal—was normalized to the automated counted cell number
based on the DAPI-derived nuclei.

Multiplex immunofluorescence of human lung

cancer samples

Baseline biopsy and on-treatment resected tumor samples from pa-
tients with early-stage NSCLC enrolled in either of two prospective
clinical trials, NCT03514719 or NCT03853187, were subjected to
multiplex immunofluorescence. In these trials, patients received two
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courses of neoadjuvant «PD-L1 antibodies (10 mg/kg avelumab)
or 750 mg durvalumab at a 2-week interval, followed by surgical
resection. A formalin-fixed, paraffin-embedded material was cut
into 4-pm-thick sections and mounted on Superfrost PLUS slides
(AR9222, Leica Biosystems). Automated mIHC staining using
the Opal 7-Color Automation THC Kit, Opal480, and Opal780
(NEL821001KT, FP1500001KT, and FP1501001KT, Akoya Biosci-
ences) was performed on the Leica Bond system (BOND-Rx Fully
Automated THC and ISH, Leica Biosystems), as described previously
(82-84). This staining identified CD8" T cells (CD3*CD8"), CD4*
T cells (CD3TCD8™), Ty, cells (CD3 FoxP3™), tissue-resident T
cells (CD3"CD103YCD8"), and B cells (CD20™) (83). To quantify
lymphocytes in different tumor regions, pretreatment biopsy and
posttreatment resection materials were segmented into tumor cores
and invasive margins via Qupath software (84, 85). These regions
were confirmed by a certified pathologist. The invasive margin was
defined as the portion of the TME where tumor cells interface with
the surrounding tissue, and the maximum distance of the invasive
margin was set at 100 pm surrounding the tumor core (84).

Statistical analysis

All the data were analyzed using GraphPad Prism, version 9 or later
(GraphPad Software Inc., San Diego, CA, USA). The values are ex-
pressed as the arithmetic means + SD for single experiments or as
the arithmetic means + SEM for combined experiments. For statis-
tical analyses, unpaired/paired f tests were applied for pairwise
comparisons. Ordinary one-way analysis of variance (ANOVA) or
two-way ANOVA was used for multiple group comparisons and was
corrected for multiple comparisons using the Sidak post hoc test.
Adjusted P values less than 0.05 were considered significant, and
significance levels are indicated as follows: *P < 0.05, **P < 0.01,
and ##*P < 0.001.

Supplementary Materials
This PDF file includes:
Figs.51to $4
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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 withinthe 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 (8°Zr)-labeled murine and
human CD4-targeting minibodies (m/hCD4-Mbs) and the Copper-64 (6*Cu)-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-y-receptors (FcyR) 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 8Zr-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)-y 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 8Zr-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
visualizationof 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 84Cu. The radiolabeling did not affect the

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

Both, the 8Zr-m/hCD4-Mbs and the %Cu-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 8Zr-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 84Cu-CD4-Nb1 allowed for the
visualization of endogenous hCD4* cellsin 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, *Cu-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 (%8Ga)-labeled anti-nCD8B 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 8Zr-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, #4Cu-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 B16F 10 tumors. However, they reported a correlation between the
tumoral 89Zr-mCD4-F(ab')2 uptake, ex vivo CD4* cell density, and the response to aPD-
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 8Zr-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 aPD-L1/aLag-3 immunotherapy. Responsive MC38 tumors
exhibited an enhanced 8°Zr-mCD4-Mb uptake compared to nonresponsive MC38
tumors 7 to 9 days after therapy initiation. This observation was consistentwith our ex
vivo immunofluorescence analyses, which revealed a significantenhanced CD4* T-cell
infiltration in the TME of responsive MC38 tumors [1].

With respect to our $4Cu-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 %4Cu-
hCD4-Nb uptake mainly at the tumor margins of hCD4-KImice bearing immunologically
“hot” PyMT tumors when compared to immunologically “cold” B16F10 melanomas.
Furthermore, we could detect higher 84Cu-hCD4-Nb uptake at the tumor core following
the administration of the combined aPD-1 and a4-1BB ICI therapy, indicating an
increased infiltration of hCD4~ cells into the tumor [4].

The uptake differences observed by noninvasive 84Cu-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 8*Cu-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 8#Cu-CD4-Nb1 to visualize hCD4*cells at the tumor periphery of mice non-
responsiveto aPD-1/a4-1BB mAbs treatment and the known ability of regulatory T cells

(Tregs) to form physical and metabolic barriers that limitthe infiltration in the tumor core
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of effector T cells, letus hypothesize thatthe 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 aPD-1 therapy and the
additional a4-1BB mAbs were administered only to mice showing increased 84Cu-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 aPD1/a4-1BB immunotherapy presented
greater 84Cu-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 engagementin 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, specificallythe higheruptake in the tumor-draininglymph node compared to the
contralateral part, aligns with observations from other studies usingimmune cell-specific
tracers, such as a recent investigation employing CD8-specific T cell-targeting Nb for
monitoring CD8 T celldynamics in preclinical models of cancerimmunotherapy [4, 194].
Collectively, these findings underscore the potential of CD4-targeted nanobody PET
imagingas a noninvasive, whole-body approach forearly 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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44. Prerequisites for Clinical Translation
Before imaging probes targeting immune cells can be translated into clinical use, their
potential immunogenicity must be assessed to determine whetherthey might interact
with the human immune system. Recent clinical studies involving other Mbs, such as
89Zr-crefmirlimab berdoxam, and Nbs, such as #Ga-NOTA-Anti-MMR revealed that only
a few patients developed low levels of antibodies againstthe 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].
Anotherimportant consideration is the choice of radioisotope used to label the tracer.
Although 89Zris 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, 8Zr exposes
patients to relatively high radiation doses compared to short-lived radionuclides,and the
instability of the 89Zr-DFO chelation complex can resultin the release of free 8Zr, 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, 84Cu 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 '®F are particulary
advantageous. Theirshort half-life aligns with the fastpharmacokinetics of Nbs, allowing
rapid and specificvisualization of the target. In addition,the quick clearance of the tracer
from the body and the low energy of "®F reduces patientradiation 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 8Zr-m/hCD4-Mbs and 84Cu-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 %Cu-CD4-Nb1 a powerful tool for uncovering patient-specific
immune patterns associated with sensitivityto 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 8Zr-
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.
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