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Abstract 

As precision medicine advances, the term "theranostics" is becoming increasingly 

established and refers to the growing interlinking of diagnostics and therapeutics. 

Nanobodies (Nbs) derived from heavy-chain-only antibodies (HCAbs), exhibit as small and 

stable binding molecules unique properties such as good solubility, high tissue penetration, 

low immunogenicity and inexpensive production. Therefore, Nbs have ideal characteristics 

for diagnostic and therapeutic purposes.  

In this work, novel Nbs from immune libraries against two divergent target structures 

(receptor binding domain, RBD, of SARS-CoV-2; human signal-regulating protein α, 

hSIRPα, on myeloid cells) for theranostic applications were generated. Through in-depth in 

vitro characterization, including binding affinity, stability analysis and detailed epitope 

mapping, we identified potent candidates and demonstrated their suitability as diagnostic 

and therapeutic tools in detail.  

For SARS-CoV-2, we developed neutralizing Nbs that functionally inhibit the interaction 

between RBD and angiotensin-converting enzyme (ACE) 2 as the viral entry site exposed 

on human cells. To enhance their neutralizing potency, biparatopic (bip) Nb formats 

capable of binding multiple variants of concern (VOCs) were generated. By using these 

bipNbs as antibody (Ab) surrogates in a high-throughput assay, termed NeutrobodyPlex, 

we were able to determine the neutralizing capacity of anti-SARS-CoV-2 Abs in serum 

samples of patients. In addition, in a murine disease model, intranasal administration of 

our bipNbs resulted in a significantly reduced disease progression and increased survival 

rates at lethal doses of SARS-CoV-2 B.1, Beta, and Delta.  

To further demonstrate the suitability of Nbs as theranostics in the context of novel 

immunotherapies, we developed Nbs against hSIRPα expressed by myeloid cells. 

Applying a binary screening campaign, we identified modulatory and inert binding 

molecules. Three Nbs targeting the domain 1 (D1) of hSIRPα functionally block the 

hSIRPα/hCD47 interaction and thus effectively enhance Ab-dependent cellular 

phagocytosis (ADCP) in vitro. For imaging purposes, the inert hSIRPα Nb S36 was 

sequence optimized to enable site-directed radiolabeling. High-resolution positron 

emission tomography (PET) imaging allowed us to visualize hSIRPα+ myeloid cells in 

tumor lesions of mice. Given the dual applications of the selected hSIRPα Nbs, there is 

substantial potential to further develop these biologicals into myeloid-specific checkpoint 

inhibitors for combination therapies or for diagnostic imaging to monitor individual 

response to immunotherapy. In conclusion, this work shows the great potential of Nbs as 
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theranostics that will assume increasing importance in the field of personalized medicine in 

the future. 
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Zusammenfassung 

Im Zuge der Präzisionsmedizin etabliert sich zunehmend der Begriff "Theranostik", 

welcher die verstärkte Verzahnung von Diagnostik und Therapie bezeichnet. Nanobodies 

(Nbs), die sich von Schwere-Ketten-Antikörpern (HCAb) ableiten, besitzen als kleine und 

stabile Bindungsmoleküle einzigartige Eigenschaften wie z.B. gute Löslichkeit, hohe 

Gewebepenetration, geringe Immunogenität und kostengünstige Herstellung, was Nbs zu 

attraktiven Reagenzien für diagnostische und therapeutische Zwecke macht.  

In dieser Arbeit wurden aus Immunbibliotheken Nbs gegen zwei unterschiedliche 

Zielstrukturen (Rezeptorbindungsdomäne, RBD, von SARS-CoV-2; humanes 

signalregulierendes Protein α, hSIRPα, auf myeloischen Zellen) selektiert und für 

theranostische Anwendungen weiterentwickelt. Auf Basis eingehender In-vitro-

Charakterisierung, einschließlich Bestimmung der Bindungsaffinität, Stabilitätsanalyse und 

detaillierter Epitopkartierung, haben wir potente Nb-Kandidaten identifiziert und ihre 

Eignung als diagnostische und therapeutische Hilfsmittel im Detail untersucht.  

Für SARS-CoV-2 wurden neutralisierende Nbs entwickelt, die funktionell die Interaktion 

zwischen RBD und dem Angiotensin Converting Enzyme (ACE) 2, als viraler Rezeptor auf 

menschlichen Zellen, inhibieren. Zur Verstärkung ihrer neutralisierenden Wirkung wurden 

biparatopische (bip) Nb-Formate gegen mehrere Variants of Concern (VOCs) generiert. 

Eingesetzt als Antikörper- (Ab-) Surrogate in einem Hochdurchsatz-Assay, dem 

sogenannten NeutrobodyPlex, konnten wir mit den bipNbs die Neutralisationskapazität von 

anti-SARS-CoV-2-Abs in Serumproben von PatientInnen bestimmen. 

Vor dem Hintergrund neuer Immuntherapien wurden Nbs gegen hSIRPα als 

Oberflächenrezeptor myeloischer Zellen generiert. Mittels einer binären Screeningstrategie 

identifizierten wir modulierende und inerte Nbs. Drei Nbs, die auf die D1-Domäne (D1) von 

hSIRPα gerichtet sind, blockieren die Interaktion zwischen hSIRPα und hCD47 und 

verstärken so die Ab-abhängige zelluläre Phagozytose (ADCP). Für den Einsatz in der 

diagnostischen Bildgebung wurde der nicht-modulierende hSIRPα Nb S36 für eine 

ortsgerichtete Radiomarkierung sequenzoptimiert. In Kombination mit hochauflösender 

Positronen-Emissions-Tomographie (PET) wurden hSIRPα+ myeloische Zellen in 

Tumorläsionen von Mäusen gezielt sichtbar gemacht. In Anbetracht der dualen 

Einsatzmöglichkeiten der selektierten hSIRPα-Nbs besteht ein substanzielles Potential zur 

Weiterentwicklung dieser Biologicals z.B. zu myeloidspezifischen Checkpoint-Inhibitoren 

für Kombinationstherapien oder für die diagnostische Bildgebung zur Überwachung des 

individuellen Ansprechens auf eine Immuntherapie. Zusammenfassend zeigt diese Arbeit 
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das große Potenzial von Nbs als Theranostika, die in Zukunft im Bereich der 

personalisierten Medizin an Bedeutung gewinnen werden. 



VII 
 

Abbreviations 

aa amino acid 

Ab antibody 

ACE2 angiotensin-converting enzyme 2 

ADCP Ab-dependent cellular phagocytosis 

ALX-0081 caplazizumab 

bip biparatopic 

BLI biolayer interferometry  

BSL3 biosafety level 3  

CAR chimeric antigen receptor 
CDR complementarity-determining region 

CFSE carboxyfluorescein diacetate succinimidyl ester 
CH heavy chain domain  

CL constant light chain 

CLIA chemiluminescence immunoassay 

CRIg complement receptor of the Ig superfamily  

CT computed tomography 

DAA direct acting antiviral 

E SARS-CoV-2 envelope protein  

E. coli escherichia coli  

ELISA enzyme-linked immunosorbent assay 

Fc fragment crystallizable 

FcR Fc receptor 

FDA food and drug administration 
FR framework region 

GFP green fluorescent protein 

GM-CSF granulocyte macrophage colony stimulating factor  

GPCR G-protein coupled receptor 

H&E hematoxylin and eosin  
HCAb heavy-chain-only antibody 

HCV hepatitis C virus  

HDX-MS hydrogen-deuterium exchange mass spectrometry 

HIV human immunodeficiency virus-1 

HTA host-targeting agent 

i.v.  intravenous 
IgG immunoglobulin G 

IL interleukin 

IMAC immobilized metal affinity chromatography 

ISH in situ hybridization  

ITIM immunoreceptor tyrosine-based inhibitory motif 

JAK janus kinase 

LFIA lateral flow immunoassay 

M SARS-CoV-2 membrane 

mAb monoclonal Ab 

MDM monocyte-derived macrophages 

MERS-CoV middle east respiratory syndrome-related coronavirus 

MFI mean fluorescence intensity 



VIII 
 

MHC major histocompatibility complex 

MMR macrophage mannose receptor  

MRI magnetic resonance imaging  

N SARS-CoV-2 nucleocapsid protein 

NAb neutralizing Ab  

NTD N-terminal domain 

ORF open reading frame 

PBMC peripheral blood mononuclear cell 

PE phycoerythrin 

PET positron emission tomography  

QPCTL glutaminyl peptide cyclotransferase-like protein 

RBD SARS-CoV-2 receptor-binding domain  

RSV respiratory syncytial virus  

RT-PCR reverse-transcription polymerase chain reaction  

S SARS-CoV-2 spike protein 

SARS-CoV acute respiratory syndrome coronavirus  

scFv single chain variable fragment 

SEC size exclusion chromatography  

SHP small heterodimer partner 

hSIRP human signal-regulating protein 

hSIRPαD hSIRPα domain 

SPECT single-photon emission computed tomography 

TAM tumor-associated macrophage  

TLR toll like receptor 

TMD transmembrane domain 

TME tumor microenvironment  

TMPRSS2 TM protease serine 2  

TNF tumor necrosis factor 

TSPO mitochondrial translocator protein 
VH variable heavy chain 

VHH/Nb nanobody 

VL variable light chain 

VNT virus neutralization test 

VOC variants of concern  

VOI variants of interest  

  
 



IX 
 

List of Figures 

Figure 1: Comparison of conventional Abs and Nbs derived from HCAbs. .......................... 4 
Figure 2: Applications of Nbs as research tools and for diagnostic and therapeutic 
purposes. .............................................................................................................................. 7 
Figure 3: Schematic structure of SARS-CoV-2. .................................................................... 9 
Figure 4: Diagnostic methods to determine acute SARS-CoV-2 infection and developed 
immunity. ............................................................................................................................ 11 
Figure 5: SIRPα/CD47 interaction causes the repression of macrophage-mediated 
phagocytosis. ...................................................................................................................... 15 
Figure 6: Different therapeutic strategies for manipulation of the SIRPα/CD47 axis. ......... 17 
Figure 7: Generation of Nbs targeting the SARS-CoV-2 RBD/ACE2 interface. .................. 26 
Figure 8: Epitope mapping of lead candidates NM1226, NM1228 and NM1230. ............... 28 
Figure 9: Comparison of classified binding epitopes on RBD of neutralizing Nbs and Abs.
 ............................................................................................................................................ 29 
Figure 10: BipNbs NM1267 and NM1268 target several SARS-CoV-2 variants. ............... 31 
Figure 11: NeutrobodyPlex: multiplex competitive binding assay to monitor neutralizing 
immune responses.............................................................................................................. 34 
Figure 12: Comparison of the protective effect of bipNbs against SARS-CoV-2 Delta. ...... 36 
Figure 13: Generation and characterization of hSIRPα Nbs. .............................................. 43 
Figure 14: Potential of hSIRPαD1 Nbs to augment phagocytosis of tumor cells. ............... 44 
Figure 15: Application of 64Cu-hSIRPα-S36K>R Nb for PET imaging. .................................. 48 

 



X 
 

 



XI 
 

List of Publications 

§ authors contributed equally 

 

Accepted Manuscripts 

1. Wagner TR, Rothbauer U (2020) Nanobodies right in the middle: intrabodies as 

toolbox to visualize and modulate antigens in the living cell. Biomolecules 10: 

1701. 

2. Becker M, Dulovic A, Junker D, Ruetalo N, Kaiser PD, Pinilla YT, Heinzel C, Haering J, 

Traenkle B, Wagner TR, Layer M, Mehrlaender M, Mirakaj V, Held J, Planatscher H, 

Schenke-Layland K, Krause G, Strengert M, Bakchoul T, Althaus K, Fendel R, 

Kreidenweiss A, Koeppen M, Rothbauer U, Schindler M, Schneiderhan-Marra N (2021) 

Immune response to SARS-CoV-2 variants of concern in vaccinated individuals. 

Nature Communications 12: 3109. 

3. Kratzer U, Sommersdorf C, Maier S, Wagner TR, Templin M, Joos TO, Rothbauer U, 

Zeck A, Poetz O (2021) Tris (hydroxymethyl) aminomethane Compatibility with N-

Hydroxysuccinimide Ester Chemistry: Biotinylation of Peptides and Proteins in 

TRIS Buffer. Bioconjugate Chemistry 32: 1960-1965. 

4. Traenkle B, Kaiser PD, Pezzana S, Richardson J, Gramlich M, Wagner TR, Seyfried 

D, Weldle M, Holz S, Parfyonova Y, Nueske S, Scholz AM, Zeck A, Jakobi M, 

Schneiderhan-Marra N, Schaller M, Maurer A, Gouttefangeas C, Kneilling M, Pichler 

BJ, Sonanini D, Rothbauer U (2021) Single-Domain Antibodies for Targeting, 

Detection, and In Vivo Imaging of Human CD4+ Cells. Front Immunol 12: 799910. 

5. Wagner TR§, Ostertag E§, Kaiser PD, Gramlich M, Ruetalo N, Junker D, Haering J, 

Traenkle B, Becker M, Dulovic A, Schweizer H, Nueske S, Scholz A, Zeck A, Schenke-

Layland K, Nelde A, Strengert M, Walz JS, Zocher G, Stehle T, Schindler M, 

Schneiderhan-Marra N, Rothbauer U (2021) NeutrobodyPlex-monitoring SARS-

CoV-2 neutralizing immune responses using nanobodies. EMBO Rep 22: e52325. 

6. Wagner TR, Rothbauer U (2021) Nanobodies – Little helpers unravelling 

intracellular signaling. Free Radical Biology and Medicine 176: 46-61. 



XII 
 

7. Burgstaller S, Wagner TR, Bischof H, Bueckle S, Padamsey A, Frecot D, Kaiser PD, 

Skrabak D, Malli R, Lukowski R, Rothbauer U (2022) Monitoring extracellular ion 

and metabolite dynamics with recombinant nanobody-fused biosensors. iScience 

25: 104907. 

8. Fagbadebo FO, Kaiser PD, Zittlau K, Bartlick N, Wagner TR, Froehlich T, Jarjour G, 

Nueske S, Scholz A, Traenkle B, Macek B, Rothbauer U (2022) A Nanobody-Based 

Toolset to Monitor and Modify the Mitochondrial GTPase Miro1. Front Mol Biosci 

9: 835302. 

9. Gramlich M, Maier S, Kaiser PD, Traenkle B, Wagner TR, Voglmeir J, Stoll D, 

Rothbauer U, Zeck A (2022) A Novel PNGase Rc for Improved Protein N-

Deglycosylation in Bioanalytics and Hydrogen-Deuterium Exchange Coupled 

with Mass Spectrometry Epitope Mapping under Challenging Conditions. Anal 

Chem 94: 9863-9871. 

10. Junker D§, Becker M§, Wagner TR§, Kaiser PD, Maier S, Grimm TM, Griesbaum J, 

Marsall P, Gruber J, Traenkle B, Heinzel C, Pinilla YT, Held J, Fendel R, Kreidenweiss 

A, Nelde A, Maringer Y, Schroeder S, Walz JS, Althaus K, Uzun G, Mikus M, Bakchoul 

T, Schenke-Layland K, Bunk S, Haeberle H, Göpel S, Bitzer M, Renk H, Remppis J, 

Engel C, Franz AR, Harries M, Kessel B, Lange B, Strengert M, Krause G, Zeck A, 

Rothbauer U, Dulovic A, Schneiderhan-Marra N (2022a) Antibody binding and ACE2 

binding inhibition is significantly reduced for both the BA1 and BA2 omicron 

variants. Clin Infect Dis 76: e240–e249. 

11. Junker D, Dulovic A, Becker M, Wagner TR, Kaiser PD, Traenkle B, Kienzle K, Bunk 

S, Struemper C, Haeberle H, Schmauder K, Ruetalo N, Malek N, Althaus K, Koeppen 

M, Rothbauer U, Walz JS, Schindler M, Bitzer M, Göpel S, Schneiderhan-Marra N 

(2022b) COVID-19 patient serum less potently inhibits ACE2-RBD binding for 

various SARS-CoV-2 RBD mutants. Scientific Reports 12: 7168. 

12. Singh A, Toma F, Uzun G, Wagner TR, Pelzl L, Zlamal J, Freytag V, Weich K, Nowak-

Harnau S, Rothbauer U, Althaus K, Bakchoul T (2022) The interaction between anti-

PF4 antibodies and anticoagulants in vaccine-induced thrombotic 

thrombocytopenia. Blood 139: 3430-3438. 

 



XIII 
 

13. Wagner TR§, Schnepf D§, Beer J§, Ruetalo N§, Klingel K, Kaiser PD, Junker D, Sauter 

M, Traenkle B, Frecot DI, Becker M, Schneiderhan-Marra N, Ohnemus A, Schwemmle 

M, Schindler M, Rothbauer U (2022) Biparatopic nanobodies protect mice from 

lethal challenge with SARS-CoV-2 variants of concern. EMBO Rep 23: e53865. 

14. Wagner TR, Blaess S, Leske IB, Frecot DI, Gramlich M, Traenkle B, Kaiser PD, 

Seyfried D, Maier S, Rezza A, Sonego F, Thiam K, Pezzana S, Zeck A, Gouttefangeas 

C, Scholz A, Nueske S, Maurer A, Kneilling M, Pichler BJ, Sonanini D, Rothbauer U 

(2023) Two birds with one stone: human SIRPα nanobodies for functional 

modulation and in vivo imaging of myeloid cells. Front Immunol 14: 1264179. 

 

Publications referred to in this doctoral thesis. 

 



XIV 
 

 

 



1 

 

 

 

 

 

 

CHAPTER 1 

INTRODUCTION 

 



2 

 

 



1. Introduction 

3 
 

1. Introduction 

1.1. Nanobodies: Single-domain antibodies 

1.1.1. Structural features & biochemical properties 

The serendipitous discovery of heavy-chain-only antibodies (HCAbs) more than thirty 

years ago has ushered in a new era of binding molecules for biomedical research, 

diagnostics and therapeutics1. Originally identified in camels, further species like new world 

camelids including llamas, alpacas, guanacos, and vicunas were discovered to carry this 

type of antibody (Ab)2. In comparison to conventional Abs (IgGs), HCAbs consist of only 

two heavy chains, lacking light chains (VLs, CLs) and constant heavy chain domains 1 

(CH1s). Antigen binding is thereby conferred exclusively via the variable heavy chain of 

HCAbs (VHH). Due to the nanometer scale (2.5 nm diameter, 4 nm length) of the VHH, the 

name "nanobody (Nb)" was coined, originally trademarked by the company Ablynx. To 

date, Nbs are the smallest naturally derived intact antigen binding fragments with a 

molecular weight between 13-15 kDa3-5.  

The sequences of Nbs are highly homologous to those of the VH domains of conventional 

IgGs comprising three hypervariable domains called CDR1-3 (complementarity-

determining region) surrounded by four conserved framework regions (FR1-4) (Figure 1A 

& B)3; 6; 7. Structurally, Nbs consist of nine β-strands divided into a five-stranded and a four-

stranded β-fold and connected by loops, thus showing a classical IgV folding which is 

further stabilized by at least one conserved disulfide bond bridging FR1 and FR3 (Figure 

1B & C). The paratope is formed by the CDRs typically exposed on the surface on the N-

terminal site of the molecule8. To achieve high affinity interaction a para-/epitope surface 

area of 600-800 Å2 is required9-11. Due to the lack of the VL, the lengths of the CDR loops 

evolved and especially the CDR3 is extended by several amino acids in comparison to 

conventional Abs. The finger-like projection of the CDR3 loop can enable the recognition of 

cavity-like binding epitopes, which are typically not addressable by IgGs12-14. Moreover, 

hydrophobic amino acids in conventional VHs are replaced by smaller/hydrophilic residues 

in FR215; 16. These so-called "hallmark" residues are responsible for the increased solubility 

and lower aggregation tendency of Nbs3; 7.  
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Figure 1: Comparison of conventional Abs and Nbs derived from HCAbs. 
A) Conventional Abs (IgGs) consist of two identical heavy (H) and light (L) chains, with paired 
variable domains (VH and VL) mediating antigen recognition. B) HCAbs are lacking the light chain 
and the CH1 domain, therefore the paratope is formed by the VHH fragment. C) The VHH, termed 
Nb, comprises four framework regions (FR) 1–4 and three hypervariable domains (CDR1-3) 
mediating antigen recognition. Structurally Nbs consist of nine β-strands, which are connected by 
CDR1-3 as hypervariable loops (illustration adapted by17). 

 

These inherent properties make Nbs unique binding molecules with various advantages 

compared to conventional Abs. Due to their robust structure Nbs can tolerate high 
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temperatures (~60–80°C, several weeks at 37°C), elevated pressures (500–750 MPa), 

non-physiological pHs (3.0–9.0), and strong chemical denaturants (2.3–3.3 M guanidinium 

chloride, 6–8 M urea)5; 18-20. Their nanoscale size allows rapid and deep penetration into 

tissues, and certain Nbs are even able to cross the blood-brain barrier21; 22. In addition, Nbs 

have low immunogenicity due to their high homology to human IGHV3-derived domains23. 

Lacking post-translational modifications, Nbs can be cost-effectively produced in microbial 

systems yielding homogeneous products24. Moreover, the modular nature of Nbs enables 

the generation of multi-valent/-paratopic Nb-constructs and Nb-fusion molecules, exhibiting 

higher avidity as well as multi-specificity/-functionality25-27.  

 

1.1.2. Overview of generation and application 

The starting point for generating target-specific Nbs are Nb libraries, of which three types 

are available: immune28-30, naïve31; 32 and synthetic33; 34. Classically, Nb libraries are 

generated from blood samples of immunized camelids or, more recently, transgenic mice35; 

36. The main advantages of this approach are that the Nbs are affinity matured in vivo and 

relatively high titers of target-specific binders are usually obtained. Therefore, relatively 

small library sizes (106-108) are sufficient to select potent Nb candidates. On contrary, a 

time-consuming immunization has to be performed for each project and the generation of 

Nbs against toxic or non-immunogenic proteins is not possible37. Naïve libraries consist of 

a genetic Nb pool from several non-immunized animals37. The generation of a synthetic 

library involves the randomization of CDRs with compatible amino acids on the basis of a 

stable scaffold38; 39. The ability to use one library for multiple projects and to generate Nbs 

against any target structure are the advantages of both techniques. However, a very large 

library size (109-1015) is typically requested and Nbs may need to be optimized for both 

stability and affinity37. Following library generation, specific Nb candidates are selected. A 

variety of selection systems have been established, including phage, yeast or ribosome 

display as well as phenotypic selection strategies to directly select for modulating Nbs37; 40-

42. Recently, deep sequencing approaches have revolutionized Nb selection campaigns as 

a complementary tool to conventional selection strategies by enabling the identification of 

a larger number of high-affinity binders within a much broader sequence space43. 

Following generation, identification and characterization of most potent Nb candidates, 

their unique features resulted in a wide range of applications, e.g. as research or 

diagnostic tools or therapeutics, where conventional Abs either failed or were difficult to 

apply. In the following an overview of Nb applications providing a special advantage over 

other binding molecules or technologies is presented. 
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As a research tool, Nbs initially revolutionized the field of live-cell imaging (Figure 2). The 

reducing environment in the cytosol severely impairs disulfide bond formation, making 

intracellular expression of conventional Abs per se impossible44. In contrast, many Nbs 

retain antigen specificity despite lacking functional disulfide bonds and are therefore ideal 

for intracellular expression as intrabodies17; 45-50. By using Nbs fused with fluorescent 

proteins, Rothbauer et al. provided the first proof of principle to recognize target structures 

in subcellular compartments in living cells47. Moreover, intrabodies were used for targeted 

protein removal. In contrast to knockdown at DNA or RNA level, target depletion at protein 

level can be achieved via the ubiquitin/proteasome pathway. Fusion of Nbs with F-box 

proteins resulted in the first proof of concept study in Drosophila melanogaster and Danio 

rerio, showing immediate protein depletion51. Nbs as intracellular research tools advanced 

further with the development of conformational sensitive Nbs. For G-protein coupled 

receptors (GPCRs) precise monitoring of rapid state transformation was demonstrated, 

proving the application of Nbs as biosensors to elucidate intracellular signaling cascades52. 

In addition, precise intracellular spatial and temporal control was achieved by the intelligent 

design of light- or ligand-switchable Nb systems, e.g. by splitting Nb sequences and 

inserting light/ligand-sensitive protein domains or photocaged tyrosine residues53-56. 

With super-resolution imaging techniques offering resolution down to ~20 nm, the sheer 

size of conventional Abs has been a barrier to progress in this field due to linkage error 

(Figure 2). The application of nanoscale binders coupled to organic dyes enabled 

visualization of fine cytoskeletal structures, including microtubules, at nanometer resolution 

for the first time57; 58. Nbs are now an established tool for super-resolution imaging, 

especially Nbs recognizing small peptide-derived epitope tags are manifoldly applicable, 

e.g. to visualize tagged vimentin, lamin, tubulin and actin59. 

The development of a nanotrap system by covalent linkage of Nbs to solid and inert 

materials, e.g. magnetic beads, served both as research tool and prototype for diagnostic 

application. Initially shown with the GFP-Nb as binding molecule of the GFP-Trap various 

applications are conceivable to capture and enrich analytes at low concentrations in 

complex solutions like serum (Figure 2)60; 61. 

Structural analysis of dynamic and membranous proteins is highly challenging, therefore 

fixability reagents stabilizing flexible protein loops, shielding hydrophobic surface 

structures, or capturing proteins in certain conformation states were urgently required. Nbs 

with high production yield, small size, robust structure, and target-specific antigen binding 

emerged as ideal chaperones for crystallization and cryoelectron microscopy analysis, 

enabling structural determination of proteins like GPCRs or membranous transporter 

complexes (Figure 2)62-64.  
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Figure 2: Applications of Nbs as research tools and for diagnostic and therapeutic purposes. 
Various research applications of Nbs are based on intrabodies by genetic linkage to fusion partners 
and intracellular expression. Nbs linked to fluorophores enable the visualization of structures up to 
nanometer resolution using super-resolution microscopy techniques. By immobilizing Nbs to inert 
matrixes, affinity capturing tools so-called nanotraps e.g. for immunoprecipitation analysis were 
generated. Nbs as chaperones enabled the structural analysis of dynamic proteins. Radiolabeled 
Nbs have emerged as advanced tracer molecules for diagnostic PET imaging. Caplazizumab (ALX-
0081) is the first approved therapeutic Nb. Nb-derived chimeric antigen receptor (CAR) T cells are 
promising personalized cell-based therapy approaches.  

 

The development of theranostics is an emerging field in precision medicine. Theranostics 

enables patient selection, treatment, and monitoring. Owing to their small size, fast tissue 

penetration, strong target specificity and ease of modification, Nbs gained great interest in 

the field of theranostics65. For diagnostic purposes Nbs coupled with short-lived nuclides 

(68Ga, 18F, 64Cu, 99mTc) were developed as advanced tracer molecules for positron 

emission tomography (PET) or single photon emission computed tomography (SPECT) 

(Figure 2). Due to the fast renal excretion, Nbs are rapidly eliminated whereby a beneficial 

signal-to-noise ratio is achieved66; 67. Moreover, only minimal doses must be applied, 

resulting in low radiation burden for patients. In comparison to currently used Abs and 

small molecules, Nbs exhibit superior properties for diagnostic imaging and several 

candidates already entered early clinical testing including the Her2-Nb in breast cancer 

patients (NCT03924466), the MMR-Nb to trace pro-tumorigenic macrophages 
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(NCT04168528) and the PD-L1-Nb to recognize solid tumors (NCT05156515)68; 69. The 

showcase example for Nbs as therapeutics is Caplacizumab (ALX-0081), which is the first 

therapeutic Nb approved in the U.S. and Europe in 2019 for treatment of acquired 

thrombotic thrombocytopenic purpura. The humanized bivalent Nb targeting the A1 domain 

of von Willebrand factor prevents the interaction with the platelet glycoprotein Ib-IX-V 

receptor and thus the development of microvascular thrombosis (Figure 2)70; 71. Currently, 

the focus of clinical investigation of Nbs is the application of different formats such as 

bivalent monospecific, bivalent bispecific, bivalent bispecific albumin-conjugated, and 

trivalent bispecific Nbs e.g., to link tumor and immune cells72. In addition, Nbs can be 

applied as nanocarriers for the directed delivery of drugs or targeted application of gene 

therapy73; 74. Novel adoptive cell-based cancer immunotherapies using chimeric antigen 

receptor (CAR) T cells have been developed by engineering autologous T cells with single 

chain variable fragments (scFvs). Experimental studies showed that the correct assembly 

of scFvs remains challenging, so Nbs may be a superior choice as tumor recognition 

modules75. Preclinical proof of principle was achieved early and through continued 

development, the first clinical candidate using CD19/20 bispecific Nb-derived CAR T cells 

for B-cell lymphoma was launched in 2019 (Figure 2) (NCT03881761)76 77. Currently, Nbs 

are typically developed as either diagnostic tools or therapeutic agents, but Nbs also hold 

promising potential for combined application as true theranostics. To date, a variety of Nbs 

(Her2, EGFR, M-protein, CD20, CD38, MHC II) have been used for non-invasive 

diagnostic imaging such SPECT, PET and optical imaging, and for therapeutic applications 

such as tumor targeted therapy, cytolytic cell therapy and CAR T-cell therapy, providing 

initial evidence for the successful application of Nbs as theranostics65.  

The diverse applications underline the great potential of Nbs, which outperform 

conventional Abs in numerous research, diagnostic and therapeutic areas due to their 

inherent properties. The increasing number of listed clinical trials in the diagnostic and 

therapeutic field points to a promising future for versatile applications of Nbs. 

 

1.2. SARS-CoV-2 and COVID-19 

1.2.1. Emergence & characteristics 

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), a highly transmissible 

novel virus in the Coronaviridae family, emerged in late 2019 and has triggered a 

pandemic of acute respiratory disease, known as COVID-1978. With the origin in Wuhan, 

China; SARS-CoV-2 emerged as major global public health concern with around 7 million 

COVID-19-related deaths in June 202379. The enveloped single-stranded RNA virus with a 



1. Introduction 

9 
 

genome of 29.8 kb and a virion size of 50 to 140 nm belongs to one of the largest RNA 

viruses78; 80. 

The genome of SARS-CoV-2 encodes for functional and non-functional open reading 

frames (ORFs) resulting in six structural proteins: RNA-dependent RNA polymerase 

(ORF1a/ORF1b), spike (S), envelope (E), membrane (M) and nucleocapsid (N) (Figure 

3A)81. The S, a transmembrane glycoprotein, forms a homotrimer on the virion surface. 

Each of the three domains consists of two subdomains S1 and S2, from which the S1 

subunit contains a region with 223 amino acids called the receptor-binding domain (RBD) 

(Figure 3B)82. Via the RBD, SARS-CoV-2 mediates cellular entry into epithelial cells in the 

respiratory tract by interaction with the angiotensin-converting enzyme (ACE) 2. Upon 

binding the fusogen activity of the S protein is triggered by the transmembrane protease 

serine 2 (TMPRSS2) located on the host cell surface. Once the virus has entered the 

target cell, RNA-dependent RNA polymerase coordinates with other viral and host factors 

to produce both viral mRNAs and new genomes. Translation by the host cell's translational 

machinery follows, ultimately resulting in the assembly and exocytosis of new virions83; 84.  

 

 

Figure 3: Schematic structure of SARS-CoV-2. 
A) SARS-CoV-2 is an enveloped RNA virus with four structural proteins including Spike (S), 
envelope (E), membrane (M) and nucleocapsid (N). SARS-CoV-2 mediates entry into human 
epithelial cells by interaction of the S protein and ACE2, followed by the activation of TMPRSS2 for 
membrane fusion. B) SARS-CoV-2 S is a homotrimer, with each domain consisting of two 
subdomains S1 and S2. The receptor-binding domain (RBD) is part of S1 and mediates interaction 
with ACE2 (N-terminal domain, NTD; transmembrane domain, TMD). 
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Rapid replication of SARS-CoV-2 in lung tissue triggers a strong immune response. 

Whereas the majority of infections are asymptomatic or cause only mild symptoms, severe 

pathogenesis with cytokine storm followed by acute respiratory distress syndrome and 

respiratory failure is the main cause of death, observed mainly in patients over 60 years of 

age with severe preexisting conditions, accounting for ~1% of all confirmed cases85; 86. 

Long-term effects, including impairment of physical, mental, and psychological health that 

persist months after SARS-CoV-2 infection, also known as long COVID, are observed with 

a variable prevalence of 5-20% even after asymptomatic infection87; 88.  

Since late 2020, the first mutations of SARS-CoV-2 impacting transmissibility and 

antigenicity were described. Due to the reason, that 90% of the plasma or serum Abs with 

neutralizing activity target the RBD and thereby inhibit viral entry, increased selective 

pressure caused a multitude of immune escape mutations within this protein domain89; 90. 

To prioritize global monitoring and research, the World Health Organization (WHO) has 

defined variants of concern (VOCs) and interest (VOIs) that pose an increased risk to 

global public health. Previously circulating VOCs include Alpha, Beta, Gamma and Delta. 

By the end of 2022, Omicron with a double-digit number of mutations within the RBD is the 

only circulating VOC, which was rapidly splintered into several sublines91-93. 

 

1.2.2. Diagnostic detection methods 

Early diagnosis of COVID-19 was crucial to avoid uncontrollable viral spread. As a gold 

standard, detection of SARS-CoV-2 nucleic acid by reverse transcription-polymerase chain 

reaction (RT-PCR) was performed using primer pairs targeting ORF1b, N, E, or S genes 

with a detection limit of 100 copies/mL or less (Figure 4)94; 95. Detection of viral antigens 

represents an alternative and especially point-of-care lateral flow immunoassays (LFIA), 

which combine several advantages such as low cost, easy end-user handling and rapid 

test result, have reached wide application, however lacking sensitivity compared to the 

gold standard method using RT-PCR (Figure 4)96. Lung tissue damage concomitant with 

acute COVID-19 infection, enables diagnostic detection using clinical imaging techniques, 

however due to comparatively low sensitivity and specificity and increased costs, broad 

applicability was never reached (Figure 4)97-101. 

In contrast to the detection of viral parts, diagnostic approaches detecting SARS-CoV-2-

specific Abs provide information about developed immunity upon infection or vaccination 

(Figure 4). Serological tests including ELISA (enzyme-linked immunosorbent assay), CLIA 

(chemiluminescence immunoassay), LFIA and bead-based multiplex immunoassays are 

valid methodologies to investigate seroprevalence within the population and monitor 
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vaccination trials102; 103. Depending on the applied method, Ab type, amount and specificity 

can be determined, and a multitude of commercially available immunoassay tests were 

government-approved100. However, most of these assays measure total Ab response 

against SARS-CoV-2 without distinguishing between neutralizing and non-neutralizing 

Abs100; 101; 104-106. The gold standard method to determine neutralizing capacity of serum 

samples is the virus neutralization test (VNT), in which serum and virus are inoculated into 

cell culture and incubated for a certain time frame. In case neutralizing antibodies (NAbs) 

are present virus replication will be inhibited. However, besides requiring biosafety level 3 

(BSL3) facilities, several days are needed until test results are available107-110. In the 

course of the pandemic, a variety of specialized biochemical assays to detect NAbs were 

developed, which are majorly based on ACE2-mediated blockage of the RBD/ACE2 

interaction111-115. 

 

 

Figure 4: Diagnostic methods to determine acute SARS-CoV-2 infection and developed 
immunity.  
Detection of viral constituents including RNA and protein using RT-PCR or LFIA respectively are 
standard diagnostic methods to determine acute infection of SARS-CoV-2. Lung tissue damage 
caused by acute SARS-CoV-2 infection can be determined by clinical imaging. Developed immunity 
following infection or vaccination can be detected by serological immunoassays. To determine 
neutralizing activity standardly the VNT is applied. 
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1.2.3. Vaccines & therapeutics 

With the start of the COVID-19 pandemic also the race for efficient vaccines and 

therapeutics took its course. Currently 11 vaccines are granted emergency use listing by 

WHO and more than 350 are currently in preclinical or clinical development (COVID19 

vaccine tracker). Four vaccine platforms of approved vaccines can be distinguished: 

messenger RNA (mRNA) vaccines (Comirnaty Pfizer-BioNTech, Spikevax Moderna), 

inactivated virus vaccines (Covaxin Bharat Biotech, Covilo Sinopharm, CoronaVac 

Sinovac), non-replicating vector-based vaccines (Vaxzevria AstraZeneca, Jcovden 

Janssen, Covishield Serum Institute of India, Convidecia CanSino), and protein subunit 

vaccines (Nuvaxovid Novavax, Covovax Serum Institute of India). To date close to 70% of 

the global population received at least one dose of a COVID-19 vaccine116. Due to rapid 

acquisition of mutations and the concomitant breakthrough infection, Omicron-adapted 

mRNA vaccines are available. Overall vaccines induce high short-term NAb responses, 

which however wane after several months117-119. In parallel also cellular immune responses 

with greater durability are induced, including persisting germinal center B-cells and CD8+ T 

cell responses, providing protection against severe disease120-122.  

In contrast to the preventive strategies pursued with vaccination campaigns, COVID-19 

therapies to treat acute infections are relevant for those who are awaiting vaccination or 

who do not respond robustly to vaccination. The COVID-19 therapeutic landscape can be 

divided into different classes applicable for different disease stages. 

For small molecule inhibitors two main approaches can be distinguished: direct acting 

antivirals (DAA) targeting viral components and host-targeting agents (HTA) inhibiting host 

elements to prevent viral replication and spread123. Remdesivir, originally developed 

against hepatitis C inhibiting the viral RNA polymerase, Nirmatrelvir/Ritonavir a co-

medication of 3CL protease and CYP3A inhibitor and Molnupiravir a prodrug inhibiting the 

viral replication are available DAAs for COVID-19 treatment124-126. However, the clinical 

utility of DAAs is controversial in practice because of the small window of application of <5-

7 days after symptom onset123; 127. HTA, as broad-spectrum therapeutics, are generally 

more robust against escape variants, but safety concerns due to their mechanism of action 

inhibiting host proteins limit their development128; 129.  

Alternatives to antiviral small molecule therapies are SARS-CoV-2-targeting neutralizing 

monoclonal antibodies (mAbs). Several candidates including bamlanivimab-etesevimab, 

casirivimab-imdevimab, tixagevimab-cilgavimab, sotrovimab and bebtelovimab achieved 

FDA emergency use authorization for mild-to-moderate COVID-19130-135. All approved 

mAbs target epitopes on S to block virus entry. However, the increasing prevalence of 
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Omicron subvariants accompanied by treatment failure resulted in revoke of 

recommendation for all candidates135. Despite the high efficacy of mAbs before the onset 

of the Omicron variants in high-risk patients in preventing progression of serious disease, 

high cost, limited availability, and logistical problems limited their wide applicability123. 

 

1.3. SIRPα as promising target on tumor-associated macrophages 

1.3.1. Role of tumor-associated macrophages in the tumor microenvironment 

Increasing evidence suggests that the tumor microenvironment (TME), providing an 

essential pro-tumorigenic milieu for cancer cells, plays a critical role for maximizing anti-

cancer treatment response in solid tumors136; 137. The TME including blood vessels, 

immune cells, stromal cells, fibroblasts, adipocytes, soluble signaling molecules and 

extracellular matrix, orchestrates angiogenesis, proliferation, invasion and metastasis138; 

139. Within the TME myeloid cells are the most frequent cell type140 and are comprised of 

tumor-associated macrophages (TAM), dendritic cells, myeloid-derived suppressor cells 

and neutrophils. Especially, TAMs are highly abundant and form between 30-50% of the 

tumor mass141. In the context of cancer a dual nature of TAMs with partially opposite 

effects for cancer progression can be observed142; 143 and historically two main directions of 

polarization, including M1-and M2-like TAMs, were distinguished within this highly 

heterogenous cell population144. The pro-inflammatory M1 type is activated by interferon-γ, 

toll like receptors (TLRs), lipopolysaccharide and granulocyte macrophage colony 

stimulating factor and expresses molecules including nitric oxide synthase and IL-12. M1-

TAMs not only engulf and kill target cells, but also enhance the T helper 1 response and 

secrete proinflammatory cytokines such as TNF-α, IL-1, IL-6, IL-12, and IL-23145-147. M2-

TAMs expressing IL-10, IL-1β, VEGF and matrix metalloprotein are known as alternative 

macrophages and are activated by IL-4 and IL-13. By strengthening the T helper 2 

response, promoting angiogenesis, rebuilding tissue, and repairing injury, M2-TAMs are 

known as anti-inflammatory macrophages that secrete IL-10 and TGF-β145; 148. Overall, 

macrophages are highly plastic cells that undergo constant state transitions, which also 

result in mixed phenotypes. Therefore, the classical M1/M2 differentiation represents an 

oversimplification of reality149; 150.  

In most established solid tumors, a pro-tumor function of TAMs predominates, driving 

tumor progression149. During carcinogenesis, TAMs release nitric oxide and reactive 

oxygen intermediates that lead to genetic instability. Moreover, the production of various 

growth factors leads to proliferation of cancer stem cells151; 152. In advanced tumor stages, 

TAMs are the main drivers of angiogenesis and metastatic spread by producing pro-
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angiogenic factors and remodeling the extracellular matrix153; 154. Through increased 

expression of immune checkpoint molecules and secretion of anti-inflammatory cytokines, 

TAMs additionally induce an immunosuppressive milieu within the TME149; 155; 156. For these 

reasons, poor clinical prognosis e.g. in breast, ovarian and prostate cancer correlates with 

high TAM infiltration in the TME157-159. 

In contrast, TAMs can also exert potent antitumor activity through macrophage-mediated 

killing of cancer cells, Ab-dependent cellular cytotoxicity, and activation of innate and 

adaptive immune responses156; 160. Several conventional antitumor therapies, e.g. the 

chemotherapeutic drug doxorubicin, are highly dependent on the phagocytic activity of 

TAMs to eliminate cancer cells161. Similarly, the efficacy of classical immune checkpoint 

blockade, which elicits T cell-mediated immune responses, depends on the 

immunosuppressive circuits of the myeloid cell population through the expression of 

checkpoint ligands such as PD-L1/2 and B7-1/2149. Targeted recruitment, activation, and 

reprogramming to anti-tumor TAMs can occur via cytokines, TLRs, stimulator of interferon 

genes agonists, mAbs, and microRNAs149; 162-164. Novel antitumor strategies are built on 

CAR macrophages equipped with tumor antigen receptors. Macrophage-based cell 

therapy is highly interesting due to their specific recognition of tumor cells, their persistent 

proinflammatory M1 phenotype, and their ability to invade the tumor and therefore may 

overcome current limitations for CAR T cells especially for solid tumors165; 166. In addition, 

several myeloid checkpoints, including sialic acid-binding immunoglobulin-like lectin, 

leukocyte immunoglobulin-like receptor B, and signal-regulating protein α (SIRPα), were 

found to negatively regulate macrophage effector function167-169. In particular, the 

SIRPα/CD47 axis was identified as a promising target for future myeloid-specific 

checkpoint inhibition to induce macrophage-mediated anti-cancer activity169; 170. 

 

1.3.2. The SIRPα/CD47 axis 

SIRPα, also known as CD172a or SHPS-1, is an innate immune checkpoint inhibitor 

predominantly expressed on myeloid cells like monocytes, macrophages, dendritic cells 

and neutrophils as well as neurons and stem cells171-173. Structurally SIRPα consists of 

three Ig-like domains, a transmembrane domain and a cytoplasmic domain containing two 

immunoreceptor tyrosine-based inhibitory motifs (ITIMs) with four tyrosine residues that 

are potential sites for phosphorylation171. This surface receptor belongs to the SIRP paired 

receptor family, which consists of the inhibitory receptor SIRPα, an activating receptor 

SIRPβ1 (CD172b), a non-signaling receptor SIRPγ (CD172g), and SIRPδ and SIRPβ2, 

whose functions have not yet been characterized174; 175. There is also the presence of two 



1. Introduction 

15 
 

isoforms of SIRPα with SIRPαV1 and SIRPαV2 described that are homozygously (v1/v1 or 

v2/v2) or heterozygously (v1/v2) distributed in the human population176. 

The ligand for SIRPα and SIRPγ is CD47. CD47 is ubiquitously expressed on most cell 

types and mediates a "don't eat me" signal to inhibit phagocytosis and prevent subsequent 

autoimmune responses (Figure 5)177; 178. The SIRPα/CD47 axis is primarily responsible for 

myeloid cell-mediated clearance of altered cells, erythrocytes, hematopoietic stem cells, 

and neuronal synapses. This homeostatic regulatory process was first discovered in an in 

vivo experiment demonstrating the rapid elimination of erythrocytes lacking CD47 by 

splenic macrophages179. CD47 is a highly glycosylated protein and is predicted to have five 

transmembrane regions with one single Ig-like domain, which interacts with the N-terminal 

domain (domain 1, SIRPαD1) of SIRPα180; 181. For the low affinity interaction of human 

SIRPα and CD47 a KD of 2 µM was determined and a distance of 14 nm between both 

opposing cells was estimated, which is in line to distances found in immunological 

synapses (Figure 5)181; 182.  

 

 

Figure 5: SIRPα/CD47 interaction causes the repression of macrophage-mediated 
phagocytosis. 
SIRPα contains three extracellular domains, one transmembrane region, and an intracellular 
domain with ITIM motifs. Interaction of CD47 and SIRPα mediates a "don't eat me" signal by 
causing ITIM phosphorylation and recruitment of phosphatases including SHP-1 and SHP-2. 
Eventually, SIRPα/CD47 binding inhibits phagocytosis of host cells or CD47-expressing tumor cells. 

 

Interaction of SIRPα and CD47 promotes cytosolic ITIM phosphorylation of SIRPα, most 

likely through the activity of Src family kinases171; 183. After phosphorylation, the cytosolic 

tyrosine phosphatases SHP-1 or SHP-2 are recruited and initiate dephosphorylation of a 

variety of downstream substrates in an inhibitory manner184. As a downstream 
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consequence, SIRPα activity in the phagocytic synapse is inhibited e.g. by deactivation of 

the motor protein myosin IIA185. 

Exploiting this physiological checkpoint mechanisms, tumor cells upregulate CD47 and 

thereby escape macrophage recognition and programmed cell removal186-188. Based on its 

importance for cancer immune evasion, the SIRPα/CD47 axis constitutes a promising 

theranostic target. 

 

1.3.3. Theranostic approaches targeting the SIRPα/CD47 axis 

The prognostic significance and clinical relevance of the two cellular surface markers 

SIRPα and CD47 in human malignancies are under intense investigation187; 189-195. CD47 

overexpression was observed in various hematological and solid cancer types including 

non-Hodgkin lymphoma, acute myeloid leukemia, glioblastoma, ovarian, breast, colon, 

bladder, hepatocellular, and prostate cancer187; 189; 190. Therefore, CD47 is a widely 

recognized tumor immune evasion marker, and its upregulation correlates with shorter 

overall survival196. In contrast, data characterizing SIRPα expression of monocytes and 

macrophages in the context of malignancies are fragmentary, which is likely due to the low 

numbers and diverse phenotypes of TAMs within tumor tissue samples195. However, 

strong expression levels of SIRPα were found to be associated with inferior survival in 

follicular lymphoma, colorectal cancer, intrahepatic cholangiocarcinoma and esophageal 

carcinoma192-195. Therefore, the SIRPα/CD47 axis appears to be a promising target for 

diagnostic and therapeutic applications.  

The therapeutic potential of the SIRPα/CD47 axis has been extensively explored, and 

currently three different strategies are available for therapeutic manipulation: i) blocking 

CD47 on target cells, ii) blocking SIRPα on myeloid cells, or iii) inhibiting the glutaminyl 

peptide cyclotransferase-like protein (QPCTL) required for CD47 maturation (Figure 6)190. 

For the first class, treatment with CD47-specific Abs and Nbs blocking the SIRPα/CD47 

interaction, as well as SIRPα-Fc fusions, have been shown to result in increased levels of 

phagocytosis, inhibition of cancer transplantation, and elimination of pre-existing leukemia 

in vivo187; 189; 197-200. However, due to the endogenous expression of CD47 on non-

malignant cells, a considerable off-tumor antigen sink limits the efficacy of CD47-targeting 

therapies, while hematological toxicities such as anemia and thrombocytopenia have been 

observed by the depletion of erythrocytes and platelets upon CD47-binding molecules 

retaining FcR binding201; 202. Furthermore, the requirement of large initiation doses and/or 

manifold administrations limit clinical translatability. Nevertheless, several CD47-targeting 

agents including the anti-CD47 Ab magrolimab (Hu5F9-G4) and SIRPα fusion protein 
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ALX148 are currently tested in various clinical trials in combination with a diverse set of 

tumor-targeting agents170; 203-205. 

SIRPα is only expressed on a limited number of cell types and therefore SIRPα-blocking 

agents including SIRPα-specific Abs and high affinity CD47 variants are considered to 

have an improved efficacy. Especially in combination with tumor-opsonizing Abs in vivo 

data showed a strong synergistic anti-tumor effect176; 206-208. To date two anti-SIRPα mAbs, 

BI765063 and GS-0189 (FIS-189), have entered clinical testing for mono- and combination 

treatment regimens201. Additionally, several bispecific Abs targeting CD47 or SIRPα in 

addition to tumor antigens e.g. CD19, CD20 and PD-1 or molecules expressed by T cells 

like CD40L are also in clinical testing (NCT04886271, NCT04406623).  

 

 

Figure 6: Different therapeutic strategies for manipulation of the SIRPα/CD47 axis. 
i) Blocking CD47 on target cells, ii) blocking SIRPα on myeloid cells, or iii) inhibiting the QPCTL 
required for CD47 maturation are currently available possibilities to target the SIRPα/CD47 
pathway. Besides induction of phagocytic activity of macrophages and dendritic cells, initiation of 
apoptosis of tumor cells and activation of NK and CD4+/CD8+ T cells were observed as 
consequence of SIRPα/CD47 targeting. 

 

In contrast to CD47 or SIRPα blocking agents, which require the application of biologicals, 

inhibition of the QPCTL enzyme can be achieved by small molecule inhibitors. 

Experimental data suggest that QPCTL deficiency, which prevents the formation of 
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pyroglutamate residues at the NH2 terminus of CD47, places the TME in a pro-

inflammatory state. However, clinical transition of a lead candidate has not yet been 

successful209. 

Besides the activation of phagocytosis of macrophages, further mechanism involving 

innate and adaptive immune responses were elucidated how therapeutic targeting of the 

SIRPα/CD47 axis are causing the elimination of tumor cells210. For example, increased 

phagocytic activity of dendritic cells and subsequent activation of CD4+ and CD8+ T cells 

were observed using anti-CD47 Abs211. In addition, anti-CD47 Abs can cause 

enhancement of natural killer (NK) cell-mediated cytotoxicity and apoptosis of tumor cells 

through a caspase-independent mechanism (Figure 6)210-212. 
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2. Objective of the Thesis 

Due to their small size, high target specificity and flexible modifiability, Nbs hold great 

potential for theranostic applications. This thesis aims to investigate the theranostic 

potential of Nbs based on two diverse application areas (viral and immune cell targets) and 

to develop novel diagnostic and therapeutic agents for future clinical translation. 

With the outbreak of the COVID-19 pandemic in March 2020, rapid and widely available 

high-throughput diagnostic methods to estimate the extent of endemic infection in the 

population on the one hand, and effective therapeutics to bridge the time until effective 

vaccines are available and severe disease symptoms can be alleviated on the other hand, 

were urgently needed. Therefore, in a first step we developed Nbs against RBD with 

neutralizing activity. To overcome the limitations of available SARS-CoV-2 serological 

tests, we assessed the applicability of RBD-specific biparatopic (bip) Nbs as Ab surrogate 

in a competitive high-throughput multiplex binding assay to measure NAbs in serum 

samples. In addition to investigate the therapeutic potential of selected RBD-specific 

bipNbs, we evaluated their protective activity against immune-evading VOCs in a murine 

disease model. 

For a second example to demonstrate the applicability of Nbs as theranostics, we focused 

on immune cell targets. Cancer immunotherapies have significantly improved therapeutic 

options, however varying response rates remain unsatisfactory. Thus, new diagnostic and 

therapeutic approaches are needed to increase treatment success. Due to its importance 

as an innate immune checkpoint and its predominant expression on TAMs, SIRPα 

represents a promising theranostic target. Thus, we developed hSIRPα-specific Nbs by 

applying a binary selection strategy. We identified hSIRPα/CD47-blocking Nbs and 

assessed their applicability as novel immunotherapeutics in vitro. Additionally, we selected 

inert Nbs and evaluated their use as PET tracers for patient stratification and therapy 

monitoring in vivo. 
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3. Results & Discussion I: Nanobodies against SARS-CoV-2 

The content of this chapter is based on: 

Wagner TR§, Ostertag E§, Kaiser PD, Gramlich M, Ruetalo N, Junker D, Haering J, 

Traenkle B, Becker M, Dulovic A, Schweizer H, Nueske S, Scholz A, Zeck A, Schenke-

Layland K, Nelde A, Strengert M, Walz JS, Zocher G, Stehle T, Schindler M, 

Schneiderhan-Marra N, Rothbauer U (2021) NeutrobodyPlex-monitoring SARS-CoV-2 

neutralizing immune responses using nanobodies. EMBO Rep 22: e52325. 

Wagner TR§, Schnepf D§, Beer J§, Ruetalo N§, Klingel K, Kaiser PD, Junker D, Sauter M, 

Traenkle B, Frecot DI, Becker M, Schneiderhan-Marra N, Ohnemus A, Schwemmle M, 

Schindler M, Rothbauer U (2022) Biparatopic nanobodies protect mice from lethal 

challenge with SARS-CoV-2 variants of concern. EMBO Rep 23: e53865. 

 

3.1. Generation and characterization of RBD-specific nanobodies  

At the start of the study in early 2020, neither prophylactic vaccines protecting against 

SARS-CoV-2 nor effective therapeutics for infected high-risk patients were available. NAbs 

offer great potential as immediate antiviral agents, but shortcomings such as high 

production costs, limited long-term stability, high efforts to produce multi-specific 

molecules, and the risk of causing Ab-dependent enhancement of infection limit their 

widespread use213; 214. Therefore Nbs, providing favorable biochemical characteristics, 

appeared to be a promising alternative to conventional Abs for various applications related 

to the emerging SARS-CoV-2 pandemic215. 

For the generation of Nbs an alpaca (Vicugna pacos) was immunized with the recombinant 

RBD-derived from SARS-CoV-2 B.1 (RBDB.1) (Figure 7A), followed by the generation of a 

Nb phagemid library with a size of ~4 × 107 clones. After two consecutive rounds of phage 

display on RBD, we achieved a positive selection rate of ~66% with 325 positive binders 

from 492 individually analyzed clones. Finally, 11 unique Nb sequences were identified 

and purified (Figure 7B & C). Affinity measurements revealed 10 high-affinity binders with 

KD values ranging from ~1.4 to ~53 nM (Wagner & Ostertag et al., Appendix I, Figure 2A-

C, Figure S1).  
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Figure 7: Generation of Nbs targeting the SARS-CoV-2 RBD/ACE2 interface. 
A) RBD-specific Nbs were identified from a Nb phage library upon immunization of an alpaca with 
recombinant RBD. B) 11 Nbs were produced by recombinant expression and C) revealing highly 
heterogenous CDR3s. 

 

For targeted selection of Nbs blocking the interaction between RBD and human ACE2, we 

first performed a biochemical multiplex ACE2 competition assay on paramagnetic beads 

coupled with SARS-CoV-2 antigens (RBD, S1, S)101 and determined IC50 values reflecting 

neutralization potential of tested Nbs. Notably, 8 out of 10 tested candidates were inhibiting 

ACE2 binding to all tested SARS-CoV-2 antigens (Wagner & Ostertag et al., Appendix I, 

Figure EV1).  

To confirm neutralization potency, we performed a VNT, using serial dilutions of NM1223, 

NM1224, NM1226, NM1228, NM1230. In line with the data obtained from the multiplex 

ACE2 competition assay, NM1223 was found to be non-neutralizing, whereas NM1226 

and NM1228 revealed strongest neutralization with IC50 values of ~15 and ~7 nM, 

respectively, followed by NM1230 (~37 nM) and NM1224 (~256 nM) (Wagner & Ostertag 

et al., Appendix I, Figure S2).  
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As the observed neutralization effects are mediated either by direct blockade of RBD 

residues essential for ACE2 binding or by steric hindrance of the RBD/ACE2 interaction, 

we next performed epitope binning to group the Nbs according to their relative positions to 

each other. In total, five different Nb-Sets were identified, revealing high epitope diversity 

of selected candidates (Wagner & Ostertag et al., Appendix I, Figure S3). Analysis 

showed that despite their highly diverse CDR3 regions, both Nbs NM1226 and NM1228 

with the strongest neutralization potency share binding epitopes on RBD (Figure 8A). In 

contrast, NM1230 was assigned to a different Nb-Set with NM1221 and NM1222 (Nb-Set 

2). The neutralizing Nb NM1224 (Nb-Set 4) as well as the non-neutralizing Nbs NM1223 

(Nb-Set 3) and NM1220 (Nb-Set 5) each bound a separate epitope class.  

While epitope binning only provides information on relative binding behavior, we 

additionally performed hydrogen deuterium exchange mass spectrometry (HDX-MS) to 

identify detailed RBD epitopes that are protected upon Nb binding. HDX protection of 

NM1226 was highest between aa (amino acid) NRBD370–LRBD387, which are not part of the 

RBD/ACE2 interface (Wagner & Ostertag et al., Appendix I, Figure EV2A and B). In 

contrast, NM1228 binding an overlapping epitope as NM1226, displayed additional 

protection of YRBD489-SRBD514 involved in ACE2 interaction (Figure 8B) (Wagner & 

Ostertag et al., Appendix I, Figure EV2C). Set-2 Nbs including NM1230, bound to the top 

of the RBD and thereby covering multiple residues directly involved in ACE2 binding 

(GRBD446, YRBD449, NRBD487-GRBD496) (Wagner & Ostertag et al., Appendix I, Figure 

EV2D, E, F). As proposed by epitope binning results NM1224 (Nb-Set4) and the non-

inhibitory NM1223 showed interaction sites distinct from all other Nbs, whereas the latter 

one contacted majorly residues at the front/lower left with large spatial distance to the 

RBD/ACE2 interaction site (Wagner & Ostertag et al., Appendix I, Figure EV2G and H).  

These analyses indicated that we discovered both directly and indirectly neutralizing Nbs. 

For a more detailed understanding of their neutralization mechanism, we elucidated the 

binding mode of NM1226 and NM1230 by crystal structure analysis. RBD:NM1226 

complex structure was solved at a resolution of 2.3 Å and an interface of 698 Å2 was 

determined (Wagner & Ostertag et al., Appendix I, Figure 3A and B, Table S2). Crystal 

structure analysis confirmed that the RBD regions (aa 369-384 and aa 504-508), which are 

not part of the ACE2 binding site, are involved in the interaction, where mainly residues of 

the CDR3 of NM1226 mediate RBD binding (Figure 8B). Furthermore, these structural 

data suggest that the neutralizing effect of NM1226 is mainly achieved by steric collision 

(Wagner & Ostertag et al., Appendix I, Figure EV3). For NM1230 a resolution of 2.9 Å in 

complex with RBD was determined. (Wagner & Ostertag et al., Appendix I, Figure 3A and 

B, Table S2). Data revealed that specific binding of NM1230 is accomplished by a 
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combination of residues from the CDR3 and framework regions, burying a surface area of 

~830 Å2 (Figure 8B) (Wagner & Ostertag et al., Appendix I, Figure 3A and C, Table S2). 

Interaction sites on RBD involved YRBD351 and the loop region ranging from aa 437–503, 

forming polar contacts, one salt bridge (RNM123098 to ERBD484) and π-π stackings. 

Interestingly, the binding of NM1230 partially overlaps with the ACE2 interface but also 

impairment of ACE2 binding through steric collision on the neighboring RBD was 

observed, consequently NM1230 mediates simultaneous blocking of two RBDs of the 

trimeric S protein (Wagner & Ostertag et al., Appendix I, Figure EV3, Figure S5).  

 

 

Figure 8: Epitope mapping of lead candidates NM1226, NM1228 and NM1230. 
A) Representative BLI-based sensograms of NM1228 and NM1226 targeting an overlapping 
epitope and NM1228 and NM1230 targeting different epitopes on RBD. B) Summary of binding 
epitopes on RBD derived from crystal structure of RBD:Nb complexes NM1226 (blue, PDB 7NKT) 
and NM1230 (green, PDB 7B27) and derived from HDX-MS analysis for NM1228 (dark blue). 
Overlapping binding epitopes of NM1226 and NM1228 are illustrated in cyan and ACE2 interaction 
site on RBD is illustrated as dotted surface. 
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Previous to the COVID-19 pandemic, antiviral Nbs against human immunodeficiency virus-

1 (HIV-1), influenza viruses, hepatitis C virus (HCV), respiratory syncytial virus (RSV) and 

enteric viruses were developed216-220. Even several SARS-CoV-1- or MERS-CoV-specific 

Nbs have been described with neutralizing effect221; 222. However, the start of the pandemic 

has boosted an ever-growing list of SARS-CoV-2 specific Nbs (reviewed in223-225). The high 

success rate in identifying RBD-specific Nbs is consistent with other studies, suggesting 

that SARS-CoV-2 derived proteins including the RBD are highly immunogenic antigens for 

generation of HCAbs in alpacas, llamas and camels226-230. In addition, several high-affinity 

RBD-specific Nbs were successfully selected from naïve or synthetic libraries231-234.  

 

 

Figure 9: Comparison of classified binding epitopes on RBD of neutralizing Nbs and Abs.  
RBD-directed Nbs and NAbs are classified into different categories depending on which epitopes of 
RBD are recognized. Two clusters were identified for Nbs and six classes were defined for NAbs, of 
which the four main classes are illustrated. Core aa residues of Nb cluster 1 (dark blue) represented 
by NM1226 and NM1228 and cluster 2 (blue) represented by NM1230 on RBD are highlighted. For 
each main NAb class, a representative binder to RBD is shown: class 1, CB6; class 2, LY-CoV555; 
class 3, S309; class 4, CR3022. 

 

According to binding affinity, we selected several Nb candidates with KD values in the 

nanomolar range, which are in line with the high-affinity candidates identified in other 
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selection campaigns223-225. Remarkably, we identified highly diverse Nb sets with in total 

five distinct epitopes. Moreover, directly and indirectly neutralizing mechanisms were 

elucidated. Crystal structure analysis revealed that NM1226 targets a similar epitope as 

the first structurally characterized Nb VHH72215, the so-called cluster 1, which is conserved 

between SARS-CoV-1 and -2 (Figure 9). Further cluster 1 Nbs include C1, F2235 or the 

synthetic Sb68236. NM1230 belongs to cluster 2 Nbs as well as H11-H4232, C5235 or 

Sb23233. In comparison, six different epitope classes have been identified for NAbs, while 

class 5 and 6 are only rarely found237-239. NAb classes 1 and 2, which include CB6240 and 

LY-CoV555241 bind the RBD/ACE2 interface corresponding to cluster 2 Nbs (Figure 9). 

Class 3 NAbs include S309242 targeting the outer face of RBD, but no Nb resembling this 

cluster has yet been crystallized243. According to the HDX-MS data, NM1224 could 

probably be assigned to this class. Class 4 NAbs targeting the inner face of RBD typically 

exhibit less potent neutralization activity such as CR3022244 since they are not competing 

with the ACE2 interface. Cluster 1 Nbs correspond to this class but, as shown for NM1226 

and NM1228, have a strong neutralization potential243.  

 

3.2. Potent biparatopic nanobodies against variants of concern 

Viral infections lead to the formation of polyclonal Abs that bind to different epitopes and 

thus provide a better protection. We therefore hypothesized that targeting multiple epitopes 

may further increase the neutralizing effect and additionally ensure binding to escape 

mutations of SARS-CoV-2. Based on detailed epitope mapping and potent neutralization, 

we decided to fuse NM1230 or NM1228 to NM1226 via a flexible glycine-serine-linker 

((G4S)4), resulting in the bipNbs NM1267 (NM1230-NM1226) and NM1268 (NM1228-

NM1226), respectively. Both bipNbs were designed to target two distinct epitopes one 

inside and one outside the RBD/ACE2 interface (Wagner & Schnepf et al., Appendix II, 

Figure EV1). Both bipNbs were efficiently produced in mammalian cells, showed affinities 

to RBDB.1 in the picomolar range (Figure 10) (Wagner & Ostertag et al., Appendix I, 

Figure 4, S7C; Wagner & Schnepf et al., Appendix II, Figure 1A) and picomolar IC50 

values for RBD, S1 and S determined in the multiplex ACE2 competition assay (Wagner & 

Ostertag et al., Appendix I, Figure 4; Wagner & Schnepf et al., Appendix II, Figure EV2). 

In addition, evaluation of thermal unfolding and aggregation with nano differential scanning 

fluorimetry (nanoDSF) as well as accelerated aging, showed good biophysical properties 

and thus applicability for in vivo experiments (Wagner & Schnepf et al., Appendix II, 

Figure 1B).  

Knowing the exact epitopes of individual Nbs, we proposed that both bipNbs are highly 

effective against several described variants of SARS-CoV-2 at this time, including Alpha 
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(B.1.1.7), Beta (B.1.351), Gamma (P1), Delta (B.1.617.2), Epsilon (B.1.429), Theta (P3), 

Kappa (B.1.617.1), and A.23.1 (Figure 10) (Wagner & Schnepf et al., Appendix II, Figure 

EV1). Therefore, we analyzed binding affinities against purified RBDs of listed variants 

(Wagner & Schnepf et al., Appendix II, Figure 2). Robust binding of both bipNbs to all 

tested variants was observed, in some cases even with significantly increased affinities. An 

exception was the binding of NM1267 to RBDs with exchange of leucine to arginine at 

position 452 (L452R) such as Delta, Epsilon and Kappa, where slightly decreased KD 

values were determined. 

 

 

Figure 10: BipNbs NM1267 and NM1268 target several SARS-CoV-2 variants.  
BipNbs NM1267 and NM1268 consisting of single Nbs NM1230-NM1226 and NM1228-NM1226, 
respectively were produced in high yields and were able to bind several SARS-CoV-2 RBD variants 
including Alpha, Beta, Gamma, Delta, Epsilon, Theta, Kappa, and A.23.1. 

 

Escape variants of SARS-CoV-2 that evade established immune responses are of great 

concern. At the time of the study, especially VOCs Beta and Delta posed a major thread 

since reduced neutralization was determined in postvaccination serum245-247. Knowing that 

NM1267 and NM1268 bipNbs are effective against both VOCs, next we tested their 
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neutralization potency using VNTs. Consistent with affinity measurements, NM1267 

showed profound efficacy against SARS-CoV-2 B.1 and Beta with IC50 values of 0.33 and 

0.78 nM, respectively (Wagner & Schnepf et al., Appendix II, Figure 3). However, as 

expected decreased neutralization potential for Delta with an IC50 value of 52.55 nM was 

determined. In contrast, we observed strong inhibition of viral infection using NM1268 with 

IC50 values of 2.37 nM for SARS-CoV-2 B.1, 6.06 nM for Beta and 0.67 nM for Delta.  

To achieve enhanced neutralization effect, several studies focused on the preparation of 

multi-valent constructs in the form of homodi-/-trimeric Nbs or Nb-Fc fusions248-250. 

Although avidity can be significantly increased, these molecules are highly susceptible to 

escape mutations. An early study by Koenig et al. showed that targeting two independent 

epitopes on RBD can prevent viral escape228. Consequently, bipNbs have increased 

resistance to circulating and emerging VOCs228; 251; 252. By combining NM1226, which binds 

to a conserved epitope outside the RBD/ACE2 interaction site, and two different Nbs with 

epitopes within this interface, we ensured a robust binding mode. Affinity and neutralization 

efficacy in the multiplex ACE2 competition assay and VNT against SARS-CoV-2 B.1 were 

significantly enhanced by both bipNbs, and as suggested, strong binding to most 

circulating VOCs was detected. In summary, based on rational design we developed two 

promising candidates with increased neutralizing activity and built-in protection against 

escape variants for further applications. 

 

3.3. Monitoring of SARS-CoV-2 neutralizing immune responses via 

NeutrobodyPlex  

Since the pandemic outbreak, identification of immune correlates for protection against 

SARS-CoV-2 infection and prediction of clinical outcomes has been one of the major 

challenges. Due to their important role in host protection and ease of sampling, the 

determination of Ab titers lends itself as a defined correlate of protection. In severely ill and 

hospitalized patients, however, high production of Abs was observed; yet, these Abs 

exhibited low binding affinity due to impaired Ab maturation253; 254. Therefore, total Ab titers 

are not a reliable prognostic marker of immune protection in symptomatic COVID-19255. 

NAbs, which are part of the Ab response, play a critical role to prevent SARS-CoV-2 

infection and support rapid virus clearance due to interference with receptor binding, 

blockade of virus uptake into host cells as well as prevention of uncoating of viral genomes 

into endosomes256. In contrast to the full Ab response, studies showed that the 

neutralization level is highly correlating with immune protection and models based on 

neutralizing titers are robust predictors for waning immunity and the requirement for the 
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next boosting vaccination255; 257. Since the onset of the pandemic, numerous SARS-CoV-2 

serologic tests have been developed to monitor seroconversion of individuals but not to 

determine their neutralizing effect. At the same time, the gold standard method to measure 

NAb titers the VNT has numerous disadvantages, such as an elaborate protocol, long 

incubation times, and the need for a BSL3 laboratory107-110. To overcome listed limitations, 

we investigated the application of Nbs as Ab surrogate in a competitive binding assay to 

detect NAbs within serum samples (Wagner & Ostertag et al., Appendix I). 

To develop an antigen-resolved serological assay capable of determining neutralizing 

immune responses against SARS-CoV-2, we investigated whether NM1267 could be used 

as a suitable Ab surrogate to monitor NAbs in serum samples. Based on its binding mode, 

we hypothesized that NM1267 robustly displaces serum Abs from the RBD/ACE2 interface 

(Figure 11A). To test this hypothesis, we first used the well-characterized NAb (clone 

REGN10933) in the competitive multiplex binding assay101 and observed increasing 

displacement of NAbs in the presence of rising concentrations of NM1267 (Wagner & 

Ostertag et al., Appendix I, Figure S8). Next, we examined five SARS-CoV-2 patient 

samples in a similar experimental setup (Figure 11B). We observed that ~63 nM of 

NM1267 was sufficient to displace bound IgGs on RBD and S1. A minor signal decrease 

was observed on S, suggesting that most S-binding Abs do not target the RBD/ACE2 

interface. Notably, already in this small sample set distinct differences within the 

neutralizing capacity of tested serum samples could be resolved by using NM1267 as Ab 

surrogate (Wagner & Ostertag et al., Appendix I, Figure 5, Table S3). Based on the 

application of bipNb NM1267 to determine neutralizing capacities, the novel multiplex 

serological assay was named NeutrobodyPlex. 

For further validation a set of 18 serum samples collected from PCR-positive SARS-CoV-2 

patients and four control samples from healthy donors were analyzed in parallel by the 

NeutrobodyPlex on RBD and the gold standard method VNT. In calculating the mean 

percent infection (% infection) of all individual serum dilutions for the VNT plotted against 

the corresponding MFI (% control) from the NeutrobodyPlex with 1 nM NM1267, a 

negative correlation was observed (Figure 11C) (Wagner & Ostertag et al., Appendix I, 

Figure 6C). These findings suggest that the NeutrobodyPlex is a valid serological high-

through put assay allowing both the detection of individual neutralizing immune responses 

and the assessment of their neutralizing potency. 
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Figure 11: NeutrobodyPlex: multiplex competitive binding assay to monitor neutralizing 
immune responses. 
A) Serum-derived neutralizing IgGs are displaced by the addition of the bipNb NM1267. The 
resulting signal decline represents the neutralizing capacity of the individual serum sample. 
B) Antigen-coated beads comprising RBD, S1, or S were co-incubated with serum samples and a 
dilution series of NM1267 (1 µM to 6 pM). The mean fluorescent intensities (MFI) derived from 
antigen-bound IgGs in the presence of bipNb were normalized to the MFI values of IgG binding 
without bipNb, which are exemplary illustrated for one serum sample as MFI (% control). C) For 
comparison to the gold standard method to determine NAbs, the mean percent of infection (% 
Infection) derived from all individual serum dilutions obtained by the VNT was plotted against the 
respective MFI (% control) obtained from the NeutrobodyPlex on RBD in the presence of NM1267 
(1 nM).  

 

Finally, the NeutrobodyPlex was validated with a larger sample set of 112 convalescent 

SARS-CoV-2-infected and eight uninfected individuals and included in total five SARS-

CoV-2 antigens (RBD, S1, S2, S, and N). To examine the extent to which total immune 

response and neutralizing capacity are related, S-binding or N-binding IgGs as measure 

for the complete Ab response were plotted against normalized MFI values from IgGs 

binding to RBD in the presence of two concentrations of NM1267 (1 µM, 1 nM (MFI RBD 

(% control)) (Wagner & Ostertag et al., Appendix I, Figure 7). Total immune responses for 

both antigens were highly variable with MFI values ranging from ~3,500–~50,000 within 

the tested sample group. In particular, analysis of 1 nM NM1267 allowed conclusions 
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about the relationship between neutralizing capacity and the overall immune response in 

SARS-CoV-2 (Wagner & Ostertag et al., Appendix I, Figure 7B and D). Within this sample 

set, we identified several individuals with low SARS-CoV-2-specific Ab levels but who 

exhibited a strong neutralizing immune response. Therefore, our data suggest that high 

SARS-CoV-2-specific Ab titers do not directly correlate with the presence of strong 

neutralizing IgGs after infection with SARS-CoV-2. In summary, the NeutrobodyPlex 

provides a qualitative and quantitative assessment of the presence of neutralizing SARS-

CoV-2 Abs in serum samples.  

The NeutrobodyPlex was the first antigen-resolved multiplex assay to determine a 

SARS-CoV-2-specific neutralizing IgG response in serum samples. Compared to other 

assays such as VNT, the NeutrobodyPlex represents a fully automated, high-throughput 

test system suitable for screening of large cohorts by requiring non-living and non-

infectious viral material and reducing costs and safety conditions108; 111; 258. In addition, 

minimal sample volumes are required due to the high sensitivity of the assay. In parallel to 

the development of the NeutrobodyPlex, competition assays with ACE2 were performed to 

determine neutralizing serum Abs111; 112; 259. The use of the human entry receptor ACE2 

offers the advantage that the interaction between RBD, ACE2 and neutralizing serum Abs 

is based on the natural setup. However, compared to ACE2, the bipNb NM1267 exhibits 

an increased binding affinity to RBD260, which leads to a higher resolution of strong 

neutralizing immune responses. With the NeutrobodyPlex, we have developed a rapid and 

cost-effective method to classify individual neutralizing immune responses against SARS-

CoV-2 in detail, which can provide information about protection against re-infection and the 

need for the next booster vaccination.  

 

3.4. Prophylactic application of biparatopic nanobodies against 

SARS-CoV-2 variants of concern 

In light of the increasing emergence of SARS-CoV-2 VOCs that evade established immune 

responses and lead to loss of efficacy of therapeutic NAbs, vaccine adaptation and 

development of novel therapeutic agents were urgently needed at the time of the study245-

247. It was shown, that by single mutations within the RBD including E484K, K417N/T and 

L452R present in the Beta and/or Delta VOC the binding of a majority of NAbs was 

impaired261-263. Therefore, major efforts to develop VOC cross-reactive neutralizing agents 

have been undertaken. Given the strong ACE2 displacement, high thermal stability, robust 

binding to SARS-CoV-2 RBD variants, and strong in vitro neutralization against VOCs Beta 
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and Delta, we decided to investigate the protective activity of NM1267 and NM1268 in 

vivo. 

As an infection model, we used K18-hACE2 transgenic mice expressing human ACE2 that 

have been shown to be highly susceptible to SARS-CoV-2 infection264. The therapeutic 

regimen consisted of intranasal administration of 20 µg bipNb followed by SARS-CoV-2 

infection 7 h after treatment. A control group of mice was treated with a non-specific 

bivalent Nb (NM1251). During all studies, weight loss and survival of infected mice were 

monitored for 14 days (Wagner & Schnepf et al., Appendix II, Figure 4A, 6A, EV3A).  

To investigate in vivo treatment conditions, NM1267 was administered first, followed by 

infection with SARS-CoV-2 B.1 or Beta. All control-treated animals became severely ill and 

showed obvious clinical signs of disease, including significant weight loss, and therefore 

had to be euthanized (Wagner & Schnepf et al., Appendix II, Figure 4B-D, EV3B). 

Prophylactic treatment with NM1267 was highly effective in preventing disease 

progression in both SARS-CoV-2 lineages. Nine of 12 mice infected with B.1 and five of six 

mice infected with Beta survived infection, and significantly reduced signs of disease were 

observed. In addition, histopathological analyses of lung tissue using hematoxylin and 

eosin (H&E) staining and in situ hybridization (ISH) to assess the extent of tissue damage 

and localization of viral RNA confirmed in vivo outcomes. Marked inflammation and loss of 

functional lung epithelia with widespread presence of viral RNA were examined in all 

treated control mice (Wagner & Schnepf et al., Appendix II, Figure 5, EV3C). In contrast, 

minimal SARS-CoV-2 RNA-positive areas and only mild virus- and inflammation-related 

tissue damage were detected in lung tissue of NM1267-treated mice. 

 

 

Figure 12: Comparison of the protective effect of bipNbs against SARS-CoV-2 Delta.  
Intranasal prophylactic application of NM1267, NM1268 and one control Nb followed by infection 
with SARS-CoV-2 Delta in K18-hACE2 transgenic mice. To determine the protective effect, survival 
and weight loss were monitored for 14 days.  
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For the final comparison of in vivo efficacy between bipNbs NM1267 and NM1268, the 

predominant circulating VOC Delta at this time was selected for infection (Figure 12). 

Consistent with SARS-CoV-2 B.1 and Beta, severe disease progression was observed in 

Delta-infected animals receiving control treatment, whereas most mice survived on 

treatment with NM1267 or NM1268 (Wagner & Schnepf et al., Appendix II, Figure 6B & 

C). When comparing the two bipNbs, NM1268 showed stronger protection against SARS-

CoV-2 Delta infection compared to NM1267, as suggested by the previous in vitro 

characterization. In summary, both bipNbs are highly effective in protecting against 

disease progression and mortality caused by SARS-CoV-2 B.1, Beta, and Delta following 

prophylactic intranasal administration.  

Multiple studies were performed using neutralizing Nbs in various formats e.g. Fc-fusion, 

multi-valent/-paratopic constructs to test their efficacy in vivo34; 235; 248-250; 265; 266. Both 

prophylactic and therapeutic settings were investigated in animal models including 

transgenic mice and Syrian hamster. Due to the unique characteristics of Nbs intranasal 

application, aerosol delivery as well as intraperitoneal injection could successfully protect 

animals against SARS-CoV-2 B.1 and VOCs challenge. In this study rational design, 

enabled by in depths in vitro characterization and detailed epitope analysis lead to the 

generation of two bipNbs, both showing strong short-term efficacy against SARS-CoV-2 

Delta infection. Remarkably, in retrospect, it can be shown that in vitro data clearly predict 

in vivo results. For example, affinity measurements on isolated RBD already indicated that 

NM1268 has a higher protective potential against SARS-CoV-2 Delta compared to 

NM1267. To convert bipNbs into therapeutic agents, modifications that extend the duration 

of efficacy, such as fusion with the Fc moiety, addition of an albumin-binding motif, or 

binding to carrier proteins such as albumin, are likely to be required248-250. In addition, 

therapeutic treatment regimens, as well as non-transgenic animal models such as 

hamsters or non-human primates, must be chosen to demonstrate efficacy.
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4. Results & Discussion II: Nanobodies against hSIRPα 

The content of this chapter is based on: 

Wagner TR, Blaess S, Leske IB, Frecot DI, Gramlich M, Traenkle B, Kaiser PD, Seyfried 

D, Maier S, Rezza A, Sonego F, Thiam K, Pezzana S, Zeck A, Gouttefangeas C, Scholz A, 

Nueske S, Maurer A, Kneilling M, Pichler BJ, Sonanini D, Rothbauer U (2023) Two birds 

with one stone: human SIRPα nanobodies for functional modulation and in vivo 

imaging of myeloid cells. bioRxiv 2023.06.27.546763. 

 

4.1. Generation and characterization of hSIRPα-specific nanobodies 

The unequivocal evidence that TAMs in the TME play a key role in cancer therapy 

response makes the search for meaningful TAM-specific markers an important 

challenge149; 156. SIRPα as myeloid specific marker and innate immune checkpoint inhibitor 

represents a highly interesting surface receptor to track and modulate the function of 

TAMs173; 183. To elucidate the theranostic potential of SIRPα, we decided to develop 

SIRPα-specific Nbs for diagnostic and therapeutic applications.  

For the generation of Nbs against human SIRPα (hSIRPα), two alpacas (Vicugna pacos) 

were immunized with the recombinant extracellular portion of hSIRPα followed by the 

establishment of a comprehensive Nb phage library. For targeted enrichment of Nbs, we 

performed a binary selection campaign using either the entire extracellular portion or 

exclusively domain 1 of hSIRPα (hSIRPαD1) (Figure 13A). In total we identified 14 highly 

diverse hSIRPα Nbs named with S7-S45 (Wagner et al., Appendix III, Figure 1A). 

Bacterial production and purification, followed by stability and affinity analysis revealed 11 

Nbs with melting temperatures ranging between ~55°C to ~75°C and KD values in the 

range of ~0.12 nM and ~27 nM (Figure 13B) (Wagner et al., Appendix III, Figure 1B-C, 

Supplementary Figure 1). Specific binding of selected candidates to cellularly exposed 

hSIRPα was confirmed by live-cell staining of U2OS cells stably expressing full-length 

hSIRPα (Figure 13B) (Wagner et al., Appendix III, Figure 1E, Supplementary Figure 2A). 

To explore the theranostic potential of Nbs, the aim of this study was to select both (i) 

modulatory Nbs targeting hSIRPαD1 blocking hSIRPα/hCD47 interaction as potential 

therapeutic binding molecules and (ii) inert Nbs binding hSIRPαD2 or D3 to be used for 

diagnostic purposes. Therefore, we performed domain mapping on U2OS cells expressing 

the individual domains of hSIRPα (Wagner et al., Appendix III, Figure 2E, Supplementary 

Figure 2B). In the screening we identified eight Nbs (S12, S14, S17, S41, S42, S43, S44, 
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and S45) with predominant hSIRPαD1 specificity, five Nbs (S8, S21, S29, S33 and S36) 

binding to hSIRPαD2 and one Nb (S7) recognizing hSIRPαD3. For further 

characterization, we limited ourselves to the most promising Nbs (S7, S8, S12, S33, S36, 

S41, S44 and S45) in terms of production yield, stability, affinity, domain specificity and 

developability. To further elucidate binding characteristics, epitope binning experiments 

were performed (Wagner et al., Appendix III, Supplementary Figure 2B, 3). A common 

binding epitope was identified for each of the hSIRPαD1 Nbs S12 & S41 and S44 & S45, 

and two sets consisting of S8 and S33 & S36 were found for the hSIRPαD2 Nbs. 

The high homology of hSIRPα to members of the SIRP family and the presence of hSIRPα 

allelic variants make it necessary to investigate the cross-specificity of selected Nbs174-176. 

Thus, the two best described hSIRP family members hSIRPβ1 and hSIRPγ as well as 

hSIRPα variants V1 and V2 were transiently expressed on U2OS cells, followed by 

immunofluorescence staining using hSIRPα Nbs (Figure 13B) (Wagner et al., Appendix 

III, Figure 3A, Supplementary Figure 2C). All Nbs recognized SIRPβ1 in addition to 

hSIRPα, whereas only S12 and S44 (both hSIRPαD1 Nbs) and S8 and S36 (both 

hSIRPαD2 Nbs) showed additional binding of hSIRPγ. Moreover, all hSIRPαD2/D3 and 

hSIRPαD1 Nb S45 were able to detect both polymorphisms. Notably, for none of the Nbs, 

cross-reactive binding to murine SIRPα was detected. 

We next examined hSIRPα binding on peripheral blood mononuclear cells (PBMCs) from 

three different donors. In a flow cytometric analysis, the monocyte/macrophage marker 

CD14 and the T cell-specific CD3 marker were included to additionally investigate the 

influence of SIRPγ binding in the PBMC pool (Figure 13B) (Wagner et al., Appendix III, 

Supplementary Figure 3B). All Nbs, except S7, revealed strong recognition of 

endogenously expressed hSIRPα on CD14+ PBMCs of all tested donors. Concomitantly, 

binding of hSIRPγ on CD3+ T cells was negligible. According to their domain specificity, we 

classified the identified Nbs into two subgroups for further characterization: (i) as 

modulatory binders blocking the hSIRPα/hCD47 interaction and (ii) as probes for PET-

based in vivo imaging of myeloid cells. 
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Figure 13: Generation and characterization of hSIRPα Nbs.  
A) hSIRPα Nbs were generated by immunization of two alpacas, followed by a binary selection 
strategy on the complete extracellular portion (hSIRPαD1-D3) or hSIRPαD1, resulting in 14 diverse 
Nbs according to their CDR3 sequences. B) Exemplary shown for hSIRPα Nb S36 detailed in vitro 
characterization, including thermal stability and aggregation, binding affinity, epitope mapping, 
cross-reactivity, and binding to the endogenous antigen on PBMCs, was assessed. 

 

Previously, a number of macrophage-specific surface receptors including macrophage 

mannose receptor (MMR, CD206), CD11b, major histocompatibility complex (MHC) class 

II, complement receptor of the Ig superfamily (CRIg) and V-set immunoglobulin domain-

containing 4 (Vsig4) have been targeted by Nb selection campaigns267-270. More recently, 

also Nbs against murine SIRPα have been identified for SPECT imaging of glioblastoma 

tumor-associated myeloid cells, which demonstrates the value of hSIRPα-specific Nbs271. 

However, all those Nbs were selected against murine receptors and are therefore solely 

applicable as research tools in artificial mouse models. Merely the MMR-Nb targeting the 

endocytic carbohydrate-binding receptor MMR, showed cross-reactivity to the human 

receptor. However, MMR is only expressed on M2-like/hypoxic MHC IIlow TAMs and 

therefore only a TAM subpopulation can be visualized267. Thus, the diverse set of human 

hSIRPα-specific Nbs identified within this study, targeting different domains and epitopes 
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within the extracellular domain of hSIRPα, opens various possibilities to track and 

modulate the entire human myeloid cell population and expands the portfolio of currently 

available macrophage specific Nbs. 

 

4.2. hSIRPαD1 nanobodies potentiate macrophage phagocytosis 

Within the evolving field of cancer immunotherapy, novel strategies increasingly focus on 

unleashing innate immune responses. The SIRPα/CD47 axis represents one key innate 

immune checkpoint highly attractive as potential target169; 170. Numerous agents directed to 

SIRPα/CD47 are currently under preclinical and clinical development, and already 

revealed pronounced therapeutic anti-cancer activities201. Due to the specific expression of 

SIRPα on the myeloid cell population, SIRPα-targeting agents seemed to be the preferred 

approach avoiding undesirable on-target and off-tumor function, which are observed for 

CD47 blocking therapeutics. To date, the majority of SIRPα-specific modulators are Ab-

based176; 206-208. Properties such as stability, lack of post-translational modifications 

resulting in homogeneous products, and ease of formatting into multivalent binding 

molecules also make Nbs highly attractive for clinical application37; 272. Therefore, the 

previously identified hSIRPαD1-specific Nbs were investigated for their functional 

properties to potentiate phagocytosis.  

 

 

Figure 14: Potential of hSIRPαD1 Nbs to augment phagocytosis of tumor cells.  
A) Mechanism by which hSIRPαD1 Nbs in combination with tumor-opsonizing Abs (e.g. the anti-
EGFR Ab cetuximab) enhance macrophage-mediated phagocytosis of tumor cells. B) Upon 
combination treatment with cetuximab plus S41, S44 and S45 macrophages increasingly engulfed 
CFSE-labelled DLD-1 cells. C) Representative flow cytometry plots show CD206+CFSE+ 
macrophages of untreated and cetuximab plus hSIRPαD1 Nb S45 in the phagocytosis assay. 
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First, we investigated the potential of hSIRPαD1 Nbs to inhibit the interaction between 

hSIRPα and hCD47 (Wagner et al., Appendix III, Figure 4A). To this end, we performed a 

competitive hSIRPα/hCD47 binding assay using the hSIRPαD1 Nbs (Wagner et al., 

Appendix III, Figure 4B). Nbs S44 and S45 blocked hSIRPα binding to hCD47 to a similar 

extent as the proven therapeutically active Ab KWAR23206. While only partial inhibition of 

the hSIRPα/hCD47 interaction was observed for Nb S41, S12 had no effect on hSIRPα 

binding. For functional testing, we next analyzed the ability of these Nbs to enhance 

macrophage-mediated Ab-dependent cellular phagocytosis (ADCP) (Figure 14A) (Wagner 

et al., Appendix III, Figure 4C). Therefore, carboxyfluorescein diacetate succinimidyl 

ester- (CFSE-) pre-stained EGFR+ DLD-1 tumor cells and incubated with human 

monocyte-derived macrophages (MDMs). To induce ADCP, the tumor-opsonizing EGFR-

specific Ab cetuximab and hSIRPαD1 Nbs were added, followed by analysis of the 

CD206+CFSE+ cell population reflecting DLD-1 cells engulfed by MDMs through 

phagocytosis (Figure 14B & C) (Wagner et al., Appendix III, Figure 4D). Both hSIRPα-

blocking Nbs S44 and S45 and the partial blocking Nb S41 were able to enhance 

macrophage-mediated phagocytosis in comparison to cetuximab single treatment. In 

contrast, Nb S12 did not influence phagocytic activity (Wagner et al., Appendix III, Figure 

4E).  

Considering that approximately 43.6% of cancer patients in the U.S. are eligible for therapy 

with immune checkpoint inhibitors but only 12.5% respond to it, it becomes obvious that 

new classes and combinations of specific immunotherapeutics that achieve synergistic 

treatment effects are urgently needed273. In particular, the regulatory pathways 

coordinating the interplay between innate and adaptive immune responses - the TME and 

cancer cells - offer new opportunities for targeted intervention to induce a rapid and 

durable antitumor response and prevent therapy-induced resistance274-276. To date, little 

attention has been paid to the innate immune response in the development of 

immunotherapies. However, it is becoming increasingly apparent that especially TAMs in 

the myeloid cell population, frequently infiltrating tumors and modulating tumor 

angiogenesis are key drivers for therapy response149; 277; 278. The hSIRPα/hCD47 axis thus 

represents a promising target for the development of next-generation immunotherapeutics. 

In this study, we have developed the first Nb-based human hSIRPα blockers capable of 

selectively inhibiting the interaction between hSIRPα and hCD47. Candidates S41, S44, 

and S45 showed strong ADCP enhancement in combination with tumor-opsonizing Abs to 

a similar extent as the previously described Ab KWAR23206. With S45 we identified a 

highly potent hSIRPα-blocking Nb with strong affinity and stability as well as specificity to 

both isoforms of hSIRPα, thereby ensuring wide applicability. In addition, S45's selective 



4. Results & Discussion II: Nanobodies against hSIRPα 

46 

 

hSIRPα blockade and lack of hSIRPγ specificity makes it an ideal candidate for 

therapeutic applications, as it has been shown that nonselective hSIRPα/hSIRPγ blockade 

can impair T cell activation, proliferation, and endothelial transmigration279. In particular, by 

establishing bivalent or biparatopic formats the blocking efficacy of selected inhibitory 

hSIRPα-specific candidates can be increased. Alternatively, a single therapeutic agent 

with dual efficacy can be established by fusing selected hSIRPα-blocking Nbs with a 

tumor-opsonizing Nb and Fc moiety280; 281 or by linking to CD40L present on activated T 

cells bridging innate and adaptive immune responses282. In addition, for therapeutic 

applications further modifications as mentioned above have to be implemented to increase 

serum half-life of the Nb. Interestingly, a recent study found that hSIRPα is expressed on 

various cancers, particularly melanoma cells, and that hSIRPα-overexpressing cells are 

more efficiently killed by cytotoxic CD8+ T cells. The authors suggest that the 

hSIRPα/hCD47 interaction causes enhanced cell-cell adhesion between tumor cells and 

CD8+ T cells. Therefore, blocking such an interaction using Abs or Nbs could significantly 

reduce tumor killing. For this reason, the authors proposed to use bispecific molecules 

targeting hSIRPα and another macrophage-specific antigen to specifically target TAMs283. 

As depicted, the studies considering the human hSIRPα blocking Nbs were limited to in 

vitro analysis. Consequently, the next step is to investigate their in vivo efficacy in suitable 

humanized animal models e.g. including combinatory treatment approaches targeting the 

PD-1/PDL-1 axis.  

 

4.3. hSIRPα nanobodies for non-invasive in vivo imaging  

Inter-individual variability in response to immunotherapies, combined with the risk of 

immune-related side effects and high costs, make patient stratification to predict response 

rate imperative273; 284. Current diagnostic methods to predict responsiveness are based on 

biopsies to assess the expression of biomarkers. However, due to the dynamic and 

inhomogeneous nature of malignancies, non-repeatable single-site tumor biopsies fail to 

represent the complex composition of the TME285; 286. At the same time, experimental 

blood biomarkers used to assess response to therapy do not provide spatial resolution287. 

Non-invasive imaging modalities such as magnetic resonance imaging (MRI), CT, PET 

and SPECT provide repeatable assessment of tumor size during therapy application. 

However, the classical imaging methodologies cannot provide information on the 

composition of the tumor environment and immune cell activity, which are important for 

early estimation of therapy response288. Recently, increasing efforts have been made to 

develop novel radiolabeled probes for PET imaging to assess the presence, infiltration, 

and activation of single immune cell populations within the TME289. To date, various Abs, 
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their derivatives including minibodies, diabodies, Fabs, scFv and Nbs as well as Ab 

mimetics e.g. affibodies have been generated to specifically track immune cells in vivo290; 

291. Properties such as small size and the absence of an Fc moiety are highly desirable for 

PET tracer development since high tissue penetration, low serum half-life, and rapid renal 

excretion provide improved signal-to-noise ratios65; 292; 293. Thus, Nbs have great potential 

as novel probes for non-invasive, whole body, serial imaging of immune cell populations to 

predict immunotherapy responsiveness69; 294; 295.  

Given its high prognostic significance192-195 and its expression on the entire myeloid cell 

population, we hypothesized that hSIRPα is a highly interesting biomarker of 

responsiveness to therapy and thus investigated the potential of hSIRPαD2 Nbs for their 

application as PET tracers. Nbs as diagnostic tracer molecules are ideally not interfering 

with the inherent function of the target receptor. To ensure inert properties we performed 

detailed epitope analysis of S8, S33 and S36. All three Nbs target overlapping three-

dimensional epitopes on hSIRPαD2 with large spatial distance to the hSIRPα/hCD47 

interaction site (Wagner et al., Appendix III, Supplementary Table 1, Supplementary 

Figure 4). In line with the affinity measurements, S36 displayed the strongest deuteration 

protection of all three Nbs (< -15%) covering the regions aa D163 - L187, aa H202 - G207 

and aa C140 - K153 of hSIRPα. Due to the desirable characteristics of S36 including high 

affinity, good thermostability and non-modulating epitope binding, we decided to continue 

our tracer development with this lead candidate. 

A major challenge in the development of biologically based tracers is the covalent binding 

of chelator molecules for the complexation of radionuclides. Conventional strategies are 

based on non-selective bioconjugation, which result in heterogeneous tracer pools296. 

Therefore, recent advances have focused on site-directed labeling approaches to obtain 

homogeneous and well-defined tracer molecules. These include e.g. the conjugation of 

one solvent exposed cysteine inserted into the sequence296-298 or enzyme-mediated 

conjugation, e.g. using sortase A30; 294; 299. Due to various drawbacks of these methods, we 

decided for a novel site-directed labeling strategy based on conventional isothiocyanate 

conjugation. Therefore, all four lysine residues in the original S36 sequence were first 

replaced by arginines (hSIRPα-S36K>R Nb) (Figure 15) (Wagner et al., Appendix III, 

Figure S5A). This left only one solvent-accessible primary amine at the N terminus, 

resulting in the exclusive covalent conjugation of the chelator to the Nb. The modified Nb 

yielded comparable amounts and characteristics to the original S36, and site-specific 

chelator conjugation was confirmed (Wagner et al., Appendix III, Figure S5B-E). Next, 

hSIRPα-S36K>R Nb and the non-specific GFP Nb were labeled with the positron emitter 

64Cu. For 64Cu-hSIRPα-S36K>R Nb a high radiochemical purity of ≥95% and an 
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immunoreactivity to hSIRPα+ cells of ~82% were determined (Wagner et al., Appendix III, 

Figure 5A & B).  

 

 

Figure 15: Application of 64Cu-hSIRPα-S36K>R Nb for PET imaging.  
Sequence optimization of hSIRPα Nb S36 (S36K>R) by changing lysin (K) to arginine (R) residues 
for site-specific chelator (p-NCS-benzyl-NODA-GA) conjugation and radiolabeling (64Cu). PET/MR 
scans of tumor bearing mice expressing humanized hSIRPα show specific enrichment in the tumor 
(white arrow) and tissues with high hSIRPα+ myeloid cells. 

 

For in vivo validation of 64Cu-hSIRPα-S36K>R Nb, we used a novel human hSIRPα/hCD47 

mouse model (hSIRPα/hCD47). To non-invasively visualize the distribution of hSIRPα+ 

cells in a tumor-relevant model, CD47-overexpresssing MC38 (MC38-hCD47) 

adenocarcinoma bearing hSIRPα/hCD47 or C57BL/6 wildtype (wt) mice were injected with 

the 64Cu-hSIRPα-S36K>R Nb or the control tracer (Figure 15). In vivo PET/MR imaging 

revealed a strong accumulation of the 64Cu-hSIRPα-S36K>R Nb in the tumors of 

hSIRPα/hCD47 mice up to 6 h, which was not visible in the control 64Cu-GFPK>R Nb 

injected hSIRPα/hCD47 mice and 64Cu-hSIRPα-S36K>R Nb injected wt mice (Wagner et al., 

Appendix III, Figure 5C). Quantification of the PET images 3 h after injection furthermore 

revealed, significantly increased tracer accumulation in organs which are known to harbor 

high numbers of hSIRPα expressing myeloid cells including spleen, salivary gland, liver, 

bone and blood (Wagner et al., Appendix III, Figure 5C-E). In contrast, in myeloid-poor 

tissues including kidney and muscle no significant differences between the 64Cu-hSIRPα-

S36K>R Nb injected hSIRPα/hCD47 mice and the two described control groups were 
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identified. In conclusion, these results demonstrate the applicability of the novel 64Cu-

hSIRPα-S36K>R Nb-based PET tracer for visualization and monitoring of hSIRPα+ cell 

distribution by non-invasive in vivo PET. 

Given the important role of TAMs in response to therapy and development of resistance, 

major efforts have been made to identify molecular markers with prognostic value. Several 

promising targeting strategies such as radiolabeled macrophage-targeted nanoparticles 

engulfed by endocytosis and small molecule-, Ab-, or Nb-based radiotracers targeting 

surface receptors such as MMR, macrophage scavenger receptor CD163, folate receptor 

beta (FR-β), MHC-II or CD11b, and mitochondrial translocator protein (TSPO) localized on 

the outer membrane of mitochondria, have been developed to selectively visualize TAMs 

by in vivo PET imaging294; 300-304. Clinically available detection methods for TAMs include 

ferumoxytol-enhanced MRI and TSPO radioligands for PET imaging. In addition, 68Ga anti-

MMR Nb for PET imaging is currently tested in early clinical trials in malignant solid tumors 

(NCT04168528, NCT04758650). In comparison to established strategies typically targeting 

TAM subpopulations, the 64Cu-hSIRPα-S36K>R Nb enables the monitoring of the complete 

myeloid cell population. Particularly, with regard to future therapies, including the 

hSIRPα/hCD47 blocking strategies currently being clinically tested, the 64Cu-hSIRPα-

S36K>R Nb can be used to directly determine the presence of the hSIRPα+ target population 

in the TME. This allows not only the identification of suitable patients, but also early 

visualization of the response to therapy. With our lead candidate S36, we have developed 

a radiotracer that specifically targets hSIRPα+ cells. Uniquely, we have succeeded in 

achieving highly efficient site-directed radiolabeling by exchanging lysine for arginine 

throughout the Nb sequence. Remarkably, this extensive engineering approach did not 

affect protein properties. Compared to other elaborate site-directed labeling strategies 

requiring enzymes or terminal cysteines, we have managed to overcome the 

disadvantages of conventional labeling strategies296. Moreover, due to the strong binding 

affinity of S36, the probability of detecting even low numbers of hSIRPα+ cells or low 

hSIRPα+ expression levels are greatly increased. In addition, S36 recognizes both allelic 

variants present in the human population, which is critical for clinical translation. Although 

cross-reactivity for SIRPγ was observed, recognition by T cells within the PBMC pool was 

negligible. Of note, S36 has been shown to have no modulatory function on phagocytosis 

activity, thus representing an ideal candidate for diagnostic PET imaging. The radionuclide 

64Cu was selected due to its half-life of 12.7 hours, matching to the short biological half-life 

of Nbs305. Consequently, future patients are earlier free of radioactivity and exposed to 

even lower doses of radiation. Likewise, the selected p-NCS-benzyl-NODA-GA chelator 

also enables the flexibility of 68Ga (half-life 68 min) radiolabeling.  
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In summary, the 64Cu-hSIRPα-S36K>R Nb developed here complements the currently 

available portfolio of PET tracer molecules for non-invasive imaging of tumor associated 

immune cells30; 267; 294. and could serve as valuable probe for monitoring individual therapy 

responses during cancer immunotherapy. 
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5. Conclusion & Outlook 

The aim of this thesis was to investigate and demonstrate the potential of Nbs as 

biologicals applicable for theranostic approaches. Thus, Nbs were developed against two 

highly divergent targets for use as advanced diagnostic and therapeutic tools.  

For SARS-CoV-2, the main focus was to generate neutralizing Nbs that inhibit the 

interaction between RBD and ACE2. To improve their neutralizing potency, bipNb 

constructs were generated by genetic fusion of two Nbs binding different epitopes within 

the RBD. Applied as Ab surrogates in a high-throughput assay termed NeutrobodyPlex, we 

were able to simultaneously determine NAbs in serum samples from a large number of 

individuals. At the time published, the NeutrobodyPlex demonstrated the first antigen 

resolved assay to determine a neutralizing response against SARS-CoV-2. Recently, it has 

been used to monitor long-term immunity to SARS-CoV-2 in clinical professionals at the 

University Hospital of Tübingen as part of the TüSeRe:exact trial and in turn, can 

contribute valuable information for future SARS-CoV-2 vaccination guidelines. In a 

therapeutic setting, intranasal prophylactic treatment with our bipNbs further showed 

significantly reduced disease progression and increased survival rates upon lethal dose of 

SARS-CoV-2 B.1, Beta and Delta in a murine model. 

With regard to viruses, this work confirmed the fundamental applicability to generate Nbs 

for neutralizing viral infectivity and their applicability as diagnostic tools was 

comprehensively demonstrated using SARS-CoV-2 as an example. Thus, Nbs represent a 

cost-effective alternative to conventional NAbs. In particular, for viruses such as 

flaviviruses like dengue, yellow fever, and Zika; orthomyxoviruses like influenza; 

retroviruses like HIV; and orthopneumoviruses like RSV as well as alpha- and 

betacoronaviruses, the use of Nbs lacking the Fc domain holds an advantage over mAbs 

due to the phenomenon of Ab-dependent enhancement, whereby suboptimal Abs enhance 

viral entry into immune cells via the Fc gamma receptor306; 307.  

Due to selective choice of Nbs with different epitopes, the developed anti-RBD bipNbs 

potently neutralized most nascent VOCs up to Omicron. However, the appearance of the 

Omicron variant with multiple sub lineages and an unprecedented number of mutations 

(e.g. 44 mutations in S for XBB.1.16) presented a major change in the SARS-CoV-2 

pandemic93, which also implicated binding behavior of developed anti-RBD bipNbs. We as 

well as others developing neutralizing RBD-specific Abs or Nbs, observed a significant 

reduction in binding affinity to Omicron, finally leading to the revocation of emergency 

approval for all SARS-CoV-2 Abs308-310. Currently only a limited number of Nbs to efficiently 
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neutralize SARS-CoV-2 Omicron are described, targeting hidden clefts or highly conserved 

epitopes on RBD251; 311; 312. Remarkably, although there was a dramatic increase in the 

number of infections with the emergence of the Omicron variant due to immune escape, 

the severity of the disease course was reduced at the same time313; 314. In this context, the 

cost and risk of renewed loss of function no longer justify the development of new 

therapeutic biologicals targeting the Omicron variant. Nevertheless, for infectious agents 

with a high mutation rate, such as RNA viruses, future selection strategies would need to 

be designed to ensure Nb binding even after mutational events239. In those cases, a 

technically complex solution would be to generate a synthetic library of the target antigen 

with variable residues at positions which are not relevant for receptor binding or structural 

integrity. Using such a variable library e.g. expressed on cells for immunization and 

selection, mutational robust binders might be identified.  

As a second example to investigate the theranostic potential of Nbs, hSIRPα as a cell 

surface receptor on human myeloid cells was chosen as antigen. Thereby, we aimed to 

identify modulating and inert candidates using a binary selection strategy. For therapeutic 

applications, we generated the first hSIRPα blocking Nbs with comparable efficiency as a 

previously described hSIRPα blocking mAb. The inert binder S36 represents the first PET 

tracer to non-invasively visualize hSIRPα+ myeloid cells within tumor lesions in vivo. 

Additionally, we developed a highly efficient site-directed labeling strategy by protein 

engineering of the original S36 Nb sequence, overcoming several limitations of previously 

described site-directed targeting strategies296. 

Future focus of selected hSIRPα-Nbs will be on further development for clinical translation. 

In regard of therapeutic application, the here developed hSIRPα-blocking Nbs represent 

interesting binding molecules to be combined with tumor targeting binders such as the 

Her2- or EGFR-specific Nbs28; 315, T cell markers like PD1-, CD4- or CD8- specific Nbs30; 

316; 317, further macrophage specific Nbs such as MMR267 and/or immune stimulators like 

cytokines318. However, due to the interplay between cancer cells, adaptive and innate 

immunity, fully humanized rodent models are essential for preclinical in vivo testing. 

Alternatively further therapeutic options such as controlled TAM depletion is currently 

considered to create a favorable milieu e.g. of PD1 Ab therapy319; 320. Therefore, besides 

blocking the hSIRPα/hCD47 interaction, radiotherapeutic approaches by conjugating 

selected Nbs with therapeutic radionuclides to deplete TAMs within the TME are 

considerable possibilities for the application of hSIRPα-specific Nbs.  

For clinical translation of the hSIRPα-specific PET tracer for diagnostic non-invasive in vivo 

imaging, further improvement of the molecule is thought of including removal of non-

functional sequence motifs such as the His-tag, humanization of the Nb sequence and 
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employing current clinical state-of the art radiolabeling using 18F. Following design freeze, 

tracer production under GMP conditions and approval relevant safety and toxicities studies 

have to be initiated. With the hSIRPα-PET tracer, we predict to non-invasively monitor 

subtle changes in the distribution of the myeloid cell population. However, given the highly 

heterogeneous and complex nature of this cell population, further tracer molecules 

targeting subpopulations and activation status will need to be developed for subsequent 

PET imaging of different markers. Detailed differential analysis as available with ex vivo 

FACS analyses is unlikely using non-invasive PET imaging, for this reason increased 

efforts need to be made to identify further meaningful surface markers for clinical 

application. Due to the high prognostic significance of hSIRPα on TAMs in numerous 

malignancies, we initially tested the novel hSIRPα PET tracer in a colon carcinoma model. 

Interestingly for melanoma, it was shown that high hSIRPα expression correlates with 

response to anti-PD-1 treatment. Therefore, the hSIRPα PET tracer may also be highly 

applicable to stratify patients for PD-1 therapy response283. Currently, the hSIRPα lead 

PET tracer S36 is tested for imaging of inflammation in SARS-CoV-2-infected non-human 

primates to elucidate the role of macrophages for the development of long-COVID321. In 

addition, there is increasing evidence that presence and activation of monocytes and 

macrophages also play a critical role in autoimmune diseases and initial studies suggest 

that especially the hSIRPα/hCD47 signaling pathway is involved in the development of 

autoimmune encephalomyelitis322; 323. In conclusion, site-specifically labeled human 

hSIRPα Nbs offer great potential for non-invasive in vivo PET imaging in diverse 

applications such as cancer, autoimmunity and infectious diseases. 

Exactly 30 years after the discovery of HCAbs in camelids1, the Nbs described here and 

their versatile applicability for diagnostic and therapeutic purposes are further evidence of 

their great potential. The exceptional properties of Nbs - small size, stability, affinity, ease 

of modification into multifunctional constructs - provide ideal conditions for advanced 

theranostic applications. In this work, a novel diagnostic test system, novel diagnostic 

tracer molecules and novel therapeutic agents based on Nbs were developed with the goal 

of advancing selected candidates into clinical applications for use as next-generation 

theranostics. Particularly in the emerging field of precision medicine, there are many 

indications that Nbs will be instrumental in solving current and future healthcare 

challenges. 
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