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1 Introduction

Traditionally, cancer has been treated with surgery, irradiation and chemotherapy. 

However, these treatments often lack effectivity and are associated with side ef-

fects.12 As such, there is a clear need for a new type of cancer therapy. In the past 

decade, rather than eliminating cancer cells directly, several therapies have been 

developed aimed at enabling the immune system to eliminate cancer cells. Immu-

notherapy is based on the principle that cancer cells overexpress certain protein 

fragments or express protein fragments that differ from those expressed on healthy 

cells.3 These so-called neoantigens can be recognized by the immune system and 

lead to the elimination of the cancer cells by the immune system.4 However, at 

the same time tumor cells create an immunosuppressive tumor microenvironment 

(TME) and immunotherapy is needed to overcome these immune-inhibitory barriers.  

Over the past decade, a number of different types of immunotherapy have become 

available to the patient, and even more are currently going through clinical trials. 

Examples of these include CAR T-cell therapy,5 antibody-based therapies such as 

checkpoint inhibitors,6 dendritic cell vaccination,7 adoptive T-cell therapy8 and on-

colytic virus therapy such as T-Vec.9 

Among the most prominent cancer therapeutics are antibody-based therapies. 

Due to their high specificity and affinity, antibodies can be used for modification of 

(immunological) signaling pathways or for targeted therapy where cytotoxic cargo 

is directed to a molecule that is specifically expressed on tumor cells.10 Targeting of 

the drug to tumor cells will result in high local drug concentrations and subsequent-

ly lead to elimination of the tumor cells. Alternatively, antibodies can be used to 

block inhibitory signaling molecules (immune checkpoints) that cause immune cells 

to become unresponsive towards the tumor. These so-called immune checkpoint 

inhibitors (ICIs) have received much attention over the past years and have revolu-

tionized the field of cancer therapeutics.11 

In 2013, the first ICI, ipilimumab, entered the market. This was considered the 

scientific breakthrough of the year,12 and the man who developed it with his team, 

James P. Allison, received a (shared) Nobel Prize of Medicine in 2018.13 Since then, 

many more ICIs have become available for patients. Their use in the fight against 

Introduction into oncoimmunology 
and immunotherapy
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cancer has yielded unprecedented results, facilitating the treatment of previous-

ly untreatable forms of cancer and thereby extending the lives of many patients 

that were previously deemed untreatable.14 At the same time, there are signifi-

cant drawbacks. First of all, the therapy does not yield (durable) clinical benefit 

for all patients.15–18 Second, there are immune-related side effects associated with 

these treatmentst15–17 which can cause patients to drop out of treatment or even be 

life-threatening. On top of that, high costs are associated with these treatments.19 As 

such, there is a clear need for reliable biomarkers and methods for patient stratifica-

tion. Furthermore, there is a need to reduce potentially severe immune-related side 

effects to prevent patients from dropping out of a potentially life-saving treatment. 

In this chapter, I aim to explain the mechanism of action for ICIs in more detail. 

First, I will describe how tumors evade immune surveillance in a process that is very 

similar to natural selection as described by Charles Darwin.20 Subsequently, I will 

explain how the main player, the cytotoxic T cell (killer T cell), can eliminate tumor 

cells and how the aforementioned immune checkpoints function. Furthermore, I 

will describe dynamics and biomarkers of response for treatment with ICIs. Finally, I 

will explain how my work aims to address the issue of patient stratification and side 

effects in the context of ICIs and provide an outline of this thesis.

Evolution of cancer cells and immune evasion in three 
major steps

Genetic instability is a hallmark of cancer.21 Base-pair mutations or chromosomal in-

stability can result in the presentation of neoantigens on the cell surface, providing 

the immune system with the opportunity to recognize cancer cells as foreign and 

subsequently eliminate them.3 Indeed, in 1960, mice inoculated with irradiated tu-

mor cells before challenging them with living cancer cells did not die but displayed 

tumor immunity.22 However, without such interventions, many cancer cells find ways 

to escape immune surveillance.  

This process can be divided into three phases.23,24 It starts with the elimination 

phase, in which the immune system tries to eliminate cancer cells. If this phase is 

not completely successful, tumor cells enter the equilibrium phase, in which a pro-

cess called cancer immuno-editing takes place. During this process, the properties 

of tumor cells are shaped by selection pressure from the immune system. Only the 

cells that acquire properties that aid their survival will eventually escape immuno-

surveillance. Finally, tumor cells that were able to evade immune recognition and 
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thereby elimination will escape and consequently proliferate and metastasize.

Tumor cells can resort to multiple mechanisms to evade immunosurveil-

lance.23,24 First, tumor cells can evade recognition by ceasing the expression of 

neoantigens of major histocompatibility complex (MHC) molecules on the cell 

surface. Second, the infiltration of tumor-infiltrating lymphocytes (TILs) into and 

within the tumor can be hindered25,26 through i) secreting excess collagen which 

can subsequently serve as a physical barrier around the edges of the tumor,27 ii) 

ceasing the secretion of chemokines that aid T-cell movement into the tumor, 

such as CXCL9, CXCL10 and CXCL11 and instead starting secretion of immuno-

suppressive cytokines such as IL-1028 and iii) downregulating adhesion molecules 

that are necessary for T-cell arrest and extravasation, such as ICAM-1 and 2.26 

A third important mechanism for evasion of immunosurveillance is inhibition of im-

mune cells through so-called immune checkpoint molecules. Normally, these form 

a natural feedback loop of immune activation, preventing over-activation of for 

example cytotoxic T cells and consequently damage to local tissue.29 However, 

they can also be expressed on the cell surface of cancer cells. The expression of 

inhibitory immune checkpoint molecules on cancer cells can be induced by hypox-

ia-inducing factors,30 micro RNAs31,32 or inflammatory cytokines such as interferon 

gamma (IFNγ),33 which can in turn be upregulated upon chemotherapy or radia-

tion,34,35 which is correlated with a poor treatment outcome.36 To understand how 

immune checkpoint molecules work, it is important to know the role T cells play in 

the immune response.

The role of T cells in the immune system and their 
activation

Most T lymphocytes have no functional activity until they encounter their specif-

ic antigen.37–39 The adaptive immune response is initiated when antigens or anti-

gen-presenting cells (APCs) such as dendritic cells (DCs) reach the secondary lym-

phoid organs (lymph nodes, spleen etc.), where naïve lymphocytes are waiting to 

be activated. MHC Class I molecules are able to display mutated self-proteins on 

the cell surface and are recognized by CD8+ cytotoxic T cells. MHC Class II mole-

cules are expressed mainly by APCs and present peptides derived largely from ex-

tracellular proteins, which are processed in intracellular vesicles and subsequently 

loaded onto the MHC complex. These are recognized by CD4+ T cells. However, 

recognition of an antigen on an APC is not sufficient to activate a T cell. In fact, 
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antigen-specific signaling alone leads to inactivation (anergy) of the T cell.40 

For the activation of a naïve T cell, three kinds of signals are needed, and they 

can all be delivered by the APC. Signal 1 is the antigen-specific signal mentioned 

earlier, which is delivered by interaction of the T-cell receptor (TCR) with the MHC-I 

or MHC-II peptide complex and simultaneous binding of the CD8 or CD4 co-re-

ceptor, respectively. The costimulatory signal 2 is necessary for optimal clonal ex-

pansion of naïve T cells41 and is usually delivered by the APC through a B7 mole-

cule. B7 engagement by CD28 contributes to the production of interleukin-2 (IL-2), 

which drives the proliferation and differentiation of the T cell via interaction with 

the IL-2 receptor (CD25), which is upregulated upon co-stimulation.42 Lymphocyte 

antigen receptor expression is clonal: lymphocyte proliferates thus results in clonal 

expansion of cells bearing the same TCR. While signal 2 can contribute to T-cell po-

larization,43 signal 3 is thought to be the main driver of this process and consists of 

inflammatory cytokines such as IL-12 or IL-4. These cytokines drive differentiation, 

clonal expansion and are necessary for a durable (memory) response.44 

T cells can be classified into different subtypes defined by their function and asso-

ciated cell surface molecules.37,39 For the direct killing of cancer cells, CD8+ T cells, or 

cytotoxic T cells are important. These so-called ‘killer’ T cells can induce apoptosis 

in cancer cells by excreting cytotoxic granules upon recognition of their specific anti-

gen.45 CD4+ T cells also play an important, albeit more indirect role in the elimination 

of infected or cancer cells. CD4+ cells can be subdivided into several classes. 

First of all, there are T-helper cells, which are essential for good immune cell ac-

tivation46 and can be divided into three types: TH1, TH2 and TH17.47 These subsets 

differ in the cytokines they secrete and the cells they interact with. For CD8+ T-cell 

activation, TH1 cells are important. T-helper cells engage directly with stimulatory 

receptors on the CD8+ T cell’s surface, such as CD27 or 4-1BB.48 When TH1-cells 

encounter their specific antigen, they secrete IFNγ,49 which upregulates the expres-

sion of MHC class I by tumor cells.50,51 This increases the chances of recognition of 

these cells as non-self by cytotoxic T cells. In addition to helping CD8+ T cells in an 

immediate response, direct help from CD4+ cells has been proven necessary for a 

good CD8 memory response.52 Furthermore, T-helper cells help activate APCs via 

CD40-CD40L interaction.53 Consequentially, the APCs can provide the necessary 

co-stimulatory molecules for CD8 T-cell activation. 

CD4+ helper and CD8+ cells are often referred to as effector T (Teff) cells, as 

opposed to CD4+ regulatory T cells (Tregs). Naturally, Tregs are involved in main-

taining self-tolerance, which is important in order to avoid autoimmunity. However, 

they also play an important role in maintaining an environment of immune privilege 
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in the TME.54 While the typical percentage of Tregs in the peripheral CD4+ T-cell 

population is around 5-10%, tumors are enriched for Tregs, reaching levels of 60-

70% of the CD4+ T-cell population.54,55 All Tregs express CD4, CD2556 and CTLA-457 

constitutively. Many, but not all, Tregs also express FoxP3.55 Tregs can inhibit the 

anti-tumor immune response in various ways, as reviewed extensively.54,58,59 One 

of the main features of Tregs is that they express a high-affinity IL-2 receptor com-

posed of a γ chain (CD132), β chain (CD122) and α chain (CD25).60 Tregs bind and 

sequester the available IL-2 within the TME. Consequentially, cytotoxic T cells are 

not exposed to IL-2 that they need for activation and proliferation. Furthermore, 

the CTLA-4 on their cell surface is able to inhibit T-cell activity by engaging with the 

CD28 receptor on the CD8+ T-cell’s surface. Furthermore, Tregs can induce tolero-

genic DCs and secrete inhibitory cytokines such as IL-10 and transforming growth 

factor β (TGFβ), which inhibits T-cell activation and suppresses APC function. 

Immune checkpoint inhibitors

ICIs are antibodies that block ‘immune checkpoint signals’ that are involved in T-cell 

activation (Fig. 1). In a seminal paper, James Allison and his team discovered that the 

CTLA-4 receptor on the T-cell surface is involved in the inhibition of their cytotoxic activ-

ity.61 This mechanism is believed to have evolved to prevent auto-immunity and block-

ade of CTLA-4 results in uncontrolled T-cell activation.62 In 1996, his team published 

a landmark paper showing that blocking the inhibitory signals provided by CTLA-4 

can enhance antitumor immunity and establish immune memory against the tumor.63  

These promising preclinical results led to the development of the very first check-

point inhibitor: the fully human anti-CTLA-4 antibody ipilimumab (Yervoy®), which 

was approved by the FDA in 2011.64 Since then, six other ICIs have entered the 

market, all against CTLA-4, PD-1 or PD-L1. 

CTLA-4 blockade 

After activation, naïve T cells express a number of proteins in addition to CD28 

that contribute to the modification of the co-stimulatory signal. CTLA-4 is upreg-

ulated upon TCR engagement and reaches its expression peak 2-3 days after ac-

tivation.29,65,66 CTLA-4 competes with CD28 for binding to B7 with higher affinity 

and avidity67 but dampens T-cell activation at the sites of T-cell priming, effectively 

serving as a checkpoint for immune activation.29,68 The biological function of CTLA-
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4 is also illustrated by biallelic Ctla4 knockout mice. These mice have massive over-

growth of lymphocytes, which is lethal in the third or fourth week of their lives.69 

For CTLA-4 blockade-induced tumor rejection, a number of different, potentially 

complementary mechanisms have been proposed.29 The first mechanism is that 

competition of CTLA-4 with CD28 over binding to stimulatory ligand B7 is now 

blocked, leading to a higher level of T-cell activation and enhanced proliferation 

through engagement of CD28 with B7. According to this mechanism, CTLA-4 block-
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Figure 1. Checkpoint molecules and their inhibitors in the tumor microenvironment. By expressing 
PD-L1, tumor cells can inhibit T cells via engagement of the PD-1 receptor. Antigen-presenting cells (APCs) 
can stimulate T cells with tumor antigens via the T-cell receptor and co-stimulation via B7-CD28 ligation. This 
causes upregulation of CTLA-4, providing a negative feedback loop and keeping T-cell activation in check. 
Tregs express high levels of CTLA-4, which suppresses antitumor immunity via sequestration of B7 ligands 
necessary for costimulation of Te� cells. Moreover, Tregs secrete immunosupressive cytokines such as IL-10 
and TGF-β and can downregulate B7 expression by APCs via trans-endocytosis. PD-L1 and CTLA-4 antibodies 
can function via blockade of these inhibitory signals or via antigen-dependent cellular cytotoxicity mediated 
by Fc-receptor-expressing cells such as NK cells. 

Figure 1. Checkpoint molecules and their inhibitors in the tumor microenvironment. By ex-
pressing PD-L1, tumor cells can inhibit T cells via engagement of the PD-1 receptor. Antigen-pre-
senting cells (APCs) can stimulate T cells with tumor antigens via the T-cell receptor and co-stim-
ulation via B7-CD28 ligation. This causes upregulation of CTLA-4, providing a negative feedback 
loop and keeping T-cell activation in check. Tregs express high levels of CTLA-4, which suppresses 
antitumor immunity via sequestration of B7 ligands necessary for costimulation of Teff cells. More-
over, Tregs secrete immunosupressive cytokines such as IL-10 and TGF-β and can downregulate B7 
expression by APCs via trans-endocytosis. PD-L1 and CTLA-4 antibodies can function via blockade 
of these inhibitory signals or via antigen-dependent cellular cytotoxicity mediated by Fc recep-
tor-expressing cells such as NK cells.
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ade works at the stage of T-cell (re-)priming, in the tumor-draining lymph node.70 

Support for this theory comes for example from crystal structures showing that the 

site of ipilimumab binding overlaps the site of B7 binding. Alternatively, research 

shows that CTLA-4 blockade leads to modulation and expansion of specific T-cell 

subsets. According to Wei and colleagues, this suggests that CTLA-4 not only has 

an effect on T-cell activation, but also on T-cell differentiation.29 Another mechanism 

of CTLA-4 blockade that has emerged, is Treg depletion. First of all, support for 

this mechanism comes from preclinical studies, showing Treg depletion in mouse 

models.71–74 As mentioned previously, the TME is usually enriched for Tregs. Matoba 

and colleagues showed that intratumoral Tregs with high CTLA-4 expression were 

expanded and were key features of head- and neck cancer.75 Consistent with their 

high CTLA-4 expression, Tregs seem to be depleted in the TME, but not in the 

periphery upon anti-CTLA-4 treatment.72 Moreover, the mouse IgG2a antibody was 

shown to be more effective at T-cell depletion than the mouse IgG2b antibody, while 

antibodies of the mouse IgG1 isotype did not cause any depletion. These results in-

dicate an important role for the Fc domain and point to Treg depletion as a mecha-

nism. Quezada and colleagues showed that anti-CTLA-4 treatment in a murine B16 

tumor model decreased the intratumoral Treg/Teff ratio in combination with Gvax.76  

These in vivo data are supported by the finding that ipilimumab mediates ADCC 

on Tregs in vitro.77 Alternatively, tumor-specific Treg depletion could be explained 

by an increased presence of immune cells that express the Fc receptor in the TME, 

such as tumor-associated macrophages. More evidence for Treg depletion as an im-

portant mechanism for the therapeutic effect of anti-CTLA-4 treatment is formed by 

analysis of the germline presence of a high-affinity polymorphism in the Fc recep-

tor.74 Vargas and colleagues showed that this polymorphism is associated with an 

improved response to ipilimumab in inflamed tumors in humans. They also found 

that anti-CTLA-4 with enhanced Fc effector function improved therapeutic outcomes. 

The body of direct evidence that Treg depletion occurs in patients is limited. Howev-

er, a positive correlation was found between a high CD8+ to Treg ratio and tumor necro-

sis in biopsies from metastatic melanoma lesions from patients treated with ipilimum-

ab.78 Moreover, tumor tissue from ipilimumab-treated patients with bladder cancer had 

lower percentages of CD4+Foxp3+ T cells than tumors from untreated patients.79 

It is unlikely that Treg depletion accounts for the full therapeutic effect of ipilimum-

ab. In one study, a transgenic mouse was generated that expressed wildtype CTLA-4 

on Treg cells while expressing human CTLA-4 on non-Treg cells. Treg targeting us-

ing anti-mouse CTLA-4 did not confer tumor protection, while targeting both Tregs 

and non-Tregs showed a synergistic effect indicating that indeed both populations 
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are necessary for an optimal therapeutic effect.80 Additionally, tremelimumab, an-

other anti-CTLA-4 antibody approved for treatment, has a much lower FcγR activity. 

However, the 5-year survival rate of tremelimumab-treated patients81 was similar to 

the 3-year survival rate of ipilimumab-treated patients.29,82 The finding that in Fc re-

ceptor-knock-out hosts, a partial effect of Treg depletion was found also points to a 

joint effect of these antibody-based treatments.73 Taken together, it is likely that both 

CTLA-4 blockade and Treg depletion account for the therapeutic effect of ipilimumab.

PD-(L)1 blockade 
 

A second receptor that can inhibit T cells is Programmed Death 1 (PD-1). 

PD-1 is expressed on T cells after activation83, and ligation to its ligands Pro-

grammed Death Ligand 1 (PD-L1) and 2 (PD-L2) downregulates the se-

cretion of immunostimulatory cytokines and expression of survival pro-

teins84  while upregulating the production of immunosuppressive cytokines.85 

The primary biological functions of PD-1 signaling are maintaining peripheral tol-

erance and keeping T-cell activation within a certain range, thereby limiting tissue 

damage and loss of T-cell clones caused by chronic antigen stimulation and sub-

sequent activation-induced cell death.29 The function of PD-1 axis signaling is also 

illustrated by Pdcd1-knockout mice, which develop lupus-like autoimmune pathol-

ogy86 or autoimmune-dilated cardiomyopathy.87  

PD-L1 is expressed on a wide range of immune cell types, most notably mac-

rophages88 and DCs.89 Studies suggest that macrophages and DCs upregulate PD-

L1 to avoid destruction by T cells.88,89 However, this also leads to dampening of 

T-cell activity. Moreover, tumor cells themselves can upregulate PD-L1 in order to 

downregulate T-cell activity. Indeed, many (human) tumor types show an elevated 

level of PD-L1 expression.90–93 Certain treatments such as chemo and radiation are 

known to upregulate PD-L1 expression, which is associated with a poor progno-

sis.34,35 Upregulated PD-L1 level in tumor cells can be triggered by two main mech-

anisms: innate or adaptive immune resistance (not to be confused with innate or 

adaptive immunity).6 According to the idea of innate immune resistance, triggering 

oncogenic signaling via classical pathways such as AKT/PI3K leads to PD-L1 up-

regulation, for example via silencing of PTEN.94 More commonly discussed, PD-L1 

upregulation seems to be triggered by environmental circumstances and cancer im-

munoediting. This is called adaptive immune resistance and can occur in response 

to for example hypoxia via the activation of hypoxia-inducing factors, most notably 

HIF1a.95 PD-L1 expression on healthy cells and tumor cells can also be triggered by 
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pro-inflammatory molecules or cytokines, among which IFNγ is the most potent.96–99 

Melanomas displayed a strong correlation between cell surface expression of PD-

L1 on tumor cells and both IFNγ expression and number of TILs, which was not only 

observed between tumors as a whole but also on a more local level within a tumor. 

This could mean that T cells trigger their own inhibition by secreting inflammatory 

cytokines that cause tumor PD-L1 expression.100

Both PD-1 and PD-L1 blockade prevent PD-1-mediated downstream inhibitory 

signaling leading to deactivation of the T cell. This allows for reactivation of ex-

hausted CD8+ Teff cells through CD28 co-stimulation. Consistent with this notion, 

evidence shows CD28 is an important target for PD-1-induced reinvigoration of 

T-cell signalling,101 or even that CD28-costimulation is required for T-cell reactiva-

tion.102 Initially, treatment using these respective antibodies was thought to have 

the same therapeutic effect, given the abundance of PD-L1 expression relative to 

PD-L2 expression.29 However, evidence from the past few years has shown there 

are some mechanistic differences in how anti-PD-1 and anti-PD-L1 antibodies work. 

First of all, PD-L1 interacts not only with PD-1 but also with B7.103 Since PD-L1 – 

B7-1 interaction is inhibitory, this adds to the repertoire through which PD-L1 is able 

to inhibit T-cell activity. Second, the antibody’s Fc region is important when it comes 

to PD-L1- but not PD-1-blocking antibodies. Using a mouse model, Dahan and col-

leagues showed that the anti-tumor effect of anti-PD-1 antibodies was Fc-independent. 

Fc-engagement even led to undesired CD8+ T-cell depletion. In contrast, therapeutic 

effect of anti-PD-L1 treatment was enhanced by engagement of activating FcγRs.104 This 

effect was correlated to Fc-dependent elimination of tumor-associated macrophages 

within the TME, which are known to have an immunosuppressive phenotype.105 

Recently, a systematic review of 19 randomized trials involving 11,379 patients 

showed that the therapeutic effect of PD-1 is superior over that of PD-L1 in terms 

of overall survival as well as progression-free survival, with a comparable toxicity 

profile.106 This also held true for combination therapy with for example anti-CTLA-4. 

However, much remains unclear as to why this is the case. Moreover, over the past 

years, it has become clear that response rates were correlated with certain tumor 

characteristics. These biomarkers of response provide us with opportunities for pa-

tient stratification.

Therapeutic effects and predictive biomarkers of treatment with ICIs
 
Ipilimumab was a breakthrough in the treatment of patients with melanoma. Al-

though the initial Phase III clinical trial showed a relatively low response rate of 
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11%, these responses were durable.107 Of the responding patients, 60% maintained 

an objective response for at least 2 years. While high doses of ipilimumab were 

associated with a better response,16 they were also associated with more severe im-

mune-related adverse events (irAEs), including diarrhea, colitis and hypophysitis.108  

In studies with PD-1/PD-L1 blockade, as well as in CTLA-4 blockade, irAEs were 

reported.17,109–111 In PD-1 treatment, toxicity profiles seem to be more favorable 

than in studies with CTLA-4 blockade, while showing better overall response rates 

and longer progression-free survival.15,112 Nivolumab and pembrolizumab, ICIs that 

target PD-1, have shown promising results in melanoma and non-small cell lung 

cancer (NSCLC), with overall response rates of 40-45%.11 In relapsed or refracto-

ry Hodgkin’s lymphoma, nivolumab treatment even showed an overall response rate 

(ORR) of 87% with complete responses in 17%.113  Currently, different ICIs have been 

approved for treatment of a wide range of cancers including melanoma, NSCLC, squa-

mous cell carcinoma, breast cancer and small-cell lung cancer.114 Although a subgroup 

of patients benefits from a durable response to treatment with ICIs and the treatment is 

associated with significant immune-related side effects, efforts have been made to find 

predictive biomarkers of response that could aid in patient stratification. 

Generally, patients with a high expression level of PD-L1 (as determined by 

immunohistochemistry (IHC)) responded better to PD-L1 blockade11,115–119. Some 

research suggests that PD-L1 expression by tumor cells matters most, while 

others have found expression by immune cells to be the sole determinant.120 

These data are inconsistent, and some patients with a high expression show no 

benefit, and some patients with no PD-L1 expression do benefit from this treat-

ment.115,116,121,122 A potential explanation could be that the tumor-draining lymph 

node plays a pivotal role for treatment success with PD-(L)1 blockade.123 Alterna-

tively, this inconsistency may be caused by the limited spatial information grant-

ed by IHC in combination with intratumoral heterogeneity.124 In addition, there 

are inconsistencies in the outcome when comparing different IHC kits, there 

is a lack of universal guidelines for the interpretation of the IHC results and no 

universal cut-off value as to what constitutes a high PD-L1 expression.118,124  

The notion that the discrepancy between PD-L1 expression level and treatment 

outcome can be caused by these issues was strengthened by a recent publication 

by Bensch and colleagues.125 In addition to taking a biopsy and performing IHC for 

PD-L1, they performed intratumoral imaging of PD-L1 expression and compared 

these two measurements in terms of their predictive value for treatment response. 

They found that PD-L1 expression as determined by intratumoral imaging was more 

predictive for treatment outcome than IHC. 
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In addition to the expression of PD-L1, the number of CD8+ TILs has been shown to 

be of predictive value when it comes to both PD-(L)1 and CTLA-4 blockade.126,127 and 

is even associated with increased patient survival regardless of treatment with ICIs, as 

the presence of CD8+ TILs in the TME points to a pre-existing immune response.128–131 

Using a mouse model, Rashidian and colleagues showed the intratumoral distribution 

of CD8+ T cells is of predictive value as well when it comes to CTLA-4 blockade: a more 

homogeneous distribution of CD8+ T cells in the tumor was associated with a good 

prognosis after treatment with anti-CTLA-4.132 In contrast, a heterogeneous distribution 

or localization of the CD8+ T cells around the outer edges of the tumor was associated 

with a poor prognosis. In humans, it was shown that the immunoscore, which involves 

quantification of the CD8+ cells in the center and periphery of the tumor, is a strong pre-

dictor of overall survival.128,133 For response to PD-1 treatment, this relationship seems 

to be reversed.127 Thus, CD8+ T cell infiltration in the tumor, both the quantity and the 

distribution, is of predictive value when it comes to overall survival of the patient.

In short, certain patients benefit tremendously from treatment with ICIs. Howev-

er, not all patients do and the treatment is associated with significant side effects. 

As such, there is a clear need for patient stratification before the start of treatment 

and early response monitoring. Moreover, efforts should be directed at reducing 

side effects. This brings me to the scope and aim of my thesis.

Scope and outline of this thesis
 
In this thesis, I aim to address the need for patient stratification, early response 

monitoring and a reduction of side effects associated with treatment with ICIs. My 

goal was to develop antibody-based tools for 1) non-invasive imaging of intratu-

moral biomarkers that can aid in patient stratification and early response monitor-

ing and 2) local immunomodulation. Local activation of a therapeutic may prevent 

side effects caused by systemic activity. Both these tools are antibody-based. The 

novelty of this work is in the way we functionalized our antibodies, which were mod-

ified in a site-specific way using a combination of techniques from both (molecular) 

biology and (bio)chemistry. This approach enables us obtain a homogenous, repro-

ducible product that maintains its binding capacity and in vivo pharmacokinetics. 

First, in chapter 2, I will introduce the field of antibody-based molecular imaging 

tools for oncoimmunology. An overview of the different imaging modalities and 

antibody formats will be presented, as well as approaches for conjugation. Finally, 

the current state of preclinical and clinical imaging research in the field of oncoim-

munology will be described.
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In chapter 3, we developed multimodal, multi-scale PD-L1 imaging tools for 

in vivo imaging. Our lab previously developed an approach to modify antibod-

ies site-specifically by applying the CRISPR/HDR technology hybridoma cells134 

and used this to generate chimeric antibodies with switched mouse Fc isotypes 

and Fab fragments. At the same time, a Sortag and Histag were introduced at the 

C-terminus, enabling easy site-specific modification and purification. We show that 

our tools allow for whole-body as well as tissue-level imaging by performing both 

SPECT imaging as well as fluorescence microscopy. To the best of our knowledge, 

this is the first example of multimodal imaging of PD-L1 using sortase-mediated 

site-specific modification of antibodies.

While monoclonal antibodies (mAbs) can be used for imaging, engagement of 

their Fc tail by Fc receptors on NK cells and macrophages causes target cell deple-

tion. CD8+ T cells play a pivotal role in the elimination of tumor cells by the immune 

system. Moreover, response rates to immunotherapeutic cancer treatments have 

been linked to the presence and distribution of intratumoral CD8+ T cells. In chap-
ter 4, we used CRISPR/HDR engineering of an anti-CD8 hybridoma to develop 

non-depleting tracers for CD8 imaging. We demonstrate that our antibody formats 

without a functional Fc tail, a Fab fragment and mouse IgG2asilent antibody against 

CD8, abrogate T-cell depletion in vivo, in contrast with mouse IgG1 and mouse Ig-

G2a antibodies. We also show that the mouse IgG2asilent CD8 antibody accumulates 

in CD8-rich tissues and is suitable for SPECT/CT imaging.

Improving treatment with ICIs should not only include patient stratification but also 

address side effects. ICIs can cause (severe) immune-related side effects due to the 

mobilization of large numbers of extratumoral T cells, some of which are autoreac-

tive.135 In photoimmunotherapy (PIT), an antibody that binds a cell-surface marker is 

conjugated to a photoactivatable chemical, a photosensitizer (PS). After accumulation 

in the tumor, cell killing is activated through illumination with light, usually near-in-

frared (NIR), resulting in spatially selective killing of the targeted cell population. In 

chapter 5, I present an overview of preclinical photoimmunotherapy research. 

To reduce systemic side effects associated with anti-CTLA-4 treatment, spatial 

selectivity of Treg depletion could be key. In chapter 6, we developed a multimod-

al theranostic Fab fragment for non-invasive nuclear and fluorescence imaging of 

CTLA-4 and photodynamic target depletion. We demonstrate that our construct 

preferentially eliminates CTLA-4-expressing cells after NIR light illumination in vitro. 

We believe that the current study is a promising first step in the direction of a ther-

anostic agent for CTLA-4-targeted photoimmunotherapy, which can additionally 

serve as an imaging agent to provide insight into the spatial and temporal response 
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characteristics of preclinical CTLA-4-targeted therapy.

In chapter 7, I conclude this thesis with a summary and a general discussion of 

my work. 
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Imaging in oncoimmunology

Non-invasive, whole-body imaging plays an important role in the assessment of 

cancer. Over the past decades, imaging in the context of cancer focused on de-

termining anatomical parameters such as tumor location and size using com-

puted tomography (CT), magnetic resonance imaging (MRI) or ultrasound (US). 

These methods enable sensitive detection of tumor lesions, including me-

tastases, and are therefore key in assessing the disease stage, deciding on a 

course of action and to evaluate the response to chemotherapy or irradiation.1  

Although valuable, these approaches do not enable analysis of molecular signatures 

that could serve as biomarkers of response. Therefore, the imaging field has evolved 

to generate targeted molecular imaging tools (MITs). These can assess the diverse and 

complex mechanisms of therapeutic interventions, thereby increasing insight into the 

dynamics of response. Subsequently, MITs can be used for the prediction and moni-

toring of response and ultimately aid in patient stratification at a very early stage in the 

treatment process, thereby reducing the number of patients going through treatments 

with severe potential side effects without experiencing benefit. Finally, MITs can in-

crease the therapeutic efficiency by rational design of combination therapies.

In this chapter, I will describe the current state of preclinical and clinical imaging 

research in the field of oncoimmunology. First, different imaging modalities will be 

introduced. Next, I will discuss antibody-based imaging tools and describe the meth-

ods that have been developed to conjugate an antibody to an imaging moiety. 

Imaging modalities

In molecular imaging, a moiety generating a measurable signal is coupled to a 

targeting molecule such as an antibody, peptide, small molecule or nanoparticle. 

There is a range of different imaging modalities available with different properties 

(Table 1) suitable for different purposes.

While CT, MRI and ultrasound are traditionally anatomical imaging techniques, 

they have also been used for targeted, molecular imaging approaches. For example, 

Antibody-based imaging tools in 
oncoimmunology
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CD24-targeted gold nanoparticles were used for CT imaging of cancer cells,2 ανβ3 inte-

grin-targeted gadolinium-DOTA (Gd-DOTA) for MRI3 and microbubbles, a class of con-

trast-enhancing agents for ultrasound, have been targeted to ανβ3 integrin4 and VEGFR25. 

However, more commonly, optical or nuclear modalities are used for targeted imaging.

Optical molecular imaging techniques require light-emitting molecules such as 

fluorophores for fluorescence imaging (FI) or luminophores for bioluminescence im-

aging (BLI) and are considered relatively safe compared to, for example, nuclear im-

aging, which requires radioisotopes. Moreover, optical imaging is sensitive and less 

expensive than for example nuclear imaging.6 A main limitation is the penetration 

depth of light in tissue, making clinical whole-body imaging impossible. However, 

this is less of an issue in preclinical research due to the small size of mice and rats. 

Consequently, optical imaging techniques are very popular in this field. 

The most commonly used source of bioluminescence for BLI is light emitted by 

a chemical reaction of the luciferase enzyme with its substrate luciferin.7 The lucif-

erase enzyme can be encoded genetically as a reporter for a specific cell type or 

cellular process. For example, Laxman and colleagues modified cancer cells to ex-

press a luciferase-based caspase-3 reporter to enable imaging of apoptotic cells.8 

For this purpose, the encoded luciferase gene was flanked by two ER domains via 

caspase-3 cleavage motifs, leading to a 90% attenuated luciferase activity, which 

was restored upon cleavage by apoptosis mediator caspase-3 in apoptotic cells.

FI relies on genetically encoded fluorescent proteins such as Green Fluores-

cent Protein (GFP) or small molecule fluorophores such as Cyanine-5 (Cy5). Each 

fluorophore has a characteristic absorption and emission spectrum.9 When il-

luminated with its specific wavelength, a fluorophore emits light of a lower en-

ergy, corresponding to a higher wavelength. Conjugation of a fluorophore to a 

protein of interest enables targeting in the context of molecular imaging. To miti-

gate the limited penetration depth of light in tissue, fluorophores that absorb and 

emit long wavelength light are used since this light can penetrate tissue better 

than short-wavelength light. Near-infrared (NIR) dyes such as Cy510 and IRDye 

800CW11,12 can even be used for surface imaging in a clinical setting. Additionally, 

NIR dyes have lower background due to reduced autofluorescence from biological 

samples and reduced light scattering.13 Applications include imaging of specific 

biomarkers such as checkpoint inhibitors,14 immune cells15 or tumor cells.16 The lat-

ter is applied for fluorescence-guided surgery (FGS), where illumination will light 

up tumor cells, aiding the surgeon in distinguishing between healthy and cancer-

ous tissue during the procedure.17 In FGS, FI can even be used to quantify ab-

solute fluorophore concentration pixel-by-pixel across the surgical field of view.18  
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Thus, FI offers a high spatial resolution, mainly when a tumor is at the exterior of the 

body; for deeper tumors spatial resolution and fluorescent signal decrease due to 

the light scattering in tissue.19 

Nuclear imaging is more suited for whole-body imaging than optical imaging 

because radiation emitted by radionuclides has unlimited penetration depth in tis-

sue.20 In targeted radionuclide imaging, a chelator is conjugated to a targeting 

molecule to capture and retain a radionuclide. Commonly used chelators include 

1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA), 4,7,-triazacyclo-

nonane-1,4,7-triacetic acid (NOTA),  diethylenetriaminepentaacetic acid anhydride 

(DTPA) and desferrioxamine (DFO).21 The radionuclide should match the half-life of 

the targeting moiety. For example, radionuclides with a short half-life such as 99mTc, 
68Gd or 18F (t1/2 = 1-6 hours) should be used in combination with a rapidly clearing 

targeting moiety such as a peptide (t1/2 = 30 minutes). In contrast, whole antibod-

ies have half-lives of days up to weeks, prompting the need for radionuclides with 

a longer half-life to obtain optimal target-to-background ratio, such as 123I, 111In 

or 89Zr.22 Within nuclear imaging, there are two major methods of image acquisi-

tion that can be employed: positron emission tomography (PET) and single-photon 

emission computed tomography (SPECT).20 In PET, a radionuclide emits positrons 

which interact with electrons in the tissue, generating two different γ-rays with an 

energy of 510 keV travelling in opposite directions. The γ-rays are detected by 

a donut-shaped detector, and from this information a 3D image is constructed. 

SPECT also measures γ-rays, but these γ-rays are emitted by the radioisotope di-

rectly. SPECT is cheaper than PET, partly due to the wider availability of the required 

radioisotopes. In contrast, due to their short half-life, many PET isotopes have to be 

made on-site, usually in a cyclotron. 89Zr, which has a half-life of 3.3 days and is most 

commonly used for antibody-based PET imaging in patients, is an exception.23 The 

main advantages of PET are its high sensitivity, high spatial resolution and accurate 

target quantification compared to SPECT. SPECT uses a collimator to make sure 

the origin of the radionuclide is certain, leading to a rejection of many photons. 

Therefore, it has a lower sensitivity and in the clinical setting, the resolution is much 

lower. In contrast, in microSPECT (μSPECT), which is used in preclinical research, 

the resolution is equal or better than PET. Nuclear imaging modalities are often 

combined with CT for anatomical reference.

In multimodal imaging, different modalities are combined in a single construct in 

order to complement each other’s strengths and weaknesses in terms of penetra-

tion depth and resolution. For example, Houghton and colleagues used a dual-la-

beled anti-CA19.9 antibody for PET and FI to localize disease and identify tumor 
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margins during surgery, respectively.24 Fluorescence/nuclear imaging has also been 

performed targeting CD105 and tissue factor simultaneously,25 epidermal growth 

factor receptor,26 carbonic anhydrase IX,26 carinoembryonic antigen-associated cell 

adhesion molecule 5,26 CD14627 and prostate stem cell antigen. 

Antibody-based imaging 

While targeting of imaging modalities can be achieved using peptides or small 

molecules, antibodies have become very popular for imaging in oncoimmunology 

due to their high stability, affinity, specificity and structural resilience to modifica-

tions. Monoclonal antibodies (mAbs) are usually generated in rats, mice or ham-

sters. This means that the isotype of the antibody is not of human origin. Using a 

non-human antibody isotype in humans can elicit an undesired immune response. 

This problem can be solved by immunizing transgenic mice such as Xenomouse, 

which have human IgG genes inserted into their genome, with an antigen of inter-

est to generate human mAbs.28 Another commonly used method for mAb discov-

ery is a phage display library29 in combination with recombinant DNA technologies.  

There are different antibody formats available with different avidities and sizes (Ta-

ble 2), which influences their in vivo behavior. Most commonly, mAbs are used, 

which show good tumor retention due to their high affinity and long circulation 

time.30 The most important mechanism contributing to mAbs’ long circulation time 

is recycling via the neonatal receptor (FcRn).31 After pinocytosis, the FcRn protects 

the antibody from lysosomal degradation and translocates it back through mul-

tiple cycles of exocytic processes to the cell surface where it is released. A long 

circulation time increases the chances of extravasation, both in the tumor and in 

other organs.32 To decrease off-tumor uptake and the interval between injection 

and imaging while enhancing tumor penetration, alternative antibody formats 

were developed that consist of only one arm (Fab) or even only an antigen-bind-

ing region (diabody, scFv, nanobody). These smaller antibody formats are usual-

ly produced either by digestion of a mAb (Fab, Fab’, F(ab’)2) or via recombinant 

DNA technology.33 Small antibody formats have much shorter circulation times, 

since they lack an Fc tail and are usually eliminated through rapid renal clearance, 

whereas mAbs are not.34 Consequently, imaging can be performed at an earlier 

time point than with a whole mAb, which can be particularly relevant when using 

isotopes with a short half-life.35 Moreover, tumors often have a densely packed 

extracellular matrix, and small molecules diffuse faster and more readily in such 
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an environment.36 Although improved tumor penetration for small antibody for-

mats is mentioned often in literature, it has not been researched systematically. 

On the downside, they sometimes show a lower tumor uptake than monoclonal 

antibodies due to their fast clearance rate and, in the case of Fabs, scFvs and nano-

bodies, decreased affinity due to monovalency.37,38 Generally, smaller antibody for-

mats require a higher affinity to achieve optimal tumor retention.39 Tumor retention 

can be problematic in the case of small antibody formats, not only for therapeutic 

purposes where a certain local concentration of cargo needs to be achieved, but 

also for imaging since the tumor-background ratio can remain low. To address this 

problem, attempts have been made at extending the half-life of small antibody 

formats. Approaches are often focused on increasing the size and/or hydrodynamic 

radius of the antibody fragment and include conjugation to a polyethyleneglycol 

(PEG) chain,40 albumin41 or albumin-binding moieties.42 Albumin, like IgGs, is pro-

tected from intracellular degradation via FcRn-mediated recycling and has a serum 

half-life of 19-21 days in humans. The short half-life of small antibody formats can 

therefore be extended by conjugation to albumin or albumin-binding peptides. 

Finally, internalization by cells in the TME can further enhance tumor retention. 

In short, affinity, circulation time, size and rate of internalization are important fac-

tors that determine tumor uptake and retention of the antibody. In addition to 

these parameters, tumor retention is influenced by the Enhanced Permeability and 

Retention (EPR) effect.32,43 Tumors often show an enhanced vascularization with wid-

er fenestrations, enhancing the permeability, while lacking lymphatic drainage. This 

results in an enhanced retention of macromolecules, which is most pronounced for 

molecules over 40 kDa. While this means that larger MITs are more readily retained 

in the tumor, this effect is not target-specific and could increase the off-target back-

ground signal. Finally, the so-called “binding site barrier effect” can occur, where 

antibodies bind at the tumor margins, thereby preventing penetration deeper into 

the tumor.44 This effect is especially pronounced for mAbs due to their high affinity 

and their size, which enhances molecular crowding, but can also occur for smaller 

antibody formats if their affinity is sufficient.45

Conjugation methods

To be able to use antibodies for imaging purposes, they need to be conjugated 

to an imaging moiety. This can be achieved using a site-specific or non-specific 

conjugation method.
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Table 2. Antibody formats and their characteristics.

Antibody format Size 
[kDa]

Typical half-
life 

Production Method Clearance 
Route

Full-length IgG 150 10-21 d46 Immunization of 
animal (polyclonal), 
purification from 
hybridoma supernatant 
(monoclonal), phage 
display library, 
recombinant DNA 
technology, transgenic 
mice 

Liver

F(ab’)2 100 12-57 h47 IgG digestion with 
pepsin

Liver/kidney

Minibody 75 5-11 h48 Recombinant DNA 
technology

Liver

Diabody 55 ~6 h49 Recombinant DNA 
technology

Kidney

Fab’ 55 7-19 h50 IgG digestion 
with pepsin + 
β-mercaptoethanol

Kidney

Fab 50 7-19 h IgG digestion with 
papain

Kidney

scFv 26 2.5 h50 Recombinant DNA 
technology

Kidney

Nanobody 12 1 h or less50 Recombinant DNA 
technology of camelid 
Abs

Kidney

Affibody 6 1 h or less51 Recombinant DNA 
technology of protein 
A

Kidney
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Non-specific conjugation methods
 
The most commonly used non-specific method is stochastic conjugation to the 

amines present in lysine side chains of the antibody. A full-size antibody contains 

around 80 lysines, of which 10-20 are accessible.52,53 Usually, the imaging molecule 

contains an N-hydroxysuccinimide (NHS) ester or an isothiocyanate (ITC), facilitating 

easy coupling in standard phosphate-based buffers. Although this method is widely 

used due to its straightforwardness, there are downsides associated with it. First, the 

antibody-conjugate ratio (ACR) can range from 0-8, depending on the number of 

equivalents used and the number of accessible lysines present in the antibody. Sto-

chastic conjugation follows a Poisson distribution.54 For example, using 1 equivalent 

of fluorophore during conjugation, 37% of molecules will be unlabeled, 37% will 

have one fluorophore, 18% will have 2 fluorophores and 8% will have three or more.55 

This variability is undesirable, since it does not contribute to a well-defined, homog-

enous and reproducible construct. Furthermore, in the case of fluorophores, it is well 

known that the number of fluorophores per antibody can heavily influence its biodis-

tribution, resulting in decreased tumor uptake and increased liver uptake.56 Third, for 

smaller antibody formats, the relative contribution of an imaging moiety to the mo-

lecular properties of the conjugate increases as well as the chance that the imaging 

moiety is conjugated close to or at the antigen-binding site, potentially decreasing 

the affinity. Fourth, when performing this for multiple imaging modalities, this will 

result in an even more complex mixture of different levels of singly- and doubly-labe-

led antibodies, and only a fraction of the product will have both labels incorporated.  

Non-specific conjugation methods can be adapted to gain more control over the 

conjugation site(s). One possibility is selective reduction of the four interchain di-

sulfide bonds that are not essential to the structure of an IgG (yielding 2-8 cysteines 

in a mAb) and subsequent stochastic conjugation to these residues via a maleimide. 

Although methods like these yield more control over the site(s) of conjugation, 

site-specific methods are superior because they yield a more well-defined, homoge-

nous and therefore reproducible construct. 

Site-specific conjugation
 
Site-specific chemical labeling of native antibodies 
When using native antibodies, no genetic engineering is needed. Instead, specific-

ity comes from adjusting the reaction conditions or the chemical specificity of the 

reaction partner. 



44

2

At slightly basic pH, the lysine residue with the lowest pKa is favored in a reaction 

with sulfonyl acrylate reagents, leading to chemoselective modification. Computation-

al modelling allows prediction of the lysine with the lowest pKa. Using five different 

proteins, among which the anti-HER2 antibody Trastuzumab, Matos et al. showed this 

method of conjugation to be quantitative.57 An example of site-specificity through the 

reaction partner is a cleverly-designed ‘linchpin’ to modify proteins site-specifically. The 

linchpin first reacts with free lysines.58 Subsequently, the epoxide present in the linchpin 

reacts with a proximal histidine, if present. If not, the linchpin-lysine reaction is reversed 

to an aldehyde, which can subsequently react covalently with a desired alkoxyamine to 

form an oxime moiety. The authors showed that they were able to use this approach to 

obtain a homogeneously labelled Trastuzumab with an ACR of 4.

Non-natural amino acid incorporation via genetic engineering
While the methods mentioned in the previous section exert far more control 

over the site and extent of labelling than random conjugation methods, there is 

usually still some variation in the ACR. A method to create products where the 

ACR as well as the site of modification are tightly controlled is the introduction 

of bio-orthogonally reactive non-natural amino acids (NNAAs) via genetic en-

gineering. While this can be a time-consuming process, it lends a high degree 

of control over the product. Antibodies containing NNAAs are usually produced 

in bacteria or mammalian cells. After production, these engineered antibodies 

can be modified site-specifically using their bio-orthogonal reaction partners.   

Examples of NNAA include p-acetylphenylalanine,59 which reacts with alkoxyam-

ine derivatives, azide-containing NNAAs such as p-azidomethyl-L-phenylalanine60 

and N6-((2-azidoethoxy)carbonyl)-L-lysine,61 which react with alkyne derivatives and 

alkyne-containing NNAAs such as para-propargyloxyphenylalanine,62 which reacts 

with azide derivatives or even photoreactive NNAAs such as benzoylphenylalanine 

(BPA), which reacts with affinity peptides such as protein A (mostly the Z domain),63 

protein G64 and Fc-III65 upon irradiation.

Enzymatic conjugation
Enzymes can perform site-specific modification of an antibody by recognizing a 

specific amino acid (AA) sequence or a sugar sequence. Commonly used approach-

es are transglutamination, N-glycan engineering and sortagging.

Conveniently, transglutaminase is an enzyme that uses primary amines as a sub-

strate, eliminating the need for introduction of a specific target sequence. After de-

glycosylation, transglutaminase derived from Streptomyces mobaraensis modifies 
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the antibody at glutamine residues Q295, as shown by Dennler and colleagues, 

providing a ACR of 2.66 The antibody-radiolabel conjugates obtained via this ap-

proach showed in vivo characteristics that were superior to those prepared using 

random coupling methods. 

Using N-glycan engineering, Van Geel and colleagues modified Trastuzumab 

with maytansine, a cytotoxic compound.67 In the first step they trimmed the N-gly-

cans at position N297 using an endoglycosidase, leaving one GlcNAc available at 

the end of each glycan chain. Next, an azido-modified GalNAc was conjugated 

using a glycosyl transferase. In the third and final step, bicyclo[6.1.0]nonyne-may-

tansine was conjugated to this azide using copper-free click chemistry, yielding the 

site-specifically modified Trastuzumab. To increase the payload, Li and colleagues 

performed conjugation with an azide-modified sialic acid yielding 4 azides per an-

tibody.68 Using this approach the ACR will be 4. 

One of the most-used enzymes for antibody modification is sortase. Sortase A 

from Staphylococcus Aureus recognizes the LPXTG motif (X being any AA), also 

named a Sortag.69 The enzyme cleaves the bond between the threonine and gly-

cine, forming an acyl-enzyme intermediate. In this intermediate, the cysteine in 

the enzyme’s active site is bound to the threonine residue in the recognition motif, 

forming a thioester intermediate. Peptides with an N-terminal triglycine motif fit 

into the enzyme’s pocket and subsequently perform a nucleophilic attack on the in-

termediate, resulting in conjugation of the peptide to the antibody and the release 

of Sortase. The main advantage of this method is that practically any desired func-

tionalities can be conjugated to an antibody in a controlled manner. Additionally, 

tags for easy purification can be included when incorporating the LPXTG tag. For 

example, Rashidian and colleagues incorporated a 6xHistidine tag together with 

the LPXTG motif at the C-terminus of a VHH targeting CD8.70 They used a peptide 

containing both a DFO and an azide in order to incorporate 89Zr for nuclear imaging 

as well as PEG chains of different lengths to extend half-life. Subsequently, they 

used this construct for monitoring the dynamics of CD8 T cells in response to an-

ti-CTLA-4 therapy. Several variants of Sortase have been developed with different 

substrate specificities.71 

CRISPR/Cas9-mediated hybridoma engineering
 
Genetic engineering of antibodies has mainly been performed using bacterial or 

transient mammalian cell expression systems. For the incorporation of non-natu-

ral amino acids, this is still the only valid approach. However, for incorporation of 
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tags consisting of natural amino acids such as a sortag, there is another valuable 

approach. CRISPR/Cas9 is a gene editing approach that originated in a bacteri-

al defense mechanism against viral DNA.72 CRISPR stands for Clustered Regularly 

Interspaced Palindromic Repeats, which are repeat sequences present in the bac-

terial genome. When bacteriophages insert their DNA into a bacterium, it is rec-

ognized by that bacterium and a piece of viral DNA is inserted into this region of 

the bacterial genome, giving rise to a sequence where the repeats alternate with 

spacers consisting of viral DNA. These viral DNA spacers always start with a specific 

set of nuclides, also known as a protospacer-adjacent motif or PAM. The sequence 

of bacterial DNA consisting of repeats and spacers is transcribed and the resulting 

crisprRNA (crRNA) is used by the endonuclease Cas9 to find viral DNA in other 

places in the bacterial genome. Cas9 can then create double-strand breaks (DSBs) 

using its endonuclease activity. When a DSB occurs in the DNA, there are two path-

ways of DNA repair. In non-homologous end-joining (NHEJ), the 5’ and 3’ ends of 

the broken DNA strands are ligated back together. This pathway is error-prone and 

can lead to small random insertions or deletions at the cleavage site. Alternatively, 

a DSB can be resolved via homology-directed repair (HDR), in which a homologous 

sister chromatid is used as a template for DNA repair. 

CRISPR/Cas9 can be used as an editing system and enables us to target a specific 

locus using a guide RNA (gRNA) (Fig. 1a). The gRNA is 20 nucleotides long and is 

homologous to the sequence where editing is desired. It is also important that the 

gRNA (and the targeted DNA) contains a PAM sequence. After Cas9 creates a DSB, 

the HDR pathway of repair provides opportunities for gene insertion, correction 

or replacement. A template for insertion of a sequence should have sequences 

homologous to the 5’ and 3’ ends of the DSB, with the desired insertion sequence 

in the middle. Indeed, the technique has been applied to many organisms such 

as fungi, plants, animals and to bacteria themselves. Several groups have shown 

this method can be used for engineering of hybridoma cells. Hybridoma cells are 

a fusion of myeloma cells and B cells producing an antibody against a desired anti-

gen.73 These B cells are produced in vivo after immunization with a specific antigen 

after undergoing a selection process in the secondary lymphoid organs.74,75 The 

clone with the highest specificity and affinity can be expanded to produce mAbs. 

Via CRISPR editing of the hybridoma, engineered antibodies can be obtained. For 

example, Cheong et al. showed that delivering Cas9 and gRNA to IgM+ hybridoma 

cells led to deletion of the natural S region, thereby forcing class-switch recom-

bination.76 Moreover, they were able to generate Fab’ fragments by deleting the 

Fc region in the genome. Khoshnejad et al. showed CRISPR/Cas9 can be used to 
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introduce a sortag at the end of the CH3 constant region encoding the Fc tail of the 

antibody, allowing subsequent site-specific modification of the antibody.77 Our own 

group used CRISPR/Cas9 to create a versatile platform for antibody engineering,78 

allowing for generation of a Fab fragment (Fig. 1b) or substitution of the Fc region 

for any isotype of any species (Fig. 1c) while introducing a sortag for easy modifica-

tion and a Histag for easy purification. A gRNA targets the region upstream of the 

CH1 and the sequence for the constant regions of the desired isotype is provided 

on a template for HDR. This way, antibodies were switched from a rat IgG2a isotype 

gRNA

Target sequence

PAM sequence

Double-strand break

Non-homologous 
end-joining 

(NHEJ)

Homology-directed 
repair
(HDR)

5’ HA3’ HA Donor
DNA

Repaired DNA contains desired insert

Random insertions 
or deletions

WT antibody

a

Chimeric antibody

Fab fragment

Sortag 
Histag

5’ HA3’ HA Donor
DNA

b

c

WT antibody

5’ HA3’ HA Donor
DNA

Figure 1. CRISPR/Cas9 genome editing of hybridoma cells. a) The Cas9 endonuclease protein (light 
blue) can be used to create a double-strand break (DSB) at a speci�c locus as targeted by a guide RNA 
(gRNA, dark blue). gRNA target recognition requires base pairing with the target sequence (green) as well 
as the presence of a protospacer-adjacent motif (PAM, red) sequence. After Cas9 creates a DSB, the HDR 
pathway of repair provides opportunities for gene insertion, correction or replacement. The provided 
template for insertion of a sequence should have 5’ and 3‘ homologous arms (HAs) with the desired 
insertion sequence in the middle. The NHEJ pathway of repair is not desired here, since it can lead to 
random insertions or deletions. Genome editing of hybridoma cells produces b) Fab fragments by inserting 
a stop codon after the �rst constant region or c) chimeric antibodies by inserting the sequence of the 
desired isotype’s constant regions after the variable region. Both inserts also encode a sortag and a Histag 
for easy modi�cation and puri�cation, respectively.

Figure 1. CRISPR/Cas9 genome editing of hybridoma cells. a) The Cas9 endonuclease protein 
(light blue) can be used to create a double-strand break (DSB) at a specific locus as targeted by 
a guide RNA (gRNA, dark blue). gRNA target recognition requires base pairing with the target 
sequence (green) as well as the presence of a protospacer-adjacent motif (PAM, red) sequence. 
After Cas9 creates a DSB, the HDR pathway of repair provides opportunities for gene insertion, 
correction or replacement. The provided template for insertion of a sequence should have 5’ and 
3‘ homologous arms (HAs) with the desired insertion sequence in the middle. The NHEJ pathway 
of repair is not desired here, since it can lead to random insertions or deletions. Genome editing 
of hybridoma cells produces b) Fab fragments by inserting a stop codon after the first constant 
region or c) chimeric antibodies by inserting the sequence of the desired isotype’s constant regions 
after the variable region. Both inserts also encode a sortag and a Histag for easy modification and 
purification, respectively.
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to mouse IgG1, mouse IgG2a, mouse IgG2asilent, mouse IgG2b, mouse IgG3 and 

mouse IgA isotypes. Moreover, by targeting the hinge region between first and 

second constant regions, a sortag, Histag and stop codon were inserted, leading to 

production of a Fab fragment. This approach was also employed for generation of 

human isotype antibodies (data not published).

Applications of antibody-based imaging in 
oncoimmunology

The composition of the TME has been shown to be of the utmost importance in the 

treatment of cancer. It can change over time and as a consequence of tumor pro-

gression and treatment. This holds true for immunotherapies such as checkpoint in-

hibitors, but also for more traditional treatment regimens such as radio- or chemo-

therapy. Imaging can therefore be used as a diagnostic, prognostic and monitoring 

tool, but also to answer more fundamental or mechanistic questions to enhance our 

understanding of these dynamics. Interesting imaging targets in oncoimmunology 

are immune checkpoint molecules and immune cell populations.

Immune checkpoint-targeted imaging

There is a comprehensive body of preclinical imaging research on different check-

point molecules, including PD-L1,14,79–87 PD-1,88–93 CTLA-4,94–97 OX4098,99 LAG-3100 and 

CD276 (B7-H3).101–104 Targeting molecules include different formats such as IgGs, 

nanobodies and affibodies as well as different imaging modalities such as nuclear 

imaging,105 fluorescence imaging and microbubbles for ultrasound. Clinical research 

on checkpoint imaging is less abundant. Here, I will discuss clinical research in more 

detail. The first-in-human immune checkpoint imaging study was performed by 

Niemeijer and colleagues.106 They used 89Zr-labelled Nivolumab, an anti-PD-1 anti-

body, in combination with 18F-labelled BMS-986192, an anti-PD-L1 adnectin in pa-

tients with non-small cell lung cancer (NSCLC). They showed that 89Zr-Nivolumab 

and 18F-BMS-986192 uptake correlated with immunohistochemistry (IHC) PD-1 and 

PD-L1 staining, respectively. The tracers were also found suitable for assessment of 

inter- and intralesional heterogeneity. While PD-L1 expression as determined by IHC 

staining of a biopsy sample is correlated to response to PD-L1 therapy,107 there are 

patients without PD-L1 expression that respond. This could be due to sampling er-

rors, intratumoral heterogeneity or differences in the results generated by different 
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IHC kits.108–111 Bensch and colleagues showed that PD-L1 expression determined by 

PET imaging is a better predictor of response than by IHC. They performed a PD-

L1 imaging study on patients with bladder cancer, NSCLC or triple-negative breast 

cancer (TNBC) using 89Zr-atezolizumab.112 First of all, they found that the best tu-

mor-background ratio was achieved after 7 days, due to the half-life of a full-size 

antibody. Second, they found significantly higher tracer uptake in responders than 

in non-responders to atezolizumab treatment. Differences were even found between 

different categories of (non-)responders as determined in the response evaluation 

criteria in solid tumors (RECIST), with patients with a Complete Response (CR) show-

ing the highest tracer uptake. Tracer uptake was also correlated to change in target 

lesion size upon atezolizumab treatment, as well as to Progression-free (PFS) and 

Overall Survival (OS). In contrast, PD-L1 expression as determined by IHC was not 

correlated to survival. Tracer uptake visualized by autoradiography on tumor samples 

partly corresponded to IHC staining of PD-L1. This could mean that the tracer may 

not be able to reach all sites of PD-L1 expression. This may be solved by using a 

smaller antibody format for imaging. This was performed for the first time in the clinic 

by Xing and colleagues.113 They used 99mTc-labeled nanobody for imaging of PD-L1 

in NSCLC. The tracer was found to be safe, with no adverse events recorded. Here, 

the optimal time point for imaging was determined at 2 hours post-injection. They, 

too, were able to observe inter- and intratumoral heterogeneity. However, detailed 

analysis of co-localization of tracer and PD-L1 expression was not performed, which 

is important to determine if tracer accumulation accurately reflects PD-L1 expression. 

Although these are all small cohorts, the results indicate a potential valuable role for 

whole-body non-invasive imaging of PD-L1 and its superiority over IHC for stratification 

of patients prior to treatment. This approach has the potential to decrease the number 

of patients undergoing unnecessary treatment and to decrease healthcare costs.

Immune cell-targeted imaging

Response rates to therapeutics such as checkpoint inhibitors have been linked to 

the cellular composition of the TME. For example, response to PD-L1 blockade is 

correlated to the number of CD8+ TILs.114,115 Although it is possible to track cells 

via direct cell labelling and subsequent adoptive transfer, we focus here on the ad-

ministration of a labelled antibody targeting these cells. Several preclinical studies 

have attempted to link imaging of TILs to treatment outcome for checkpoint inhibi-

tors. For example, an elaborate study performing imaging of CD8 as well as CD4 in 7 

syngeneic tumor models has been described by Kristensen and colleagues.116 Using 
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anti-CD4-DFO and anti-CD8-DFO F(ab’)2 fragments labelled with 89Zr allowed them 

to quantify the numbers of CD4 and CD8 TILs using whole-body PET imaging. 89Zr-

DFO-CD8 was able to detect changes in response to radiation therapy. PET imaging 

revealed differences in tumor-to-heart ratio between different tumor models and be-

tween individual subjects that correlated with individual responses to anti-PD-1 treat-

ment. Moreover, the maximum 89Zr-DFO-CD4 tumor-to-heart ratio could be used to 

stratify mice into responders and non-responders, highlighting the potential value of 

T-cell imaging in the prediction of treatment outcome. Others have also shown that 

CD8 imaging can be used to predict treatment outcome70,117 or to detect off-target 

effects associated with immunotherapy protocols.118 In a first-in-human study, Pan-

dit-Taskar and colleagues demonstrated that their anti-CD8 minibody targets CD8+ 

T-cell-rich tissues and is feasible for early imaging within 6-24 hours after injection.119

In immune-cell imaging, it is important to choose the right antibody format. Not 

only for half-life and tumor penetration, but additionally because full-size mAbs can 

cause antibody-dependent cellular cytotoxicity, leading to unintended depletion 

of target cells. To prevent this, one can use antibody formats lacking an Fc tail or 

create a so-called ‘Fc-silent’ antibody that does not induce depletion. White and 

colleagues removed the Fc glycans that are instrumental in recognition of the Fc 

domain by the Fc-gamma receptor (FcγR).120 While the wildtype anti-CD8 antibody 

led to CD8 T-cell depletion, the deglycosylated antibody did not.

Other T-cell markers that have been targeted in preclinical oncoimmunology include 

CD3, CD4, CD8 and CD45 (Table 3). NK cells have been targeted using CD56 and 

NKp30 and tumor-associated macrophages (TAMs) have been targeted via the mac-

rophage mannose receptor (MMR or CD206), and F4/80. Most likely, other immune cell 

populations will follow as our understanding of their role in the TME increases. For ex-

ample, Tregs play an important role in the maintenance of an immunosuppressive TME 

and their presence is associated with a poor prognosis.121–123 Therefore, their presence 

may serve as a prognostic marker or tracking them may be of interest in understanding 

the dynamics of response associated with different types of treatment. 

Summary and conclusion

Although traditional imaging tools such as CT and MRI are valuable, these ap-

proaches do not enable analysis of biomarkers and dynamics of response to im-

munotherapeutics. Therefore, the imaging field has evolved to generated targeted 

molecular imaging tools. In this chapter, the technical aspects of molecular imag-
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ing were discussed, including selection of an imaging modality, antibody format 

and methods for their conjugation. Applications of antibody-based imaging for 

visualization of immune checkpoint molecules and immune cells were discussed. 

Although conducted in small cohorts, the results generated in the first clinical stud-

ies indicate a valuable role for whole-body non-invasive imaging and suggest its 

superiority over IHC for patient stratification prior to treatment.  Molecular imaging 

tools have the potential to provide a better understanding of the dynamics of re-

sponse, decrease the number of patients undergoing unnecessary treatment and to 

increase therapeutic efficiency by rational design of combination therapies. 
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Abstract

While immune checkpoint inhibitors such as anti-PD-L1 antibodies have revolution-

ized the field of cancer therapeutics, only a subgroup of patients shows durable 

responses. As such, there is a clear need for better biomarkers for response pre-

diction and an improved understanding of the early response dynamics to facilitate 

patient stratification. PD-L1 expression on t tumor cells and/or on tumor-infiltrating 

lymphocytes, has previously been linked to therapeutic outcome. To measure PD-L1 

expression by whole-body in vivo imaging as well as on tissue level, we generated 

multimodal, multiscale PD-L1 imaging agents. First, we assessed the role of different 

antibody characteristics and labeling method on the biodistribution. To this end, a 

peptide containing DTPA, an azide and a sortase recognition motif was synthesized 

(IH20) as well as a peptide containing an additional sulfo-Cy5 (IH18) and used for 

site-specific functionalization of engineered sortaggable mouse IgG1 (mIgG1) an-

ti-PD-L1. Comparing these antibody-conjugates with randomly conjugated antibod-

ies, we found that antibody clone, isotype and method of DTPA conjugation did 

not change the tumor uptake. However, differences in clearance rates, most notably 

an increased hepatic uptake likely caused by the C-terminal Histag, were observed. 

Controlled conjugation of sulfo-Cy5 via IH18 did not change the biodistribution. For 

the multimodal, multiscale imaging tools, we used IH18 to functionalize mIgG1 and 

Fab anti-PD-L1. To increase the half-life of the Fab fragment, a 20kDa PEG chain 

was attached via strain-promoted azide-alkyne cycloaddition (SPAAC). First, an in 

vitro competition assay demonstrated that PD-L1 affinity and specificity were pre-

served for all three constructs. An in vivo study using 111In-labeled constructs in 4T1 

tumor-bearing mice showed that PEGylated Fab fragment displayed a significantly 

longer half-life compared to unPEGylated Fab and demonstrated the highest overall 

tumor uptake of all constructs. The highest tumor-blood ratio (TBR) was achieved with 

Fab PD-L1. Immunohistochemistry staining of tumor sections demonstrated that PD-

L1 co-localized with the fluorescent and autoradiographic signal. To our knowledge, 

this is the first paper describing multimodal imaging of PD-L1. In the future, these 

agents can be employed to investigate immunotherapy in a preclinical setting, using 

whole-body imaging as well as analysis on a microscopic level.

Multimodal PD-L1 imaging in a syngeneic mouse 
model using molecularly defined novel imaging agents
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Introduction

Over the past decade, immunotherapy, in particular blockade of immune checkpoint 

molecules such as Programmed Death Ligand 1 (PD-L1), has revolutionized the field 

of cancer therapeutics1–3. Anti-PD-L1 (aPD-L1) treatment led to unparalleled responses 

in a range of cancers4. However, a large number of patients does not benefit from this 

treatment.5 Moreover, aPD-L1 treatment is associated with significant immune-related 

side-effects6–9 and comes with a high economic burden on society.10 Therefore, there is 

a clear need for a better understanding of the dynamics and biomarkers of response to 

PD-L1 blockade. Although immunohistochemistry (IHC) on tumor biopsies is the gold 

standard for characterization of the tumor microenvironment, it has significant down-

sides. First of all, IHC of biopsy material yields limited spatial information as PD-L1 ex-

pression can be heterogeneous within and between tumor lesions.11 Additionally, there 

is a lack of consensus for the interpretation of the PD-L1 IHC results.11,12 In contrast, 

non-invasive, whole-body nuclear imaging of PD-L1 allows for assessment of multiple 

lesions concurrently and if desired over time. However, nuclear imaging has its own 

limitations. While the radioactive particles have a high penetration depth allowing for 

whole-body imaging, the resulting images have a poor spatial resolution, which does 

not allow for tissue analysis on a cellular level.13 Furthermore, tracer uptake does not al-

ways correspond to target expression as tumor uptake is influenced by tumor vascular-

ization and tissue density as well as antibody affinity, size and circulation time.14–16 Most 

importantly, imaging does not differentiate between cell populations that express the 

targeted molecule. This is relevant because the cell type expressing PD-L1 has been 

linked to therapeutic outcome. For example, some studies found that PD-L1 expressed 

by tumor-infiltrating lymphocytes (TILs) correlated with response for anti-PD-L1 therapy 

across a range of tumor types, whereas PD-L1 expressed by tumor cells did not.17,18 

However, others have reported the reverse, indicating a context dependency for this 

correlation.19,20 Therefore, whole-body imaging would ideally be supplemented with 

an imaging modality suitable for the assessment of PD-L1 expression at a cellular level 

such as a fluorescent dye. Optical light as used in fluorescence imaging has a relatively 

low penetration depth depending on the excitation and emission wavelengths. How-

ever, its images have a high spatial resolution, making it a suitable method for micro-

scopic analysis at tissue level.21 

Several preclinical22–26 and clinical27,28 imaging studies have been performed using 

different PD-L1-targeting agents. In most of these studies, imaging moieties were 

coupled to the targeting antibody using non-selective protein modification methods, 

without spatial control. However, such random conjugation can interfere with the anti-
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gen-binding region and consequently alter the binding affinity29 and in vivo pharmacoki-

netics30,31. In contrast, site-specific labeling does not interfere with the antigen-binding 

site and yields a more controlled, homogeneous and therefore reproducible product. 

Recently, our lab developed an approach to modify antibodies site-specifically by 

applying the CRISPR/HDR technology to PD-L1 hybridoma cells.32 We generated 

chimeric antibodies with switched mouse Fc isotypes and Fab fragments, while 

at the same time introducing a sortag33,34 at the C-terminus of the heavy chain. 

This tag enables site-specific chemo-enzymatic functionalization of these antibody 

products. Isotype switching is biologically relevant in the context of imaging since 

multiple doses of a foreign antibody can elicit an immune response, impacting 

longitudinal monitoring of a target. While immune reactions can be directed to the 

variable regions of an antibody, the majority of these immune responses are direct-

ed against the antibody’s Fc region.35–38 Moreover, small antibody formats like Fab 

fragments lack the Fc region entirely and can be of interest due to their relatively 

short half-life39–43 and potentially increased ability to penetrate tumor tissue.16,44–46 

Unfortunately, a fast clearance rate can also lead to low tumor retention,39 which can 

be attenuated by conjugation to a polyethyleneglycol (PEG) chain.47–50 

Here, we demonstrate that combining the CRISPR/HDR hybridoma engineering 
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MIH5 created a sortaggable Fab fragment and chimeric mouse IgG1 monoclonal antibody against 
PD-L1. b) Molecular structure of imaging peptides IH18.
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technology with peptide synthesis provides a plug-and-play platform to create mo-

lecularly defined antibody-based multimodal, multiscale imaging agents. To this 

end, we functionalized engineered mouse IgG1 (mIgG1) and Fab anti-PD-L1 (Fig. 

1a) site-specifically with a peptide containing both the radioligand chelator diethyl-

enetriaminepentaacetic acid anhydride (DTPA) and near-infrared (NIR) dye sulfo-Cy5 

(Fig. 1b). Additionally, an azide was included in the peptide to allow for further func-

tionalization through strain-promoted azide-alkyne cycloaddition (SPAAC). This way, 

we modified our Fab fragment with a 20kDa PEG chain to increase the half-life in vivo.  

We show that our agents allow for whole-body as well as tissue-level imaging by 

performing both whole-body SPECT imaging and fluorescence microscopy. To our 

knowledge, this is the first example of multimodal imaging of PD-L1. 

Results

Production of antibody conjugates for study with monoclonal anti-PD-L1 
antibody panel
 

We first set out to determine the influence of antibody clone, isotype, conjugation 

method and presence of sulfo-Cy5 in addition to DTPA on the biodistribution. To 

this end, mIgG1 anti-PD-L1 antibodies site-specifically conjugated to DTPA alone 

(mIgG1 PD-L1-IH20) or with both DTPA and sulfo-Cy5 (mIgG1 PD-L1-IH18) were 

compared to non-site-specifically DTPA-conjugated mIgG1 PD-L1-srt-his, the pa-

rental wildtype (WT) anti-PD-L1 antibody (rIgG2a, clone MIH5) and an anti-PD-L1 

benchmark antibody (rIgG2b, clone 10F.9G2) (Fig. 2a).51 

Synthesis of multimodal imaging peptides IH20 and IH18
To facilitate the incorporation of different imaging modalities in a site-specific way, 

imaging peptides IH20 and IH18 were synthesized (Fig. 1b). IH20 contains three 

different functionalities: 1) an N-terminal triple-glycine motif for sortase-mediated 

enzymatic ligation to the antibody (fragment), 2) an azide click-handle for incorpo-

ration of the 20kDa polyethylene glycol (PEG) chain to extend the half-life and in-

crease tumor accumulation and, 3) a DTPA as a radioligand chelator. IH18 contains 

an additional sulfo-Cy5 for fluorescence imaging. The peptide backbone was syn-

thesized via standard Fmoc-based solid-phase peptide synthesis (SPPS). Selective 

lysine deprotection and conjugation to DTPA was performed on solid support (Fig. 

S1). Cleavage from the resin and HPLC-purification yielded peptide IH20 as an off-
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white solid (42% yield, Fig. S2a). For generation of IH18, the sulfo-Cy5 moiety was 

incorporated into IH20 via a thiol-maleimide linkage in PBS with a pH of 6.9 to favor 

reaction with the thiol over reaction with the amine. Subsequent HPLC purification 

gave the product IH18 as a blue fluffy powder in ~60% yield (Fig. S2b).
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Site-specific enzymatic conjugation to mIgG1 PD-L1
Hybridoma cells producing mIgG1 PD-L1-sortag-histag (PD-L1-srt-his) were cul-

tured for production and the antibody was isolated from the supernatant using 

Ni-NTA beads. After optimization of the sortagging reaction conditions, large-scale 

production was performed using 1.0 mg of antibody, 1 equivalent (eq) 3M sortase 

and 25 eq of IH18 or IH20. The resulting mixture was purified using a two-step 

method: step 1) incubation with Ni-NTA beads to remove (His-tagged) sortase and 

starting material and step 2) size-exclusion chromatography (SEC) to separate the 

antibody conjugates from excess peptide (Fig. S3a shows this process for IH18). 

This resulted in the purified product in 70% yield, which was analyzed on SDS-PAGE 

(Fig. 2b). Due to the minimal molecular weight difference between the product, the 

starting material and the hydrolyzed side product we employed strain-promoted 

azide-alkyne cycloaddition (SPAAC) with 5kDa mPEG-DBCO as an analytic tool to 

determine the efficiency of heavy chain modification and the purity of the conju-

gate. The near-quantitative increase in molecular weight after click reaction of the 

heavy chains in all conjugates demonstrates high efficiency of chemo-enzymatic 

conjugation and high purity of the multimodal imaging conjugates.

Anti-PD-L1 antibodies rIgG2b 10F.9G2 (WT), rIgG2a MIH5 (parental WT) and mIgG1 

PD-L1-srt-his were conjugated to DTPA randomly as described previously.23 After labeling 

with Indium-111 (111In), the in vivo biodistribution was determined for all five antibodies.

Biodistribution of monoclonal antibody panel

BALB/c mice with syngeneic, orthotopic 4T1 tumors received an i.v. injection of 
111In-labelled antibody. After 24 h, organs were harvested and the biodistribution 

for each construct was determined (Fig 2c, Table S1). Tumor uptake was similar for 

all constructs (around 15% ID/g). Our randomly labeled mIgG1 PD-L1-srt-his anti-

body showed a twofold increase in hepatic uptake compared to the MIH5 WT anti-

body (20.65 ± 3.67% ID/g vs 6.56 ± 0.51% ID/g, p < 0.0001), most likely caused by 

the presence of the Histag,52,53 while blood concentration and kidney uptake were 

significantly lower (2.91 ± 0.88% ID/g and 10.94 ± 2.86% ID/g in the blood; 5.44 

± 0.43% ID/g and 8.19 ± 1.21% ID/g in the kidneys, p values < 0.0001). Further-

more, blood concentration was lower for the 10F.9G2 antibody than for the MIH5 

WT antibody (5.00 ± 2.00% ID/g vs 10.94 ± 2.86% ID/g, p = 0.0022). Site-specific 

labeling with either DTPA alone (IH20) or with an additional fluorophore (IH18) 

did not significantly alter blood clearance (7.48 ± 0.95% ID/g and 9.36 ± 1.38% 

ID/g, respectively) or tumor uptake (15.78 ± 1.17% ID/g and 14.36 ± 2.37% ID/g, 
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respectively) compared to WT randomly labeled MIH5 antibody (10.94 ± 2.00 %ID/g 

for blood clearance and 16.52 ± 5.32% ID/g for tumor uptake). Labeling with IH18 

increased spleen uptake compared to labeling with IH20 (16.80 ± 0.68% ID/g vs 12.11 

± 0.43% ID/g, p = 0.0015). Duodenum uptake was slightly decreased for IH18- and 

IH20-labeled antibodies (7.42 ± 0.64% ID/g, p  = 0.0009, 6.53 ± 1.69% ID/g, p < 

0.0001) compared to the MIH5 WT antibody (10.94 ± 0.52% ID/g). The MIH5 antibody 

showed a higher uptake in brown fat than the 10F.9G2 antibody (22.69 ± 6.23% ID/g 

vs 11.69 ± 1.98% ID/g, p = 0.0021). Together, these data demonstrate that site-specif-

ic chemo-enzymatic conjugation of imaging modalities to chimeric mIgG1 anti-PD-L1 

antibodies gives rise to molecularly defined nuclear PD-L1 imaging tools with in vivo 

properties which do not show a major deviation from a benchmark imaging tool. 

Production of multimodal Fab PD-L1 imaging agents
 
Having established the suitability of our platform for site-specific labeling of anti-

bodies, we set out to produce different multimodal imaging agents. Due to their 

short half-life, we were interested in Fab fragments. To be able to finetune the 

pharmacokinetics and find an optimum between fast clearance and sufficient tumor 

uptake, we included a PEGylated Fab fragment and set out to compare these two 

Fab fragments to mIgG1 PD-L1-IH18. 

Fab PD-L1-IH18 was produced and purified (Fig. S3b) as described above for 

mIgG1 PD-L1-IH18, using 1.0 mg of Fab fragment, 2 eq of 3M sortase and 50 eq of 

IH18, obtaining the product in 75% yield. Product and SPAAC-reacted product were 

analyzed on SDS-PAGE (Fig. 3a). The near-quantitative increase in molecular weight 

after click reaction of the heavy chains in all conjugates demonstrates high efficiency of 

chemo-enzymatic conjugation and high purity of the multimodal imaging conjugates. 

To extend the half-life of Fab PD-L1-IH18, a PEGylated Fab fragment was includ-

ed in our study design. To this end, 20kDa mPEG-DBCO was clicked to the Fab 

fragment via SPAAC reaction with the azide in Fab PD-L1-IH18. Fab-PEG20kDa PD-

L1-IH18 was purified from unreacted mPEG-DBCO using cation exchange chroma-

tography (Fig. S3c) and obtained in 60% yield. 

In vitro characteristics of antibody-conjugates
 
IC50 determination of peptide-antibody conjugates
To assess specificity and affinity of the purified constructs, a competitive binding as-

say was carried out for mIgG1, Fab and Fab-PEG20kDa PD-L1-IH18. The WT antibody 
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and each of our site-specifically labeled constructs, but not the isotype control, 

competed with the parental antibody for target binding in a concentration-depend-

ent manner, indicating preservation of antigen specificity after site-specific conju-

gation to IH18 (Fig. 3b). Moreover, IC50 values were similar for mIgG1 PD-L1-IH18 

(0.18 nM) and the unconjugated WT antibody (0.088 nM). The IC50 values of the Fab 

fragments (18.3 nM and 27.8 nM for Fab and Fab-PEG20kDa PD-L1-IH18, respective-

ly) are about 100-fold higher than those of the WT antibody, reflecting the fact that 

Fab fragments have a lower avidity most likely due to their monovalency.32,49,54,55 

Containing a sulfo-Cy5 fluorophore, our constructs allowed for direct monitoring 

of its binding to target cells (Fig. S5a), reflecting the same trend as the competitive 

binding assay in Fig. 3b. 

Radiolabeled binding and internalization Kinetics 

Anti-PD-L1 antibodies have previously been shown to be internalized by target 

cells.23,56 To investigate this, our conjugates were radiolabeled with 111In and incu-
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bated with Renca cells for 1, 3 or 24 h at 37 °C. All antibody-conjugates showed 

target-specific binding and internalization over time (Fig. S5b-d). 

Biodistribution of multimodal PD-L1 imaging agents

Having the in vitro characterized multimodal radiolabeled PD-L1 imaging agents 

in hand, the biodistribution was determined at 4, 24 and 72 h after injection with 

mIgG1 PD-L1-IH18 and 1, 4 and 24 h for Fab and Fab-PEG20kDa PD-L1-IH18 (Fig. 4 

and Table S2). For mIgG1 PD-L1-IH18, tumor uptake was highest after 24 h (13.24 

a b

c d

Figure 4. Biodistribution results of anti-PD-L1 mul-
timodal imaging tools. Biodistribution is shown at 
several time points after injection of 111In-labeled a) 
mIgG1, b) Fab or c) Fab-PEG20kDa PD-L1-IH18. Tumor 
uptake values (d) and tumor/blood ratios (e) of the 
three constructs are compared directly at each time 
point. Data are shown as mean ± SD, n = 5. 
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± 2.93 %ID/g), but the optimum tumor/blood ratio (TBR) was achieved after 72 h 

(20.67 ± 8.60) since the antibody concentration in the blood was still high at the 

24 h time point (6.13 ± 1.81 %ID/g). In contrast, Fab PD-L1-IH18 was cleared from 

the circulation more rapidly, leading to a very low antibody level in the blood (0.31 

± 0.08 %ID/g) and optimal TBR after 24 h (32.68 ± 7.95). This clearance occurred 

partly via the kidneys, which was reflected in a high kidney accumulation (78.36 ± 

10.31 %ID/g). In contrast, Fab-PEG20kDa cannot be cleared via the kidneys due to its 

increased size, which significantly slows down the clearance process. Consequently, 

blood concentration of Fab-PEG20kDa after 24 h is 2.03 ± 0.30 %ID/g, causing the 

TBR to remain lower than for the other two constructs (8.22 ± 1.32), while tumor 

accumulation for Fab-PEG20kDa after 24 h was highest (16.55 ± 2.80 %ID/g).

SPECT/CT imaging of PD-L1 in 4T1 tumors and PD-L1-rich organs

Finally, we performed SPECT/CT and IVIS imaging in mice bearing orthotopic 

4T1 tumors using our 111In-labeled PD-L1 multimodal imaging agents (Fig. 5, 

Fig. S6). Based on the previous biodistribution results (Fig. 4), imaging was per-
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Figure 5. SPECT/CT and IVIS imaging of mice bearing orthotopic 4T1 tumors. Typical examples of 
SPECT/CT and IVIS scans of mice bearing 4T1 tumors, acquired at di�erent time points after injection of 111In-la-
beled mIgG1, Fab or Fab-PEG20kDa PD-L1-IH18. Tumors are indicated with white arrows. Fluorescence intensity is 
indicated as radiant e�ciency [(p/sec/cm2/sr)/(μW/cm2)].

Figure 5. SPECT/CT and IVIS imaging of mice bearing orthotopic 4T1 tumors. Typical examples of 
SPECT/CT and IVIS scans of mice bearing 4T1 tumors, acquired at different time points after injection 
of 111In-labeled mIgG1, Fab or Fab-PEG20kDa PD-L1-IH18. Tumors are indicated with white arrows. 
Fluorescence intensity is indicated as radiant efficiency [(p/sec/cm2/sr)/(μW/cm2)].
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formed at 24 and 72 h for mIgG1, at 4 and 24 h for Fab and at 4, 24 and 48 

h for Fab-PEG20kDa PD-L1-IH18. All constructs were able to visualize the tumor. 

Although mIgG1 PD-L1-IH18 clearly visualizes the tumor after 24 hours, there 

is still radioactive signal present in the bladder, which has disappeared after 72 

h. For Fab and Fab-PEG20kDa PD-L1-IH18, no bladder signal is observed after 24 

h and SPECT/CT images have a clear tumor-background signal. As expected, a 

high accumulation of Fab PD-L1-IH18 was observed in the kidneys. All constructs 

had a relatively high spleen and liver uptake (Fig. 5, Fig. S6) and displayed an 

increased circulation time compared to the previous biodistribution study (Fig. 4, 

Tables S2 and S3). SPECT/CT imaging of Fab PD-L1-IH18-PEG20kDa after 48 h did 

not generate a better image than after 24 h. PEGylation led to a longer circula-

tion time, a higher tumor uptake and improved tumor visibility compared to Fab 

PD-L1-IH18. The IVIS data show a clear signal at the tumor site, indicating that 

IVIS imaging can additionally be used to detect tracer accumulation in the tumor.  

Analysis of tumor sections using immunohistochemistry (IHC), autoradiography and 

H&E PD-L1 Autoradiography Fluorescence

mIgG1

Fab

Fab-PEG20kDa

Figure 6. Analysis of tumor coupes shows co-localization of PD-L1, radiographic and �uorescent 
signal. Physically adjacent coupes are shown where �uorescent or radiographic signal is acquired or that 
have been treated with H&E or PD-L1 immunostaining. PD-L1, autoradiography and �uorescence patterns 
are overlapping, demonstrating co-localization of these signals. 

Figure 6. Analysis of tumor coupes shows co-localization of PD-L1, radiographic and fluores-
cent signal. Physically adjacent coupes are shown where fluorescent or radiographic signal is ac-
quired or that have been treated with H&E or PD-L1 immunostaining. PD-L1, autoradiography and 
fluorescence patterns are overlapping, demonstrating co-localization of these signals.
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fluorescence imaging mostly showed co-localization of PD-L1 expression with the 

radioactive and fluorescent signal, indicating in vivo tracer binding is target-specific 

and the construct is intact (Fig. 6). While autoradiography and fluorescence always 

co-localize, PD-L1 expression is lacking in some areas where the construct localizes, 

indicating that a small part of the tumor uptake is likely non-PD-L1-mediated. 

Discussion

While PD-L1 blockade has yielded durable results in a subgroup of cancer patients, 

others do not benefit from this treatment. As such, there is a clear need for a better 

understanding of the biomarkers and dynamics of response in order to improve patient 

stratification. To gain more insight into the fundamentals of anti-PD-L1 treatment, we 

developed three multimodal, multiscale PD-L1 imaging agents for in vivo imaging.

Previously, we used CRISPR/HDR gene editing to obtain a chi-

meric mIgG1 antibody and a Fab fragment against PD-L1, while in-

troducing a sortag and Histag at the C-terminus of the heavy chain. 

To obtain site-specifically labeled mIgG1 PD-L1, we used solid-phase peptide syn-

thesis and bio-orthogonal chemistry to produce a peptide with a DTPA (IH20) and 

an additional sulfo-Cy5 (IH18) and conjugated these to mIgG1 PD-L1 via chemo-

enzymatic modification using sortase yielding the products in high purity (Fig. 2b).

We first compared a panel of monoclonal antibodies to determine the influence 

of the antibody clone, isotype, conjugation method and presence of sulfo-Cy5 in 

addition to DTPA on the biodistribution. First of all, we found that all antibodies 

showed a similar tumor uptake. In contrast, there were significant differences in the 

clearance of the antibodies. The MIH5 antibody seemed to be cleared slower than 

the 10F.9G2 antibody. Since these two antibodies differ in terms of both clone and 

isotype, we cannot be certain as to what caused this difference. Furthermore, hepatic 

uptake was increased twofold for the mIgG1 PD-L1-srt-his antibody compared to the 

other antibodies, most likely caused by the presence of the Histag,52,53 which could 

also explain the relatively low blood concentration and kidney uptake after 24 h.  

We did not find a difference in clearance or tumor and organ uptake for site-spe-

cifically versus randomly labeled mIgG1 PD-L1 with DTPA/IH20 alone, although a 

small but significant difference was observed in the duodenum, which is a known 

site of high PD-L1 expression. More importantly, no differences in biodistribution 

were found for IH20- and IH18-conjugated mIgG1 PD-L1, except in the spleen, 

where uptake of mIgG1 PD-L1-IH18 was higher. Random DTPA conjugation via ly-
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sine side chains has been shown to influence affinity,29 in vivo pharmacokinetics30,31 

and therapeutic index57 for antibody conjugates. Since lysine side chain labeling is 

a stochastic process, it gives rise to a mixture of antibodies with different degrees 

of labeling and this can be problematic mainly for fluorophores, since it is known 

that the amount conjugated to an antibody can influence its in vivo pharmacoki-

netics.58,59 The unaltered biodistribution of mIgG1 PD-L1-IH18 compared to mIgG1 

PD-L1-IH20 found here shows the potential of our platform to gain full control over 

the quantity and location of the chelators and fluorophores, thereby maintaining 

the antibody’s pharmacokinetic properties.

PD-L1 affinity was retained for the site-specifically labeled constructs. IC50 of mIgG1 

PD-L1-IH18 was in the same range as that of the WT antibody. In accordance with the 

literature, the Fab’s IC50 was 100-fold higher, due to their monovalency.32,49,54,55 The 

IC50 value for Fab PD-L1-IH18 increased only 0.5-fold upon PEGylation, indicating 

preservation of the Fab fragment’s affinity using site-specific conjugation of the PEG 

chain as employed here. It has previously been shown that non-site-specific PEGyl-

ation strongly decreases affinity,50 while site-specific PEGylation leads to a (largely) 

preserved affinity.49,60–62 The slight decrease in affinity could be caused by intramolec-

ular blocking of the binding site by the long PEG chain, even though conjugation is 

site-specific. Kubetzko and colleagues compared the binding kinetics of a monova-

lent and a divalent scFv molecule with their PEGylated counterparts.63 Computational 

modelling showed that at any given point in time, only 7% of PEGylated antibody 

could bind, due to intramolecular blocking of interaction sites by the PEG chain. 

Since the blocked and binding state are in equilibrium, all antibody will eventually 

bind but this process slows down the on-rate. This model was supported by their 

experimental data, where they found a reduction in the on-rate, but no change in 

the off-rate upon PEGylation. In accordance with this, Selis and colleagues found a 

C-terminally doubly PEGylated Fab’ fragment to have a 2- to 3-fold higher EC50, while 

maintaining the same Kd  as an unPEGylated Fab’ fragment,49 suggesting PEG loading 

slowed down delivery of the antibody to the receptor. 

After labeling with 111In, all three multimodal imaging agents displayed tar-

get-specific binding and internalization (Fig. S5b-d). These data suggest a relatively 

high internalization rate for Fab-PEG20kDa compared to Fab and mIgG1 PD-L1-IH18. 

In future experiments, the internalization rate should be determined using 4T1 cells 

and possibly a third cell line such as CT26 to assess if this is a general phenomenon 

for Fab PD-L1-IH18-PEG20kDa. Internalization is a favorable characteristic in imaging, 

since it enhances retention of the radionuclide in the tumor, thereby increasing the 

tumor-background ratio.
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In vivo, 111In-labeled mIgG1, Fab and Fab-PEG20kDa PD-L1-IH18 accumulated 

in the tumor and other PD-L1-expressing tissues such as lymph nodes, brown 

fat and duodenum. Most notably, the rate of clearance was different for each of 

these three constructs, with mIgG1 PD-L1-IH18 reaching its optimum TBR at 72 

h. In contrast, the Fab PD-L1-IH18 displayed a similar tumor uptake to mIgG1 PD-

L1-IH18 but a higher TBR and after only 24h. In the translation to the clinic, this 

would mean a more convenient process due to a shorter wait period between 

injection and imaging, making Fab PD-L1-IH18 superior to mIgG1 PD-L1-IH18.  

Compared to the tumor uptake of unPEGylated Fab, Fab PD-L1-IH18-PEG20kDa 

showed increased tumor retention which is likely caused by the increased circula-

tion time: blood concentration is the driving force for initial diffusion into the tumor, 

where the antibody (fragment) can subsequently be retained by target binding.16 

Furthermore, the enhanced permeability and retention (EPR) effect is stronger for 

larger molecules. The EPR effect is caused by the majority of solid tumors hav-

ing leaky vasculature, while at the same time lacking effective lymphatic drainage, 

causing macromolecules to be retained in the tumor more effectively. Moreover, a 

preliminary internalization assay showed that Fab-PEG is internalized at a higher 

rate in Renca cells compared to unPEGylated Fab fragment, which could further en-

hance the tumor-background ratio provided this occurs in vivo in 4T1 cells as well. 

Perhaps this could also explain the interesting observation that Fab PD-L1-IH18-

PEG20kDa also showed a higher tumor retention than mIgG1 PD-L1-IH18. However, 

the concentration in the blood at the investigated time points was still relatively 

high, giving rise to a suboptimal tumor-blood ratio.

We proceeded to perform SPECT/CT and IVIS imaging in mice bearing 4T1 

orthotopic tumors. While imaging with mIgG1 PD-L1-IH18 provided the best vis-

ualization of tumor tissue, the optimal time point for imaging was 72 h. In con-

trast, optimal imaging time points for both Fab fragments were 24 h, illustrating 

the main advantage for Fab fragments in the context of imaging. Most nota-

bly, PEGylation of Fab PD-L1-IH18 led to a higher tumor uptake, which was not 

only clear from the biodistribution but also led to better visualization in SPECT/

CT and IVIS images compared to unPEGylated Fab. Moreover, since PEGylated 

Fab PD-L1-IH18 is not cleared via the kidneys, these suffer less radiation while 

potentially also allowing for observation of any kidney metastases. However, al-

though Fab PD-L1-IH18-PEG20kDa displayed a higher tumor uptake than mIgG1 

PD-L1-IH18, this did not translate to a clearer tumor visualization, possibly due 

to incomplete clearance at the last time point where imaging was performed.  

Interestingly, we observed a slower clearance rate in the SPECT/CT experiment 
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compared to the first biodistribution study, as well as an increased spleen and liver 

uptake. We can currently not explain these results with any certainty. Since this hap-

pened for all constructs, one might speculate it may be related to a difference in the 

inflammatory state of the mice used in these respective studies. An inflammatory 

response can, for example, cause hypoalbuminemia, which can result in increased 

catabolic degradation of IgG molecules.64 However, why this phenomenon was ob-

served here for all constructs remains unclear. 

Tumor sections were analyzed by PD-L1 IHC, autoradiography and fluorescence 

imaging. The autoradiography and fluorescence imaging show a very strong co-lo-

calization, corresponding to the multimodality and intactness of our constructs. Com-

parison of these signals to PD-L1 IHC showed co-localization, indicating in vivo trac-

er-binding is largely target-specific. However, especially for Fab PD-L1-IH18-PEG20kDa, 

some additional tracer accumulation was observed in areas that were not positive for 

PD-L1 using IHC. Here, the aforementioned EPR effect may play a role, potentially 

facilitating the non-specific retention of macromolecules in the tumor. Additionally, 

these signals were acquired on adjacent slides, which could add to the discrepancy. 

For future research, our platform would allow for investigation of the cell type 

expressing PD-L1. Some researchers have linked the cell type expressing PD-

L1 to therapeutic outcome. For example, PD-L1 expressed by TILs correlated 

with response for anti-PD-L1 therapy in some tumor types, whereas PD-L1 ex-

pressed by tumor cells did not,17,18 while others have reported the reverse.19,20  

Moreover, our approach is suitable for the analysis and comparison of the tumor 

penetration displayed by the different constructs. Small antibody formats such as 

Fab fragments have been linked to improved tissue penetration in vitro65 and due 

to their high diffusion rate,66 they have been hypothesized to move around more 

easily in a crowded environment such as the extracellular matrix (ECM) of tumor 

cells.16 Moreover, their small size causes less molecular crowding and they are 

therefore less likely to display the so-called “binding site barrier effect”.16 

In conclusion, we found that site-specific or random conjugation 

of DTPA in mIgG1 PD-L1 did not significantly alter tumor accumula-

tion. Our platform allows for site-specific, additional inclusion of a fluoro-

phore while maintaining the antibody’s pharmacokinetic properties. 

Using our platform to produce mIgG1, Fab and Fab-PEG20kDa PD-L1, we show 

that these antibody formats display different pharmacokinetic properties, es-

pecially in terms of clearance, where Fab displayed the fastest clearance rate 

and mIgG1 the slowest. Our multimodal imaging agents allow for whole-body 

SPECT/CT and IVIS imaging as well as microscopy, and we show that tracer ac-
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cumulation is largely target specific. Fab PD-L1-IH18-PEG20kDa is considered the 

optimal imaging agent here, since it displayed the highest tumor uptake com-

bined with a faster systemic clearance and a clear visualization on SPECT/CT. 

To our knowledge, this is the first paper describing multimodal imaging of PD-L1. 

Additionally, we are the first to describe the generation of multimodal imaging tools 

using sortase-mediated site-specific modification of antibodies. These agents can 

be employed to investigate immunotherapy in a preclinical setting, using whole-

body as imaging as well as analysis on tissue level. 

Materials and methods

General methods and materials
 
Chemicals were used without further purification. Amino acids were purchased from 

Bachem (Bubendorf, Switzerland) or Novabiochem (EMD Chemicals, Gibbstown, 

USA). An exception to this was formed by special amino acid Fmoc-NH-PEG3-

COOH, which was purchased from Iris Biotech (Marktredwitz, Germany). Solvents 

were obtained from ThermoFisher Scientific, Merck Millipore and Biosolve. LC-MS 

data were recorded on a Thermo Finnigan LCQ Fleet system, which consists of a 

Shimadzu LC-20A Prominence system (Shimadzu, ‘s-Hertogenbosch, The Nether-

lands) with a Gemini NX-C18 column, 150 × 2.1 mm, particle size 3 μm (Phenome-

nex, Utrecht, The Netherlands) with PDA detector coupled to a Thermo LCQ Fleet 

mass spectrometer. For LC-MS analysis, a acetonitrile/water gradient was used of 

5-100% in 60 minutes, flow rate 0.2 ml/min. For peptide purification, preparative 

HPLC was performed on a Shimadzu LC-20A Prominence system (Shimadzu, ‘s-Her-

togenbosch, The Netherlands) equipped with a Gemini NX-C18 column, 150 × 

21.20 mm, particle size 10 μm (Phenomenex, Utrecht, The Netherlands) or on a 

Waters HPLC system equipped with an XBridge Prep-C18 column, particle size 

5µm, 150 x 30 mm and an Equity QDa Mass Detector. On the Shimadzu, the gradi-

ent used was acetonitrile/water 5-40% in 35 minutes and with a flow rate of 10 ml/

min. On the Waters HPLC system, the acetonitrile/water gradient was 5-25% in 10 

minutes, operating at a flow rate of 40 ml/min. (Analytical HPLC was performed on 

a Shimadzu LC-20A Prominence system (Shimadzu, ‘s-Hertogenbosch, The Neth-

erlands) equipped with a Gemini NX-C18 column, 150 x 3 mm, particle size 3 µm 

(Phenomenex, Utrecht, The Netherlands).) For both the analytical and preparative 

HPLC, peptides were monitored at 254 and 215 nm. 
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Fluorescence analysis was carried out using the Typhoon Trio Variable Mode 

Imager System from GE Healthcare (Eindhoven, The Netherlands). SDS-PAGE 

coomassie analysis was performed using a Bio-rad ChemiDoc XRS+ system. For 

size-exclusion chromatography (SEC) and cation-exchange chromatography 

(CEX), a Bio-rad NGC Quest Plus System with 4-wave UV-Vis detector and a 10 

ml/min pump (Bio-rad, Veenendaal, The Netherlands). For SEC, The NGC system 

was equipped with a Superdex 75 Increase 10/300 GL Size-exclusion column (GE 

Healthcare, Eindhoven, The Netherlands). For CEX, a 1 ml HiTrap SP FF (GE Lifes-

ciences, 17505401) cation exchange column was used on the same NGC Quest 

Plus Bio-Rad system, operating at 0.5 ml/min. Antibody concentration was deter-

mined using the NanoDrop 2000c (Thermo Fisher Scientific). FACS measurements 

were performed on FACSVerse (BD Biosciences), and analysis was performed using 

FlowJo V10 software.

Cell culture
 
Previously, MIH5 hybridoma cells were engineered to express mIgG1, mIgG2asilent 

or Fab fragments against PD-L1 with a Sortag and a Histag at the C-terminus of 

the heavy chain(s).32 Other cell lines that were used throughout this study were 4T1 

(ATCC CRL-2539) and Renca (ATCC CRL-2947) cells. All cells were cultured in RPMI-

1640 (Gibco, 11875-093, Thermo Fisher Scientific) supplemented with 10% heat-in-

activated fetal calf serum (FCS), 2mM UltraGlutamine (BE16-605E/U1, Lonza) and 

1x antibiotic-antimycotic (15240-062, Thermo Fisher Scientific). In addition, Hybrid-

oma medium contained 50 μM Gibco 2-mercaptoethanol (2-ME) (21985-023, Ther-

mo Fisher Scientific). Renca cell medium additionally contained 0.1mM Non-essen-

tial amino acids (NEAA) (11140-035, Thermo Fisher Scientific) and 1mM Sodium 

Pyruvate (Gibco, 11360-070), Thermo Fisher Scientific). (Semi-) adherent cells were 

washed with phosphate-buffered saline (PBS) (Fresenius Kabi) and trypsinized by 

incubation with 0.025% trypsin and 0.01% ethylenediaminetetraacetic acid (EDTA) 

in PBS (TE) (Thermo Fisher, R001100) for 10 min. at 37°C, or by using a cell scraper. 

Production of antibody conjugates
 
Production and isolation of sortaggable antibodies 
After expansion, Hybridoma cells were seeded in a CELLine Disposable Bioreactor 

(Corning, 353137). The medium compartment contained 900 ml Hybridoma medi-

um with 1% FBS, the cell compartment contained 15 ml Hybridoma medium with 
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10% FBS. Medium was harvested from cell compartment every 7 days and separat-

ed from the cells by centrifugation (5 min, 1500 rpm), filtered through a 20 µm filter 

(Whatman) and stored at -20 °C until the moment of antibody purification. Pellet 

was resuspended in 30 ml medium and live cells were separated from dead cells 

by using Ficoll density centrifugation (Lymphoprep; Axis-Shield PoC AS, Oslo, Nor-

way). Subsequently, 30 million live cells were reseeded into the CELLine bioreactor. 

For each flask, multiple seeding – harvesting cycles were performed. 

For antibody purification, the supernatant was thawed and incubated for 20 min-

utes at room temperature (RT) with 1-2 mL Ni-NTA beads (Qiagen, 30210). Subse-

quently, the suspension was transferred to an Econo-Pac Chromatography Column 

(Bio-Rad, 7321010). The column was washed with 10 column volumes (CV) of wash 

buffer (50 mM NaH2PO4.H2O, 300 mM NaCl, 20 mM imidazole, 0.05% Tween 20, 

pH 8.0), 100 CV of 0.1% Triton X-114 (Merck, 9036-19-5) in sterile PBS at 4 °C, and 

20 CV sterile PBS. These three steps were repeated twice. Finally, the antibody was 

eluted with elution buffer (50 mM NaH2PO4.H2O, 300 mM NaCl, 250 mM imida-

zole, 0.05% Tween 20, pH 8.0). The resulting elution fractions were concentrated 

with Amicon Ultra-15 Centrifugal 10kDa MWCO filter units (Merck, Z717185) for 

Fab fragments and 50kDa MWCO filter units for monoclonal antibodies. Buffer ex-

change was performed using sortase buffer (50mM Tris, 150mM NaCl, pH 7.5). An-

tibody concentration was determined using the NanoDrop 2000c (Thermo Fisher 

Scientific) using the protein program and dividing by 1.4 for monoclonal antibodies 

and by 1.35 for a Fab fragment. Protein purity was assessed under reducing condi-

tions using SDS-PAGE gel electrophoresis (12% acrylamide) and Sypro Ruby Protein 

Gel stain (S12000, Thermo Fisher Scientific). Typical yields per week were around 

2-2.5 mg for Fab and 1.5-2 mg for mIgG1.

Peptide synthesis
The backbone of multimodal imaging peptides IH20 and IH18 (Fig. 1b) was 

synthesized on Rink resin (500 mg, 0.29 mmol) using standard Fmoc-based Sol-

id-Phase Peptide Synthesis (SPPS). Coupling and deprotection steps were followed 

to completion using a Kaiser test. For each coupling step, 3 eq of amino acid (AA) 

was used. For most coupling steps, 3.3 eq of DIPCDI and 3.6 eq of HOBt in DMF 

(1M) were used. Coupling steps were incubated for 45 minutes to overnight. For 

coupling of H2N-PEG3-COOH, 1.5 eq HATU and 3 eq DIPEA were added and this 

mixture was agitated overnight. Upon completion of each coupling step, as in-

dicated by the Kaiser test, the resin was washed three times with DMF and the 

remaining free amines were capped using a 3:2 mixture of Acetic anhydride and 
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pyridine in DMF. After capping, the resin was washed three times again with DMF. 

Subsequently, the Fmoc group on the last AA in the chain was removed by incu-

bating the resin with 20% piperidine for 20 minutes. After each deprotection, the 

next AA was coupled as described. For the N-terminal glycine, Boc-protected gly-

cine was used instead of Fmoc-protected to allow for easy removal of all protective 

groups when cleaving the peptide off the resin. Upon completion of the backbone, 

the resin was washed three times with DMF, three times with DCM and three times 

with diethyl ether. Then, the peptide on resin was allowed to dry and subsequently 

stored at -20 °C. 

To allow the chelation of radionuclides, the chelator DTPA was attached to the 

lysine side chain of the peptide. First, the resin (300 mg, 120 µmol) was swelled 

in DCM. Subsequently, the resin was treated with 1.2% TFA in DCM for 2 min-

utes and removed. As such, ~30 cycles of Lys(Mtt) deprotection were performed. 

(At a later time, I monitored this reaction by performing capping, performing mi-

ni-cleavage and analyzing the product on HPLC. This way it was determined that 

the optimum number of cycles was 15.) After deprotection, the resin was washed 

extensively with DCM and subsequently with DMSO. Then, S-2-(4-Isothiocyana-

tobenzyl)-diethylenetriamine pentaacetic acid (p-SCN-Bn-DTPA, Macrocyclics, 

B-305) (236 mg, 360 µmol, 3 eq) was dissolved in DMSO and DIPEA (0.73 ml, 

4.20 mmol, 35 eq) was added. This mixture was agitated with the resin overnight 

at RT. Finally, the peptide was fully deprotected and cleaved off the resin by in-

cubating with a 92.5/2.5/2.5/2.5 mixture of TFA/H2O/TIS/Thioanisole for 2-3 h. 

The peptide was precipitated in ice cold diethyl ether and air-dried. After drying, 

the resulting off-white solid was dissolved in 80/20 H2O/ACN and freeze-dried. 

The resulting IH20 peptide was purified using RP-HPLC (10-40% ACN/

H2O in 35 min), and analyzed using LC-MS. HPLC rt: 20.67. LC-MS(E-

SI+): m/z calcd for C52H84N16O20S2
2+

  ([M+2H]2+) 659.28, found 659.30. 

C52H84N16O20S2
3+ ([M+3H]3+): 439.85, found 439.94. After purification 

and lyophilization, IH20 was obtained as a white powder (yield 43%). 

To yield IH18 by modification of IH20 with sulfo-Cy5, IH20 (10.8 mg, 7.54 µmol) 

was dissolved in DMF (60 mg/ml) and mixed with 1.1 eq (6.7 mg, 8.30 µg) sulfo-cy-

anine-5-maleimide (Lumiprobe, 13380) in PBS (pH 6.9, 9.5 mg/ml). This mixture 

was agitated overnight at RT. The resulting IH18 peptide was purified using RP-

HPLC (5-40% ACN/H2O in 35 min), and analyzed using LC-MS. HPLC rt: 27.27. 

LC-MS (ESI+) m/z calcd for C90H128N20O29S4
2+

  ([M+2H]2+) 1041.40, found 1041.80. 

C90H128N20O29S4
3+

 ([M+3H]3+): 694.60 found: 694.84. After lyophilization, IH18 was 

obtained as a blue powder (10.6 mg, 4.83 µmol, yield 64%).
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Site-specific enzymatic conjugation
Before performing large-scale sortagging, reaction conditions for sortase-mediated 

site-specific conjugation of the peptide to the C-terminus of the antibody (fragment) 

were optimized on a small scale (Supplemental Info). Batch sortagging was carried 

out using 0.5-1.0 mg of antibody (fragment) and 25 eq of IH18 or IH20 for mIgG1 

PD-L1 and 50 eq of IH18 or IH20 for Fab PD-L1.  After termination of the reaction 

with EDTA (final concentration of 10mM), the reaction mixture was incubated with 

200 µl Ni-NTA beads for 20 minutes at RT, in order to remove unreacted antibody and 

Sortase. Beads were separated from the reaction mixture using empty spin columns 

(Jena Bioscience, AC-552-25), and washed twice with wash buffer (50 mM NaH2PO4.

H2O, 300 mM NaCl, 20 mM imidazole, 0.05% Tween 20, pH 8.0) and twice with PBS. 

Reaction mixture and wash fractions were combined and purified using size-exclusion 

chromatography (SEC), with 1 mM EDTA in PBS as buffer (10 ml/min). Fractions con-

taining the product were combined and concentrated using Amicon Ultra-15 Centrif-

ugal Filter Units, MWCO 10kDa (Merck, Z717185). Buffer exchange was performed 

using sterile PBS. Antibody concentration was determined on NanoDrop, using the 

UV-vis program and measuring at 280 nm for IH20 and at 280 and 646 nm for IH18. 

Protein purity was assessed under reducing conditions using SDS-PAGE gel electro-

phoresis (12% acrylamide), comparing starting material, product and product clicked 

with 5kDa mPEG-DBCO to verify functionalization of all heavy chains. Per construct, 

several batches were produced and these batches were combined before perform-

ing in vitro and in vivo experiments to guarantee batch uniformity. Quantification 

of protein purity was achieved using densitometry. Densitometry was performed in 

ImageJ, and defined as (product bands – background) / (non-product bands – back-

ground) *100%. Purity mIgG1 PD-L1-IH18 = 85%, Fab PD-L1-IH18 = 96%. 

PEGylation and purification of FabPD-L1-IH18
Fab PD-L1-IH18 was conjugated to 20kDa PEG by adding 10 eq (94.0 nmol) of 

mPEG-DBCO (Click Chemistry Agents, A120) in PBS (3.33 mM) directly to Fab PD-L1-

IH18 in PBS (470 µg, 9.40 nmol, 3.0 mg/ml). This mixture was incubated for 90 minutes 

at 37 °C, buffer exchange was performed with 0.02M acetate buffer (pH 4.5, buffer A) 

using Amicon Ultra-4 Centrifugal Filter Units, MWCO 10kDa (Merck, UFC801024) and 

subsequently purified using a 1 ml HiTrap SP FF (GE Lifesciences, 17505401) cation 

exchange column on an NGC Quest Plus Bio-Rad system operating at 0.5 ml/min. Af-

ter equilibrating with buffer A for 8 column volumes, a linear gradient of 0.5 M NaCl in 

buffer A was applied (0-0.5M NaCl in 30 column volumes). PEGylated Fab PD-L1-IH18 

were typically eluted after about 8 column volumes (0.15 M NaCl). Fractions contain-
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ing the purified product were concentrated using Amicon Ultra-4 Centrifugal 10kDa 

MWCO filter units (Merck, UFC 801024) and sterile PBS as a buffer, and analyzed by 

12% SDS-PAGE. The concentration was determined using Nanodrop. This method was 

verified as reliable by use of a BCA assay (Pierce BCA Protein Assay Kit, ThermoFisher 

Scientific). Quantification of protein purity was achieved by performing densitometry, 

as described above. Purity Fab PD-L1-IH18-PEG20kDa = 89%.

Random conjugation of DTPA to PD-L1 antibodies
To remove potential metal contaminants, 1 mg of mIgG1 PD-L1-srt-his, MIH5 WT and 

10F.9G2 WT PD-L1 antibodies were dialyzed against 1L sterile PBS (metal-free) using 

Slide-a-Lyzer Cassettes (ThermoFisher Scientific) with five buffer changes over 72 h. Af-

terwards, to perform non-site-specific conjugation with DTPA, a 15-fold molar excess 

of S-2-(4-Isothiocyanatobenzyl)-diethylenetriamine pentaacetic acid (p-SCN-Bn-DTPA, 

Macrocyclics, B-305) and 1/10th reaction volume 1 M NaHCO3 in PBS, pH 5.5 were add-

ed to each antibody and incubated for 1 h at RT. Non-conjugated p-SCN-DTPA was 

removed from the reaction mixture by dialysis against 1 L 0.25 M NH4Ac (metal-free, pH 

5.5) using Slide-a-Lyzer Cassettes (ThermoFisher Scientific) with five buffer changes over 

72 h. After dialysis, concentration in all samples was determined via spectrophotometer.

Radiolabeling
 
Antibody-IH18 conjugates were incubated with 111In (Mallinckrodt BV) in 0.5M MES 

buffer (pH 5.4) for 20 minutes at room temperature under metal-free conditions as 

described previously.67 Non-chelated 111In was removed by adding 50mM EDTA to 

a final concentration of 5 mM. Labeling efficiency was determined using thin-layer 

chromatography on silica gel chromatography strips (Agilent Technologies), using 

0.1 M citrate buffer (Sigma-Aldrich, pH 6.0) as mobile phase. Samples with a la-

beling efficiency below 95% were purified using a PD-10 column (GE Healthcare, 

17-0851-01) eluted with PBS. Following these procedures, radiochemical purity of 
111In-labeled antibody-IH18 conjugates exceeded 95% in all experiments.

In vitro characterization
 
IC50 of multimodal PD-L1 imaging agents
30,000 Renca cells were seeded per well in a 96-well V-bottom plate, and stained 

with 30 μl of mIgG1 PD-L1-IH18, Fab PD-L1-IH18, Fab PD-L1-IH18-PEG20kDa or a 

mIgG1 isotype control (BioLegend, 400102). Concentrations of these constructs 
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ranged from 0.1 pM to 1000 nM for mAbs and from 0.4 pM to 6000 nM for Fabs. 

After 20 min of incubation at 4 °C, 30 μl of commercially available MIH5 PD-L1-PE 

(ThermoFisher Scientific, 12-5982-82) was added in a concentration of 1 µg/ml. 

After another 30 minutes of incubation at 4 °C, cells were washed and resuspended 

in PBA and measured on FACS. The IC50 was defined as the antibody-conjugate 

concentration that was required to inhibit binding of the commercially available 

fluorescently-labeled antibody by 50%. 

Internalization kinetics
Renca cells were incubated for 1, 3 or 24 h with 105 pM radiolabeled mIgG1, 323 

pM Fab or 86 pM PEGylated Fab in RPMI-1640 containing 1% BSA at 37 °C in a 

humidified atmosphere with 5% CO2. Nonspecific binding and uptake was deter-

mined by co-incubation with 16 nM unlabeled wild-type PD-L1 (MIH5). After incu-

bation, cells were washed and incubated with acid wash buffer (0.1M AcOH, 0.15M 

NaCl, pH 2.6) for 10 minutes at 37 °C to remove the membrane-bound fraction of 

the antibody conjugates. Cells were then washed with PBS, and the acid wash and 

PBS were combined into one fraction containing the membrane-bound activity. 

Finally, cells containing he internalized activity were lysed with 0.1 M NaOH and 

harvested from the 6-well plates. Both the fraction containing cells and the (acid) 

wash fraction were measured in a gamma counter to determine the internalized 

and membrane-bound activity, respectively. 

Animal studies
 
All experiments were performed in accordance with the revised Dutch Act on Animal Ex-

perimentation (2014) approved by the Central Authority for Scientific procedures on an-

imals and Animal welfare body of the Radboud University Nijmegen. Mice were housed 

in individually ventilated cages with a filter top (Blue line IVC, Tecniplast, West Chester, 

USA) under pathogen-free conditions with cage enrichment present (abundant bedding 

material and transparent dome), and were fed and watered ad libitum. Biotechnicians 

were blinded to all groups and compounds administered. Studies were performed with 

6-8 week old BALB/c mice (Janvier, le Genest-Saint-Isle, France). In all experiments mice 

received 1*106 4T1 cells (ATCC) by injection into the mammary fat pad. Mice were strat-

ified across the experimental groups ensuring comparable median tumor size in each 

group. Experiments started when average tumor size reached 0.3 cm3.
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Biodistribution study
For each construct, 3 groups of 5 mice received an i.v. injection of 0.4 pmol 111In-la-

belled tracer (0.4 MBq). At 1, 2 and 24h after injection with Fab PD-L1-IH18 or Fab 

PD-L1-IH18-PEG 20kDa , or 4, 24 and 72h for mIgG1, mice were sacrificed using CO2/

O2-asphyxiation. To determine the biodistribution of each construct, tumor and 

normal tissues (blood, lymph node, muscle, lung, heart, spleen, thymus, adrenal 

gland, kidney, liver, duodenum, colon, brown fat, bone marrow and bone) were har-

vested, weighed and measured in a closed well, shielded gamma counter (Wizard 

2, Perkin Elmer, Boston MA), as well as 1% standards of the injected dose. Values 

are reported as percentage injected dose per gram (%ID/g).

SPECT/CT imaging
For each construct, 5 mice received 0.4 pmol 111In-labelled tracer(8 MBq). For the 

Fab’, scans were acquired at 4h and 24h p.i., for the Fab-PEG at 4h, 24h and 48h, 

and the full length antibodies were imaged at 24 and 72h p.i.. Images were ac-

quired for 45 minutes under general anesthesia (isoflurane 2%) with the U-SPECT-II/

CT (MILabs, Utrecht, The Netherlands) using a 1.0 mm diameter pinhole mouse 

high sensitivity collimator, followed by CT scan (615 µA, 65 kV) for anatomical ref-

erence. Scans were reconstructed with MILabs reconstruction software using an 

16 subset expectation maximization algorithm, with a voxel size of 0.2 mm and 1 

iteration. SPECT/CT scans were analyzed and maximum intensity projections (MIP) 

were created using Inveon Research Workplace software (Siemens).

Autoradiography & fluorescence imaging of tissue sections 

Snap frozen, unstained tumor sections (5 µm) were scanned on a fluorescence 

flat-bed scanner at pixel resolution of 4 µm and with an excitation/filter setting of 

690/700 nM, quality setting ‘high’ (Odyssey CLx, LICOR) and subsequent sections 

were exposed to a Fujifilm BAS cassette 2025 (Fuji Photo Film) for 3 days. Phosphor 

luminescent plates were scanned using a phosphor imager (Typhoon FLA 7000; 

GE) at a pixel size of 25 x 25 µm. Images were analyzed and quantified with Aida 

Image software. 

Immunohistochemistry

PD-L1 expression in tumors was determined on fresh frozen tissue sections fixed 

in PBS 45% acetone 10% formalin. In short, sections were pre-incubated with 10% 
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normal rabbit serum, endogenous biotin and avidin were blocked and endogenous 

peroxidase activity was blocked with 3% H2O2. Subsequently, anti–mPD-L1 (0.4 μg/

mL, AF1019, R&D systems) was applied and tissues were incubated overnight at 

4°C. Next, sections were incubated with biotinylated rabbit anti-goat IgG (3.75 μg/

mL E0466, DAKO) followed by incubation with avidin-biotin-enzyme complexes 

(dilution 1:50, Vector Laboratories, Burlingame, CA). Finally, 3’,3’-diaminobenzidine 

(DAB) was used to develop the tumor sections prior to mounting slides.

Statistical analyses
 
Statistical analyses were performed using GraphPad Prism version 5.03 (San Diego, 

CA) for Windows. Data are presented as mean ± standard deviation. Differences 

in uptake of the radiolabeled tracers were tested for significance using a one-way 

ANOVA. A p-value below 0.05 was considered significant.
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Supplementary information

Supplemental Table 1. Biodistribution results of PD-L1 monoclonal antibody panel.  Antibodies 
(30 ug, 24h p.i.) were administered to BALB/c mice with 4T1 fatpad tumors (n=5 mice per group). 
Results are presented per tissue as mean ± SD (%ID/g).

Tissue

rIgG2a 
10F.9G2

DTPA
(%ID/g)

rIgG2a
MIH5
DTPA

(%ID/g)

mIgG1
MIH5
DTPA

(%ID/g)

mIgG1
MIH5
IH20

(%ID/g)

mIgG1
MIH5
IH18

(%ID/g)

Blood
LN Left
LN Right
Muscle
Tumor 
Thymus
Lung
Spleen
Adrenal
Kidney
Liver
Duodenum
Colon
Brown Fat
Bone Marrow 
Bone
Tumor/blood

5.00 ± 2.00
14.78 ± 3.58
8.78 ± 3.25
1.16 ± 0.26
15.01± 3.11
6.22 ± 1.59
9.08 ± 2.09
11.31 ± 1.88
7.59 ± 0.77
6.23 ± 0.73
9.23 ± 1.08
7.21 ± 1.12
3.63 ± 0.34
11.69 ± 1.98
5.40 ± 0.80
1.40 ± 0.17
3.35 ± 1.36

10.94 ± 2.86
27.35 ± 2.80
18.92 ± 1.88
1.63 ± 0.30
16.52 ± 5.32
8.64 ± 0.55
15.29 ± 1.24
13.96 ± 1.18
10.03 ± 1.36
8.19 ± 1.21
6.56 ± 0.51
10.94 ± 0.52
5.06 ± 0.10
22.69 ± 6.23
5.32 ± 0.23
1.74 ± 0.18
1.63 ± 0.87

2.91 ± 0.88
18.54 ± 7.81
13.95 ± 1.68
1.16 ± 0.12
13.08 ± 1.02
6.94 ± 1.80
8.65 ± 0.88
15.11 ± 2.67
8.72 ± 0.87
5.44 ± 0.43
20.65 ± 3.67
9.04 ± 1.29
3.88 ± 0.31
20.60 ± 3.99
6.47 ± 1.52
1.49 ± 0.14
4.74 ± 1.26

7.48 ± 0.95
11.45 ± 6.30
9.96 ± 5.13
1.03 ± 0.07

15.78 ± 1.71
7.78 ± 1.16

10.04 ± 0.69
12.11 ± 0.43
7.44 ± 1.44
9.34 ± 0.38
8.23 ± 0.43
6.53 ± 1.69
3.48 ± 0.24

14.05 ± 2.94
5.69 ± 0.28
1.46 ± 0.15
2.14 ± 0.45

9.36 ±1.38
21.03 ± 7.16

10.88 ± 12.35
1.25 ± 0.31

14.36 ± 2.37
15.74 ± 0.58
12.91 ± 0.78
16.80 ± 0.68
9.12 ± 0.69
8.19 ± 0.21
9.14 ± 0.56
7.42 ± 0.64
5.25 ± 1.42

15.39 ± 2.60
6.63 ± 1.17
1.96 ± 0.47
1.57 ± 0.45

Supplemental Table 1. Biodistribution results of PD-L1 monoclonal antibody panel. 
Antibodies (30 ug, 24h p.i.) were administered to BALB/c mice with 4T1 fatpad tumors 
(n=5 mice per group). Results are presented per tissue as mean ± SD (%ID/g).
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Supplemental Table 2. Results of PD-L1 biodistribution study. Antibody-conjugates were admin-
istered to BALB/c mice with 4T1 fatpad tumors (n = 5). Biodistribution results are shown at their 
optimal time points for mIgG1 (72h), Fab (24h) or Fab-PEG20kDa (24h). Results are presented per 
tissue as mean ± SD (%ID/g). 

Tissue

mIgG1
PD-L1-IH18

72h
(%ID/g)

Fab
PD-L1-IH18

24h
(%ID/g)

Fab-PEG20kDa
PD-L1-IH18

24h
(%ID/g)

Blood
LN Left
LN Right
Muscle
Tumor 
Thymus
Lung
Spleen
Adrenal
Kidney
Liver
Duodenum
Colon
Brown Fat
Bone Marrow 
Bone
Tumor/blood

0.42 ± 0.17
15.09 ± 3.61
14.59 2.61
0.59 ± 0.14
7.95 ± 1.64
7.60 ± 0.93
6.97 ± 3.33
9.66 ± 0.68
5.50 ±1.56
4.19 ± 0.70
8.12 ± 0.84
9.06 ± 2.73
2.54 ± 0.18
17.18 ± 3.40
4.79 ± 0.98
1.02 ± 0.15
20.67 ± 8.60

0.31 ± 0.08
7.51 ± 1.37
7.67 ± 1.15
0.73 ± 0.21
9.67 ± 0.84
4.30 ± 0.16
2.66 ± 0.73
10.11 ± 0.84
4.50 ± 0.76

78.36 ± 10.31
16.47 ± 1.19
4.89 ± 1.46
2.57 ± 0.24
9.97 ± 2.32
5.10 ± 0.77
1.22 ± 0.14
32.68 ± 7.95

2.03 ± 0.30
11.29 ± 1.60
13.61 ± 2.25
0.87 ± 0.08
16.55 ± 2.80
3.59 ± 0.65
4.37 ± 0.62
19.27 ± 1.55
8.66 ± 1.79
6.22 ± 0.75
18.09 ± 1.51
8.53 ± 1.12
3.52 ± 0.35
9.58 ± 2.27
6.29 ± 1.06
1.36 ± 0.27
8.22 ± 1.32

Supplemental Table 2. Results of PD-L1 biodistribution study. Antibody-conjugates were 
administered to BALB/c mice with 4T1 fatpad tumors (n = 5). Biodistribution results are 
shown at their optimal time points for mIgG1 (72h), Fab (24h) or Fab-PEG20kDa (24h). Results 
are presented per tissue as mean ± SD (%ID/g).     

Supplemental Table 3. Biodistribution results of PD-L1 imaging study. Antibody-conjugates 
were administered to BALB/c mice with 4T1 fatpad tumors (n = 5).  Results are presented per tissue 
as mean ± SD (%ID/g).

Tissue

mIgG1
PD-L1-IH18

72h
(%ID/g)

Fab
PD-L1-IH18

24h
(%ID/g)

Fab-PEG20kDa
PD-L1-IH18

24h
(%ID/g)

Blood
LN (2x) 
Muscle
Tumor 
Thymus
Lung
Spleen
Kidney
Liver
Duodenum
Colon
Brown Fat
Bone Marrow 
Bone
Tumor/blood

0.61 ± 0.17
30.00 ± 8.38
0.55 ± 0.03
9.04 ± 2.56
9.33 ± 0.66
3.83 ± 0.85
14.69 ± 3.27
3.56 ± 0.19
11.53 ± 1.00
11.89 ± 2.09
2.69 ± 0.27
15.70 ± 0.94
3.72 ± 1.65
1.09 ± 0.22
15.16 ± 2.95

1.13 ± 1.07
22.02 ± 5.90
1.15 ± 0.22
9.74 ± 2.01
11.76 ± 2.23
9.41 ± 6.26

73.89 ± 21.59
106.54 ± 9.83
78.74 ± 8.87
14.05 ± 3.97
5.22 ± 1.17
21.32 ± 4.27
9.52 ± 1.31
1.96 ± 0.38
14.79 ± 6.60

5.63 ± 0.74
9.25 ± 1.85
0.4 ± 0.08
9.58 ± 0.54
12.41 ± 0.23
3.96 ± 0.68
32.87 ± 2.74
4.77 ± 0.16
23.91 ± 1.27

9.3 ± 0.64
2.18 ± 0.12
4.5 ± 0.58
4.94 ± 0.24
1.1 ± 0.14
1.75 ± 0.32

Fab-PEG20kDa
PD-L1-IH18

48h
(%ID/g)

1.53 ± 0.35
26.4 ± 5.38
0.76 ± 0.09
13.2 ± 1.41
3.1 ± 0.50
3.29 ± 0.70
34.17 ± 2.25
4.89 ± 0.30
26.79 ± 1.54
13.26 ± 3.26
3.51 ± 0.43
9.00 ± 1.18
6.93 ± 0.75
1.73 ± 0.13
9.13 ± 2.61

Supplemental Table 3. Biodistribution results of PD-L1 imaging study. Antibody-conju-
gates were administered to BALB/c mice with 4T1 fatpad tumors (n = 5).  Results are present-
ed per tissue as mean ± SD (%ID/g).



97

3

H
N

O

N
H O

H
N

O

N
H O

N3

H
N

O
O

O N
H

O H
N

O

O

NH(Mtt)

S(Trt)

Boc

2) 2 eq p-SCN-Bn-DTPA.3HCl
    35 eq DIPEA
    DMSO, overnight, rt
3) TFA/H2O/thioanisole/TIS
    92.5/2.5/2.5/2.5 v/v
4) Et2O precipitation, 4 °C

1) 1.2% TFA/DCM

Synthesized by standard Solid-Phase Peptide Synthesis
on Rink amide resin

1.1 eq sulfo-cy5-maleimide

DMF/PBS pH 6.9 1:5 v/v
overnight, rt

N
H O

H
N

O

N
H O

N3

S
H
N

O
O

O N
H

O H
N

O
NH2

O

R1
HN

R2

H2N
O

O

O

N

HN O
N

N

SO3

O3S

H

NH

N
NN

OHO

O

HO

OH

O
O

OH

OHO

S

Sulfo-Cyanine 5

p-SCN-Bn-DTPA

IH18
R1 = Sulfo-Cyanine5
R2 = p-SCN-Bn-DTPA

IH20
R1 = H
R2 = p-SCN-Bn-DTPA

R=

Figure S1. Synthetic route for IH20 and IH18. The peptide backbone was synthesized according to Fmoc-based 
SPPS. The lysine is selectively deprotected on resin and reacted with p-SCN-Bn-DTPA. After cleavage from the resin 
and precipitation in ice cold ether, the peptide was puri�ed to yield IH20. Conversion to IH18 consists of a reaction 
between the cysteine and sulfo-Cy5-maleimide and subsequent puri�cation.  

Figure S1. Synthetic route for IH20 and IH18. The peptide backbone was synthesized according 
to Fmoc-based SPPS. The lysine is selectively deprotected on resin and reacted with p-SCN-Bn-
DTPA. After cleavage from the resin and precipitation in ice cold ether, the peptide was purified to 
yield IH20. Conversion to IH18 consists of a reaction between the cysteine and sulfo-Cy5-maleim-
ide and subsequent purification. 
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Mass Spectrum (MS)
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Figure S2. LC-MS analysis of IH20 and IH18. Fluorescence and mass chromatograms as wel as 
mass spectrum are shown for a) IH20 and b) IH18.

b

Figure S2. LC-MS analysis of IH20 and IH18. Fluorescence and mass chromatograms as wel as mass 
spectrum are shown for a) IH20 and b) IH18. 
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Figure S3. Puri�cation of multimodal imaging constructs. Puri�cation after sortagging consisted of incubation with 
NiNTA beads to remove starting material and sortase and size-exclusion chromatography to separate product from free 
peptide. Chromatograms are shown for a) mIgG1 and b) Fab PD-L1-IH18. Red arrows indicate where product elution 
begins and ends. c) For generation of the PEGylated Fab fragment, cation exchange chromatography was performed 
after a SPAAC reaction with 20kDa mPEG-DBCO. 1) 20kDa DBCO-mPEG alone, 2) Fab PD-L1-srt-his alone and 3) Reaction 
mixture after SPAAC.
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Figure S3. Purification of multimodal imaging constructs. Purification after sortagging consisted 
of incubation with NiNTA beads to remove starting material and sortase and size-exclusion chro-
matography to separate product from free peptide. Chromatograms are shown for a) mIgG1 and 
b) Fab PD-L1-IH18. Red arrows indicate where product elution begins and ends. c) For generation 
of the PEGylated Fab fragment, cation exchange chromatography was performed after a SPAAC 
reaction with 20kDa mPEG-DBCO. 1) 20kDa DBCO-mPEG alone, 2) Fab PD-L1-srt-his alone and 3) 
Reaction mixture after SPAAC.
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Figure S4. SDS-PAGE analysis of multimodal PD-L1 imaging tools. SDS-PAGE analysis of mIgG1, Fab and 
Fab-PEG20kDa PD-L1-IH18. After puri�cation using NiNTA beads and SEC, an analytical fraction of mIgG1 and Fab 
PD-L1-IH18 was reacted with 5kDa mPEG-DBCO to analyze purity and azide functionality. This resulted in the 
near-quantitative conversion to a �uorescent product of higher molecular weight. Fab-PEG20kDa was produced 
through large-scale reaction of Fab PD-L1-IH18 with 20kDa mPEG-DBCO and subsequently puri�ed using cation 
exchange chromatography. 
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Figure S4. SDS-PAGE analysis of multimodal PD-L1 imaging tools. SDS-PAGE analysis of mIgG1, 
Fab and Fab-PEG20kDa PD-L1-IH18. After purification using NiNTA beads and SEC, an analytical 
fraction of mIgG1 and Fab PD-L1-IH18 was reacted with 5kDa mPEG-DBCO to analyze purity and 
azide functionality. This resulted in the near-quantitative conversion to a fluorescent product of 
higher molecular weight. Fab-PEG20kDa was produced through large-scale reaction of Fab PD-L1-
IH18 with 20kDa mPEG-DBCO and subsequently purified using cation exchange chromatography.
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Figure S5.  In vitro analysis of 
constructs. a) Competition 
assay. Renca cells were incu-
bated with a serial dilution of 
di�erent antibody-conjugate 
concentrations and commer-
cially available anti-PD-L1-PE. 
Figure shows MFI for 
sulfo-Cy5. Data are presented 
as mean ± SD, n = 3.  An inter-
nalization assay was carried 
out for 111In-labeled b) mIgG1 
c) Fab and f ) Fab-PEG20kDa 
PD-L1-IH18-111In. Renca cells 
were incubated with radiola-
beled antibody-conjugate 
alone (binding and internali-
zation) or with an excess of 
unlabeled WT PD-L1 antibody 
(non-speci�c binding and 
internalization). Data are pre-
sented as mean ± SD.  
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Figure S5.  In vitro analysis of 
constructs. a) Competition assay. 
Renca cells were incubated with a se-
rial dilution of different antibody-con-
jugate concentrations and commer-
cially available anti-PD-L1-PE. Figure 
shows MFI for sulfo-Cy5. Data are 
presented as mean ± SD, n = 3.  An 
internalization assay was carried out 
for 111In-labeled b) mIgG1 c) Fab 
and d) Fab-PEG20kDa PD-L1-IH18-111In. 
Renca cells were incubated with radi-
olabeled antibody-conjugate alone 
(binding and internalization) or with 
an excess of unlabeled WT PD-L1 
antibody (non-specific binding and 
internalization). Data are presented 
as mean ± SD. 
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a b

c d

Figure S6. Biodistribution results of multi-
modal PD-L1 imaging tools for SPECT. Biodis-
tribution is shown a) at 72h for 111In-labeled 
mIgG1, b) 24h for Fab and c) 24h and 48h for 
Fab-PEG20kDa PD-L1-IH18 for SPECT imaging. 
Tumor uptake values (d) and tumor/blood ratios (e) 
of the three constructs are compared directly at 
each time point. Data are shown as mean ± SD, n = 
5. 
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Figure S6. Biodistribution results of multi-
modal PD-L1 imaging tools for SPECT. Bio-
distribution is shown a) at 72h for 111In-labeled 
mIgG1, b) 24h for Fab and c) 24h and 48h for 
Fab-PEG20kDa PD-L1-IH18 for SPECT imaging. 
Tumor uptake values (d) and tumor/blood ratios 
(e) of the three constructs are compared directly 
at each time point. Data are shown as mean ± 
SD, n = 5. 
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Abstract

Targeted molecular imaging tools enable in vivo tracking of cell populations. While 

monoclonal antibodies (mAbs) can be used for imaging, their engagement of Fc 

receptors on the surface of NK cells and macrophages can cause target cell deple-

tion. CD8+ T cells play a pivotal role in the elimination of tumor cells and response 

rates to immunotherapeutic cancer treatments have been linked to the presence 

and distribution of intratumoral CD8+ T cells. Therefore, non-invasive imaging 

of CD8+ T cells can aid in the elucidation of therapeutic response dynamics and 

patient stratification. However, CD8+ T-cell depletion would compromise cancer 

therapy. Here, we used CRISPR/HDR engineering of an anti-CD8 hybridoma to de-

velop non-depleting immunoSPECT tracers for CD8 imaging. We modified hybri-

doma cells of the rat IgG2a isotype to produce engineered Fc-silent mouse IgG2a 

(mIgG2asilent) antibodies and Fab fragments targeting CD8. Furthermore, mIgG1 

and mIgG2a antibodies were produced to investigate the Fc-dependency of T-cell 

depletion. We demonstrate that CD8-specificity and -affinity is maintained in iso-

type-switched antibodies and that our genetically engineered Fab fragments and 

mIgG2asilent
 antibodies abrogate CD8+ T-cell depletion in vivo, in contrast with the 

rIgG2a, mIgG1 and mIgG2a antibodies. Finally, we show that 111In-DTPA-mIgG2asi-

lent CD8 accumulates in CD8-rich tissues such as lymph nodes and spleen, and that 

it enables imaging of CD8+ cells in B16-OVA tumors. In conclusion, CRISPR/HDR 

engineering of hybridomas is a suitable approach for the creation of non-invasive 

imaging tracers with no consequential depletion of the target cell. 

Engineering non-depleting antibodies for in vivo 
SPECT/CT imaging of CD8+ T cells
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Introduction

Molecular imaging tools enable investigation of the diverse and complex dynam-

ics of response of cancer therapies and patient stratification. Cell populations can 

be tracked in vivo through the administration of a radiolabeled ligand or antibody 

targeting a cell surface marker. Monoclonal antibodies (mAbs) have a high tumor 

accumulation due to their high affinity1 and long circulation time.2 However, a major 

drawback of using a mAb for the imaging of functionally indispensable cells lies in 

the antibody’s own functionality. After binding of an antibody to its target cell, the Fc 

domain can be recognized by cells with an Fcγ receptor (FcγR), such as natural killer 

(NK) cells3 or macrophages.4 In mouse, activating Fc receptors are FcγRI, FcγRIII and 

FcγRIV while FcγRIIb is an inhibitory receptor and each antibody isotype has a unique 

‘fingerprint’ of Fc-receptor engagement which in turn influences its immune effects.5 

Here, the glycan pattern of the asparagine at position 297 plays a critical role, and re-

moval of these glycans or substitution of this highly conserved amino acid complete-

ly abrogates Fc-receptor engagement.6 Engagement of activating FcγRs can cause 

elimination of the antibody-bound cell via antibody-dependent cellular cytotoxicity 

(ADCC) when lysis occurs,3 and antibody-dependent cellular phagocytosis (ADCP)4 

when phagocytosis occurs. Alternatively, complement protein can bind to the Fc re-

gion, which is also influenced by N-glycosylation and results in complement-depend-

ent cytotoxicity (CDC).7 While these are important functions of pathogen-specific an-

tibodies when it comes to defense against infections, depletion of target cells is an 

undesirable phenomenon in the context of imaging. 

CD8+ T cells play a pivotal role in the elimination of tumor cells by the immune 

system, due to their cytotoxic properties.8 Response rates to immunotherapeutic 

treatment regimens have been linked to the composition of the tumor microenvi-

ronment (TME), and more specifically, to the presence and distribution of CD8+ T 

cells in the TME.9,10 Moreover, it has been shown that CD8 imaging can be used to 

predict treatment outcome to different immunotherapy protocols in a preclinical 

setting,11–13 as well as to detect off-target effects associated with these treatments.13 

Recently, our lab published an approach to modify antibodies site-specifically by 

applying the CRISPR/HDR technology to PD-L1,14 DEC20514 and CD2015 hybrido-

mas. We generated chimeric antibodies with switched mouse Fc isotypes and Fab 

fragments, while at the same time introducing a Sortag at the C-terminus of the 

heavy chain. This tag enables site-specific chemo-enzymatic functionalization of 

these antibody products. The CRISPR/HDR platform allows for the insertion of any 

Fc variant, including mutants. For example, mutation of the critical asparagine at 
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position 297 abrogates generates an Fc-silent antibody. Like Fab fragments, these 

are non-depleting due to the lack of a functional Fc tail. Moreover, small antibodies 

like Fab fragments instead of intact antibodies can be of interest due to their short 

half-life16–20 and increased ability to penetrate tumor tissue.21–24

Here, we aim to demonstrate the feasibility of our platform for the generation 

of non-depleting immunoSPECT tracers using CD8 as an imaging target. To this 

end, we modified CD8 Hybridoma cells of the rat IgG2a (rIgG2a) isotype to pro-

duce Fc-silent mouse IgG2a (mIgG2asilent) antibodies and Fab fragments against 

CD8. Furthermore, mouse IgG1 (mIgG1) and mouse IgG2a (mIgG2a) antibodies 

were produced to investigate the Fc dependency of T-cell depletion. We show that 

our genetically engineered Fab fragments and mIgG2asilent antibodies against CD8 

abrogate T-cell depletion upon administration in vivo, in contrast with the rIgG2a, 

mIgG1 and mIgG2a antibodies. We also describe our efforts to functionalize these 

antibodies site-specifically. Finally, we show that non-site-specifically conjugated 
111In-DTPA-mIgG2asilent anti-CD8 accumulates in CD8-rich tissues such as lymph 

nodes, spleen and B16-OVA tumors.  Together, our data shows that CRISPR/HDR 

genome engineering is a viable strategy for the generation of non-depleting anti-

body-based imaging tools from any available hybridoma. 

Results

Generation of anti-CD8 hybridoma clones producing a panel of sortaggable 
antibody formats
 
Our aim was to generate a panel of antibody-based CD8 imaging agents and in-

vestigate the degree of in vivo target-cell depletion at antibody concentrations 

used for imaging. We applied our previously established CRISPR/HDR toolbox14 

for antibody engineering to a hybridoma producing anti-CD8 antibodies (Fig. 1a) 

to generate a Fab fragment and an Fc-silent antibody (mIgG2asilent). We also engi-

neered antibodies with mIgG1 and mIgG2a isotypes which possess the ability to 

engage mouse FcγRs. mIgG2a is more depletive than mIgG1, since mIgG2a has 

a higher preference for activating FcγRs over inhibitory receptor FcγRIIb (A/I ratio) 

than mIgG1.5 In short, our CRISPR/HDR strategy uses a guide RNA (gRNA) to target 

the Cas9 protein to the hinge region to generate Fab fragments or to the intronic 

region between the variable region (VH) and the first constant region (CH1) to switch 

the isotype (Fig. 1a-c). Furthermore, a template is introduced for homology-direct-
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ed repair (HDR), containing a Sortag and 6xhistidine-tag (Histag), a stop-codon (Fig. 

S2), an internal ribosomal entry site (IRES) for multicistronic expression, a blasticidin 

S deaminase (Bsr) gene for selection and a polyadenylation (polyA) tail to terminate 

transcription. After electroporation and blasticidin selection, incorporation of the 

desired insert was assessed by genomic PCR. Analysis showed the presence of PCR 

products of the desired size in transfected and selected populations (~1600 bp for 

Fab, ~2600 bp for mAbs) but not for wildtype (WT) cells (Fig. 1d). After generation 

of single-cell clones (SCCs), CD8-expressing cells were incubated with SSC super-

natant and analyzed on flow cytometry for presence and quantity of antigen-spe-

cific antibodies of the desired isotype and to determine the absence of the original 

isotype (rIgG2a) (Fig. 1e). High producers that were rIgG2a-negative were selected 

for analysis on Western Blot (Fig 1f). This confirmed the presence of the Histag. 

Finally, for each desired antibody (mIgG1, mIgG2a, mIgG2asilent) and Fab fragment, 

one high-producing clone was selected for production and affinity purification.

Isotype-switching preserves antigen-specificity and does not have an impact 
on affinity
 
To assess affinity of the purified constructs, a competition assay was performed. A 

serial dilution of rIgG2a (wildtype), mIgG1, mIgG2a, mIgG2asilent or Fab CD8-srt-

his as well as a mIgG1 or mIgG2a isotype control was used in combination with 

a fixed concentration of the commercially available anti-CD8-PE WT antibody. All 

antibodies except the isotype controls competed with the commercial antibody in 

a dose-dependent fashion, indicating preservation of antigen specificity (Fig. 2). 

Moreover, IC50 values were similar for the isotype-switched mIgG1 (0.24 nM), mIg-

G2a (0.34 nM) and mIgG2asilent (0.60 nM) antibodies compared to the wildtype (0.28 

nM). In accordance with the literature the Fab’s IC50 is around 5-fold higher (1.53 

nM), due to its monovalency.14,25–27 

mIgG2asilent CD8 and Fab CD8 do not cause T-cell depletion 
 
To assess the in vivo depleting effects of the engineered antibodies in quantities 

used for imaging experiments, BALB/C mice were injected intravenously with 10 

µg of our mIgG1, mIgG2a, mIgG2asilent or Fab CD8 and compared to a depleting 

rIgG2b anti-CD8 antibody. An additional group was injected intraperitoneally on 

three consecutive days with a high dose (300 µg) of depleting rIgG2b anti-CD8 to 

serve as a positive control for depletion; a negative control group received PBS 
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Figure 1. CRISPR/HDR engineering of anti-CD8 hybridoma to obtain sortaggable Fab frag-
ments and mIgG1, mIgG2a and mIgG2asilent antibodies. a)  Application of the CRISPR/HDR strat-
egy creates sortaggable Fab fragments and isotype-switched monoclonal antibodies. b) Schemat-
ic representation of the IgH locus, variable region (VH), constant regions 1 through 3 (CH1-3) and 
hinge region. Cas9 is guided to the hinge region by a guide RNA (gRNA). After Cas9 induces the 
double-strand breaks (DSBs), homology-directed repair (HDR) using the provided template leads 
to incorporation of a sortag (srt), a 6xHis-tag (his), an internal ribosomal entry site (IRES), blastici-
din-resistance gene (Bsr) and polyA transcription termination signal (pA). c) Cas9 is guided to the 
intronic region upstream of CH1 by a gRNA. HDR leads to incorporation ofleading to an in-frame 
insertion of a splice acceptor (SA), isotype of choice, srt, his, IRES, Bsr, and pA upstream of the 
native CH1. d) One week after application of antibiotic pressure, DNA was collected for PCR. For 
isotype-switched populations, primer 1 and 2 were used, for Fab-producing cells primer 3 and 2 
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on three consecutive days. After 24 hours, blood, spleen, lymph nodes (LNs) and 

thymus were harvested and the percentages of CD3+CD8+ cells in the CD45+ pop-

ulation was analyzed by flow cytometry (Fig. 3; Fig. S2; Table 1).  CD3+CD8+ cell 

levels in the blood, spleen and LNs were significantly lower after administration 

of mIgG1 and mIgG2a antibodies compared to PBS administration and similar to 

CD3+CD8+ levels upon rIgG2b antibody administration. In contrast, Fab and mIg-

G2asilent CD8 did not lower CD3+CD8+ cell levels in the blood and spleen. Sur-

prisingly, a decrease in CD3+CD8+ cells was observed in the LNs after administra-

tion of Fab and mIgG2asilent CD8 compared to the group receiving PBS, but these 

levels were significantly higher than after administration of the rIgG2b antibody. 

No significant depletion was observed for any of the antibodies in the thymus. 

CD8 competition assay
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Figure 2. In vitro binding characteristics of the CRISPR/HDR-engineered constructs and 
comparison with wildtype antibody. In a competition assay, TK-1 cells were incubated with a serial 
dilution of rIgG2a (WT), mIgG1, mIgG2a, mIgG2asilent, Fab or isotype control (mIgG1 or mIgG2a). After 
a short incubation time, a PE-labeled anti-CD8 antibody was added. The level of binding of the 
commercial antibody is a�ected by the amount of engineered antibody present, indicating competi-
tion for the same binding site. Data are presented as mean ± SD, n = 3. 

Figure 2. In vitro binding characteristics of the CRISPR/HDR-engineered constructs and com-
parison with wildtype antibody. In a competition assay, TK-1 cells were incubated with a serial 
dilution of rIgG2a (WT), mIgG1, mIgG2a, mIgG2asilent, Fab or isotype control (mIgG1 or mIgG2a). 
After a short incubation time, a PE-labeled anti-CD8 antibody was added. The level of binding of 
the commercial antibody is affected by the amount of engineered antibody present, indicating 
competition for the same binding site. Data are presented as mean ± SD, n = 3.

were used. The agarose gel shows an amplified fragment of the expected size for each population-
that has been modified using CRISPR/HDR, but not for wildtype cells. e) After generation of sin-
gle-cell clones, FACS was used to screen clones for expression of the new as well as the initial iso-
type. To this end, TK-1 cells were incubated with supernatant and then stained using antibodies 
against mIgG1 or rIgG2a. Desired clones express the new but not the initial isotype. f) Example of 
analysis of mIgG1 clone supernatant on Western Blot. Supernatant from wildtype cells as well as 
clone 1 through 5 as indicated in figure 1e was analyzed on Western Blot.   
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In conclusion, mIgG1 and mIgG2a antibodies caused target cell depletion in the 

blood, spleen and lymph nodes comparable to depletion caused by rIgG2b. Fab 

and mIgG2asilent CD8 caused a slight decrease in CD3+CD8+ levels in the lymph 

nodes, but much less than mIgG1 and mIgG2a CD8.

Attempted synthesis of CD8 imaging tools via site-specific enzymatic conjugation
 
Having the engineered antibodies with the C-terminal LPETGG-motif in hand al-

lowed for site-specific conjugation. In line with our work in chapter 3, our aim was 
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Figure 3. In vivo T-cell depletion study. Mice were administered a commercially available rIgG2b anti-CD8 antibody, 
our mIgG1, mIgG2a, mIgG2asilent antibody or Fab fragment, or PBS as a negative control. In the depletion condition, 
mice received a high dose (300 μg) of depleting rIgG2b anti-CD8 on three consecutive days. After 24 h, cells were isolat-
ed from blood, spleen, lymph nodes and thymus and stained for CD3, CD45 and CD8. Data are presented as mean ± SD, 
n = 3 or 4.

Figure 3. In vivo T-cell depletion study. Mice were administered a commercially available rIgG2b 
anti-CD8 antibody, our mIgG1, mIgG2a, mIgG2asilent antibody or Fab fragment, or PBS as a nega-
tive control. In the depletion condition, mice received a high dose (300 μg) of depleting rIgG2b an-
ti-CD8 on three consecutive days. After 24 h, cells were isolated from blood, spleen, lymph nodes 
and thymus and stained for CD3, CD45 and CD8. Data are presented as mean ± SD, n = 3 or 4.
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to create molecularly defined antibody-based multimodal, multiscale imaging tools 

that allow for nuclear imaging as well as for analysis at tissue level using microscopy. 

Therefore, we designed peptide IH25 (Figure S3a), which contains both three cop-

ies of the radioligand chelator diethylenetraminepentaacetic acid anhydride (DTPA) 

and near-infrared (NIR) dye sulfo-Cy5. Additionally, an azide click handle was incor-

porated to allow for further functionalization through strain-promoted azide-alkyne 

cycloaddition (SPAAC). Antibodies and Fab fragment were incubated with a range 

of peptide concentrations and subsequently with 5kDa mPEG-DBCO. SDS-PAGE 

analysis showed a significant amount of crosslinking of the two heavy chains (HCs) 

of antibodies as well as conjugation to the peptide, as indicated by a fluorescent 

protein band around 125 kDa (Fig. S3b-e). For Fab fragments, all HCs were func-

tionalized. Additionally, not all fluorescent bands shifted after SPAAC with 5 kDa 

mPEG-DBCO. As a result, the product was not homogeneous. Since IH25 contains 

three DTPA molecules as well as a sulfo-Cy5, it is large and bulky, which may cause 

steric hindrance. This can prevent access to sortase recognition motif on the neigh-

boring HC once one of the HCs has been functionalized, and additionally prevent 

access of mPEG-DBCO to the azide handle. The result is functionalization of only 

one HC instead of two. Therefore, we first tried the same procedure using IH24, 

which lacks sulfo-Cy5, to see if that led to full functionalization of all HCs. Howev-

er, similar results were obtained using mIgG1 CD8-srt-his and IH24 (Fig. S4a-b).  

To decrease steric hindrance caused by the DTPA molecules, a new peptide was 
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Figure 4. Molecular structure of multimodal imaging peptide IH27 and SDS-PAGE analysis of 
site-specific conjugation to Fab CD8. a) Molecular structure of IH27. b) Fab CD8 before and after 
conjugation to IH27 and purification using NiNTA beads and SEC. The third lane shows the purified 
product after incubation with 5kDa mPEG-DBCO at 37 ˚C for 90 minutes.
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designed that contained a longer and stiffer linker between the GGG motif and the 

first DTPA (IH27, Fig. 4a). Here, we found that extending and stiffening the linker did 

not change the reaction kinetics, as sortagging IH27 to mIgG1 and mIgG2a CD8 

yielded similar results in terms of crosslinking and lack of PEGylation for the full-size 

antibody. For Fab CD8, which has only one sortase recognition motif, a homoge-

neous product was obtained after enzymatic conjugation (Fig S5a). To optimize the 

reaction conditions for the full-size antibodies, the panel of reaction conditions was 

expanded to include different amounts of Sortase (Fig. S5b-c). In all conditions, there 

was a significant amount of crosslinking, and so eventually we were forced to aban-

don the aim of obtaining a site-specifically labeled full-size monoclonal antibody.  

Large-scale sortagging was performed for Fab CD8 and IH27. After purification, the 

product was obtained in reasonable yield (45%), which is in line with our previous 

experience with this type of reaction (chapter 3). To verify functionality of the azide 

handle in the product, an analytical fraction was reacted with 5kDa mPEG-DBCO via 

SPAAC, followed by fluorescent SDS-PAGE analysis (Fig. 4b). The size difference be-

tween the HCs of starting material and product correspond to functionalization with 

IH27. Conversion of the starting material HC to a single band with increased molecular 

weight indicates near-quantitative functionalization of each HC. However, no full con-

version to the PEGylated product was observed upon SPAAC with 5kDa mPEG-DBCO.  

Here, we showed that a homogeneous, site-specifically labeled product was not 

achieved for full-size antibodies. However, IH27 was successfully conjugated to Fab 

CD8, but SPAAC is most likely impaired by steric hindrance from the DTPA molecules. 

Non-site-specific radiolabeling of engineered antibodies and in vitro 
characteristics
 
Since we did not achieve a homogeneous product using site-specific labeling, all 

antibodies were conjugated randomly to DTPA, while for Fab both random and 

site-specifically conjugated constructs were generated. 

Before random conjugation, the Histag was removed in a sortase-mediated hy-

drolysis reaction (Fig. S1). Conjugation to DTPA resulted in substitution ratios of 

2.09 for mIgG1-DTPA, 1.07 for mIgG2a-DTPA, 2.14 for mIgG2asilent-DTPA and 1.65 

for Fab-DTPA. To determine the labeling efficiencies, antibodies were radiolabeled 

with increasing concentrations of 111In. Labeling efficiencies ranged from 90.8% to 

99.6% (Fig. 5a) and were similar for all antibody formats. The maximum specific 

activity associated with each antibody after labelling was between 2.19 and 3.39 

MBq/µg (Fig. 5b), and after purification all constructs exceeded a radiochemical pu-
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rity of 98%. All 111In-labeled antibodies exhibit specific binding to target-expressing 

cells and low rates of internalization after 4 hours of incubation (Fig. 5c). Lindmo 

assays revealed that the immunoreactive fractions of 111In-labeled mIgG1, mIgG2a, 

mIgG2asilent, Fab-IH27 and Fab-DTPA were similar (0.88, 0.74, 0.90, 0.78 and 0.81, 

respectively (Fig 5d)). 

mIgG2asilent CD8 accumulates in CD8-rich tissues and the tumor and is 
visualized using SPECT/CT imaging

Having determined that mIgG2asilent causes little to no T-cell depletion in vivo, 

SPECT/CT imaging of 111In-DTPA-mIgG2asilent CD8 in a B16-OVA tumor model was 

performed. The antibody showed a high uptake in the spleen, lymph nodes and 

Figure 5. Radiolabeling and in vitro characterization. a) Labeling efficiencies were determined 
for mIgG1-DTPA, mIgG2a-DTPA, mIgG2asilent-DTPA, Fab-DTPA and Fab-IH27 while labeling with 
111In. b) Maximum specific activity obtained for each antibody after labeling with 111In. c) Binding 
and internalization kinetics were determined after incubation with TK-1 cells at 37 °C for 4 hours. 
Membrane-bound activity was normalized to 100%. d) A Lindmo assay was performed to deter-
mine the bound fraction at different cell concentrations, from which the immunoreactive fraction 
was determined (numbers).
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Figure 5. Radiolabeling and in vitro characterization. a) Labeling e�ciencies were determined for 
mIgG1-DTPA, mIgG2a-DTPA, mIgG2asilent-DTPA, Fab-DTPA and Fab-IH27 while labeling with 111In. b) Maxi-
mum speci�c activity obtained for each antibody after labeling with 111In. c) Binding and internalization 
kinetics were determined after incubation with TK-1 cells at 37 °C for 4 hours. Membrane-bound activity 
was normalized to 100%. d) A Lindmo assay was performed to determine the bound fraction at di�erent 
cell concentrations, from which the immunoreactive fraction was determined (numbers). 
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tumor after 24h (Fig. 6a). A magnified view of the tumor area revealed a hetero-

geneous tracer distribution in the tumor. Ex vivo biodistribution confirmed uptake 

of 221.0 ± 25.5 %ID/g in the spleen, 5.55 ± 4.22 %ID/g in axial lymph nodes, and 

12.00 ± 2.74 %ID/g in the tumor (Fig. 6b, Table S1), with a tumor-blood ratio (TBR) 

of 1.05. Immunohistochemistry staining (IHC) confirmed CD8 expression in the tu-

mor (Fig. 6c) and spleen (Fig. 6d). 

Discussion

Immunotherapies such as checkpoint inhibitors have yielded impressive results in 

the fight against cancer. The presence and distribution of CD8+ T cells in the TME 

have been linked to treatment outcome,9,10 and CD8 imaging can be used to pre-

dict and monitor treatment outcome in a preclinical setting.11–13 While monoclonal 

antibodies are commonly used targeting molecules due to their high affinity, en-
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Figure 6. 111In-DTPA-mIgG2asilent CD8 accumulates in tumor and CD8-rich tissues like spleen and
lymph nodes. Mice with B16-OVA tumors were injected with mIgG2asilent CD8. a) Representative 
SPECT/CT image of mouse 24h after injection shows accumulation in tumor, lymph nodes and spleen. 
Magni�cation of the tumor area reveals heterogeneous CD8 expression in the tumor. After imaging, 
biodistribution analysis (b) and IHC of CD8 expression in the tumor (c) and spleen (d) was carried out. 
Biodistribution data are presented as mean ± SD, n = 5. 
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Figure 6. 111In-DTPA-mIgG2asilent CD8 accumulates in tumor and CD8-rich tissues like spleen 
and lymph nodes. Mice with B16-OVA tumors were injected with mIgG2asilent CD8. a) Representa-
tive SPECT/CT image of mouse 24h after injection shows accumulation in tumor, lymph nodes and 
spleen. Magnification of the tumor area reveals heterogeneous CD8 expression in the tumor. After 
imaging, biodistribution analysis (b) and IHC of CD8 expression in the tumor (c) and spleen (d) was 
carried out. Biodistribution data are presented as mean ± SD, n = 5.
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gagement of their Fc tail by Fc receptors can cause elimination of the target cell.3,4 

From literature, it is known that N-glycans play a role in Fc-tail recognition by the Fc 

receptor28 and that their removal abrogates recognition.29 Here, we aimed to apply 

an alternative strategy to produce non-depleting antibody-based immunoSPECT 

tracers for CD8 imaging via silencing or removal of the Fc portion of the antibody. 

First, we performed CRISPR/HDR gene editing as described previously14 on CD8 

hybridoma cells to obtain chimeric antibodies with mIgG1, mIgG2a and mIgG2asilent 

isotypes as well as Fab fragments, while introducing a sortag and a Histag at the 

C-terminus of the heavy chain. The obtained clones produce high quantities of the 

desired antibody. 

As our approach does not interfere with the variable regions of the antibody, the 

antigen specificity and affinity should be retained. Indeed, an in vitro competition 

assay confirmed that isotype switching did not affect the antibody’s affinity. Howev-

er, in accordance with the literature, the Fab fragment’s IC50 was 5-fold higher, due 

to its monovalency.14,25–27 

An in vivo depletion study showed that our Fab fragment and mIgG2asilent anti-

body did not deplete CD8+ T cells in the blood and spleen, while administration 

of the mIgG1 or mIgG2a CD8 antibodies significantly decreased the number of 

CD8+ T cells compared to PBS. These results are in line with literature showing that  

removal30 or silencing31 of the antibody’s Fc tail abrogates Fc receptor engagement 

and thereby ADCC3 or ADCP4. 

In contrast, in the lymph nodes, lower numbers of T cells were observed for the Fab 

fragment and mIgG2asilent antibody. Our group previously verified binding of similarly 

engineered isotype variants against PD-L1 to the different Fc receptors using surface 

plasmon resonance.14 While mIgG1 and mIgG2a PD-L1 were shown to engage with 

Fc receptors, mIgG2asilent did not, and in an in vivo experiment these antibodies did 

not cause target cell depletion. Consequently, it is unlikely that the observed effect 

is the consequence of ADCC or ADCP. However, the wildtype antibody is known to 

inhibit IL-2-induced T-cell proliferation.32 Therefore, the reduced T-cell numbers in 

the lymph nodes may result from inhibition of T-cell proliferation, a process which is 

especially pronounced in the lymph nodes. Importantly, the reduction in T-cell num-

bers by Fab or mIgG2asilent CD8 was significantly less than depletion caused by the 

full-size antibodies, making these formats the preferred constructs for CD8 imaging. 

In the thymus, no T-cell depletion was observed for any of the antibodies. 

This corresponds to the results from Tavaré et al.30 and may be explained by 

the high number of T cells present in the thymus, which makes any deple-

tion go unnoticed. In contrast, the level of myeloid cells such as NK cells, mac-
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rophages and neutrophils in the thymus is relatively low.33 Furthermore, trac-

er uptake of radiolabeled CD8 antibody in the thymus was relatively low 

compared to other T cell-rich organs. This suggests tracer penetration into the 

thymus is hampered, perhaps due to the so-called blood-thymus barrier.34  

mIgG2a antibodies are generally more pro-inflammatory since they engage 3 acti-

vating Fc receptors (FcγRI, III and IV), while mIgG1 antibodies engage only FcγRI-

II.5 Our group previously showed a lack of in vitro depletion after opsonization of 
51Cr-labeled MC38 cells with mIgG1 and subsequent exposure to whole blood from 

C57/BL6 mice, as opposed to mIgG2a, where 5% of the cells were lysed under 

these conditions. However, at the dosage used here, CD8+ T-cell depletion levels 

were comparable for mIgG1 and mIgG2a. Lowering the dose could reveal differ-

ences in depletive potency between these antibodies.

In this study, we attempted to create molecularly defined antibody-based mul-

timodal, multiscale imaging tools. While nuclear imaging has a high penetration 

depth, it has a low spatial resolution that can be complemented by a fluorescent 

moiety. Fluorophores allow microscopic analysis at a cellular level. Nonselective 

protein modification methods are commonly used for conjugation to an antibody 

but they can interfere with the antigen-binding site, potentially impacting the af-

finity and in vivo pharmacokinetics. In contrast, site-specific labelling yields a more 

controlled, homogeneous and therefore reproducible product. 

To enable multimodal imaging, we designed IH25 peptide, which contains three 

DTPA molecules to enable visualization at the low antibody doses used for CD8 

imaging. However, first sortagging experiments showed that the product obtained 

was not homogeneous. While we observed a fluorescent band at the expected 

height for the HC, another fluorescent band at twice the HC’s molecular weight 

indicated crosslinking of two HCs. These data suggest crosslinking to occur after 

functionalization of one HC. This could mean that sortase is still able to form its 

thioester intermediate with the second HC, but a second peptide cannot approach, 

leading to nucleophilic attack by a nearby lysine in the other HC instead. Indeed, 

there are several lysine residues present at the C-termini of the mIgG1, mIgG2a 

and mIgG2asilent HCs (8 and 16 residues removed from the sortag).14 Steric hin-

drance may also explain the modest levels of PEGylated HC observed after SPAAC. 

Sortagging with IH24 (without sulfo-Cy5) confirmed the notion that this steric hin-

drance was caused by the DTPA molecules. Unfortunately, this problem was not 

solved by increasing the length and stiffness of the linker between the GGG motif 

and the first DTPA (IH27), although crosslinking was less for mIgG2a CD8 with IH27 

than with IH24 or IH25, especially at high concentrations. However, more hydro-
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lysis was observed, which still indicates a lack of access to that sortagging site. 

Since Fab CD8 has only one sortagging site, full conversion to Fab CD8-IH27 was 

observed, but subsequent SPAAC was incomplete.

Issues arising from steric hindrance by DTPA molecules could potentially be ad-

dressed in the future by changing the peptide design. Based on our experiences 

with PD-L1 imaging (chapter 3), it was clear more DTPA molecules were needed 

than one per peptide for CD8 imaging, since the protein dose is lower than for PD-

L1. Therefore, we increased the amount to three, but perhaps two would suffice, 

decreasing steric hindrance. Another possibility involves extension of the linker be-

tween the GGG motif and the first DTPA. Moreover, to increase SPAAC efficiency, 

the azide could be moved to the C-terminus of the peptide and be separated from 

the DTPAs with an extended linker to make it more accessible. 

In vitro experiments revealed that all antibodies displayed similar, high 

labeling efficiencies. Importantly, antibodies all display target-specif-

ic binding with low internalization and a similar immunoreactive fraction.  

Labeling non-specific lysine side chains may interfere with the antigen binding site, 

causing a lower antibody fraction to bind the target and affecting affinity. A lower 

immunoreactive fraction may mean lower tumor retention as well as more unspecif-

ic uptake at off-target sites, and therefore a higher background signal.35 Surpris-

ingly, we found a similar immunoreactive fraction for site-specifically and randomly 

labeled Fab, which would suggest target binding is similarly affected. One might 

speculate that the lysines available for non-site-specific labeling are not located 

close to the antigen-binding site. Consequently, lysine labeling does not affect an-

tigen binding much for this specific Fab fragment. 

However, the question remains whether site-specifically labeled Fab frag-

ments have different in vitro characteristics than randomly labeled Fab frag-

ments. To compare their binding characteristics directly, IC50 values need 

to be determined, and the constructs need to be compared in one binding 

and internalization experiment to determine their relative binding capacities. 

Whatever the outcome, site-specific labeling has added value when performing 

multimodal imaging, since this approach will ensure that each antibody or Fab frag-

ment contains each modality in a certain quantity. The latter is especially important 

for fluorophores, which can heavily influence in vivo pharmacokinetics.36,37  

In vivo, 111In-DTPA-mIgG2asilent CD8 accumulated in CD8-rich tissues after 24 

hours, most notably the lymph nodes, spleen and duodenum, as well as the tumor. 

Presence of CD8 in spleen and tumor was confirmed using IHC. Biodistribution 

analysis showed a high antibody concentration in the blood after 24 hours. Biodis-
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tribution of the antibody needs to be monitored over time to determine the time 

point for optimum tumor-background ratio, most likely around 72 hours.38 

SPECT/CT imaging reflected the biodistribution data. The heterogeneous trac-

er distribution in the tumor suggests a heterogeneous CD8 expression. However, 

future studies using a combination of autoradiography and immunohistochemistry 

are needed to confirm this. Detection of heterogeneity is a valuable characteristic 

since the distribution of CD8+ cells in the tumor has been shown to be correlated to 

treatment outcome in preclinical studies.11–13 

Taken together, these data show that 111In-DTPA-mIgG2asilent CD8 is a reliable, 

non-depleting radiotracer for CD8-targeted immunoSPECT, that could potentially be 

used to predict treatment outcome. To determine if the antibody can discriminate 

between CD8-positive and CD8-negative tissue, additional immunohistochemistry 

needs to be performed for tissue where no tracer accumulation was observed. 

Several other groups have shown that inactivation or removal of the Fc tail abrogates 

T-cell depletion in vivo. Silencing of the Fc tail by removal of the Fc glycans31 enables 

site-specific labeling, which produces a more uniform, controlled and reproducible prod-

uct with a lower risk of affecting antigen binding39 and in vivo pharmacokinetics.40,41 Fur-

thermore, small antibody formats can be of interest in the context of imaging due to their 

short half-life16–20 and increased ability to penetrate tumor tissue.21–24 For example, two 

different anti-CD8 mAbs were compared to minibodies (Mbs) engineered from the anti-

body’s variable regions and CH3 region.30 While administration of the parental antibody 

led to depletion of CD8+ cells, the Mbs did not. After conjugation of the Mbs to radioli-

gand chelator NOTA, these were demonstrated to be suitable for in vivo CD8 imaging.  

Rashidian et al. used an anti-CD8 nanobody to predict anti-CTLA-4 treatment outcome.11

The CRISPR/HDR approach we developed in our lab is more broadly applicable 

than glycan engineering in the sense that it allows production of an antibody with 

any desired isotype as well as comparison of different antibody isotypes and for-

mats in terms of in vivo pharmacokinetics and effector function while also introducing 

functional tags. These antibodies could be applied in contexts where different Fc-re-

ceptor functions are required. While this could also be achieved using recombinant 

expression, the yields using our platform are typically much higher and more stable.42 

Future in vivo studies will focus on several topics. First, how do site-spe-

cifically and randomly labeled Fab fragments compare in terms of pharma-

cokinetics and biodistribution? Second, based on literature, Fab fragments 

may show an increased tumor penetration43 and will most likely decrease the 

time interval between injection and imaging compared to the mIgG2asilent an-

tibody.17,44 We will compare the in vivo pharmacokinetics of Fab CD8 and mIg-
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G2asilent CD8. Finally, we aim to investigate whether preclinical treatment out-

come can be predicted by monitoring CD8+ T cells with these antibodies. 

Taken together, these data support the broad applicability of our CRISPR/HDR ap-

proach by generating non-depleting radiotracers for CD8 imaging. 

Materials and Methods

Cell culture
 
Rat IgG2a anti-mouse CD8 hybridoma cells (clone 53-6.7) were cultured in RPMI-

1640 (Gibco, 11875-093, Thermo Fisher Scientific) supplemented with 10% heat-in-

activated fetal calf serum (FCS), 2mM L-Glutamine (BE16-605E/U1, Lonza) and 1x 

antibiotic-antimycotic (15240-062, Thermo Fisher Scientific) and 50 μM Gibco 

2-mercaptoethanol (2-ME) (21985-023, Thermo Fisher Scientific). For clone selec-

tion and the competition assay, TK-1 cells (ATC CRL-2396) were used. TK-1 cells 

were cultured in RPMI 1640 medium supplemented with 10% heat-inactivated FCS, 

2 mM L-Glutamine, 1.5 g/L sodium bicarbonate, 10 mM HEPES, 1.0 mM sodium 

pyruvate, 0.1 mM NEAA, 0.05 mM 2-mercaptoethanol, 1x antibiotic-antimycotic 

(15240-062, Thermo Fisher Scientific) and adjusted to contain 4.5 g/L glucose.

CRISPR/HDR-mediated genetic engineering of anti-CD8 hybridoma cells

Hybridoma nucleofection with donor constructs
Donor constructs encoding the Cas9 protein, single-guide RNAs and HDR tem-

plates were obtained as described previously.14 Before nucleofection, cells were re-

suspended in prewarmed PBS/2% FBS, counted and assessed for viability (>90%). 

1x 106 cells per condition were transferred to an eppendorf tube, PBS was removed 

through centrifugation (90g, 5 min) and cells were resuspended in SF medium with 

1 μg of each donor plasmid or 2 μg of GFP plasmid (control). Cells were immedi-

ately transferred to cuvettes for nucleofection and electroporated with the 4D-Nu-

cleofector Core Unit from Lonza (AAF-1002B; Program CQ-104, SF). Subsequently, 

SF medium with electroporated cells was added to a 10 ml culture dish containing 

complete RPMI 1640 medium. After 48 hours, cells were transferred to T75 flasks 

and antibiotic pressure was applied (10 μg/ml). After 7 days, resistant cells had ex-

panded and bulk was frozen. 
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Genomic DNA isolation and PCR analysis of bulk
Bulk was thawed and after one week, antibiotic pressure was reapplied. After one 

week, genomic DNA was isolated using 5-15 x 106 cells per condition and the Genom-

ic DNA Isolate Kit from Bioline (BIO52067). The resulting DNA was resuspended in 

ultrapurified water. For PCR analysis of the hybridoma bulk producing Fab fragments, 

we used primer 1 (TGTAGGAGCTTGGGTCCAGA), which anneals upstream of the 

5’ end of the HDR homologous arm, and primer 2 (ATACATTGACACCAGTGAA-

GATGC), which hybridizes with the Bsr gene. For PCR analysis of isotype-switched 

hybridoma cells, primer 1 (TGCTTCTCCGGGGCATGAG) was used, which hybridizes 

upstream of the 5’ end of the HDR homologous arm, and primer 2. PCR product was 

analysed on a 1.5% (w/v) agarose gel (90V, 1h) containing Nancy-520 dye stain.

Flow cytometry analysis of bulk
To confirm presence of the desired antibody format in bulk, analysis of bulk su-

pernatant was analysed using flow cytometry. TK-1 cells were incubated with bulk 

supernatant. After 1 hour of incubation at 4 °C, cells were washed and stained for 

anti-rIgG2a-PE (12-4817-82, ThermoFisher Scientific), anti-mIgG1-PE (12-4015-82, 

ThermoFisher Scientific), anti-mIgG2a-PE (12-4817-82, ThermoFisher Scientific) or 

anti-rIgLCκ-PE (407805, Biolegend). Data was acquired using flow cytometry on BD 

FACSVerse. Data were analyzed using FlowJo.

Generation of single-cell clones and clone selection
In order to obtain single-cell clones, bulk was seeded in complete medium at a 

density of 3 cells/ml and 100 μl/well in a 96-well U-bottom plate. After two weeks, 

supernatant was collected from wells containing single-cell clones for screening. 

Supernatant was diluted 10x. For each single-cell clone, supernatant was trans-

ferred to two 96-well V-bottom plates each containing 10,000 TK-1 cells and in-

cubated at 4 °C for 1 hour. Plates were centrifuged (1500 rpm, 2 min, 4 °C) and 

supernatant was discarded. Cells were washed 2 times with PBA. Subsequently, 

cells in the first plate were stained with anti-rIgG2a-PE (12-4817-82, ThermoFisher 

Scientific) to exclude clones producing the initial antibody isotype. To confirm iso-

type-switching and select clones producing high quantities of the product, the oth-

er plate was stained with anti-mIgG1-PE (12-4015-82, ThermoFisher Scientific) or 

anti-mIgG2a-PE (12-4817-82, ThermoFisher Scientific). Cells were analysed using 

flow cytometry. For clones producing high quantities of the desired antibody iso-

type, this was repeated with supernatant diluted 100x. For Fab fragment-producing 

single-cell clones, cells were stained with anti-rIgLCκ-PE (407805, Biolegend) to se-
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lect high-producing clones. For each construct, the presence of the Histag was ver-

ified in five high-producing clones using SDS-PAGE and subsequent Western Blot. 

Western Blot
 
Samples were run on 12% SDS-PAGE under reducing conditions. Proteins were 

transferred onto polyvinylidene difluoride (PVDF) membrane at 115V during 

1h15min. Membrane was blocked in 3% BSA in PBS/0.05% Tween for 1 hour at 

room temperature. Subsequently, the membrane was incubated with anti-6xHistag 

antibody (ab21304, Abcam) at 4 °C overnight and stained with goat anti-rabbit IgG 

(H + L) (IRdye 800CW) (926-32211, LI-COR) and goat anti-rIgG (H + L) (AF680) (A-

21096, Thermo Fisher Scientific).

Antibody production and isolation
 
Hybridoma cells were expanded in T175 flasks. For production, 30 million cells were 

cultured in a CELLine Disposable Bioreactor (Corning, 353137) containing RPMI 1640 

supplemented with 2mM L-Glutamine, 1x AA and 50 μM 2-ME. The cell compart-

ment contained 15 ml medium supplemented with 10% FCS, the medium compart-

ment with 1% FCS. Every 7 days, medium was harvested from the cell compartment. 

Cell compartment was washed with PBS and this was combined with the medium 

fraction. The resulting supernatant was separated from the cells by centrifugation (5 

min, 1500 rpm), filtered through a 20 µm filter (Whatman) and stored at -20°C until 

the moment of antibody purification. Pellet was resuspended in 30 ml medium and 

live cells were separated from dead cells by using Ficoll density centrifugation (Lym-

phoprep; Axis-Shield PoC AS, Oslo, Norway). Subsequently, 30 million live cells were 

reseeded into the CELLine bioreactor. Multiple cycles of harvesting were performed. 

For antibody purification, the supernatant was thawed and incubated for 20 min-

utes at room temperature (rt) with 1-2 mL Ni-NTA beads (Qiagen, 30210). Subse-

quently, the suspension was transferred to an Econo-Pac Chromatography Column 

(Bio-Rad, 7321010). The column was washed with 10 column volumes (CV) of wash 

buffer (50 mM NaH2PO4.H2O, 300 mM NaCl, 20 mM imidazole, 0.05% Tween 20, 

pH 8.0). Subsequently, the column was washed with 100 CV of 0.1% Triton X-114 

(Merck, 9036-19-5) in sterile PBS at 4 °C, followed by 20 CV sterile PBS. The column 

was then washed with another 10 CV of wash buffer. Subsequently, the column 

was washed with another 100 CV of Triton X-114 and 20 CV of PBS, twice. Finally, 

antibodies were eluted with elution buffer (50 mM NaH2PO4.H2O, 300 mM NaCl, 
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250 mM imidazole, 0.05% Tween 20, pH 8.0). The resulting elution fractions were 

concentrated with Amicon Ultra-15 Centrifugal 10kDa MWCO filter units (Merck, 

Z717185) for Fab fragments and 50kDa MWCO filter units for monoclonal anti-

bodies. Buffer exchange was performed using sortase buffer (50mM Tris, 150mM 

NaCl, pH 7.5). Antibody concentration was determined using the NanoDrop 2000c 

(Thermo Fisher Scientific) using the protein program and dividing by 1.4 for mon-

oclonal antibodies and by 1.35 for a Fab fragment. Protein purity was assessed 

under reducing conditions using SDS-PAGE gel electrophoresis (12% acrylamide) 

and Sypro Ruby Protein Gel stain (S12000, Thermo Fisher Scientific). Typical yield 

per harvest was 8-9 mg.

IC50 determination of unconjugated antibodies
 
50,000 TK-1 cells per well were seeded in PBS in a 96-well V-bottom plate and 

stained with Zombie Violet dye (423113, BioLegend) for 15 minutes at 4 °C. Cells 

were centrifuged (1500 rpm, 2 min, 4 °C) and washed with PBA. Subsequently, cells 

were stained with 50 μl of mIgG1, mIgG2a, mIgG2asilent, Fab CD8-srt-his or a mIgG1 

(400102, BioLegend) or mIgG2a (400202, BioLegend) isotype control. Concentra-

tions of these constructs ranged from 0.1 pM to 1 μM for full-size antibodies and 

from 0.4 pM to 6 μM for Fab. After 20 min of incubation at 4 °C, 50 μl of commer-

cially available 53.6-7 CD8-PE (553033, BD Biosciences) was added in a concentra-

tion of 1 µg/ml. After another 30 minutes of incubation at 4 °C, cells were washed 

and resuspended in PBA and measured via flow cytometry. The IC50 was defined 

as the antibody-conjugate concentration that was required to inhibit binding of the 

commercially available fluorescently-labeled antibody by 50%. 

Removal of the Histag
 
To remove the Histag, 5 mg of each antibody was incubated overnight at 37 °C with 

0.1 equivalent of 3M Sortase at a concentration of 16 uM for full-size antibodies 

and 50 uM for the Fab fragment. The resulting reaction mix was incubated with 

Ni-NTA beads for 30 minutes at RT and beads were removed using empty spin 

columns (Jena Bioscience, AC-552-25). Beads were washed twice with wash buffer 

(50 mM NaH2PO4.H2O, 300 mM NaCl, 20 mM imidazole, 0.05% Tween 20, pH 8.0) 

and twice with PBS. Reaction mixture and wash fractions were combined and buffer 

exchange against PBS was performed using slide-a-lyzer dialysis cassettes (Ther-

moFisher Scientific, 66810). The concentration was determined using Nanodrop 
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2000c. The resulting product was analyzed on Western Blot. To this end, 1 μg of 

hydrolyzed antibody was analyzed on Western Blot as described above.

Site-specific enzymatic modification 
 

The peptides IH24, IH25 and IH27 were obtained from Peptide Specialty Labo-

ratories GmbH (Heidelberg, Germany). Optimal reaction conditions for the sor-

tase-mediated site-specific conjugation of these peptides to the C-terminus of an 

antibody were assessed via a test reaction on a small scale. Test reactions were 

carried out using 6 μg of antibody (fragment) per reaction at an a concentration 

of 8 µM (mAb) or 16 µM (Fab) in 10% DMSO in sortase buffer (50mM Tris, 150mM 

NaCl, 10mM CaCl2, pH 7.5). To each antibody (fragment), 1 equivalent of trimutant 

Sortase A Δ59 (3M Sortase)45 was added, and 0, 25, 50, 75 or 100 equivalents of the 

peptide. Reactions were incubated for 1 hour at 37 °C, and subsequently stopped 

by adding EDTA (to a final concentration of 10mM) and keeping the reaction on 

ice. To assess functionality of the azide click handle, half of the reaction mixture (3 

µg) was reacted with 5kDa mPEG-DBCO (10 eq) for 90 minutes at 37 °C. Excess 

mPEG-DBCO was separated from the reaction via the use of Vivaspin® 500 Cen-

trifugal Concentrators (MWCO 10kDa). Assessment of the reaction product(s) was 

performed via SDS-PAGE (20 minutes at 60V, 2h at 105 V) and subsequent staining 

with either Coomassie Brilliant Blue G-250 (Thermo Fisher, 20279) or Sypro Ruby 

Protein Gel stain (Thermo Fisher, S12001). 

Large-scale batch sortagging of Fab CD8-srt-his and IH27 was carried out using 

1.0 mg of Fab fragment and 25 equivalents of IH27. After termination of the reac-

tion with EDTA (final concentration of 10mM), the reaction mixture was incubated 

with Ni-NTA beads for 20 minutes at rt, in order to remove unreacted antibody or 

Fab fragment and Sortase. Beads were separated from the reaction mixture using 

empty spin columns (Jena Bioscience, AC-552-25), and washed twice with wash 

buffer (50 mM NaH2PO4.H2O, 300 mM NaCl, 20 mM imidazole, 0.05% Tween 20, 

pH 8.0) and twice with PBS. Reaction mixture and wash fractions were combined 

and purified using size-exclusion chromatography (SEC), with PBS and 1mM EDTA 

as buffer (10 ml/min). Fractions containing the product were combined and concen-

trated using Amicon Ultra-4 Centrifugal 10kDa MWCO filter units (Merck, Z717185). 

Buffer exchange was performed using sterile PBS. Antibody or Fab fragment con-

centration was measured on NanoDrop 2000c, using the UV-vis program and 

measuring at 280 nm. Protein concentration was calculated using Lambert-Beer’s 

law (ε=70,000). Protein purity was assessed under reducing conditions using SDS-
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PAGE gel electrophoresis (12% acrylamide), comparing starting material, product 

and product clicked with 5kDa mPEG-DBCO to verify accessibility of click handle.

Random conjugation
 
After removal of the Histag, mIgG1 (2.5 mg), mIgG2a (0.35 mg), mIgG2asilent (2.0 

mg) and Fab (0.9 mg) CD8 were incubated with a 30-fold molar excess of S-2-(4-Iso-

thiocyanatobenzyl)-diethylenetriamine pentaacetic acid (p-SCN-Bn-DTPA, Macro-

cyclics, B-305) and 1/10th reaction volume 1 M NaHCO3, pH 5.5. After thorough 

vortexing and incubation on a shaker at RT for 1 hour, the conjugation ratio was 

determined as described below. Non-conjugated p-SCN-DTPA was removed from 

the reaction mixture by dialysis against 0.25 M NH4Ac (metal-free, pH 5.5) using 

Slide-a-Lyzer Cassettes (ThermoFisher Scientific). Concentrations were determined 

on Nanodrop 2000c. 

Radiolabeling
 
DTPA-conjugated mIgG1, mIgG2a, mIgG2a silent and Fab CD8 were incubated with 

Indium-111 (111In, Mallinckrodt BV) in 0.5M MES buffer (pH 5.5) at room tempera-

ture under metal-free conditions as described previously.46 After 30 minutes, free 
111In was removed by adding EDTA to a final concentration of 5 mM. Radiochemical 

purity (RCP) was determined using thin-layer chromatography (iTLC) on silica gel 

chromatography strips (Agilent Technologies, SGI0001), using 0.1M sodium citrate 

buffer (Sigma-Aldrich, pH 6.0) as mobile phase. The strips were developed in a Fu-

jifilm BAS cassette for 30-60 seconds and then analyzed using the phosphor imager 

(Typhoon FLA 7000, GE Healthcare Life Sciences). Samples that had a labeling effi-

ciency below 95% were purified using a PD-10 column (GE Healthcare, 17-0851-01) 

eluted with PBS, containing 0.5% BSA. Following these procedures, radiochemical 

purity of 111In-labeled antibody conjugates exceeded 95% in all experiments.

In vitro characterization of radiolabeled antibodies
 
Conjugation ratio and radiolabeling
The conjugation ratio was determined by radiolabeling as described above, using 

0.185 MBq/μg 111In, but without quenching the reaction with EDTA. Subsequently, 

iTLC was performed (0.1 M sodium citrate buffer, pH 6.0) and the conjugation was 

determined using the following formula: conjugation ratio = (molar excess p-SCN-
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Bn-DTPA)/(1/(%RCP bound/%RCP free)). 

To investigate the maximum specific activity, five different specific activities were 

tested. 5 µg of mIgG1 (1.08 mg/mL), mIgG2a (0.35 mg/mL), mIgG2asilent (1.1 mg/

mL), Fab-DTPA (1.7 mg/mL) and Fab-IH27 (1.97 mg/ml) were labeled with increas-

ing amounts of activity (0.037, 0.185, 0.37, 1.85, and 3.7 MBq/µg), resulting in 

mIgG1, mIgG2a, mIgG2asilent and Fab 111In-DTPA-aCD8 as well as 111In-Fab-IH27. 

Radiolabeling was performed as previously described. Subsequently, conjugated 

activity was determined using iTLC.

Internalization kinetics
1.0 x 106 TK-1 cells were washed, resuspended and incubated for 3 hours with 5.21 

pM mIgG1, 2.35 pM mIgG2a, 3.58 pM mIgG2asilent or 7.9 pM Fab 111In-DTPA-aCD8 

or 7.11 pM 111In-Fab-IH27-aCD8 or for 1, 3 or 24 hours with 4.87 pmol/L mIgG2asilent 

111In-DTPA-aCD8 in binding buffer (RPMI 1640, 0.5% BSA) at 37 °C in a humidi-

fied atmosphere with 5% CO2. Nonspecific binding and internalization were deter-

mined by coincubation with a 3-fold excess of unlabeled aCD8. After incubation, 

cells were washed with ice cold binding buffer to remove any unbound antibody. 

Then, ice cold acid wash buffer (0.1 M HAc, 0.15 M NaCl, pH 2.6) was added for 10 

minutes to remove the membrane-bound fraction of 111In-DTPA-aCD8. After wash-

ing twice with ice cold binding buffer, cells were harvested and the internalized 

activity was measured in a gamma counter (Wizard, Perkin-Elmer). Specific binding 

and internalization were calculated by subtracting the nonspecific binding and in-

ternalization from the total binding and internalization.

Immunoreactive fraction
The immunoreactive fraction of mIgG1 and mIgG2asilent 

111In-aCD8 was determined 

as described by Lindmo and colleagues. A serial dilution of TK-1 cells in bind-

ing buffer (RPMI-1640, 0.5% BSA) was prepared (mIgG1, 156,250 – 40,000,000 

cells; mIgG2a 136,000-175,000 cells; mIgG2asilent 156,250 – 160,000,000 cells; Fab 

171,000 – 150,000,000 cells; Fab-IH27 390,000 – 195,000,000 cells ) and incubat-

ed with 5.91 pM mIgG1, 0.82 pM mIgG2a, 1.75 pM mIgG2asilent or 0.9 pM Fab 
111In-DTPA-aCD8 or 2.8 pM 111In-Fab-IH27. Nonspecific binding was determined by 

adding an excess of unlabeled antibody (0.67 nmol/L) to a duplicate of the lowest 

cell concentration before adding labeled antibody. All conditions were incubated 

for 20 minutes at 37 °C. Subsequently, total radioactivity was measured in a gam-

ma counter (Wizard, Perkin-Elmer). Then, cells were centrifuged, supernatant was 

removed and activity was measured again. The inverse of the specific cell-bound 
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activity was plotted against the inverse of the cell concentration, and the immuno-

reactive fraction was calculated as the bound fraction at infinite cell concentration 

using GraphPad Prism.

Animal studies

Animal studies were performed on BALB/c mice (Janvier, le Genest-Saint-Isle, 

France) and were conducted in accordance with the principles laid out by the re-

vised Dutch Act on Animal Experimentation (2014). Experiments were approved by 

the Institutional Animal Welfare Committee of the Radboud University Nijmegen. 

At 12 weeks of age, experiments were performed.

In vivo T-cell depletion study
In total, seven groups (n = 4 for tracer groups, n = 3 for control groups) of mice 

were used in this study. The positive control group for T-cell depletion was injected 

intraperitoneally on three consecutive days (0, 24, 48 h) with 330 μg (200 μl) rIgG2b 

anti-CD8 antibody (clone YTS 169.4, BioXCell, BE0117) in PBS. At the 48h time point, 

one group received PBS (200 μl) as a negative control, and five remaining groups 

were injected intravenously (200 μl) with tracer doses of rIgG2b anti-CD8 (10 ug, 

clone YTS 169.4, BioXCell, BE0117) or one of our engineered and hydrolysed con-

structs (mIgG2a, mIgG2asilent, Fab) in PBS. mIgG1 anti-CD8 was conjugated to DTPA 

before injection. For the monoclonal antibodies 10 ug was used and 6.66 ug for the 

Fab fragment. All mice were sacrificed at the 72h time point by CO2/O2 asphyxiation 

and lymph nodes (left and right inguinal), thymus, spleen and blood were collected.

Preparation of blood and organs for flow cytometry
To eliminate red blood cells in preparation of the samples for flow cytometry, blood 

was incubated in lysis buffer (BD Pharm Lyse, 555899) for 15 minutes at RT. Blood 

cells were resuspended in 20 ml PBS and centrifuged at 515g for 5 minutes. Or-

gans were minced with a scalpel, mashed over 70 μm filters and rinsed with PBS 

(2mM EDTA) to yield single-cell suspensions. Cell suspensions were centrifuged 

and resuspended in lysis buffer prewarmed at 37 °C and incubated for 2 minutes 

at RT. Subsequently, cells were washed with PBS was added and centrifuged for 5 

minutes at 1500 rpm. The resulting pellets of blood, spleen and thymus were resus-

pended in 2 ml PBS/10% FCS/2 mM EDTA. Cell pellets of the lymph nodes were 

resuspended in PBS. 
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Flow cytometry
Of each organ, 1.0 x 106 cells were seeded in wells of a 96-well plate. For analy-

sis of the CD8 cell population on flow cytometry, the following panel was used: 

CD45-FITC (clone 30-F11, BioLegend, 103107), CD3-Violet450  (clone 17A2, Bio-

Legend, 100228) and CD8-APC (clone 53-6.7, BioLegend, 100712). After washing, 

cells were acquired using flow cytometry on BD FACSLyric. Data was analyzed using 

FlowJo. The number of CD8 cells and its relative percentage in the total CD45 pop-

ulation was determined as CD3+CD8+/CD45+ * 100%. Differences in CD8+ levels 

were tested for significance using a one-way ANOVA with Bonferroni post-test, with 

a p value below 0.05 considered significant. 

SPECT/CT imaging
C57BL/6 mice (n = 5), age 12 weeks, were obtained from Janvier, France and in-

oculated subcutaneously with 1x106 B16/OVA cells in 1:2 Matrigel(Corning Life 

Sciences) on the right flank. Experiment started when average tumor size was ap-

proximately 0.1 cm3. Animals received 8.5 ug 111In-labeled (11MBq). After 24 hours, 

radioactive animals were sacrificed and SPECT/CT images were acquired with a 

U-SPECT-II/CT (MILabs, Utrecht, The Netherlands) using a 1.0 mm diameter pin-

hole mouse high sensitivity collimator, followed by CT scan (615 µA, 65 kV) for an-

atomical reference. SPECT acquisition time was 45 min. Scans were reconstructed 

with MILabs reconstruction software using an 16 subset expectation maximization 

algorithm, with a voxel size of 0.4 mm and 3 iterations. SPECT/CT scans were quan-

tified and MIPs were created using Inveon Research Workplace software (Siemens). 

Tissues were collected for ex vivo biodistribution. 

Immunohistochemistry

Tumor, spleen and lymph nodes were fixed in 4% formalin and embedded in paraf-

fin. Tissue sections (5 µm) were deparaffinized in xylene and rehydrated in graded 

dilutions of ethanol in water. Antigens were retrieved using 1X TRIS-EDTA (Klin-

ipath), pH 9, for 10 min at 96 °C. Endogenous peroxidase activity was blocked with 

3% peroxide in PBS (10 min, RT). Non-specific binding was blocked by incubation 

with 10% normal swine serum (Bodinco) for 30 min at RT. After blocking, tissue sec-

tions were incubated with 1 µg/mL rabbit-anti-mouse CD8 alpha antibody (Abcam) 

for 1 h at RT. Subsequently, tissue sections were incubated with swine-anti-rab-

bit-peroxidase (Dako) for 30 min at RT. Incubation with DAB solution (3,3’-Diamin-

obenzidine; Immunologic) for 8 min at RT was used to visualize peroxidase activity 
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in the tissue sections. Hematoxylin was used for counterstaining. Tissue sections 

were mounted with Permount (Fisher Scientific).
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Supplementary Information
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Figure S1. Removal of Histag through sortase-mediated hydrolysis. To remove the Histag, anti-
bodies were incubated overnight at 37 °C with 3M Sortase. Absence of a nucleophilic probe resulted in 
removal of the Histag from the C-terminus of the antibody. The product was analyzed on Western Blot 
and compared with starting material. Removal of the 6xHis-tag is shown for mIgG1, mIgG2a, mIgG2asi-

lent and Fab CD8.
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Figure S1. Removal of Histag through sortase-mediated hydrolysis. To remove the Histag, an-
tibodies were incubated overnight at 37 °C with 3M Sortase. Absence of a nucleophilic probe 
resulted in removal of the Histag from the C-terminus of the antibody. The product was analyzed on 
Western Blot and compared with starting material. Removal of the 6xHis-tag is shown for mIgG1, 
mIgG2a, mIgG2asilent and Fab CD8.

Supplemental Table 1. Biodistribution results of CD8 imaging with mIgG2asilent CD8.  Antibody 
(8.5 μg) were administered to C57BL/6 mice with B16-OVA tumors (n=5 mice per group). Results 
24 h p.i. are presented per tissue as mean ± SD (%ID/g).

Tissue
mIgG2asilent CD8

DTPA
(%ID/g)

Blood
Muscle
Tumor
Lung
Thymus
Spleen
Kidney
Liver
Duodenum
Colon
Brown Fat
Bone
Bone Marrow
LN (2x)
Tumor/blood (ratio)

12.05 ± 2.74
  0.61 ± 0.16
12.63 ± 5.28
  6.65 ± 2.35
10.05 ± 1.90

221.07 ± 25.46
10.10 ± 0.98
11.48 ± 2.04
35.12 ± 7.51
  2.99 ± 0.74
  2.36 ± 0.21
  2.77 ± 0.87
  3.63 ± 0.34
11.31 ± 3.71
  1.05 ± 0.31

Supplemental Table 1. Biodistribution results of CD8 imaging with mIgG2asilent CD8. 
Antibody (8.5 μg) were administered to C57BL/6 mice with B16-OVA tumors (n=5 mice per group). Results 24 
h p.i. are presented per tissue as mean ± SD (%ID/g).
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Figure S2. Gating strategy for in vivo depletion study. Gating for CD8+ splenocytes is shown here as
an example for our gating strategy. Cells were stained using anti-CD45-FITC and anti-CD8-APC antibod-
ies. 
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Figure S2. Gating strategy for in vivo depletion study. Gating for CD8+ splenocytes is shown 
here as an example for our gating strategy. Cells were stained using anti-CD45-FITC and anti-CD8-
APC antibodies.
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Figure S3. Molecular structure of multimodal imaging peptide IH25 and site-speci�c conjugation 
to panel of sortaggable anti-CD8 antibodies. a) Molecular structure of IH25. Sortase-mediated 
site-speci�c conjugation of IH25 to b) mIgG1 CD8, c) mIgG2a CD8, d) mIgG2asilent CD8 and e) Fab CD8. 
Antibodies were incubated with 10, 25 or 50 equivalents of IH25 and 1 equivalent of 3M Sortase at 37 ˚C 
for 1 hour and subsequently clicked to 5kDa mPEG-DBCO at 37 ˚C for 90 minutes. Results were analyzed 
on SDS-PAGE. 
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Figure S3. Molecular structure of multimodal imaging peptide IH25 and site-specific conjuga-
tion to panel of sortaggable anti-CD8 antibodies.  a) Molecular structure of IH25. Sortase-medi-
ated site-specific conjugation of IH25 to b) mIgG1 CD8, c) mIgG2a CD8, d) mIgG2asilent CD8 and e) 
Fab CD8. Antibodies were incubated with 10, 25 or 50 equivalents of IH25 and 1 equivalent of 3M 
Sortase at 37 ˚C for 1 hour and subsequently clicked to 5kDa mPEG-DBCO at 37 ˚C for 90 minutes. 
Results were analyzed on SDS-PAGE.
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Figure S4. Molecular structure of multimodal imaging peptide IH24 and site-specific conjuga-
tion to mIgG1 CD8. a) Molecular structure of IH24. b) Sortase-mediated site-specific conjugation 
of IH24 to mIgG1 CD8. Antibody was incubated with 25 or 50 equivalents of IH24 and 1 equivalent 
of 3M Sortase at 37 ˚C for 1 hour and subsequently clicked to 5kDa mPEG-DBCO at 37 ˚C for 90 
minutes. Results were analyzed on SDS-PAGE.



140

4

a

 - -  25 50 75 100
 +  +  +  +  + -

b

 IH27 [eq]
Sortase

 - -  -  -  -  -
 - -  25 50 75 100
 1  1  1  1  1 -

 + +  +  +
 50 25  75 100
 1  1  1 1

IH27 [eq]
Sortase [eq]

5kDa mPEG-DBCO

c

 IH27 [eq]  - -  25 50 75 100
 1  0.5 0.5 0.5 0.5 -

 50 25  75 100
 2  2  2 2

250
150
100

50

37

20

75

25

250
150
100

50

37

75

25

250
150
100

50

37

75

25

Fab

mIgG2a

mIgG2a

Figure S5. Molecular structure of multimodal imaging peptide IH27 and SDS-PAGE analysis of 
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IH27 to a) Fab CD8. Fab fragments were incubated with 25, 50, 75 or 100 equivalents of IH27 and 1 
equivalent of sortase at 37 ˚C for 1 hour. b,c) mIgG2a CD8 was incubated with 25, 50, 75 or 100 equiva-
lents of IH27 and 0.5, 1 or 2 equivalents of sortase. Constructs incubated with 1 equivalent of sortase 
were subsequently clicked to 5kDa mPEG-DBCO at 37 ˚C for 90 minutes. 
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Figure S5. Molecular structure of multimodal imaging peptide IH27 and SDS-PAGE analysis of 
site-specific conjugation to Fab and mIgG2a CD8. Sortase-mediated site-specific conjugation of 
IH27 to a) Fab CD8. Fab fragments were incubated with 25, 50, 75 or 100 equivalents of IH27 and 
1 equivalent of sortase at 37 ˚C for 1 hour. b,c) mIgG2a CD8 was incubated with 25, 50, 75 or 100 
equivalents of IH27 and 0.5, 1 or 2 equivalents of sortase. Constructs incubated with 1 equivalent 
of sortase were subsequently clicked to 5kDa mPEG-DBCO at 37 ˚C for 90 minutes.
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While traditional cancer therapeutics such as radiation and chemotherapy eliminate 

cancer cells, they also have an impact on healthy cells. This is thought to cause 

side-effects that can be so severe it can lead to patients dropping out of a poten-

tially life-saving treatment.1 Therefore, there is a clear need for therapies that selec-

tively eradicate tumor cells. In photoimmunotherapy (PIT), an antibody that binds a 

cell-surface marker is conjugated to a photoactivatable chemical, a photosensitizer 

(PS). After accumulation in the tumor, cell killing is activated through illumination 

with light, usually near-infrared (NIR). While the PS or NIR light alone are non-toxic, 

illumination of the tumor site will result in selective killing of the target cell in the 

tumor microenvironment (TME) with minimal or no damage to normal tissues.2–4 

Additionally, the type of cell death induced is highly immunogenic.2,5 It elicits a tu-

mor-specific immune response6,7 and can even cause distal, non-illuminated tumors 

to respond (the abscopal effect).3 A Phase IIa clinical trial in 30 pre-treated patients 

with recurrent head and neck cancer showed treatment with EGFR-targeted NIR-

PIT to be more effective and cause fewer side effects compared to standard thera-

pies.8 Although more research is required, these results are promising, and currently 

a Phase III clinical trial is underway (NCT03769506).

Although the number of clinical studies is still limited, a plethora of preclinical 

work has been performed. However, there is currently no comprehensive summary 

of preclinical PIT studies. In this chapter, I aim to describe the current state of this 

field. First, I will discuss the mechanism of cytotoxicity and the effects of PIT. I’ll also 

briefly touch upon illumination of non-superficial tumors. Lastly, I will present an 

overview of preclinical PIT studies.

Mechanism and effects of photoimmunotherapy

Traditionally, PSs were administered without conjugation to a targeting moiety 

(photodynamic therapy). Upon illumination with its specific wavelength, a PS pro-

duces reactive oxygen species (ROS) by excitation to the triplet state via a short-

lived singlet state (Fig. 1a).5,9 From the triplet state, the PS can transfer electrons 

to nearby substrates, generating radicals (Type I pathway), or transfer energy to an 

oxygen molecule (Type II pathway), generating highly reactive singlet oxygen. Both 

Photoimmunotherapy – shedding light on cancer 
immunotherapy
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type I and II pathways generate ROS, which can in turn damage cellular structures. 

In PIT, the PS is targeted to a specific cell type using an antibody. This enhanced 

target-specificity means that non-target cells are spared upon illumination. While 

there is an abundance of PSs available, the most commonly used PS in PIT is IRDye 

700-DX (IR700-DX), a phtalocyanine dye that has favorable characteristics for PIT 

(Fig. 1). It is a relatively hydrophilic dye with a higher extinction coefficient than 

previous PSs10 and it is conveniently available as an N-hydroxysuccinimide ester to 

allow random conjugation to antibodies. It is activated by NIR light (λexc = 689 nm), 

which has a higher penetration depth in tissue than light of shorter wavelengths.11 

Although IR700-DX can generate free radicals through pathway I-type reactions, 

singlet oxygen generated through a type II process contributes more strongly to 

cell death than free radicals.5,9 ROS can react with the double bonds of unsaturated 

lipids in the cell membrane of the bound cell causing lipid peroxidation, thereby al-

tering the membrane structure and compromising its function. Since the cell mem-

brane is a known reservoir for molecular oxygen, this can occur even at relatively 

low oxygen pressure (pO2 < 10 mm Hg).5 Recently, it was discovered that genera-

tion of ROS does not account for the full cytotoxic effect of IR700-DX, as some in 

vitro experiments with ROS scavengers only reduced cellular toxicity by 20-30%.12,13 

Additionally, loss of fluorescence intensity occurred at relatively low energy of light, 

despite the photostability of phthalocyanine cores.14 Here, a unique photochemical 

reaction occurs that is oxygen-independent and therefore happens preferentially in 

hypoxic conditions (Fig. 1b).15,16 Upon illumination, an axial ligand-releasing reac-

tion alters the hydrophilicity of the dye, leading to a change in the physicochemical 

and fluorescent properties of the antibody-photosensitizer conjugate (APSC). This 

increases its tendency to aggregate and when this reaction occurs at the cell mem-

brane, it is thought to induce physical stress within the membrane. This increases 

the influx of water which eventually leads to cell death. This notion was supported 

by the fact that cell death could be predicted by the NIR light-induced photochem-

ical changes as indicated by its fluorescent properties. The relative contribution of 

each mechanism most likely depends on oxygen pressure. 

PIT induces necrotic cell death, which is characterized by cellular swelling, bleb 

formation and rupture of vesicles. This occurs within minutes of light exposure,2,13,17 

as opposed to apoptotic cell death which typically occurs within hours.18 Thus, PIT 

causes immunogenic cell death (ICD), which is characterized by membrane rup-

ture and the release of damage-associated molecular patterns (DAMPs).19 When 

targeting tumor cells with PIT, the contents of the cell, including neoantigens, are 

released into the TME as well as DAMPs such as calreticulin, Hsp70 and Hsp90. 



146

5

NIR light

H2O
H2O

N

N

NNN

N N

N Si

O Si

N

SO3Na

SO3

SO3Na

O Si

N

SO3Na

SO3

SO3Na

O

hν
N

N

NNN

N N

N Si

O Si

N

SO3Na

SO3

SO3Na

O
R

N

N

NNN

N N

N Si

O
R

OH Si

N

SO3Na

SO3

SO3Na

R

a

b

Internal 
conversion

In
te

rn
al

 c
on

ve
rs

io
n

Ab
so

rp
tio

n

Ground singlet state

2nd excited singlet state

1st excited singlet state

Excited triplet state

Fl
uo

re
sc

en
ce

Intersystem
crossing

hν
ab

s

hν
em

Ph
os

ph
or

es
ce

nc
e

hν
em

S0

S1

S2

T1

e-

HO•

3O2

1O2

Type I
Hydroxyl radical
electron transfer

Type II
Singlet oxygen
energy transfer
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physicochemical changes within the antibody-conjugate. This causes damage to the transmembrane target molecule, 
reduces membrane integrity, and leads to an in�ux of water and subsequent cell death.    

Figure 1. Cytotoxic mechanisms of IRDye 700-DX conditions. a) Like many other photosensi-
tizers, IR700-DX can produce ROS. When light of 690 nm is absorbed, an electron moves from 
the ground state to a higher-energy singlet state, which involves transition to another molecular 
orbital, while the electron’s spin remains unaltered. If an electron in an excited singlet state loses 
energy via internal conversion (non-radiative decay) and subsequently emits a photon, light of a 
lower energy and therefore longer wavelength is emitted (fluorescence). Alternatively, an electron 
can undergo intersystem crossing, where the electron’s spin changes and enters a long-lived triplet 
state. From the triplet state, an electron can return to the ground state by emitting a photon (phos-
phorescence). However, in the presence of molecular oxygen, superoxide and hydroxyl radicals are 
formed in Type I reactions and singlet oxygen in Type II reactions. These ROS can damage biomol-
ecules such as lipids and proteins and this accounts for 20-30% of the cytotoxic effect of IR700-DX. 
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Together with high mobility group box 1 (HMGB1) and ATP these provide immuno-

genic signals and can initiate antitumor immunity and memory.7,19 NIR-PIT can even 

induce dendritic cell (DC) maturation and increase IL-12 production by DCs, lead-

ing to priming of new CD8+ T cells. It has been shown that after cancer cell-targeted 

NIR-PIT, CD8+ T cells reacted to a larger repertoire of cancer antigens compared 

to CD8+ T cells before NIR-PIT, as demonstrated by combined treatment with PD-

1-blocking antibodies which enhanced de novo T-cell responses.20 Initial NIR-PIT 

experiments were conducted in immune deficient animals, and therefore the full 

effect of treatment on tumor eradication was not realized until the first-in-human 

experiments. Experiments in immunocompetent animals confirmed these results. 

In the event that NIR-PIT itself leads to killing of only a fraction of the tumor cells, 

the immune response that follows can cause the eradication of additional tumor 

Table 1. Overview of preclinical PIT studies.

Target Antibody Photosensitizer Reference

Tumor-associated antigens

Carcinoembryonic 
antigen (CEA)

C2-45 IRDye 700-DX Shirasu et al. 201431

Chimeric antibody 
(clone unknown)

IRDye 700-DX Hiroshima et al. 201529

Maawy et al. 201530

Maawy et al. 201527

M5A IRDye 700-DX Hollandsworth et al. 
201528

CD133 AC133.1 IRDye 700-DX Jing et al. 201632

CD20 Rituximab IRDye 700-DX Nagaya et al. 201633

NuB2 IRDye 700-DX Heryanto et al. 201734

CD44 MEM-263 IRDye 700-DX Jin et al. 201613

IM7 IRDye 700-DX Nagaya et al. 201735

Maruoka et al. 202036

CD47 B6H12 IRDye 700-DX Kiss et al. 201937

Epithelial Cell 
Adhesion Molecule 
(EpCAM)

323/A3 IRDye 700-DX Isoda et al. 201838

b) Under hypoxic conditions, another cytotoxic mechanism is at play. Upon exposure to NIR light, 

IR700-DX loses its hydrophilic side chains, which confers physicochemical changes within the anti-

body-conjugate. This causes damage to the transmembrane target molecule, reduces membrane 

integrity, and leads to an influx of water and subsequent cell death.   
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Target Antibody Photosensitizer Reference

Glypican-3 HN3 (heavy chain 
antibody);
YP7 (IgG)

IRDye 700-DX Hanaoka et al. 201539

(Human) Epidermal 
Growth Factor 
Receptor (EGFR)

C225 Chlorin e6 Soukos et al. 200140

Panitumumab IRDye 700-DX Mitsunaga et al. 20112 
Mitsunaga et al. 201241

Nakamura et al. 201642

Moore et al. 201643

Nakamura et al. 201744

Railkar et al. 201745

Maruoka et al. 201846

Nakajima et al. 201823

Hirata et al. 202047

Panitumumab; 
Basiliximab (anti-
IL-2)

IRDye 700-DX Nakajima et al. 201348

Cetuximab; 
panitumumab

IRDye 700-DX Sato et al. 201449

Cetuximab IRDye 700-DX Nagaya et al. 201550

Kercher et al. 202051

7D12 (nanobody); 
7D12-9G8 
(biparatopic 
nanobody)

IRDye 700-DX Van Driel et al. 201652

ZEGFR:03115 (affibody) IRDye 700-DX Burley et al. 201853

Can225 (canine 
IgG)

IRDye 700-DX Nagaya et al. 201854

Panitumumab; 
CyEt-
Paniumumab-
duocarmycin (dual 
therapy)

IRDye 700-DX Nagaya et al. 201855

Human Epidermal 
Growth Factor 
Receptor 2 (HER2)

Trastuzumab IRDye 700-DX Sato et al. 201456

Sato et al. 201557

Sato et al. 201558

Sato et al. 201559

Nakamura et al. 201642

Ishida et al. 201660

Ito et al. 201661

Nagaya et al. 201824

Nagaya et al. 201862

Nagaya et al. 201963

Nishimura t al. 202064

Trastuzumab; 
Pertuzumab

IRDye 700-DX Ito et al. 201665

Trastuzumab-
emtansine

IRDye 700-DX Ito et al. 201766
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Target Antibody Photosensitizer Reference

Trastuzumab 5,10,15-tris-(N-
methylpyridimium-4- 
yl)-20-[4-
(succinimide-N-
oxycarbonyl) phenyl]
porphyrin triiodide

Korsak et al. 201767

ZHER2:2395 (affibody) IRDye 700-DX Maçzyńska et al. 202068

Mesothelin hYP218 IRDye 700-DX Nagaya et al. 201669

Programmed 
Death Ligand 1 
(PD-L1)

Avelumab IRDye 700-DX Nagaya et al. 201670

Prostate-Specific 
Membrane 
Antigen (PSMA)

HuJ591 (IgG);
Anti-PSMA-
minibody (Mb);
Anti-PSMA-cys-
diabody (Db)

IRDye 700-DX Watanabe et al. 201571

Anti-PSMA (h 
IgG1)

IRDye 700-DX Nagaya et al. 201772

D2B-DTPA 
(radioligand 
chelator)

IRDye 700-DX Lütje et al. 201973

Tumor vasculature-associated antigens

Vascular 
Endothelial 
Growth Factor 
(VEGF)

Unknown 
antibody

Hematoporphyrin Novichenko et al. 200874

DC101 IRDye 700-DX Nishimura et al. 202064

Immune cell targets

CD206 C068C2 IRDye 700-DX Zhang et al. 201675

CD25 F(ab’)2 from PC-
61.5.3 IgG

IRDye 700-DX Sato et al. 20163

PC61 Chlorin e6 Oh et al. 201776

PC-61.5.3 (IgG);
F(ab’)2 from PC-
61.5.3

IRDye 700-DX Okada et al. 201977

PC-61.5.3 IRDye 700-DX Maruoka et al. 202036
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cells.21 Evidence suggests that this newly elicited immune response plays a role in 

abscopal effects as well. 

Illumination of non-superficial tumors

Since the penetration depth of NIR light in tissue is only a few millimeters,22 one 

caveat of NIR-PIT lies in the illumination of the tumor. In mice this is not always an 

issue due to their small size, but it is a limiting factor in the translation to the clinic. 

Therefore, several groups have set out to explore devices for internal delivery of 

NIR light. For example, Nakajima and colleagues developed an implantable light 

emitting diode (LED) device that can be switched on wirelessly. They showed that 

NIR-PIT treatment significantly altered tumor growth, whereas NIR light emitted by 

the LED device alone did not.23 Nagaya and colleagues showed that an endoscop-

ic fiber optic diffuser to deliver NIR light is a promising method for the treatment 

of peritoneal dissemination of gastric cancer.24 Hirata and coworkers developed a 

dedicated catheter with LEDs and went on to show that treatment of a xenograft 

mouse model of cholangiocarcinoma led to suppression of tumor growth.25 These 

studies show that PIT is a promising treatment even for deep-seated tumors via the 

use of internal illumination devices.

Preclinical PIT studies

The majority of preclinical PIT studies has focused on tumor-cell targeting. Howev-

er, since vascularization is important in tumor growth and formation of metastases, 

tumor vasculature-associated antigens have also been targeted, as well as immune 

cells that promote tumor growth through the establishment of an immunosuppres-

sive TME (Table 1).

Tumor-associated antigens
 
Carcinoembryonic antigen  
Carcinoembryonic antigen (CEA) is an attractive target due to its overexpression in 

several types of cancers, mainly colorectal cancers, and low-level expression in gas-

trointestinal epithelium.26 CEA-targeted PIT has been applied in preclinical research 

for the treatment of pancreatic and gastrointestinal tumors.27–31 For example, Shi-

rasu and colleagues reported dose-dependent tumor shrinkage and growth arrest 
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in luciferase-expressing MKN-45 cells after PIT with an IR700-DX-labeled anti-CEA 

antibody.31 Moreover, they reported in vitro tumor cell lysis under hypoxic condi-

tions. Although this needs to be validated in vivo, it raises hopes for treatment 

of hypoxic tumors. At lower doses of APSC, tumor regrowth could be observed 

over time, which the authors propose could potentially be avoided by employing 

multiple treatment cycles. Hiroshima and colleagues showed that PIT can also be 

used as an adjuvant treatment as CEA-targeted PIT reduced tumor recurrence by 

eliminating remaining cancer cells after bright light surgery in nude mice bearing 

patient-derived xenografts.29

CD133
Cancer progression has often been described by the clonal evolution model. How-

ever, some studies suggest that the development of cancer relies on a small sub-

set of cells, which have the ability to self-renew and differentiate (the cancer stem 

cell (CSC) hypothesis) and that one molecular marker of these CSCs is CD133.78,79 

Jing and colleagues observed tumor growth inhibition and prolonged survival after 

a single CD133-targeted PIT treatment in patient-derived subcutaneous as well 

as orthotopic CD133+ glioblastoma stem cell tumors.32 Although NIR-PIT of brain 

tumors may not be feasible in humans because of the thicker skull bone and the 

larger brain dimensions, NIR light may be applied to the surgical area after tumor 

resection to eliminate any remaining cancer stem cells.

CD20
CD20 is a B-cell antigen which is known to be highly expressed in many B-cell lym-

phomas and an important molecular target for antibody-based therapies.80 Na-

gaya and colleagues reported on the therapeutic effect of rituximab-IR700-DX PIT 

in two in vivo B-cell lymphoma models (Ramos and Daudi).33 The APSC showed 

a high tumor uptake and high tumor-background ratio in both models. Tumor 

growth was significantly inhibited and survival was significantly prolonged for 

both models in the treatment condition compared to the control groups. More 

than half of the tumors were eradicated with a single treatment of NIR-PIT. How-

ever, the Ramos model showed greater PIT sensitivity compared to Daudi tu-

mors, which the authors attribute to the higher uptake of APSC in this model.  

Heryanto and co-workers compared PIT with radioimmunotherapy (RIT), 

where a radioisotope is coupled to a targeting antibody and found PIT 

to be more effective in the treatment of the aggressive B-cell lympho-

ma (Ramos) while RIT had greater efficacy in the indolent tumor (RPMI 
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1788). This difference could not be attributed to a difference in tumor uptake.34 

Taken together, these data show that CD20 is a promising therapeutic target for PIT, while 

highlighting the influence of the tumor model that is used for preclinical PIT research. 

CD44
CD44 is a transmembrane glycoprotein that is overexpressed in CSCs as well as 

many cancer types and its interaction with extracellular matrix ligands promotes the 

migration and invasion processes involved in metastases.81 CD44 can be valuable 

as a marker in for example triple-negative breast cancer (TNBC), a tumor type that 

lacks expression of the estrogen and progesterone receptors as well as the human 

epidermal growth factor receptor 2 (HER2). In TNBC, the occurrence of CSCs pro-

vides a treatment opportunity. Jin and coworkers demonstrated selective accumu-

lation of an anti-CD44-IR700-DX in CD44-positive tumors, followed by dramatic 

tumor shrinkage and preferential cell killing of breast cancer cells with high CD44 

expression after NIR-PIT treatment.13 The authors argue that this strategy provides 

a promising opportunity for the destruction of CD44-positive populations that in-

clude cancer stem-like cells in TNBC as well as other cancer types. Another study 

reported a significant decrease of CD44+ cancer cells through necrotic cell death in 

various in vivo syngeneic tumor models with varying degrees of immunogenicity. 

Oral cavity squamous cell carcinoma cells were selectively eliminated using anti-

CD44-IR700-DX and resulted in a prolonged survival of the mice.35 Interestingly, en-

hanced tumor growth inhibition was reported in the non-treated contralateral side 

of the bilateral tumor-bearing mice for two out of three tumor models. The authors 

state this abscopal effect could result from a ‘spreading’ immune response from the 

illuminated side or possibly from NIR light reaching the distal tumor unintentionally, 

for example via internal scattering. The latter notion is supported by a decreased 

fluorescent signal and cellular necrosis found in the distal tumor, despite shielding 

it with aluminum foil. 

CD47
CD47 or integrin-associated protein (IAP) is a transmembrane protein that mediates 

cellular turnover. Via interaction with its ligands, including thrombospondin-1 (TSP-1), 

signal regulatory protein α (SIRPα) and integrins, CD47 sends a ‘do not eat me’ signal, 

thereby preventing phagocytosis by macrophages.82 Cancer cells exploit CD47 sig-

naling to escape the immune system. CD47 is overexpressed in a variety of cancers 

including myeloma, leiomyosarcoma, acute lymphocytic leukemia, non-Hodgkin’s 

lymphoma, breast cancer, osteosarcoma and head and neck squamous cell carcino-



153

5

ma.83 Kiss and colleagues investigated CD47-targeted NIR-PIT in a bladder cancer 

xenograft model and found it inhibits tumor growth and improves survival.37 

Epithelial cell adhesion molecule
Epithelial cell adhesion molecule (EpCAM) is a type I transmembrane glycoprotein 

that plays a role in cell adhesion, proliferation and signal transduction.84,85 It is a 

proto-oncogene and is highly expressed on human carcinomas, but also on healthy 

pancreatic cells. Treatment with high-affinity anti-EpCAM antibodies caused acute 

pancreatitis. Treatment with low-affinity antibodies did not, but failed to produce 

any anti-tumor effects.86 Therefore, Isoda and colleagues set out to overcome the 

pancreatic side effects caused by other antibody-based therapies with the use of 

PIT.38 While EpCAM+ cells receiving a one-time anti-EpCAM-IR700-DX treatment 

demonstrated reduced cell viability compared to treatment with an IR700-DX-la-

beled control antibody in vitro, these results were not corroborated in vivo. Mice 

treated with anti-EpCAM-IR700-DX showed a similar reduction in tumor size as 

mice treated with the control antibody. Upon mechanistic investigation, the authors 

found that both APSCs induce vascular occlusion at the irradiation site, and that 

the level of vascular occlusion was correlated with the blood concentration of the 

APSC, not the tumor concentration. The authors conclude that more research on 

the induction of vascular occlusion and PIT is needed before its widespread use. 

Glypican-3 
Glypican-3 (GPC3) is a cell surface oncofetal proteoglycan that is overexpressed in 

hepatocellular carcinoma (HCC) and several other human tumor types.87,88 Because 

its expression is largely absent in healthy adult tissue, GPC3 is a promising drug 

target for cancer treatment. Hanaoka and colleagues investigated a human heavy-

chain antibody (HN3) and a whole IgG antibody (YP7) against GPC3, each labelled 

with IR700-DX.39 HN3-IR700-DX displayed rapid internalization and blood clear-

ance resulting in a higher tumor-to-blood ratio compared to YP7-IR700-DX. The 

heavy chain antibody also had more homogeneous tumor distribution. Interesting-

ly, the APSCs displayed comparable efficacy in terms of tumor growth inhibition 

after irradiation.

(Human) epidermal growth factor receptor 1  
(Human) epidermal growth factor receptor 1 (EGFR; HER1) is transmembrane pro-

tein belonging to a large family of tyrosine kinases, known as the erbB family. EGFR 

is commonly expressed on epithelial cells and overexpressed in several types of 
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cancers, including breast, head and neck, lung, ovarian, esophageal, renal, colon, 

gliomas and pancreatic cancer.89,90 EGFR plays a multidimensional role in cancer 

governing growth, differentiation, adhesion, migration and survival of cancer cells.90 

EGFR’s multifunctionality and overexpression in an abundance of tumors makes it 

an attractive therapeutic target, leading to the development of panitumumab (Pan) 

and cetuximab (Cet). Both antibodies inhibit EGFR signaling, activate receptor in-

ternalization, degradation and prolonged downregulation of the receptor and have 

entered the clinic for the treatment of a variety of cancers.90–94  The use of these 

monoclonal antibodies in PIT leads to tumor cell elimination in many EGFR-ex-

pressing cell lines and in tumors in vivo. A study by Mitsunaga and co-workers 

reported massive tumor cell death and prolonged survival in a mouse orthotopic 

breast cancer model after a one-time treatment with Pan-IR700-DX, with higher 

light dosages leading to the highest therapeutic efficacy.41 Treatment with Pan-

IR700-DX was also shown to be applicable after incomplete surgical resection for 

removal of residual disease. Moore and colleagues demonstrated effective elimina-

tion of residual cancer cells with Pan-IR700-DX, which inhibited tumor regrowth in 

a residual squamous cell carcinoma of the head and neck model.43 Although mAbs 

are most commonly used, smaller antibody formats can be valuable in overcom-

ing issues such as inefficient penetration of tumor tissue and slow blood clearance 

(which increases the time patients have to wait for illumination of their tumor with 

NIR light). In a study by Burley and coworkers, an EGFR-specific affibody conju-

gated to IR700-DX led to enhanced tumor penetration in 3D cultures. The EGFR 

affibody-IR700-DX also significantly inhibited tumor growth in a orthotopic mouse 

model of glioblastoma.53 Van Driel et al. compared a monovalent and a biparatop-

ic EGFR-targeted nanobody-photosensitizer conjugate. The latter was designed 

to bind two different epitopes of EGFR to prompt clustering-induced endocytosis 

of EGFR, thereby enhancing PS delivery. They showed both nanobody-constructs 

had higher selective tumor-cell necrosis compared to controls and that the mon-

ovalent EGFR nanobody-IR700-DX outperformed the bispecific nanobody. They 

suggested that the latter is due to the monovalent nanobody having a smaller size, 

which enables better tumor penetration and homogeneous distribution of the na-

nobody-photosensitizer molecule.52

In short, targeting EGFR with mAbs is a highly promising strategy for cancers 

with a high EGFR expression, and considerable progress is being made in the field 

of PIT targeting EGFR+ cancers. This resulted in the first clinical trials in humans 

investigating Cet-IR700-DX for the treatment of recurrent head and neck cancer 

(NCT02422979). The use of antibody fragments can also further improve clinical PIT 
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through rapid tumor accumulation and blood clearance of the conjugates, allowing 

for a shorter time interval in between administration of the conjugate and adminis-

tration near-infrared light. 

Human epidermal growth factor receptor 2  
Like EGFR, human epidermal growth factor receptor 2 (HER2) is a member of the 

erbB family. It was originally known as a breast cancer marker,95 but HER2-target-

ed therapies are currently researched in the context of other cancer types as well, 

including gastric, biliary tract, colorectal, non-small cell lung and bladder can-

cers.96 The most well-known mAb against HER2 is trastuzumab, which has been 

used for PIT in a preclinical setting in gastric,46,51,52,55–58 ovarian,58 breast,68 liver66 

and lung57,59 cancer. For example, repeated treatment of a xenograft mouse mod-

el of gastric cancer with trastuzumab-IR700-DX resulted in a significant tumor 

reduction and prolonged survival of the mice, with complete eradication occur-

ring in 4 out of 10 mice. Tumor reduction was also observed in a disseminated 

peritoneal tumor model.56 Ito and coworkers demonstrated that by using two AP-

SCs targeting different epitopes of HER2, a significantly larger tumor reduction 

and prolonged survival were achieved compared to either of the agents alone.65 

Maçzyńska and colleagues showed that tumor reduction and prolonged surviv-

al are also attainable using an affibody as targeting moiety.68 Since the lung is a 

common site for metastases, Sato and colleagues evaluated whether NIR-PIT can 

prevent further growth of lung metastases. They found NIR-PIT treatment target-

ing HER2 could reduce the number and volume of existing lung metastases.59 

These results show that HER2 is a promising target for PIT.

Mesothelin
Mesothelin is a cell surface glycoprotein and tumor differentiation antigen present 

on mesothelial cells, mesotheliomas, pancreatic, lung and ovarian cancers.69,97 Na-

gaya and colleagues used a mesothelin-targeting antibody conjugated to IR700-

DX in an epithelial carcinoma xenograft mouse model.97 They reported significantly 

inhibited tumor growth and significantly prolonged survival in the treatment group 

compared to the control groups. Being the only preclinical study targeting meso-

thelin for PIT so far, these results are promising but further research is warranted.

Programmed Death Ligand 1 
Programmed death ligand 1 (PD-L1) is a ligand for the programmed death 1 (PD-

1) receptor and is expressed in various types of normal cells and is involved in the 
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regulation of and autoimmunity.98,99 However, tumors can use the PD-1/PD-L1 axis 

to evade elimination and consequently PD-L1 is overexpressed in many cancers 

and its blockade is one of the most prevalent cancer immunotherapy treatments. 

Nagaya and colleagues used PD-L1-targeted NIR-PIT with the aim to eradicate 

these PD-L1 expressing tumor cells.70 Anti-PD-L1-IR700-DX inhibited tumor growth 

and extended the life-span in a PD-L1-positive tumor model. This proof-of-concept 

study proves PD-L1 to be a promising molecular target in PIT. However, this was 

performed in a nude mouse model and the authors do not show what cell type is 

eradicated in vivo. Since PD-L1 is also expressed on tumor-infiltrating lymphocytes 

(TILs) and antigen-presenting cells, targeting PD-L1 could potentially suppress an-

ti-tumor immunity. Therefore, the immunological effects of PD-L1-targeted NIR-PIT 

require further investigation. 

Prostate-specific membrane antigen 
Prostate-specific membrane antigen (PSMA) is a cell-surface marker for prostate 

cancer.100 While peptides are most commonly used for PSMA targeting of the 

PS,101,102 here we will focus on antibody-mediated targeting. Lütje and colleagues 

showed that overall survival of mice receiving the APSC as well as one NIR light 

treatment had significantly improved, and that higher dosages of NIR light treat-

ment led to prolonged survival compared to lower light dosages.73 Watanabe and 

coworkers compared an IR700-DX-conjugated minibody (Mb), diabody (Db) and 

mAb in terms of biodistribution, clearance rate and effectiveness.71 Therapeutic 

effectiveness was similar for all three antibody formats, even though tumor accu-

mulation of the Db was lower. The fast clearance rate of the Db also allowed for NIR 

light illumination at an earlier time point. 

Tumor vasculature-associated antigens
 
Vascular endothelial growth factor
Angiogenesis is essential for tumor growth and metastatic dissemination. VEGF 

plays a pivotal role in this process.103 Nishimura and coworkers used an anti-VEG-

FR-2 antibody to target vascular endothelium in a VEGFR-2-negative gastric cancer 

model. Anti-VEGFR-2-IR700-DX did not induce any phototoxicity in vitro, but did 

induce an antitumor effect in vivo, which was accompanied by damage in tumor ne-

ovasculature. This shows that targeting the tumor vasculature instead of the tumor 

cells themselves can exert antitumor effects as well. 
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Summary and conclusion

Photoimmunotherapy is a promising new type of cancer treatment that results 

in spatially selective killing of the targeted cell population after illumination with 

(near-infrared) light. NIR-PIT has been shown to be effective in a wide range of 

preclinical tumor models targeting an even wider range of tumor cell, immune cell 

and vascular targets. The choice of a particular target may depend on the availabil-

ity of a tumor marker. Alternatively, cells that contribute to an immunosuppressive 

TME may be targeted, especially when no tumor markers are available, inducing 

anti-tumor immunity. NIR-PIT results in a reduction of tumor growth, prolonged 

survival and, in some cases, even complete remission. The efficacy of PIT may be 

underestimated in xenograft models, since the ICD that results from PIT can lead to 

post-treatment eradication of any remaining tumor cells. PIT has been shown to be 

effective at reducing the development of metastases and to have an effect on dis-

tal, non-illuminated tumors as well. These immunological effects can be increased 

via combination with checkpoint blockade. Additionally, several groups have devel-

oped internal illumination devices, which is important step when translating PIT to a 

wide range of tumor types in a clinical setting. In conclusion, PIT is a promising new 

type of targeted cancer therapy that can be valuable as a standalone type treat-

ment or in synergy with other types of (immuno)therapy in the fight against cancer.
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Abstract

Regulatory T cells (Tregs) are important immune cells that naturally maintain self-tol-

erance. However, Tregs are also recruited to or induced in the tumor microenvi-

ronment to establish local immune tolerance, allowing tumors to escape immune 

attack. Since CTLA-4-blocking antibodies became available as a novel anti-cancer 

treatment, growing evidence indicates an additional mechanism of action for these 

antibodies: regulatory T-cell (Treg) depletion. To reduce the systemic side effects 

associated with anti-CTLA-4 treatment, spatial selectivity of target cell depletion 

could be key. Here, we developed a multimodal theranostic tool for non-invasive 

nuclear and fluorescence imaging of CTLA-4 and photodynamic Treg depletion. 

Using CRISPR/HDR, we modified an anti-CTLA-4 hybridoma to generate sortagga-

ble Fab fragments and labeled these site-specifically with a peptide containing a 

photosensitizer and three radioligand chelators. We demonstrate that our construct 

preferentially eliminates CTLA-4-expressing cells after NIR light illumination in vitro. 

We believe that the current study is a promising first step in the direction of a ther-

anostic agent for CTLA-4-targeted photoimmunotherapy, which can additionally 

serve as an imaging agent to provide insight into the spatial and temporal response 

characteristics of preclinical CTLA-4-targeted therapy.

Generation of a photosensitizer-based CTLA-4-
targeted theranostic Fab fragment for spatially 
selective Treg depletion
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Introduction

Genetic instability is a hallmark of cancer cells,1 potentially leading to the presenta-

tion of new antigens on the cell surface.2 This provides the immune system with an 

opportunity to recognize cancer cells as foreign and subsequently eliminate them. 

However, cancer cells can escape the immune system by expressing cell surface 

molecules that directly engage inhibitory receptors on the surface of immune cells 

such as cytotoxic T cells. One such an inhibitory receptor is cytotoxic T-lymphocyte 

antigen 4 (CTLA-4), which is upregulated upon T-cell activation and competes with 

the activating CD28 receptor for the same ligand, B7.3 After its initial activation, 

CTLA-4 engagement dampens T-cell activation, and this negative feedback loop 

serves to prevent overactivation and overproliferation of T cells.4 Consequently, 

blockade of inhibitory signals delivered by CTLA-4 enhances T-cell responses to tu-

mor cells and therefore enhance antitumor immunity. This newly developed class of 

immunotherapeutic drugs are termed immune checkpoint inhibitors (ICIs), and the 

first ICI to enter the market (2011) was an anti-CTLA-4 antibody, ipilimumab.5 Since 

then, six other ICIs have been approved by the FDA.6 The surge in ICIs entering 

the market initially preceded in-depth knowledge when it came to their mechanism 

of action. It has currently become clear that anti-CTLA-4 antibodies not only work 

through blockade of signal transduction, but also through depletion of Tregs,7–10 

which constitutively express high levels of CTLA-4.11,12 After binding of the antibody 

to the Treg, engagement of the antibody’s Fc tail by Fc receptors on natural killer 

cells or macrophages can cause elimination of the Treg through antibody-depend-

ent cellular cytotoxicity (ADCC) or phagocytosis (ADCP).13,14

Naturally, Tregs are involved in maintaining self-tolerance11 but they are conven-

iently recruited to the tumor microenvironment (TME) to establish local immune 

tolerance.15,16 While the typical percentage of Tregs in the peripheral CD4+ T-cell 

population is around 5-10%, tumors are enriched for Tregs, reaching levels of 60-

70% of the CD4+ T-cell population.17,18 Tregs can inhibit the anti-tumor immune 

response in various ways. Important mechanisms besides prevention of CD8+ T-cell 

stimulation by CTLA-4-mediated competition for the B7 ligand include sequestra-

tion of the available IL-2 within the TME by their high-affinity IL-2 receptor (CD25) 

and secretion of inhibitory cytokines such as IL-10 and transforming growth factor 

β (TGF-β).  

The use of checkpoint inhibitors in the fight against cancer has facilitated the 

treatment of previously untreatable forms and stages of cancer.19 However, se-

vere systemic immune-related side effects associated with these treatments20–22 
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can cause patients to drop out or worse. As such, there is a need for spatially 

selective Treg-depletive therapies to reduce systemic side effects. One potential 

way to achieve site-specific depletion of the immunosuppressive Tregs is through 

near-infrared photoimmunotherapy (NIR-PIT). In NIR-PIT, an antibody is conjugat-

ed to a photosensitizer (PS), usually IRDye 700-DX (IR700-DX). Upon illumination 

with NIR light, IR700-DX is activated to produce reactive oxygen species (ROS).23 

Under hypoxic conditions, an axial ligand-releasing reaction occurs that alters the 

hydrophilicity of the dye, leading to a change in physicochemical properties of the 

antibody conjugate. When this reaction occurs at the cell membrane, it is thought 

to cause physical stress within the cell membrane, increasing the influx of water 

which eventually leads to cell death. The potential of this strategy to specifically de-

plete intratumoral Tregs was demonstrated using F(ab’)2 fragments targeting CD25 

conjugated to IR700-DX.24 To prevent (peripheral) ADCC or ADCP and instead gain 

spatial control over Treg depletion, an antibody format without (functional) Fc tail is 

required for NIR-PIT. Fab fragments can be of interest due to their short half-life25–29 

and increased ability to penetrate tumor tissue.30–33

Many antibody conjugates, including antibodies used for preclinical CTLA-4 im-

aging with radionuclides or fluorophores,34–37 are generated through nonselective 

protein modification methods. However, such random labelling may interfere with 

the antigen-binding site, potentially impacting the affinity38 and in vivo pharma-

cokinetics.39,40 This effect is especially pronounced in small antibody formats such 

as Fab fragments. In contrast, site-specific labeling yields a homogeneous product 

where the site as well as the quantity of conjugated molecules can be controlled. 

Recently, our lab developed a CRISPR/HDR hybridoma engineering platform.4 

We were able to switch the antibody’s isotype or generate Fab fragments while 

introducing a Sortag and a Histag at the C-terminus. These tags allow for site-spe-

cific functionalization of these antibodies and easy purification from the superna-

tant, respectively. In chapters 3 and 4, I described the generation of immunoPET 

and multimodal tracers for multi-scale imaging purposes using this approach. In 

this chapter, I present the development of a CTLA-4-targeted theranostic agent. 

To this end, we modified an anti-CTLA-4 hybridoma to produce sortaggable Fab 

fragments. These Fab fragments were functionalized with a peptide containing 

3 diethylenetriaminepentaacetic acid anhydride (DTPA) radioligand chelators, an 

azide click handle and IR700-DX. We demonstrate that our construct preferentially 

eliminates CTLA-4-expressing cells after NIR light illumination in vitro.
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Results

Generation of a recombinant hybridoma clone secreting sortaggable 
anti-CTLA-4 Fab fragments
 
Our aim was to generate theranostic Fab fragments against mouse CTLA-4 that are 

labeled site-specifically with a radionuclide for imaging as well as a photosensitizer 

for photoimmunotherapy. To this end, we first expanded our CRISPR/HDR hybrid-

oma engineering toolbox4 to target the Syrian hamster (sh) IgG2a constant region 

c
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Figure 1. CRISPR/HDR engineering of 9H10 
hybridoma to obtain sortaggable Fab frag-
ments. 
a) Application of our CRISPR/HDR strategy to 
an anti-CTLA-4-producing Hybridoma creates 
sortaggable Fab fragments. b) The IgH locus 
that is targeted is shown, with the variable 
region (VH), constant regions 1 through 3 
(CH1-3) and hinge region. Cas9 is guided to the 
hinge region by a guide RNA (gRNA). After 
Cas9 induces the double-strand breaks (DSBs), 
homology-directed repair (HDR) using the 
provided template leads to incorporation of a 
sortag (srt), a 6xHis-tag (his), an internal riboso-
mal entry site (IRES), blasticidin-resistance 
gene (Bsr) and polyA transcription termination 
signal (pA). c) Screening of single-cell clone 
supernatant for expression of His-tag. After 
generation of single-cell clones, clone super-
natant as well as previously puri�ed Fab 
CTLA-4 in di�erent concentrations was applied 
to a nitrocellulose membrane. The membrane 
was stained for the 6xHis-tag. d) Fab 
CTLA-4-srt-his concentration in supernatant of 
clones that were con�rmed to have a 
6xHis-tagwas determined as well as target 
binding. Clone A6 was selected for production 
of Fab CTLA-4-srt-his (indicated with an aster-
isk).
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Figure 1. CRISPR/HDR engineering of 9H10 
hybridoma to obtain sortaggable Fab frag-
ments. a) Application of our CRISPR/HDR 

strategy to an anti-CTLA-4-producing Hybri-

doma creates sortaggable Fab fragments. b) 
The IgH locus that is targeted is shown, with 

the variable region (VH), constant regions 1 

through 3 (CH1-3) and hinge region. Cas9 is 

guided to the hinge region by a guide RNA 

(gRNA). After Cas9 induces the double-strand 

breaks (DSBs), homology-directed repair 

(HDR) using the provided template leads to in-

corporation of a sortag (srt), a 6xHis-tag (his), 

an internal ribosomal entry site (IRES), blastici-

din-resistance gene (Bsr) and polyA transcrip-

tion termination signal (pA). c) Screening of 

single-cell clone supernatant for expression of 

His-tag. After generation of single-cell clones, 

clone supernatant as well as previously puri-

fied Fab CTLA-4 in different concentrations 

was applied to a nitrocellulose membrane. The 

membrane was stained for the 6xHis-tag. d) Fab CTLA-4-srt-his concentration in supernatant of clones that were 

confirmed to have a 6xHis-tagwas determined as well as target binding. Clone A6 was selected for production of 

Fab CTLA-4-srt-his (indicated with an asterisk).
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of the anti-CTLA-4 hybridoma 9H10 (Fig. 1a). After confirmation of the shIgG2a 

genomic sequence (Fig. S1), a guideRNA (gRNA) was designed for targeting the 

Cas9 protein to the hinge region (Fig. 1b), where it creates a double-strand break 

(DSB). Furthermore, a template for homology-directed repair (HDR) was designed, 

containing a Sortag and 6xHistidine-tag (Histag), a stop-codon, an internal riboso-

mal entry site (IRES) for multicistronic expression, a blasticidin S deaminase (Bsr) 

gene for selection and a polyadenylation (polyA) tail to terminate transcription (Fig. 

S2). After electroporation, blasticidin selection and generation of single-cell clones 

(SCCs), SCC supernatant was analyzed for the presence of the Histag via dot blot 

(Fig. 1c). Antigen-specificity and quantity of the secreted Fab CTLA-4-Sortag-Histag 

(Fab CTLA-4-srt-his) in Histag-positive SCCs were analyzed in an enzyme-linked im-

munosorbent assay (ELISA; Fig. 1d, Fig. S3). Clone A6 was identified as the highest 

producer (8 μg/ml), and so this clone was selected for further Fab CTLA-4-srt-his 

production. The Fab fragments were isolated from culture supernatant using Ni-

NTA beads (Fig. S4).

IR700-DX is superior to Verteporfin in terms of ROS production as well as 
photostability
 
For the synthesis of our theranostic tool we considered two PSs: IR700-DX and 

Verteporfin (Fig. 2a). While IR700-DX is the most-used PS for PIT at the time of 

writing, it is extremely expensive and acid-sensitive, which requires special work-

ing conditions for example during RP-HPLC purification. Verteporfin has previously 

also been used successfully as targeted photodynamic therapy41 and is much more 

affordable. We performed a p-nitrosodimethylalanine (RNO) assay to compare the 

ROS production and photostability of these two PSs over time. Equimolar quantities 

of each PS were mixed with imidazole and RNO. In an RNO assay, imidazole acts as 

a ROS scavenger and subsequently reacts with RNO, decreasing its absorbance at 

λ440nm. While Verteporfin initially causes RNO bleaching (Fig.2a), this curve plateaus 

after 90 seconds, indicating no additional ROS were produced. In contrast, IR700-

DX not only produces more ROS at earlier time points compared to Verteporfin, 

it still generates ROS after almost five minutes of illumination. The decrease in 

RNO absorbance caused by IR700-DX (58.20%) after 300 seconds is around 3.5-

fold the decrease caused by Verteporfin (16.67%, p<0.01). Moreover, Verteporfin 

fluorescence strongly decreases upon illumination and plateaus at around 10% of 

its initial fluorescence level after 90 seconds, which corresponds to the time where 

ROS production plateaus. In contrast, IR700-DX retains its fluorescence intensity 
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throughout the experiment. In conclusion, IR700-DX produces 3.5-fold the amount 

of ROS that Verteporfin produces and has a longer lifespan. Therefore, IR700-DX 

was used as a PS in this project.

Production of Fab fragment conjugates

Synthesis of theranostic peptide IH26
To facilitate the incorporation of different modalities in a site-specific way, theranos-

tic peptide IH26 (Fig. 3a) was synthesized containing four different functionalities: 

1) an N-terminal triple-glycine motif for sortase-mediated enzymatic ligation to the 

Fab fragment, 2) an azide click-handle that can be used to incorporate additional 
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Figure 2.  Head-to-head comparison of Vertepor�n and IRDye 700-DX in terms of ROS production 
and photostability. Molecular structure of a) Vertepor�n and b) IRDye 700-DX. Each photosensitizer 
was mixed with imidazole and RNO. Wells were illuminated with a NIR light-emitting diode (13.1 
J/cm2/30sec) for a total of 5 minutes while taking a sample every 30 seconds to determine ROS produc-
tion and �uorescence of the photosensitizer. c) RNO absorbance at 440 nm was determined as a meas-
urement for ROS production. d) Fluorescence was determined as a measurement of photostability. 
Results are given in percentage of the absorbance and �uorescence with those values set at 100% for 
t=0, expressed as mean ± SD. Two-way analysis of variance with Bonferroni post-test. * p<0.05, ** 
p<0.01.

Figure 2.  Head-to-head comparison of Verteporfin and IRDye 700-DX in terms of ROS pro-
duction and photostability. Molecular structure of a) Verteporfin and b) IRDye 700-DX. Each pho-
tosensitizer was mixed with imidazole and RNO. Wells were illuminated with a NIR light-emitting 
diode (13.1 J/cm2/30sec) for a total of 5 minutes while taking a sample every 30 seconds to deter-
mine ROS production and fluorescence of the photosensitizer. c) RNO absorbance at 440 nm was 
determined as a measurement for ROS production. d) Fluorescence was determined as a meas-
urement of photostability. Results are given in percentage of the absorbance and fluorescence 
with those values set at 100% for t=0, expressed as mean ± SD. Two-way analysis of variance with 
Bonferroni post-test. * p<0.05, ** p<0.01.
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functionalities such as polyethylene glycol (PEG) to extend half-life and increase tu-

mor accumulation, 3) IR700-DX as a photostable and effective near-infrared PS with 

high optical penetration depth in tissue and good water solubility and 4) three DT-

PAs as radioligand chelators. IR700-DX was conjugated to precursor peptide IH24 

in a two-step, one-pot procedure (Fig. 3a) and IH26 was obtained as a turquoise 

fluffy powder in ~12% yield. Since the peptide was not detectable on ESI-MS or 

MALDI-TOF, regular mass analysis could not be performed. To prove that we in-

deed obtained IH26 we show that the peptide has all functionalities that we incor-

porated into the design. Specific activity after radiolabeling of the purified peptide 

with 111In ranged from 80% at 0.0074 MBq/µg Fab to 100% at 0.185 MBq/µg Fab 

(Fig. 3b), suggesting the presence of radionuclide chelators for radiolabeling. 

a

b

Figure 3. Conjugation of IRDye 700-DX to peptide IH24 to obtain IH26. Conjugation is a two-step, 
one-pot reaction. In the �rst step, 1 eq of 2-aminoethylmaleimide was reacted with IRDye 700-DX-NHS for 
6 hours at RT. After quenching the reaction, 1 eq of IH24 in PBS (pH 7.2) was added to the mixture. The mix-
ture was stirred overnight at RT and puri�ed using RP-HPLC. a) Reaction scheme. b) Radiolabeling of IH26. 
Peptide was incubated for 30 minutes at rt with increasing concentrations of 111In.  To determine the radi-
ochemical purity, every sample was analyzed using instant thin-layer chromatography.
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Figure 3. Conjugation of IRDye 700-DX to peptide IH24 to obtain IH26. Conjugation is a two-
step, one-pot reaction. In the first step, 1 eq of 2-aminoethylmaleimide was reacted with IRDye 
700-DX-NHS for 6 hours at RT. After quenching the reaction, 1 eq of IH24 in PBS (pH 7.2) was 
added to the mixture. The mixture was stirred overnight at RT and purified using RP-HPLC. a) Re-
action scheme. b) Radiolabeling of IH26. Peptide was incubated for 30 minutes at rt with increasing 
concentrations of 111In.  To determine the radiochemical purity, every sample was analyzed using 
instant thin-layer chromatography.
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Having the engineered Fab fragment with the C-terminal LAETGG sortase recog-

nition motif in hand allowed for site-specific conjugation to IH26 using the en-

zyme 3M Sortase (Fig. 4a).42 After optimization of the reaction conditions, batch 

sortagging was performed using 0.5 mg of Fab fragment and 25 eq of IH26. The 

resulting mixture was purified using a two-step method: step 1) incubation with 

Ni-NTA beads to remove (His-tagged) sortase and starting material and step 2) 

size-exclusion chromatography (SEC) to separate the conjugate from excess IH26. 

This resulted in the purified product in reasonable yield (45%), which is in line with 

our previous experiences with this type of reaction (chapter 3 and 4). To deter-

mine the presence of a functional azide handle in the product, an analytical fraction 

was reacted with 5kDa mPEG-DBCO via strain-promoted azide-alkyne cycloaddi-

tion (SPAAC), followed by fluorescent and coomassie SDS-PAGE analysis (Fig 4b). 

Figure 4. Site-specific enzymatic conjugation of IH26 to Fab CTLA-4-srt-his. Sortagging was 
performed as shown in a). Fab CTLA-4-srt-his was incubated with IH26 and Sortase for 1 hour at 
37 °C. Purification was performed by incubation with NiNTA beads and subsequent size-exclusion 
chromatography. The resulting product was analyzed on SDS-PAGE (b). c) The respective masses of 
Fab CTLA-4-srt-his (blue) and Fab CTLA-4-IH26 (green) as determined by MALDI-TOF are shown.



176

6

The sortagging reaction with IH26 resulted in conversion to a single fluorescent 

band with increased molecular weight, suggesting successful conjugation to an 

IR700-DX-containing peptide (73%). A small amount of sortase-induced hydrolysis 

was observed. Furthermore, analytical SPAAC of 5kDa mPEG-DBCO and Fab CT-

LA-4-IH26 resulted in the near-quantitative conversion to a fluorescent product of 

higher molecular weight. Moreover, MALDI-TOF analysis of the starting material 

Fab CTLA-4-srt-his and Fab CTLA-4-IH26 show a mass difference (~3 kDa) corre-

sponding roughly to removal of the Histag (840 Da) and addition of IH26 (4179 

Da) (Fig. 4c). Another, smaller peak is also present in the product spectrum, which 

may correspond to the hydrolyzed product where the Histag is removed. Together, 

these data indicate that IH26 was successfully conjugated to Fab CTLA-4 and that 

this product contains all functionalities as designed.

In vitro binding and efficacy of Fab CTLA-4-IH26
 
To our knowledge, no cell lines exist that express murine CTLA-4 (mCTLA-4). There-

fore, we transfected HEK293 cells with pcDNA encoding mCTLA-4. To establish the 

kinetics of mCTLA-4 expression, cells were harvested 24, 48 and 72 hours after trans-

fection, stained with anti-CTLA-4-PE and analyzed via flow cytometry (Fig.S4). The 

highest expression was determined using the difference in geometric mean between 

transfected and untransfected cells and was established at 48h after transfection.

Fab CTLA-4-IH26 binds CTLA-4-expressing cells in a dose-dependent manner
To determine binding and internalization of Fab CTLA-4-IH26, mCTLA-4-transfect-

ed and -untransfected HEK293 cells were incubated for 4h at 37 °C with different 

concentrations of Fab CTLA-4-IH26. Cells were washed and the IR700-DX fluores-

cence level of the cells was acquired via flow cytometry (Fig. 5a, b). Fab CTLA-4-

IH26 shows a clear dose-dependent binding and internalization in CTLA-4-express-

ing cells. Non-specific binding of HEK293 cells occurs as well, as indicated by broad 

range of fluorescent intensities in the untransfected cells.

NIR-PIT with Fab CTLA-4-IH26 results in cell killing of CTLA-4-expressing cells 
in vitro 
To assess the effect of NIR-PIT using Fab CTLA-4-IH26 in vitro, mCTLA-4-trans-

fected and -untransfected HEK293 cells were incubated for at 37 °C with different 

concentrations of Fab CTLA-4-IH26. After 4 hours, cells were washed and either 

illuminated with a NIR light-emitting diode43 (690 nm, 100 J/cm2) or left in the dark 
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to investigate dark toxicity. After incubation at 37 °C in the dark for an additional 20 

hours, cell viability was analyzed (Fig. 5c and S6). Fab CTLA-4-IH26 causes dose-de-

pendent killing of CTLA-4-expressing cells after illumination with NIR light, but not 

in the dark. A significant but smaller effect of Fab CTLA-4-IH26 concentration on 

viability was also determined for untransfected cells after illumination. At 1000 nM, 

cell viability in illuminated transfected cells was 12% while in the dark condition 

this was 92%. For untransfected cells these percentages were 58% and 101%, re-

spectively. Toxicity in untransfected cells is likely caused by non-specific uptake of 
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Figure 5. In vitro cell binding, internalization and killing abilities of Fab CTLA-4-IH26. Di�erent 
concentrations of Fab CTLA-4-IH26 were incubated with transfected or untransfected cells at 37 °C 
for 4 hours. To determine binding and internalization, cells were washed and acquired using �ow 
cytometry. Total binding and internalization is shown for a) transfected and b) untransfected cells. c) 
Killing Assay. The same approach as for the binding and internalization assay was taken in duplo, 
where only one plate was illuminated with a NIR light-emitting diode (690 nm, 100 J/cm2) and both 
plates were incubated at 37 °C for 20 hours in the dark. Viability was determined using a CellTiter-Glo 
Luminescent Cell Viability Assay. Percentages were normalized to the average luminescence value of 
wells without antibody conjugate, data are shown as mean ± SD and a connecting line. *** p < 0.001, 
** p < 0.01, n.s. = non-signi�cant, as determined by multivariate analysis of the raw data. 
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Figure 5. In vitro cell binding, internalization and killing abilities of Fab CTLA-4-IH26. Different 
concentrations of Fab CTLA-4-IH26 were incubated with transfected or untransfected cells at 37 
°C for 4 hours. To determine binding and internalization, cells were washed and acquired using 
flow cytometry. Total binding and internalization is shown for a) transfected and b) untransfected 
cells. c) Killing Assay. The same approach as for the binding and internalization assay was taken 
in duplo, where only one plate was illuminated with a NIR light-emitting diode (690 nm, 100 J/
cm2) and both plates were incubated at 37 °C for 20 hours in the dark. Viability was determined 
using a CellTiter-Glo Luminescent Cell Viability Assay. Percentages were normalized to the aver-
age luminescence value of wells without antibody conjugate, data are shown as mean ± SD and 
a connecting line. *** p < 0.001, ** p < 0.01, n.s. = non-significant, as determined by multivariate 
analysis of the raw data.
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the construct, which was shown to occur in these cells (Fig. 5b). In conclusion, Fab 

CTLA-4-IH26 causes dose-dependent cell killing after illumination with NIR light in 

transfected and to a lesser extent untransfected cells, but displays no dark toxicity. 

Discussion

Tregs naturally maintain self-tolerance but are recruited to the tumor microenviron-

ment to establish local immune tolerance. Since CTLA-4-blocking antibodies became 

available as a novel anti-cancer treatment, growing evidence indicates an additional 

mechanism of action: regulatory T cell (Treg) depletion. To reduce the systemic side 

effects associated with anti-CTLA-4 treatment, spatial selectivity of target cell deple-

tion could be key. Here, we developed a multimodal theranostic tool for non-invasive 

nuclear and fluorescence imaging of CTLA-4 and photodynamic target depletion. 

Using a Fab fragment, which is not Fc-active, allows limitation of Treg depletion to 

the TME through local application of NIR light. To obtain Fab fragments, we performed 

genomic modification of CTLA-4 hybridoma cells using CRISPR/HDR. Our group previ-

ously developed this approach for hybridoma cells of the rIgG2a4 and mIgG144 isotype. 

Here, we adapted this approach to modify the shIgG2a locus, which confirms that the 

CRISPR/HDR approach is broadly applicable to a range of species and isotypes. 

We compared the performance of the PSs Verteporfin and IR700-DX in terms 

of ROS production and photostability. We showed that IR700-DX produces higher 

amounts of ROS and has a longer lifespan than Verteporfin, making it the superior PS.

Peptide IH24 was modified in a one-pot, two-step reaction to yield tetrafunc-

tional peptide IH26. IR700-DX-NHS was reacted with 2-aminoethylmaleimide to 

yield the corresponding maleimide and subsequently conjugated to the cysteine of 

IH24. The low yield for this two-step method (12%) illustrates the disadvantage of 

having IR700-DX available only with NHS as a reactive group. Expanding the range 

of functional groups for commercially available IR700-DX would be of interest to 

the field, expanding the possibilities for (bio-orthogonal) reactions. 

Subsequently, we were challenged by the fact that we could not identify IH26 us-

ing conventional mass spectroscopic methods. Looking at its structure, it is logical 

the peptide is difficult to obtain in a single ionized form. The C-terminal part has a 

high amount of charged groups due to the presence of three DTPA molecules and 

IR700-DX adds even more charge in the form of terminal sulfoxide groups, most 

likely giving rise to a complex mixture of charged groups. Therefore, we confirmed 

its structural features by showing their function. The issues we encountered in our 
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attempts at mass spectrometry could potentially be solved by giving the peptide 

more ‘peptide character’, for example by increasing the length of the polyglycine 

motif to five glycine residues, exchanging the PEG spacer for a sequence of amino 

acids and generally making the peptide slightly larger so that the mass proportion 

of the highly charged DTPAs and IR700-DX becomes lower. 

Finally, we performed in vitro experiments with mCTLA-4-transfected and –untrans-

fected HEK293 cells. The binding and internalization assay showed dose-dependent 

association of Fab CTLA-4-IH26 with the transfected cells, as well as dose-dependent 

killing after illumination in this population. No dark toxicity was observed. Noticeably, 

the Fab concentration needed to achieve high levels of cell killing in transfected cells 

were 5 – 10 times as high as in many other in vitro PIT assays45–49 and led to killing 

in untransfected cells as well (to a lesser extent), potentially due to a certain amount 

of unspecific uptake, as indicated by the binding experiment. One solution could be 

to increase the antibody’s payload. This may reduce non-specific binding by using 

lower antibody concentrations but still achieve sufficient cell killing in vivo. Our tool-

box enables us to do that without compromising target binding. After optimization 

of the construct, in vitro testing should reveal selective killing potency of the Fab 

fragment towards CTLA-4-expressing cells by combining CTLA-4-positive and –neg-

ative cells and investigating depletion of the population positive for CTLA-4. How-

ever, increasing the payload could lead to more non-specific binding due to an in-

crease in hydrophobic and electrostatic interactions between the cell and IR700-DX. 

Importantly, it should be noted that cell killing in vivo is not only target-dependent 

but also dependent on the cell type and target expression as well as the PS’s char-

acteristics. Here, we used transfection as a model to mimic target-expressing cells 

instead of Tregs and so validation of target specificity, dose and effectivity can only 

be truly obtained in vivo. Various mouse tumor models are abundant in Tregs, such as 

MC38.50 Here, it is important to realize that cell death by PIT is immunogenic, which 

could enhance antitumor effects beyond direct NIR-PIT killing in vivo. The release 

of damage-associated molecular patterns provides immunogenic signals and it has 

been shown that this can lead to priming of new CD8+ T cells.51,52 For example, tar-

geting Tregs with F(ab’)2 against CD25 has been shown to cause an abscopal effect.24

Here, we demonstrated the feasibility of our CRISPR/HDR approach for an anti-CT-

LA-4 hybridoma, but it is a modular approach that can be applied to different targets. 

Previously, we applied our CRISPR/HDR approach to anti-PD-L1, anti-DEC205, an-

ti-CD20 and anti-CD25 hybridomas. The latter could also be used for Treg depletion. 

Alternatively, a tumor antigen-targeting Fab fragment could be used to target both 

tumor cells with a PS as well as perform imaging of the tumor and metastases through 



180

6

nuclear imaging. The PS could also aid in fluorescence-guided surgery, where the 

fluorescent label is used to visualize the tumor and thereby prevent incomplete re-

section as well as resection of functional healthy tissue.53 

In conclusion, we made the first steps towards a next-generation checkpoint in-

hibitor that can potentially be used for spatially selective NIR light-induced Treg 

depletion after non-invasive target site identification. Furthermore, the presence 

of radiochelators allows for imaging of CTLA-4 expression dynamics before, during 

and after treatment, in primary and distal tumors to track CTLA-4+ cell populations. 

Taken together, our construct can potentially aid in achieving a better understand-

ing of CTLA-4-targeted therapy but and in treatment monitoring. 

Materials and Methods

General Materials and Methods
 
Chemicals were used without further purification. For peptide purification, prepara-

tive RP-HPLC was performed on a using a Shimadzu LC-20A Prominence System 

(Shimadzu, ‘s-Hertogenbosch, The Netherlands) equipped with Gemini NX-C18 

column, 150 x 10 mm, particle size 5 μm (Phenomenex, Utrecht, The Netherlands). 

Fluorescence analysis was carried out using the Typhoon Trio Variable Mode Imager 

System from GE Healthcare (Eindhoven, The Netherlands). SDS-PAGE coomassie 

analysis was performed using a Bio-rad ChemiDoc XRS+ system. For size-exclu-

sion chromatography (SEC), a Bio-rad NGC Quest Plus System with 4-wave UV-

Vis detector and a 10 ml/min pump (Bio-rad, Veenendaal, The Netherlands) was 

used, equipped with a Superdex 75 Increase 10/300 GL Size-exclusion column 

(GE Healthcare, Eindhoven, The Netherlands). Fab concentration was determined 

using the NanoDrop 2000c (Thermo Fisher Scientific). FACS measurements were 

performed on FACSVerse and FACSLyric (both BD Biosciences), and analysis was 

performed using FlowJo software (version 10.0.7).

Cell culture
 
9H10 hybridoma cells were cultured in RPMI-1640 (Gibco, 11875-093, Thermo 

Fisher Scientific) supplemented with 10% heat-inactivated fetal calf serum (FCS), 

2mM L-Glutamine (BE16-605E/U1, Lonza) and 1x antibiotic-antimycotic (15240-

062, Thermo Fisher Scientific) and 50 μM Gibco 2-mercaptoethanol (2-ME) (21985-
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023, Thermo Fisher Scientific). For in vitro assays, HEK293 cells were used. HEK 

cells were cultured in high-glucose (4.5 g/L) DMEM supplemented with 10% 

heat-inactivated FCS, 1 mM sodium pyruvate and 1x antibiotic-antimycotic (15240-

062, Thermo Fisher Scientific). (Semi-)adherent cells were collected from their flask 

by washing with phosphate-buffered saline (PBS) (Fresenius Kabi) and incubation 

with 0.025% trypsin and 0.01% ethylenediaminetetraacetic acid (EDTA) in PBS (TE) 

(Thermo Fisher, R001100) for 5 min. at 37°C.

Genetic modification of 9H10 hybridoma cells through CRISPR/Cas9
 
Cloning of CRISPR/Cas9 and HDR donor constructs
The genomic sequence of the Syrian Hamster (SH) IgG2a heavy chain locus was iden-

tified via the NCBI gene database (https://www.ncbi.nlm.nih.gov/gene/106020983) 

and used for the design of the HDR donor templates. First, the sequence was ver-

ified in the 9H10 hybridoma via a polymerase chain reaction (PCR). To this end, 

a minimum of 1.0 x 106 cells were collected and DNA was extracted using the 

ISOLATE II Genomic DNA Kit from Bioline (BIO-52067). The resulting DNA pellet 

was resuspended in ultrapurified water and used for PCR analysis. For confirmation 

of the SH IgG2a sequence, four primer pairs were used (Fig. S1d), each pair span-

ning different parts of the genomic sequence. PCR products were visualized on a 

1% (w/v) agarose gel containing Nancy-520 dye stain. PCR products were purified 

using the QIAquick PCR purification kit (Qiagen, 28104) and sequenced at the in-

house Sanger sequencing facility. After confirmation of the genomic sequence of 

the 9H10 hybridoma, a guideRNA (gRNA; ACAAGGCCTAGTGACTTACC) targeting 

the hinge region was designed using TEFOR’s CRISPOR tool (http://crispor.tefor.

net/) and ordered as single-strand oligonucleotides from Thermo Fisher with BbsI 

restriction enzyme overhangs for cloning purposes. Oligos were phosphorylated 

using T4 polynucleotide kinase (T4 PNK) enzyme (New England Biolabs, M0201L, 

10045209) and incubating at 37 °C for 30 minutes. Then, they were annealed by 

incubation at 95 °C for 5 minutes and subsequently they were gradually cooled (5 

°C/min) down to 25 °C in a thermocycler. The annealed oligos were cloned into 

Cas9 plasmid PX330-SpCas9-NG (Addgene plasmid: 117919). HDR donor tem-

plates were designed with 500bp homologous arms (HAs) up- and downstream 

of the gRNA target site. The insert between the HAs contains a modified hinge 

sequence where two cysteines necessary for HC-HC interaction were deleted, but 

the cysteine necessary for HC-LC interaction was preserved. The final insert also 

contains a Sortag, Histag, stop codon and an internal ribosomal entry site (IRES), 
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Blasticidin S deaminase (Bsr) gene and a bGH polyA signal sequence, as well as a 

glycine-serine linker containing a BamHI restriction site and a stuffer with a terminal 

BsmBI restriction site. First, the gene block containing the sequences of the ho-

mologous arms, insert and multiple cloning sites was obtained via Integrated DNA 

Technologies (IDT) and cloned into a pCR2.1 TOPO TA vector (Thermo Fisher Sci-

entific, K-450001) following the manufacturer’s protocol. The resulting vector was 

expanded in competent bacteria and midiprepped (Macherey-Nagel, 740420.50) 

and validated at the in-house Sanger sequencing facility. In a subsequent step, 

the sequence encoding the IRES, Bsr gene and PolyA tail were cloned into the re-

sulting vector, giving rise to the final HDR template with final insert. Template was 

expanded via transformation of bacteria and subsequent miniprep and sequenced 

to confirm the desired sequence. 

Hybridoma nucleofection with donor constructs
Before nucleofection, cells were resuspended in prewarmed PBS/2% FCS, counted 

and assessed for viability (>90%). 1x 106 cells per condition were transferred to an 

eppendorf tube, PBS was removed through centrifugation (90g, 5 min) and cells 

were resuspended in SF medium with 1 μg of each donor plasmid or 2 μg of GFP 

plasmid (control). Cells were immediately transferred to cuvettes for nucleofection 

and electroporated with the 4D-Nucleofector Core Unit from Lonza (AAF-1002B; 

Program CQ-104, SF). Subsequently, SF medium with electroporated cells was add-

ed to a 10 ml culture dish containing complete RPMI 1640 medium. After 48 hours, 

cells were transferred to T75 flasks and antibiotic pressure was applied (10 μg/ml). 

After 7 days, resistant cells had expanded and bulk was frozen. 

Generation of single-cell clones and clone selection
Bulk was thawed and after one week, antibiotic pressure was reapplied. In order to obtain 

single-cell clones, cells were seeded in complete medium at a density of 3 cells/ml and 

100 μl/well in a 96-well U-bottom plate. After two weeks, supernatant was collected from 

wells containing single-cell clones for screening on Western Bot, while staining for Histag 

and for SH Light Chain (shLC). The highest producing clone was selected by eye. Since 

Fab fragment production in this clone was extremely low (<600 ug/week), new SCCs 

were generated and then selected using a different approach. The presence of Histag 

was verified via dot blot. To this end, 3 μl of undiluted supernatant was pipetted onto 

a nitrocellulose membrane. As a positive control, 5 samples of 3 μl each containing 0.5, 

0.25, 0.125, 0.0625 and 0.0313 mg/ml Fab CTLA-4-srt-his from the previously selected, 

low-producing clone were spotted. All samples were air-dried for 1 hour at RT. Then, 
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membrane was washed with PBS and blocked for 1 h at RT with 3% BSA in PBS/0.02% 

Tween. The membrane was stained using an anti-Histag antibody (Rb origin, Abcam, 

EPR20547) for 2 hours at RT. Subsequently, staining with a secondary antibody was per-

formed (Goat anti-Rb-IRDye800CW, LI-COR). For clones positive for a Histag signal, an 

ELISA was carried out to prove target binding and to quantify Fab CTLA-4 production 

for each clone. To this end, wells of an ELISA plate were coated with recombinant mouse 

CTLA-4 protein (Abcam, ab2219679) by adding 2 μg/ml in PBS, 50 μl/well and incubating 

at 4 °C overnight. Subsequently the plate was washed and blocked for 1 hour at RT in 

blocking buffer (1% BSA in PBS). Clone supernatant was diluted 20x and added to the 

wells. As a positive control and for quantification, a dilution series of purified Fab CTLA-

4-srt-his was included in the experiment (Fig. S3). Wells were incubated with anti-Ham-

ster-biotin antibody (Pierce, 31750), washed and subsequently incubated with streptavi-

din-HRP (Invitrogen, SA10001). Finally, 100 μl TMB substrate (0.2 ml TMB (6 mg/ml) in 

DMSO, 1.2 ml 1.1 M sodium acetate buffer (pH 5.5),  10.8 ml H2O, 2.4 μl 30% H2O2) was 

added to each well. After incubation for 10 minutes at RT in the dark, 100 μl H2SO4 was 

added to terminate the reaction. ELISA plate was acquired at 450 nm (signal) and 560 nm 

(background) on an iMark plate reader (BioRad).

Fab fragment production and isolation
 
Hybridoma cells were expanded in T175 flasks. For production, 30 million cells were 

cultured in a CELLine Disposable Bioreactor (Corning, 353137) containing RPMI 1640 

supplemented with 2mM L-Glutamine, 1x AA and 50 μM 2-ME. The cell compartment 

contained 15 ml medium supplemented with 10% FCS, the medium compartment 

with 1% FCS. Every 7 days, medium was harvested from the cell compartment. Cell 

compartment was washed with PBS and this was combined with the medium fraction. 

The resulting supernatant was separated from the cells by centrifugation (5 min, 1500 

rpm), filtered through a 20 µm filter (Whatman) and stored at -20°C until the moment of 

purification. Cell pellet was resuspended in 30 ml medium and live cells were separated 

from dead cells by using Ficoll density centrifugation (Lymphoprep; Axis-Shield PoC 

AS, Oslo, Norway). Subsequently, 30 million live cells were reseeded into the CELLine 

bioreactor. Multiple cycles of harvesting (three) were performed.

For purification of the Fab fragment, the supernatant was thawed, harvests were 

pooled and incubated for 20 minutes at room temperature (rt) with 3 mL Ni-NTA beads 

(Qiagen, 30210). Subsequently, the suspension was divided over two Econo-Pac Chro-

matography Columns (Bio-Rad, 7321010). The columns were washed with 10 column 

volumes (CV) of wash buffer (50 mM NaH2PO4.H2O, 300 mM NaCl, 20 mM imidazole, 
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0.05% Tween 20, pH 8.0). Subsequently, each column was washed with 100 CV of 0.1% 

Triton X-114 (Merck, 9036-19-5) in sterile PBS at 4 °C, followed by 20 CV sterile PBS. 

Each column was then washed with another 10 CV of wash buffer. Subsequently, each 

column was washed with another 100 CV of Triton X-114 and 20 CV of PBS, twice. 

Finally, the Fab fragment was eluted with elution buffer (50 mM NaH2PO4.H2O, 300 

mM NaCl, 250 mM imidazole, 0.05% Tween 20, pH 8.0). The resulting elution fractions 

were concentrated with Amicon Ultra-15 Centrifugal 10kDa MWCO filter units (Merck, 

Z717185). Buffer exchange was performed using sortase buffer (50mM Tris, 150mM 

NaCl, pH 7.5). Fab fragment concentration was determined using the NanoDrop 2000c 

(Thermo Fisher Scientific) using the protein program and dividing by 1.35 for a Fab 

fragment. Protein purity was assessed under reducing conditions using SDS-PAGE gel 

electrophoresis (12% acrylamide) and Sypro Ruby Protein Gel stain (S12000, Thermo 

Fisher Scientific). Yield per harvest was 1.3 mg.

RNO assay
 
To compare efficacy of two different dyes, Reactive Oxygen Species (ROS) production 

upon illumination with NIR light was determined in an RNO assay as described previ-

ously by Pena Luengas et al.54 First, Verteporfin (Sigma-Aldrich, SML0534) and IRDye 

700-DX (LI-COR, 929-70010) were each dissolved in phosphate buffer (pH 7.2) at a 

concentration of 0.7 μM. Subsequently, a 50 μM solution of p-nitrosodimethylalanine 

(RNO) in phosphate buffer was made with and without 8mM imidazole. Photosensitizer 

and RNO solutions were added in a 2:1 ratio in quadruplo. The 24-well plate was illu-

minated with a NIR light-emitting diode43 (690 nm, 13.1 J/cm2/30 sec) for a total of 5 

minutes. Every 30 seconds (13.1 J/cm2), a sample of 90 μl was taken from each well and 

RNO absorbance (440 nm) was measured in a cuvette (Tecan Infinite 200 Pro) and fluo-

rescence was measured in a 96-well black flat-bottom plate with clear bottom (Corning, 

CLS3603-48EA). For Verteporfin, λex = 690 nm and λem = 428 nm. For IR700-DX, , λex = 

700 nm and λem = 650 nm. ROS production was determined as follows: (PS with imida-

zole t=0 – PS with imidazole t=x) – (PS without imidazole t=0 – PS without imidazole t=x)
55. 

Statistical analysis comparing the two dyes was performed using a two-way ANOVA 

Bonferroni test. These analyses were done using GraphPad Prism 5 software.

Conjugation of IR700-DX to IH24 to yield IH26
 
Peptide IH24 was obtained from Peptide Specialty Laboratories GmbH (Heidel-

berg). IR700-DX was obtained as an N-hydroxysuccinimide (NHS) ester (LI-COR, 
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929-70010). IR700-DX was conjugated to the free cysteine of IH24 in a two-step, 

one-pot reaction. In the first step, IR700-DX (5 mg, 2.56 μmol) was dissolved in PBS 

(10 mg/ml, pH 7.2). To this solution, 2-aminoethylmaleimide (1 eq, 0.65 mg) was 

added, and the mixture was stirred on the rollerbank at RT for 6 hours. The reaction 

was quenched by adding an excess of glycerine. IH24 (2.56 μmol, 5.93 mg) was 

dissolved in PBS (10 mg/ml, pH 7.2). pH was checked after dissolving IH24 using 

pH paper and adjusted to pH 7 using 1 M NaOH. Subsequently, IH24 in PBS was 

added to the reaction mixture from the first step and the reaction was agitated on 

the rollerbank overnight at RT). The resulting IH26 peptide was purified on RP-

HPLC using a gradient of methanol in aqueous triethylamine acetic acid buffer pH 

7 (25% - 60%, 25 min, flow rate 3.0 ml/min, rt 23.13). Peptide was monitored at 215 

and at 350nm. After lyophilisation, IH26 was obtained as a turquoise powder (1.28 

mg, yield 12%). For identification of IH26 on MALDI-TOF, a wide range of concen-

trations, matrices and spotting methods were attempted, as well as positive and 

negative mass mode, but unfortunately no mass was detected.

Radiolabeling
 
IH26 was incubated with Indium-111 (111In, Mallinckrodt BV) in 0.5M MES buffer (pH 

5.5) at room temperature under metal-free conditions as described previously.56 

After 30 minutes, free 111In was chelated by adding 50mM EDTA to a final concen-

tration of 5 mM. Radiochemical purity (RCP) was determined using thin-layer chro-

matography on silica gel chromatography strips (Agilent Technologies, SGI0001), 

using 0.1 M sodium citrate buffer (Sigma-Aldrich, pH 6.0) as mobile phase. The 

strips were developed in a Fujifilm BAS cassette for 30-60 seconds and then ana-

lyzed using the phosphor imager (Typhoon FLA 7000, GE Healthcare Life Sciences). 

Site-specific enzymatic modification  

Optimal reaction conditions for the sortase-mediated site-specific conjugation of 

these peptides to the C-terminus of the Fab fragment were assessed via a test re-

action on a small scale. Test reactions were carried out using 6 μg of Fab fragment 

per reaction at a concentration of 16 µM  in 10% DMSO in double strength sortase 

buffer (100mM Tris, 300mM NaCl, 10mM CaCl2, pH 7.5). To each Fab fragment, 1 

equivalent of Sortase 2A9 (produced in bacteria using Addgene plasmid #75145) 

was added, and 0, 10, 25 or 50 equivalents of the peptide. Reactions were incu-

bated for 1 hour at 37 °C, and subsequently stopped by adding EDTA (to a final 
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concentration of 10mM) and keeping the reaction on ice. To assess functionality 

of the azide click handle, half of the reaction mixture (3 µg) was reacted with 5kDa 

mPEG-DBCO (10 eq) for 90 minutes at 37 °C. Assessment of the reaction product(s) 

was performed via SDS-PAGE (20 minutes at 60V, 2h at 105 V) and subsequent 

staining with Coomassie Brilliant Blue G-250 (Thermo Fisher, 20279). 

Large-scale batch sortagging of Fab CTLA-4-srt-his and IH26 was carried out using 

0.5 mg of Fab fragment and 25 equivalents of IH26. After termination of the reaction 

with EDTA (final concentration of 10mM), the reaction mixture was incubated with 

Ni-NTA beads for 20 minutes at rt, in order to remove unreacted Fab fragment and 

Sortase. Beads were separated from the reaction mixture using empty spin columns 

(Jena Bioscience, AC-552-25), and washed twice with wash buffer (50 mM NaH2PO4.

H2O, 300 mM NaCl, 20 mM imidazole, 0.05% Tween 20, pH 8.0) and twice with PBS. 

Reaction mixture and wash fractions were combined and purified using size-exclusion 

chromatography (SEC), with PBS and 1mM EDTA as buffer (10 ml/min). Fractions con-

taining the product were combined and concentrated using Amicon Ultra-4 Centrifu-

gal 10kDa MWCO filter units (Merck, Z717185). Buffer exchange was performed us-

ing PBS. Fab fragment concentration was measured on NanoDrop, using the UV-vis 

program and measuring at 280 nm and 689 nm. Protein concentration was calculated 

using Lambert-Beer’s law (ε=70,000), and using a CF280 of 0.1 for IR700-DX. Protein 

purity was assessed under reducing conditions using SDS-PAGE gel electrophore-

sis (12% acrylamide), comparing starting material, product and product clicked with 

5kDa mPEG-DBCO to verify accessibility of click handle.

In vitro assays
 
Transfection of HEK293 cells with mCTLA-4
In order to obtain a cell line expressing murine CTLA-4 for our in vitro assays, 

HEK293 cells were transfected with pcDNA encoding mCTLA-4 (Genscript, clone ID 

OMu18313). Upon receiving the plasmid from Genscript, bacteria were transformed 

and the plasmid was purified via miniprep using Macherey-Nagel (740588.50). For 

transfection, HEK293 cells were cultured to ~80% confluency and subsequently 

seeded in a 6-well plate. After 24 hours, cells were at ~70% confluency and cells 

were transfected with pcDNA and Lipofectamine 3000 Transfection Reagent (Invit-

rogen, L300015) following the manufacturer’s protocol. 

Flow cytometry
In an initial experiment, the expression of CTLA-4 was followed over time using 
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flow cytometry. To this end, untransfected and transfected cells were collected 24, 

48 and 72 hours after transfection. Cells were seeded at 50,000 cells/well in a 96-

well V-bottom plate. Cells were washed twice with ice cold PBS and incubated with 

Zombie Violet Fixable Viability Dye in PBS (Biolegend, 423114) for 10 minutes at 

4 °C. Cells were washed with PBA (5% FBS/PBS) and incubated with anti-CTLA-4-

PE (UC10-4F10-11, BD Biosciences, 553720) in PBA for 20 minutes at 4 °C. Cells 

were washed twice with ice cold PBA and cells were acquired using flow cytometry 

(FACSVerse, BD Biosciences). Data were analyzed in Flow Jo (version 10.0.7).

Binding and internalization
Cells were transfected as described here and harvested after 48 hours. Transfected 

and untransfected cells were seeded at 22,500 cells/well in a 96-well U-bottom 

plate. Cells were centrifuged for 2 minutes at 500g and medium was discarded via 

flicking. Fab CTLA-4-IH26 in HEK culture medium (50 μl/well) was added in triplo 

to transfected and untransfected cells in the following concentrations: 1000 nM, 

200 nM, 40 nM, 8 nM, 1.6 nM and 0 nM. Cells were incubated at 37 °C for 4 hours 

and transferred to a 96-well V-bottom plate. Cells were washed twice with ice-cold 

PBA and acquired using flow cytometry (FACSVerse, BD Biosciences). Data were 

analyzed in FlowJo (version 10.0.7), n = 2.

Killing assay
Cells were transfected as described here and harvested after 48 hours. Transfected 

and untransfected cells were seeded at 45,000 cells/well in two 96-well U-bottom 

plates. Cells were centrifuged for 2 minutes at 500g and medium was discarded via 

flicking. Fab CTLA-4-IH26 in HEK culture medium (50 μl/well) was added in triplo 

to transfected and untransfected cells in each plate in the following concentrations: 

1 μM, 0.2 μM, 0.04 μM, 0.008 μM, 0.0016 μM and 0 μM. Cells were incubated at 

37 °C. After 4 hours, cells were washed with medium and transferred to two 96-

well flat-bottom plates with 100 μl medium/well. Then, one plate was illuminated 

with a NIR light-emitting diode43 (690 nm, 100 J/cm2) and both plates were incu-

bated at 37 °C for 20 hours in the dark. To determine the viability, a CellTiter-Glo 

Luminescent Cell Viability Assay (Promega, G7570) was performed following the 

manufacturer’s protocol. Plates were acquired on a Tecan Infinite 200 Pro plate 

reader. Statistical analysis was performed in R on raw luminescence data (individ-

ual measurements) using a simplified quadratic multiple regression analysis mod-

el where luminescence ~ (LogConcentration)2. Call: lm(formula = Luminescence 

~I(logConc^2) * condition, data =d) with d$logConc <- log10(d$Concentration + 
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0.5).  Then, luminescence data were normalized to the condition without Fab con-

jugate to yield a viability percentage. These results were plotted as mean ± SD and 

a connecting line in GraphPad Prism (version 8). 
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P1: CTCCAAATATCTGAGCCCACCCA
P2: ATCTATCCCAGAGGATCACTCCT
P3: CCAGGGGAGAAGGAGTTCAC
P4: TTGGGTGGACCATCCGTCTT
P5: GGCTGTGTCTCAGCTGTCT
P6: CAGGGTCCCAGGGCAAGTA

Figure S1. Syrian Hamster genomic region encoding IgG2a constant domains and veri�cation in 
9H10 Hybridoma. a) Annotated base pair sequence of Syrian Hamster IgG2a constant domains and 
Hinge region. The exons of CH1, Hinge, CH2 and CH3 are indicated (grey highlight). The targeted proto-
spacer adjacent motif (PAM) for the gRNA targeting the Hinge region is indicated (red, underlined). b) 
Schematic view of CH1, Hinge, CH2 and CH3. P1-6 indicate where primers 1-6, used for the veri�cation 
of the genomic sequence, align. c) 1% agarose gel shows PCR products of expected sizes generated 
with primers 1-6 (location indicated in b) and genomic DNA from the 9H10 hybridoma. M = marker. d) 
Sequence of primers 1-6. 

Figure S1. Syrian Hamster genomic region encoding IgG2a constant domains and verification in 9H10 
Hybridoma. a) Annotated base pair sequence of Syrian Hamster IgG2a constant domains and Hinge region. 
The exons of CH1, Hinge, CH2 and CH3 are indicated (grey highlight). The targeted protospacer adjacent 
motif (PAM) for the gRNA targeting the Hinge region is indicated (red, underlined). b) Schematic view of 
CH1, Hinge, CH2 and CH3. P1-6 indicate where primers 1-6, used for the verification of the genomic se-
quence, align. c) 1% agarose gel shows PCR products of expected sizes generated with primers 1-6 (location 
indicated in b) and genomic DNA from the 9H10 hybridoma. M = marker. d) Sequence of primers 1-6.
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Figure S2. Fab donor construct for HDR. Functionalities of each part of the sequence are indicated.

Feature Sequence

5’ 
Homologous

arm

Sortag,
6xHis-tag,

Stop-codon

IRES

Bsr

3’ 
Homologous

arm

SV40
PolyA

Termination

CTTGCTGAGACAGGGGGACACCATCACCATCACCATTGA 

TATATATAACTAGTCCACAACAACAGCCCCATCTGTCTATCCGCTGGCTCCTGGAGGA
CCCCTGACTCCACCACGGTGACCCTGGGATGCCTGGTCAAGGGCTATTTCCCTAGC
CAGTGACCGTGAGCTGGAACTCTGGAGCCCTGACCAGCGGCGTGCACACCTTCCC
ATCGGTCCTGCATTCTGGGCTCTACTCCCTCAGCAGCTCAGTGACTGTACCTTCCAG
CACCTGGCCCAGCCAGACCGTCACCTGCAATGTAGCCCACCCGGCCAGCAGCACC
AAGGTGGACAAGAAAATCGGTGAGAGGACAGCCAGGGGAGAAGGAGTTCACTAGA
GGTGGGGCTTGAGGCGTTTGCCTACCTAGACCAACCAGGCTGGGCTGCCATCGCCA
GGAGGGGACCTCAGCCCAGGACAGTGGGAGATCCTGTCTCTGCCTCTCTCCCAGA
GGCCTCTGCCTATGACCATCCAACCCAAGGAGTGATCCTCTGGGATAGATAGATATCC
CTGTCCTTGGGGTCTCAACCCACCAAGGGTCATTTCCTGGCCTAACCTCATGACAGA
GACAAACTCTCCCCTCTCCAGCTTGGTGCCTTCTCTCCTCCAAACCCCAGTAACATCC

CACTAGGCCTTGTGCTCCAGGCCCAGGAGGATGACAAGTACCCTGAGCGTCCCTAT
ACTGGAGAGTGACCCAGGTATTGATCCATTTCCGTCTCTTATCAGCTCCTGACCTCTT
GGGTGGACCATCCGTCTTCATCTTCCCCCCAAATCCCAAGGATGTGCTCACGATCTC
CCTGACCCCCAAGGTCACGTGCGTGGTGGTGGACGTGAGCGAGGATGAACCAGAC
GTCCAGTTCAACTGGTTTGTAAACAATGTAGAAGTGAAGACAGCTGAGACACAGCCC
CGGCAGCAGCAGTTCAACAGCACCTACCGCGTGGTCAGCTCCCTCCCCATCCAGCA
CCAGGACTGGCTGAGCAGCAAGGAGTTCAAATGCAAGGTCAACAACAAAGCCCTC
CCGAGCCCCATTGAGAAAACCATCTCCAAACCCAGAGGTGAGTTACGCATAGTTAAT
GGGGCAGGTGTGTGAGATACACAGAGAACAGGGCCTGAGATACACACAGAACAGC
TTTCCACTTAACGACCTCCATGCCTACTTCTAACCCCACAGGGCAAGCCCGAATACCA
CAGGTATATACCCTTCCCCGCCTACGGAACGCGGCCGCTATATATATA

CTGTGCCTTCTAGTTGCCAGCCATCTGTTGTTTGCCCCTCCCCCGTGCCTTCCTTGAC
CCTGGAAGGTGCCACTCCCACTGTCCTTTCCTAATAAAATGAGGAAATTGCATCGCAT
TGTCTGAGTAGGTGTCATTCTATTCTGGGGGGTGGGGTGGGGCAGGACAGCAAGGG
GGAGGATTGGGAAGACAATAGCAGGCATGCTGGGGATGCGGTGGGCTCTATGGAG
ATCTTTAATTAA

ATGGCCAAGCCTTTGTCTCAAGAAGAATCCACCCTCATTGAAAGAGCAACGGCTACA
ATCAACAGCATCCCCATCTCTGAAGACTACAGCGTCGCCAGCGCAGCTCTCTCTAGC
GACGGCCGCATCTTCACTGGTGTCAATGTATATCATTTTACTGGGGGACCTTGTGCAG
AACTCGTGGTGCTGGGCACTGCTGCTGCTGCGGCAGCTGGCAACCTGACTTGTATC
GTCGCGATCGGAAATGAGAACAGGGGCATCTTGAGCCCCTGCGGACGGTGCCGAC
AGGTGCTTCTCGATCTGCATCCTGGGATCAAAGCCATAGTGAAGGACAGTGATGGAC
AGCCGACGGCAGTTGGGATTCGTGAATTGCTGCCCTCTGGTTATGTGTGGGA 
GGGCTAA GAGCTCGCTAGC

CAATTGCATATGACCGGTGAGCTCTCCCTCCCCCCCCCCTAACGTTACTGGCCGAAG
CCGCTTGGAATAAGGCCGGTGTGCGTTTGTCTATATGTTATTTTCCACCATATTGCCGT
CTTTTGGCAATGTGAGGGCCCGGAAACCTGGCCCTGTCTTCTTGACGAGCATTCCTA
GGGGTCTTTCCCCTCTCGCCAAAGGAATGCAAGGTCTGTTGAATGTCGTGAAGGAA
GCAGTTCCTCTGGAAGCTTCTTGAAGACAAACAACGTCTGTAGCGACCCTTTGCAGG
CAGCGGAACCCCCCACCTGGCGACAGGTGCCTCTGCGGCCAAAAGCCACGTGTAT
AAGATACACCTGCAAAGGCGGCACAACCCCAGTGCCACGTTGTGAGTTGGATAGTT
GTGGAAAGAGTCAAATGGCTCTCCTCAAGCGTATTCAACAAGGGGCTGAAGGATGC
CCAGAAGGTACCCCATTGTATGGGATCTGATCTGGGGCCTCGGTGCACATGCTTTAC
ATGTGTTTAGTCGAGGTTAAAAAACGTCTAGGCCCCCCGAACCACGGGGACGTGGTT
TTCCTTTGAAAAACACGATGAT AATCTAGAGTCGACGTTAAC

Figure S2. Fab donor construct for HDR. Functionalities of each part of the sequence are indi-
cated.
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Figure S3. Controls for ELISA. a) Negative control samples. b) Dilution series of previously puri�ed
Fab CTLA-4-srt-his to enable determination of antibody concentration in new clone supernatant. 
Absorbance was measured at 450 nm. 
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Figure S4. Histag puri�cation of Fab CTLA-4-srt-his. A�nity puri�cation was performed using 
Ni-NTA beads. Several wash steps were carried out in order to wash away any FBS and endotoxins. 
After elution, sample was concentrated and bu�er exchange was performed using centrifugal spin 
�lters. All steps of the puri�cation process as well as the �nal product were analyzed on SDS-PAGE. 
Gel was stained using Sypro Ruby Protein stain. 

Figure S3. Controls for ELISA. a) Negative control samples. b) Dilution series of previously puri-
fied Fab CTLA-4-srt-his to enable determination of antibody concentration in new clone superna-
tant. Absorbance was measured at 450 nm.

Figure S4. Histag purification of Fab CTLA-4-srt-his. Affinity purification was performed using 
Ni-NTA beads. Several wash steps were carried out in order to wash away any FBS and endotoxins. 
After elution, sample was concentrated and buffer exchange was performed using centrifugal spin 
filters. All steps of the purification process as well as the final product were analyzed on SDS-PAGE. 
Gel was stained using Sypro Ruby Protein stain.
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Gating strategy
a

b

Figure S5. CTLA-4 expression on HEK293 cells after transfection. HEK cells were transfected with 
pcDNA encoding CTLA-4 and expression was followed over time. a) Gating strategy for selection of live 
cells after staining with Zombie Violet dye. b) CTLA-4 expression is shown after 24h, 48 and 72 hours, 
staining was performed using anti-CTLA-4-PE.
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Figure S5. CTLA-4 expression on HEK293 cells after transfection. HEK cells were transfected 
with pcDNA encoding CTLA-4 and expression was followed over time. a) Gating strategy for selec-
tion of live cells after staining with Zombie Violet dye. b) CTLA-4 expression is shown after 24h, 48 
and 72 hours, staining was performed using anti-CTLA-4-PE.
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a

b

Figure S6. Statistical analysis of killing assay results in R. Killing assay was performed as 
described in �gure 5. a) Individual luminescence measurements are plotted and analyzed in R 
using a simple quadratic multiple regression model where Luminescence ~ (Log Concentration)2. 
b) Numerical values of analysis are shown. Untransfected - dark was used as baseline condition. 
The analysis shows that a signi�cant e�ect (p<0.05) of concentration of Fab CTLA-4-IH26 on lumi-
nescence was found for both transfected and untransfected cells that were illuminated. The e�ect 
was larger for transfected than for untransfected cells (Estimate). For non-illuminated transfected 
cells, no concentration-dependent e�ect on luminescence was observed. Akaike Information 
Criterion = 1762.14. U = untransfected cells, T = transfected cells, D = dark, L = light.

Figure S6. Statistical analysis of killing assay results in R. Killing assay was performed as de-
scribed in figure 5. a) Individual luminescence measurements are plotted and analyzed in R using 
a simple quadratic multiple regression model where Luminescence ~ (Log Concentration)2. b) 
Numerical values of analysis are shown. Untransfected - dark was used as baseline condition. The 
analysis shows that a significant effect (p<0.05) of concentration of Fab CTLA-4-IH26 on lumines-
cence was found for both transfected and untransfected cells that were illuminated. The effect was 
larger for transfected than for untransfected cells (Estimate). For non-illuminated transfected cells, 
no concentration-dependent effect on luminescence was observed. Akaike Information Criterion = 
1762.14. U = untransfected cells, T = transfected cells, D = dark, L = light.
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Summary and general discussion

Summary

Antibodies play an important role in cancer immunotherapy, be it as a molecular 

imaging tool, to modulate immunogenic signaling or as a targeted therapy. For 

example, antibodies can be used to block inhibitory signaling molecules (immune 

checkpoints) such as PD-L1 or CTLA-4 that cause immune cells to become unrespon-

sive towards the tumor. These so-called immune checkpoint inhibitors (ICIs) have 

revolutionized the field of cancer immunotherapy. However, there is a clear need for 

a better understanding of the biomarkers associated with therapeutic outcome and 

their dynamics of response in order to improve patient stratification. Moreover, there 

is a need to eliminate severe immune-related side effects. In this thesis, I combined 

CRISPR/HDR genome editing with (bio)chemistry to perform site-specific enzymatic 

modification of antibodies and antibody fragments. Antibody fragments are of inter-

est due to their short half-life and allegedly improved tissue penetration. Using this 

multidisciplinary approach, I generated molecular imaging tools for PD-L1 and CD8 

as well as a Fab fragment for light-induced intratumoral Treg depletion. 

In chapter 1, I gave a general introduction into oncoimmunology and immu-

notherapy, describing how tumors evade immunosurveillance and the role of 

different immune cells in local immune tolerance and tumor cell eradication. I 

also introduced ICIs and described their biomarkers and dynamics of response. 

Furthermore, I explained how my worked aims to address the issues of patient 

stratification and side effects in the context of immune checkpoint inhibitors. My 

goal was to develop antibody-based tools via site-specific functionalization for 1) 

non-invasive imaging of intratumoral biomarkers that aid in patient stratification 

and early response monitoring and 2) local immunomodulation. Finally, I provided 

an outline of the thesis. 

In chapter 2, I introduced antibody-based imaging tools in the context of onco-

immunology. I described the different imaging modalities and antibody formats, as 

well as methods to conjugate the two together. Finally, I described currently existing 

preclinical and clinical applications of antibody-based imaging in oncoimmunology. 

Our lab previously developed an approach for site-specific modification of anti-

bodies by applying the CRISPR/HDR technology to hybridoma cells. We generated 

chimeric antibodies with switched mouse Fc isotypes and Fab fragments, while at 

the same time introducing a Sortag at the C-terminus of the heavy chain, allowing 
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for site-specific enzymatic functionalization of these antibody formats. Subsequent-

ly, these antibodies can be functionalized site-specifically with the aim to monitor 

biomarkers of response via imaging. 

In chapter 3, I used the previously engineered mouse IgG1 (mIgG1) antibody 

and a Fab fragment against PD-L1 to demonstrate the feasibility of our platform for 

the generation of multimodal, multiscale imaging tools that contain a radionuclide 

chelator for whole-body imaging and a fluorophore for analysis at tissue-level. To 

this end, we functionalized the C-termini with a peptide containing both the radi-

onuclide chelator DTPA and near-infrared dye sulfo-Cy5. Inclusion of an azide into 

the peptide allowed for further modification of the functionalized Fab fragment with 

a 20kDa PEG chain to increase the half-life in vivo. Using a syngeneic mouse cancer 

model, we demonstrated that our tools allow for whole-body as well as tissue-level 

imaging by performing both SPECT/CT imaging and fluorescence microscopy. We 

also show co-localization of PD-L1 staining in tumor coupes and tracer localization. 

To our knowledge, this is the first example of multimodal PD-L1 imaging and the 

first example of multimodal imaging using sortase-mediated site-specific modifica-

tion as a method for antibody functionalization. 

In chapter 4, I applied the previously developed CRISPR/HDR strategy to an 

anti-CD8 hybridoma to generate non-depleting immunoSPECT tracers for CD8 im-

aging. We modified rat IgG2a hybridoma cells to produce engineered Fc-silent 

mIgG2a antibodies and Fab fragments targeting CD8. We also produced mIgG1 

and mIgG2a antibodies to investigate the Fc-dependency of T-cell depletion. We 

demonstrated the engineered Fab fragments and mIgG2asilent antibodies abrogat-

ed CD8+ T-cell depletion in vivo, in contrast with the rIgG2a, mIgG1 and mIgG2a 

antibodies. We also describe our attempts at site-specific modification of these 

antibodies through sortagging with a peptide containing three DTPA molecules. 

Unfortunately we found that functionalization of both antibody heavy chains with 

this peptide did not occur, most likely due to steric hindrance caused by their close 

physical proximity. In contrast, the Fab’s C-terminus, a single heavy chain, could 

be modified. Finally, we show that non-site-specifically conjugated 111In-DTPA-mIg-

G2asilent CD8 accumulates in CD8-rich tissues and that it enables imaging of CD8+ 

cells in B16-OVA tumors. In conclusion, CRISPR/HDR engineering of hybridomas is 

a suitable approach for the creation of non-invasive imaging tracers with no conse-

quential depletion of the target cell. 

Improving treatment with immune checkpoint inhibitors should not only include 

patient stratification and response monitoring but also address side effects. ICIs can 

cause (severe) immune-related side effects due to the mobilization of large num-



204

7

bers of extratumoral T cells, some of which are autoreactive.1 In photoimmunother-

apy (PIT), an antibody that binds a cell-surface marker is conjugated to a photoacti-

vatable chemical, a photosensitizer (PS). After accumulation in the tumor, cell killing 

is activated through illumination with light, usually near-infrared (NIR) resulting in 

spatially selective killing of the targeted cell population. In chapter 5, I presented 

an overview of preclinical near-infrared photoimmunotherapy (NIR-PIT) research.

NIR-PIT can not only be employed to eradicate tumor cells directly, but also to 

eradicate suppressive immune cells. Regulatory T cells (Tregs) are important im-

mune cells that naturally maintain self-tolerance, but they are also recruited to the 

TME to establish local immune tolerance towards tumor cells. Since CTLA-4-block-

ing antibodies became available as a novel anti-cancer treatment in 2011, a growing 

body of evidence indicates an additional mechanism of action for these antibodies: 

Treg depletion. To reduce the systemic side effects associated with anti-CTLA-4 

treatment, spatial selectivity of target cell depletion could be key. In chapter 6, 

we developed a multimodal theranostic tool intended for non-invasive nuclear and 

fluorescence imaging of CTLA-4 and photodynamic target cell depletion. Using 

CRISPR/HDR, we modified an anti-CTLA-4 hybridoma to generate sortaggable Fab 

fragments and labeled these site-specifically with a peptide containing three DTPA 

molecules and a photosensitizer. We demonstrated that our construct preferential-

ly eliminates CTLA-4-expressing cells after NIR light illumination in vitro. This is a 

promising first step in the direction of a theranostic agent for Treg-targeted NIR-

PIT, which could additionally serve as an imaging agent to provide insight into the 

spatial and temporal response characteristics of this targeted therapy. 

In this chapter, I will first discuss several aspects of my work, starting with the 

choice of antibody format. Then, I will discuss CRISPR/HDR genome editing as a 

method for creating different formats and sortagging as a method for site-specific 

conjugation of antibodies to their functionalities. I will also shine light on targeting 

immune cells versus tumor cells with photoimmunotherapy. Finally, I will consider 

the clinical translation of my work. 

Discussion 

Choosing an antibody format

The pharmacokinetics and tumor uptake of a targeting antibody are de-

termined by a delicate interplay between different antibody proper-
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ties such as size, affinity, charge and Fc-receptor engagement as well 

as tumor properties such as density and vascularization (chapter 2).  

In this thesis, we described our approach to obtain engineered antibody formats 

via genetic modification of a hybridoma producing antibodies against a specific 

antigen. This approach enables us to switch to any desired antibody isotype or 

even completely eliminate the Fc region to generate a Fab fragment, allowing for 

antibody formats suiting the different needs of different purposes. 

There are several reasons why isotype switching is biologically relevant in the con-

text of imaging and antibody therapeutics. First, multiple doses of an antibody of a 

foreign isotype can elicit an immune response. This was discovered when a murine 

antibody against CD3 elicited an immune response in patients, a so-called human 

anti-mouse (HAMA) response.2 The HAMA response can render antibodies ineffec-

tive and, in some cases, cause anaphylactic shock. While immune reactions can be 

directed to the variable regions of an antibody, the majority of these immune respons-

es are directed against the antibody’s Fc region.3–6 Therefore, a species-matched 

isotype is needed when performing longitudinal monitoring of target expression.  

Second, Fc-receptor engagement can cause undesired elimination of the an-

tibody-bound cell via antigen-dependent cytotoxicity (ADCC) or phago-

cytosis (ADCP) through Fc receptors on NK cells or macrophages.7–9 In-

stead, for critical immune cell populations such as cytotoxic T cells, an 

Fc-silent antibody that does not engage with Fc receptors is needed. 

Finally, the isotype elicits a humoral response through its pattern of Fc-receptor 

engagement, where the engagement of activating FcγRs over inhibitory receptor 

FcγRIIb (A/I) ratio is critical.10 For example, for tumor cell depletion, therapeutic 

antibodies with a high A/I ratio are needed.   Therefore, finetuning of the antibody’s 

Fc region is a potent tool in the development of an antibody therapeutic.

An important part of my research focused on Fab fragments. In the context of 

imaging, small antibody formats may be advantageous due to their short half-lives, 

which allow for a short time interval between injection and imaging. At the same 

time, it has been shown that small antibodies need a higher affinity than larger 

antibodies in order to achieve maximum tumor uptake. An affinity below a certain 

threshold may contribute to the lower tumor uptake of some Fab fragments com-

pared to their corresponding IgG.11 Ultimately, the tumor-background ratio, not 

absolute tumor uptake, may determine if the tumor can be visualized clearly using 

SPECT or PET imaging. 

In my studies, I observed a faster clearance for Fab than for mIgG1 PD-L1-IH18 

and a similar maximum tumor retention in the time frame of these experiments. 



206

7

However, tumor visualization using SPECT/CT imaging was better for mIgG1 PD-

L1-IH18. This may be partly explained by the high kidney uptake that Fab frag-

ments display, which lowers the relative intensity of the tumor tissue, impacting 

its visibility on SPECT/CT. For tumors in close proximity to the kidney, this could 

further impact their visualization. This potential downside to imaging with Fab frag-

ments may be lost in translation to the clinic, as the absolute distance between the 

tumor and kidneys is larger in humans. 

Finally, small antibody fragments also supposedly exhibit a better tumor pene-

tration,12–15 which would improve the likelihood that the acquired image accurately 

reflects the tumoral distribution of the molecule of interest. Even though improved 

tumor penetration is mentioned often for Fab fragments, this characteristic has 

not been studied convincingly. For the greater part, this statement is derived from 

knowledge on the TME and the behavior of molecules in solution. First of all, size 

has been linked to the ability to penetrate tissue in vitro.16  Second, small mole-

cules have a higher diffusion rate and suffer less from a crowded environment such 

as present in the TME.14,17 Moreover, due to their small size and lower affinity, the 

‘binding site barrier effect’, which prevents antibodies from penetrating deeper 

into the tumor tissue, is smaller.14 There are few studies where a monoclonal anti-

body and a Fab fragment derived from it have been compared directly in terms of 

tumor penetration. Moreover, none of these have checked co-localization with IHC 

staining, which is paramount for determining the reliability of target imaging. One 

study from 1989 compared an IgG, Fab, F(ab’)2 and scFv in terms of tumor distri-

bution, and found that tumor distribution was size-dependent: the scFv showed 

the most homogeneous tumor distribution, whereas the IgG was mostly located 

around the periphery. The Fab and F(ab’)2 showed size-dependent intermediate 

tumor distributions.16 Dennis and colleagues also found that trastuzumab showed 

a less homogeneous biodistribution with more of the antibody located around the 

periphery than its corresponding Fab or albumin-binding Fab.18 

In conclusion, more research is needed to confirm that Fab fragments are better 

able to penetrate the tumor, leading to a more homogeneous tumor distribution 

and, most importantly, more reliable target imaging.

In this thesis, I did not investigate F(ab’)2 fragments. However, they are of great in-

terest as they lack the Fc region but retain their bivalency and accompanying affinity. 

For example, Heskamp and colleagues compared an IgG against IGF-1R with a Fab 

and F(ab’)2 fragment.19 They found that F(ab’)2 retained its affinity compared to the 

IgG and showed a higher tumor-blood ratio after 6 h than the IgG after 72 h. However, 

similar to Fab, F(ab’)2 showed a high kidney uptake, which could interfere with visual-
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ization of adjacent tumor lesions. Others have confirmed this high kidney uptake for 

F(ab’)2.
20–22 A possible explanation may lie in enzymatic cleavage of the sulfur bridges 

between the two heavy chains, which are exposed upon removal of the Fc portion. 

A stabilized bond instead of the naturally labile sulfur bonds between the two heavy 

chains could influence the biodistribution and thereby the safety of the construct, as 

shown by Quadri et al. Their ‘chemically stabilized’ F(ab’)2 fragment showed a higher 

tumor uptake and lower kidney uptake than the unmodified F(ab’)2.
23

Our approach provides a relatively facile solution for this issue by facilitating 

the incorporation of orthogonally reactive groups while introducing the desired 

functionalities via sortagging. For example, after introducing an azide-containing 

peptide and a DBCO-containing peptide, two Fab fragments may be joined to 

generate a F(ab’)2 or even a bispecific Fab fragment. The feasibility of using click 

chemistry to join two Fab fragments together was demonstrated by Luo and col-

leagues. They introduced a tetrazine and a strained transcyclooctene into Fab frag-

ments targeting CD105 and EGFR, respectively. Subsequently, these were joined to 

form a bispecific Fab fragment.24 

F(ab’)2 fragments may be interesting in an imaging context, but also in a thera-

peutic context. Due to their reduced size coupled with a high affinity, tumor uptake 

is likely higher than for a Fab or an IgG, as shown by Heskamp et al.19 This allows 

for a high delivery of a cytotoxic payload at the tumor site while high tumor-back-

ground ratio adds to the safety of the construct. For NIR-PIT, a F(ab’)2 fragment 

could be advantageous compared to an IgG as well, since it lowers the time interval 

between injection and illumination, during which the patient is required to avoid 

light. Indeed, Sato and colleagues successfully employed an anti-CD25 F(ab’)2 frag-

ment coupled to IR700-DX to achieve spatially selective Treg depletion, where the 

time interval between injection and illumination was 1 day.25 

In short, F(ab’)2 fragments increase tumor uptake and safety and can be generat-

ed in chemically stable form using our CRISPR/HDR approach coupled with peptide 

synthesis and click chemistry. 

CRISPR/HDR as a method for isotype switching
 

Conventionally, chimeric antibodies are produced through a stringent process which 

involves creation of a hybridoma, mRNA isolation from this cell line, sequencing of 

the variable domains and subsequent combination with the constant domains of 

the desired isotype. Finally, this whole construct needs to be expressed in a suitable 

expression system (usually a mammalian cell line or bacteria). In contrast, CRISPR/
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HDR hybridoma genome editing allows for generation of a chimeric antibody with-

in one platform and within approximately one month after electroporation of the 

mother hybridoma with plasmids encoding the Cas9 protein, guide RNA targeting 

the hinge region and the desired insert. Furthermore, the screening process of 

single-cell clones for production of the desired isotype allows for selection of a 

high-producing clone. Often, the yield of the engineered hybridoma is higher than 

of the wildtype hybridoma, concurrently increasing the yield. 

Cheong et al. were the first to apply the CRISPR/Cas9 technology to hybridoma 

cells with the purpose of isotype switching. However, their approach was to mu-

tate switch regions in the IgH locus in order to induce class-switch recombination 

(CSR) to the desired subclass in a process closely mimicking CSR occurring in B 

cells.26 While this generates isotype-switched antibodies, the isotypes are limited 

to those naturally occurring in the B-cell genome and consequentially it does not 

allow switching to a different species’ isotype. In contrast, our approach allows 

for generation of any desired isotype including those with non-naturally occurring 

properties such as ‘Fc-silent’ antibodies. 

Another important advantage of our approach is that it concurrently allows for the 

introduction of functional tags, demonstrated in this work through introduction of a pol-

yhistidine tag for easy purification from culture supernatant and a sortag for enzymatic 

modification. In most cases, antibody conjugates are generated through non-site-specific 

or ‘random’ conjugation, mostly via acylation of free amines or alkylation of cysteines. 

Random labeling is a stochastic process, giving rise to a mixture of antibodies with differ-

ent degrees of labeling. However, as discussed in more detail in chapter 2, having more 

control over the quantity and site of conjugation yields several advantages, including 

preservation of the antigen-binding site and full control over the quantity and ratio of the 

introduced functionalities, which is especially important when introducing fluorophores 

since these can heavily influence the antibody’s biodistribution.27–29 

In short, our CRISPR/HDR strategy for antibody engineering is a relatively fast 

and versatile method for isotype switching that concurrently allows for introduction 

of functional tags.

Sortagging as a method for site-specific functionalization
 

Our CRISPR/HDR approach not only allows for engineering or elimination of the Fc 

region, but also for the introduction of functional tags. Furthermore, the antibodies 

were obtained in a yield much higher than those achieved with typical bacterial30,31 

or mammalian32,33 expression systems. From electroporation to selection of a highly 
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productive clone takes typically about one month, and has been performed by 

our lab for a range of hybridomas of rat (NLDC-145, MIH-5, RMP1-14, MOMA-1, 

FGK45.5, PC-61, 53.6-7), mouse (AZN-D1, CLEC9A, NKI-B20/1) and Syrian hamster 

(9H10, 37.51) origins. 

Via conjugation of a carefully designed and synthesized peptide, sortagging allows 

for full control over the quantities of each functional group that is introduced. As 

mentioned in chapter 2, different site-specific conjugation methods have been de-

veloped for antibodies. Sortagging is advantageous as it is highly specific, does not 

change protein structure and is simple to perform in a lab with standard equipment. 

Furthermore, through peptide synthesis, it is a versatile method in the sense that it al-

lows for incorporation of any desired functional groups. The requirement for genetic 

manipulation could be considered a downside. In our approach, we perform isotype 

switching or generation of a Fab fragment in conjunction with the introduction of the 

tags, and so the introduction of the sortag does not take up extra time. 

While currently no site-specifically conjugated antibodies are commercially avail-

able, several are undergoing clinical trials. One of these antibody-drug conjugates 

(ADCs) is produced via sortase-mediated antibody conjugation (SMACTM) technol-

ogy, termed as such by NBE therapeutics. They modified an antibody targeting ty-

rosine kinase-like orphan receptor 1 (ROR-1) with a potent anthracycline derivative 

to produce an immune-stimulatory ADC with a favorable therapeutic index.34,35 

While this development demonstrates the feasibility of sortase-mediated conju-

gation as an approach for the development of antibody conjugates, a major disad-

vantage lies in the relatively low selectivity of the thioester intermediate towards 

the nucleophile. As water molecules compete with the peptide for nucleophilic 

attack of the thioester intermediate, part of the starting material is hydrolyzed. 

This can be minimized by optimizing the concentration of the reactants and the 

peptide/antibody ratio. In our hands, 25-50 equivalents of peptide were needed, 

making sortagging a potentially costly process. While toxins for ADCs may be rel-

atively inexpensive, this does not hold true for radioligand chelators and so for 

clinical translation, where large quantities are needed, a more efficient conjugation 

strategy may be more appealing from a financial perspective. 

In contrast, site-specific modification via N-glycan engineering does not require 

any genetic engineering and the reaction is more efficient. For example, Van Geel and 

colleagues showed that after glycan trimming and glycosyltransfer, only 3 equivalents 

were needed in the final step where the desired functionality is added.36 N-glycan 

engineering is used by companies such as SynAffix, who have termed their approach 

GlycoConnectTM. Mersana therapeutics is currently carrying out a clinical trial using 
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an antibody targeting NaPi2b, a sodium phosphate transporter that is overexpressed 

in several tumor types such as ovarian and lung carcinomas, which was conjugated 

to AF-HPA toxin using the GlycoConnectTM technology.37 The antibody conjugate 

shows favorable preclinical in vivo characteristics compared to a stochastically conju-

gated antibody, while the antibodies have a similar drug-antibody ratio on average. 

However, glycan engineering has one potential drawback. Glycan engineering si-

lences the antibody’s Fc region. While this may not be an issue when aiming for 

targeted delivery of a cytotoxic drug, it is not a good approach for the generation 

of therapeutic antibodies where the Fc function is essential. For example, when 

performing a preclinical investigation into the dynamics of response to a specific 

therapeutic antibody such as anti-CTLA-4, the antibody should ideally be labe-

led site-specifically with an imaging moiety while maintaining Fc functionality, as it 

plays an important role in its biological anti-tumor effects. 

In conclusion, the method of choice for site-specific conjugation of an antibody 

may depend on the purpose of the antibody. Sortase-mediated enzymatic conjuga-

tion may be more suitable for the production of therapeutic antibodies, especially 

when isotype-switched antibodies or Fab fragments are desired, where the incorpo-

ration of a tag can be performed simultaneously. N-glycan engineering may be con-

sidered more suitable for full-size mAb imaging purposes. Alternatively, a two-step 

method could be considered, where an azide is introduced via sortagging while the 

costly radioligand chelator is conjugated via click chemistry in a second step.

Targeting immune cells using NIR-PIT
 

As described in chapter 5, NIR-PIT is most commonly applied to target and elim-

inate tumor cells. Since NIR-PIT induces immunological cell death,38,39 it can initi-

ate antitumor immunity and memory, thereby also mobilizing an immune response 

against distal, non-illuminated tumors.25 

In chapter 6, we employed NIR-PIT to target immunosuppressive Tregs using 

Fab CTLA-4 with the aim to locally eliminate these cells in the TME while decreas-

ing the potentially severe immune-related side effects typically observed with ipil-

imumab treatment. 

The advantage of this approach compared to targeting tumor cells is that for 

many tumor types, no specific cell-surface markers are known, making direct tumor 

cell targeting impossible. At the same time, a high Treg/Teff ratio is associated with 

a poor prognosis in many cancer types. Thus, decreasing intratumoral Treg num-

bers could be relevant for a wide variety of tumor types.40–42 
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So far, Treg targeting in humans using anti-CD25 antibodies (e.g. daclizumab and 

basiliximab) failed to reduce the number of Tregs convincingly or lacked specific-

ity towards Tregs over cytotoxic T lymphocytes.43–45 The former was attributed to 

blockade of IL-2 binding by this antibody, which is necessary for clonal expansion of 

Teff cells. Recently, an anti-CD25 antibody was developed that selectively depletes 

Tregs while preserving IL-2 binding in a preclinical setting.46 A clinical study is cur-

rently ongoing (NCT04158583). Although blockade of IL-2 binding is not an issue 

when targeting CTLA-4, the hurdle of specificity for Tregs will still need to be ad-

dressed. While CTLA-4 is overexpressed on Tregs, similar to CD25, specificity of our 

Fab fragment for Tregs over cytotoxic T cells needs to be established empirically. 

Finally, immune cell-targeted NIR-PIT can be combined with other types of ther-

apies, including ones that generate a de novo immune response, for example tu-

mor-targeted NIR-PIT. For Treg depletion specifically, combination therapy with 

checkpoint inhibitors, antigen vaccination and even more traditional therapies such 

as radiotherapy have been shown to have a synergistic effect.47,48 Studies investi-

gating cancer therapeutics have shown time and time again that tumor cells are 

likely to develop resistance to an existing therapy over time, finding alternative 

pathways to facilitate their own survival. Consequently, most cancer therapeutics 

are not curative as a single agent. Therefore, I believe that the future is in combina-

tion therapies. Eliminating a number of survival pathways at the same time in order 

to destroy all cancer cells before they have an opportunity to find alternative ways 

to survive. 

Clinical translation of molecular imaging tools for patient stratification
 
The agents developed in this work were all intended for preclinical research. While 

this is valuable for gaining insight into the dynamics and biomarkers of response, 

our hope is that these or similar constructs will eventually be used in the clinic. 

Patient stratification prior to treatment or early after the start of treatment can in-

crease the likelihood of patients receiving a suitable treatment and reduce health-

care costs. Personalized medicine is approaching our reach as improved biotech-

nological and biochemical techniques as well as interdisciplinary collaboration has 

become more common over the past decade. 

An important first step was made by Bensch and colleagues, who showed in humans 

that PD-L1 expression as determined by imaging was a better predictor for treatment 

outcome than PD-L1 expression as determined by IHC.49 Apart from imaging being 

less invasive, it provides whole-lesion and whole-body information. In contrast, IHC 
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represents only a small section of the tumor. Another important aspect of imaging 

to determine PD-L1 expression that is often overlooked is that it also shows the abil-

ity of an antibody to reach PD-L1-expressing cells. It could be argued that imaging 

shows relevant PD-L1 expression in the context of antibody therapeutics. However, 

its financial cost forms a clear downside to whole-body imaging compared to IHC. 
As the number of tumor-infiltrating lymphocytes has been linked to treatment out-

come as well, CD8 imaging would also be of predictive value for treatment out-

come. So far, this has only been shown preclinically, for example for treatment with 

anti-CTLA-4 antibodies.50 However, it raises hope that translation to the clinic may 

be valuable for prediction and monitoring of treatment outcome as well.

The sophisticated targeted therapies that have gained traction over the past 

decade demand a more sophisticated tool for diagnostics and monitoring. While 

I believe molecular imaging to be the future of patient stratification, in particu-

lar for these novel therapies, the price of molecular imaging forms a hurdle for 

its implication in clinical practice. Radioligand chelators such as DTPA and the 

radionuclides themselves are relatively expensive, and so the process of making 

an antibody conjugate and subsequent radiolabeling is costly. For this practice 

to be feasible in terms of cost efficiency, two requirements need to be fulfilled.  

First of all, when producing site-specifically labeled antibodies, a method needs 

to be selected that is cost-efficient. This may need to be determined on a case-

by-case basis. For example, when imaging with monoclonal antibodies, I believe 

N-glycan engineering to be the most straightforward method, as it allows for the 

use of the native antibody and the reaction is efficient compared to sortase-medi-

ated conjugation. However, for imaging, small antibody formats such as Fab frag-

ments are becoming increasingly popular due to their short half-life, and intro-

ducing an enzymatic recognition tag can be performed simultaneously with the 

production of the Fab fragment while N-glycan engineering is yielded impossible. 

Furthermore, clinical biomarkers and their cut-off values in terms of expression lev-

els need to be established, potentially for each cancer type separately. Since thera-

pies such as anti-PD-L1 are expensive themselves, patient stratification would most 

likely still save healthcare costs if there are empirically established guidelines that 

can be applied for patient selection. 

In this work, sortase-mediated chemoenzymatic conjugation was employed to 

produce a multimodal imaging tool that can be applied for multiscale analysis at 

organismal level as well as tissue level. Alternatively, in a clinical setting, the fluoro-

phore could be used for fluorescence-guided surgery (FGS) after identifying the lo-

cation of the primary tumor lesion as well as any metastases via nuclear imaging.51,52 
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Surgical removal of tumor lesions generally faces two main issues. First, vital ana-

tomical structures may be directly adjacent to the tumor lesion. Second, between 

the moment of tumor imaging and resection, tumor tissue can change size, shape 

or position. Resection of tumor lesions currently depends on visual inspection and 

palpitation by the surgeon, which is prone to errors. During FGS, the tumor tissue 

lights up, enabling complete resection of tumor tissue while avoiding resection of 

critical, healthy anatomical structures.

Using a photosensitizer as a fluorophore, such a construct could easily be turned 

into a theranostic agent, where a diagnostic tool and a therapeutic tool are combined. 

After detection of tumor lesions using nuclear imaging and subsequent tumor resec-

tion using FGS, the photosensitizer could be used to eliminate any remaining cells. In 

chapter 6, we generated a similar theranostic tool for preclinical investigation of the 

biomarkers and dynamics of response by allowing for nuclear imaging of regulatory T 

cells as well as their elimination using near-infrared photoimmunotherapy (NIR-PIT).  

Another possibility for a theranostic antibody would be to combine a cytotoxic 

payload with imaging. For example, Xiao and colleagues designed a bifunctional 

fluorescent probe, which demonstrated both self-elimination in the presence of 

cathepsin B and on-off fluorescence.53 By producing an anti-HER2 antibody conju-

gated to cytotoxic payload auristatin E via the bifunctional probe, fluorescence im-

aging can be used to track drug release. Our platform would be suited to produce 

similar theranostic agents due to its modular and versatile nature. 

Concluding remarks

Antibodies hold great promise in a range of diagnostic and therapeutic applica-

tions. In this work, we demonstrated the potential of having an established anti-

body engineering platform for the generation of different antibody formats with 

different properties, including Fab fragments and Fc-silent antibodies. Fc-silent an-

tibodies and Fab fragments are valuable due to their non-depleting properties for 

the purpose of imaging critical cell populations. Furthermore, Fab fragments are 

advantageous in the context of imaging due to their short half-life. By combining 

CRISPR/HDR hybridoma genome editing with peptide chemistry and bioorthog-

onal chemistry, we showed this approach is suitable for the generation of anti-

body-based constructs for preclinical imaging and theranostic agents. 
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Nederlandse samenvatting

Tot vrij recent werd kanker altijd behandeld door te opereren, te bestralen of chemo-

therapie toe te dienen. Deze therapieën zijn echter niet altijd effectief en hebben vaak 

ernstige bijwerkingen tot gevolg. Daarom heeft onderzoek over het afgelopen decen-

nium zich voornamelijk gericht op het activeren van de eigen afweer tegen een tumor.

Immuuntherapie is gebaseerd op het principe dat kankercellen afwijkende stuk-

jes eiwit op hun celmembraan presenteren als gevolg van gemuteerd genetisch 

materiaal. Deze stukjes, antigenen, kunnen herkend worden door immuuncellen, 

die de kankercel vervolgens op kunnen ruimen. Helaas hebben kankercellen allerlei 

methodes gevonden om te ontsnappen aan het immuunsysteem. Hierdoor wor-

den bijvoorbeeld cytotoxische T cellen, die de tumorcellen direct kunnen elimine-

ren, geweerd uit de tumor of ter plekke gedeactiveerd. De tumor bereikt dit door 

immuunonderdrukkende (immunosuppressieve) signalen af te geven en door een 

algeheel immunosuppressief milieu te creëren. Deze signalen kunnen onderschept 

worden door antilichamen, met als gevolg dat de afweer weer op gang kan komen. 

Antilichamen, ook wel antistoffen genoemd, zijn Y-vormige eiwitten die bestaan 

uit twee zware en twee lichte ketens (Fig. 1). Een lichte keten vormt samen met een 

deel van een zware keten het antigen-bindend fragment (Fab), waarvan het uiteinde 

een heel specifiek stukje eiwit (epitoop) kan herkennen. De Fab fragmenten zijn via 

de scharnierregio, waar zwavelbruggen de twee zware ketens met elkaar verbinden, 

gekoppeld aan de Fc-regio. Het type Fc-regio, het zogenaamde isotype, bepaalt via 

interactie met Fc-receptoren het immunologische effect van een antilichaam.

Vanwege hun specifieke herkenningscapaciteit zijn antilichamen uitermate ge-

schikt voor het gericht binden van de signaalmoleculen betrokken bij een afweerre-

actie tegen de tumor. Ze kunnen bijvoorbeeld gebruikt worden voor het blokkeren 

van immunosuppressieve signalen, waardoor de rem op het immuunsysteem wordt 

losgelaten. Dit soort therapeutische antilichamen heet immuun-checkpointrem-

mers en hiermee is ongekend succes geboekt het afgelopen decennium. Sommige 

huidkankerpatiënten die voorheen binnen een aantal maanden gestorven zouden 

zijn, leefden bijvoorbeeld met immuun-checkpointremmers nog minimaal vijf jaar. 

Helaas was ook deze therapie geassocieerd met ernstige immuungerelateerde bij-

werkingen en, nog belangrijker, niet alle patiënten hadden er baat bij. Daarbij zijn 

deze therapieën ontzettend duur. 

Deze nadelen illustreren waarom er een manier nodig is om vóór de start van 

de behandeling de slagingskans van een bepaalde therapie in te schatten voor 
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elke patiënt. Onderzoekers hebben gevonden dat de expressie van bepaalde mo-

leculen in de tumor gerelateerd is aan deze slagingskans. Daarnaast moeten bij-

werkingen verminderd worden zodat patiënten niet gedwongen zijn vroegtijdig te 

stoppen met een therapievorm die hun leven zou kunnen redden.

In dit werk heb ik me toegelegd op het gebruik van antilichamen voor deze twee 

doeleinden. Allereerst heb ik moleculen gemaakt voor doelgerichte beeldvorming 

van PD-L1 en CD8. De aanwezigheid van deze signaalstoffen in de tumor hebben 

een voorspellende waarde voor het ziekteverloop en aanslaan van een behande-

ling. Ten tweede heb ik gepoogd een construct te maken voor lokale immuunmo-

dulatie, waardoor bijwerkingen ten gevolge van systemische overactivatie van het 

immuunsysteem voorkomen kunnen worden. Behalve hele antilichamen hebben 

we ook antilichaamfragmenten (Fab) gebruikt. Doordat deze kleiner zijn worden ze 

sneller uitgescheiden, ten gevolge waarvan een beeld korter na de injectie van het 

molecuul gemaakt kan worden.

De vernieuwendheid van dit werk zit hem vooral in de manier waarop we deze 

antilichamen gefunctionaliseerd hebben. In plaats van conjugatie via de zijketens 

V
HV

L

C
L

C
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C
H 2

C
H 3
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Fc-regio
Scharnier-

regio

Antigen-bindende
regio

Structuur van een antilichaam Antilichaamfunctionalisatie
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Plaatsing is random
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Figuur 1. Structuur en functionalisatie van een antilichaam. De structuur van een antilichaam is 
weergegeven met annotatie van de verschillende antilichaamregionen. Het antilichaam bestaat uit twee 
zware en twee lichte ketens. De twee zware ketens zijn in de scharnierregio verbonden via zwavelbrug-
gen. De antigen-bindende regio wordt gevormd door de variabele domeinen (VH en VL). Samen met het 
constante domein van de lichte keten (CL) en het eerste constante domein van de zware keten (CH) 
vormen ze de Fab-regio. De Fc-regio wordt gevormd door de tweede en derde constante domeinen van 
beide zware ketens (CH2 en CH3). Een antilichaam kan gefunctionaliseerd worden via een reactie met de 
toegankelijke zijketens van een bepaald aminozuur, lysine, wat leidt tot een product waarbij de plaats 
van functionalisatie niet gestuurd kan worden. Bij onze manier functionaliseren we speci�ek het uiteinde 
van de Fc-regio, waardoor de antigen-bindende regio ongemoeid blijft. 

Figuur 1. Structuur en functionalisatie van een antilichaam. De structuur van een antilichaam is 
weergegeven met annotatie van de verschillende antilichaamregionen. Het antilichaam bestaat uit 
twee zware en twee lichte ketens. De twee zware ketens zijn in de scharnierregio verbonden via 
zwavelbruggen. De antigen-bindende regio wordt gevormd door de variabele domeinen (VH en 
VL). Samen met het constante domein van de lichte keten (CL) en het eerste constante domein van 
de zware keten (CH) vormen ze de Fab-regio. De Fc-regio wordt gevormd door de tweede en derde 
constante domeinen van beide zware ketens (CH2 en CH3). Een antilichaam kan gefunctionaliseerd 
worden via een reactie met de toegankelijke zijketens van een bepaald aminozuur, lysine, wat leidt 
tot een product waarbij de plaats van functionalisatie niet gestuurd kan worden. Bij onze manier 
functionaliseren we specifiek het uiteinde van de Fc-regio, waardoor de antigen-bindende regio 
ongemoeid blijft.
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van aminozuren zoals gebruikelijk, hebben wij onze functionaliteiten op een spe-

cifieke plaats gekoppeld, waarbij we technieken uit de (moleculaire) biologie en 

biochemie gebruikt hebben. Hierdoor blijft de antigen-bindende regio intact en 

toegankelijk en verkregen we een homogeen, reproduceerbaar product.

In hoofdstuk 1 geef ik een introductie in de immuno-oncologie en immuuntherapie. 

Ik zal eerst uitleggen hoe tumoren ontsnappen aan het immuunsysteem en wat voor 

rol T-cellen daarin spelen. Daarna zal ik verder ingaan op de eerdergenoemde im-

muun-checkpointremmers, hun therapeutische effecten en hun voorspellende biomar-

kers. Het hoofdstuk sluit af met een kort overzicht van de inhoud van dit proefschrift.

In hoofdstuk 2 introduceer ik moleculaire beeldvorming die verkregen wordt 

met behulp van antilichamen. Ik beschrijf eerst de verschillende beeldvormings-

technieken. Daarna geef ik een overzicht van de verschillende antilichamen en an-

tilichaamfragmenten die gebruikt kunnen worden voor moleculaire beeldvorming. 

Ik schrijf ook over de verschillende methodes om antilichamen te functionaliseren. 

Tot slot geef ik een overzicht van het preklinische en klinische onderzoek dat tot nu 

toe gedaan is op dit gebied.

Door dieren te immuniseren met een specifiek antigen gaan ze B-cellen produce-

ren die antilichamen uitscheiden tegen dit antigen. Deze B-cellen kunnen geisoleerd 

worden uit het bloed en onsterfelijk gemaakt worden door ze te fuseren met een tu-

morcellijn. De resulterende antilichaam-producerende cellijn heet een hybridoma.  

Ons lab heeft een aantal jaren geleden een platform ontwikkeld om antilichamen 

op een specifieke plaats te modificeren. Door hybridomacellen genetisch aan te 

passen via CRISPR/HDR kan de Fc-regio gewijzigd of verwijderd worden, waardoor 

de functionaliteit en de snelheid van uitscheiding in het lichaam verandert. Tegelij-

kertijd konden korte aminozuurketens geïntroduceerd worden in de sequentie van 

het antilichaam waarmee het gemakkelijk gezuiverd kon worden uit het kweekme-

dium én gemodificeerd kon worden met een enzym dat deze sequentie herkent. 

Deze enzymatische modificatie treedt op op de plek van de herkende sequentie, 

waardoor functionalisatie dus ook plaats-specifiek is.

In hoofdstuk 3 hebben we een antilichaam van het muis IgG1 isotype en een 

Fab fragment tegen PD-L1 gebruikt om de geschiktheid van ons platform te de-

monstreren voor het maken van multimodale beeldvormingstools voor analyse op 

organismaal niveau via SPECT/CT én op weefselniveau via fluorescentie. Om dit te 

bereiken hebben we het uiteinde van de Fc-regio gefunctionaliseerd met een pepti-

de dat zowel een molecuul bevat dat een radioactieve kern kan invangen alsook een 

bijna-infrarood fluorofoor. Omdat we ook een zogenaamd klik-handvat in het pep-

tide hadden ingebouwd hebben we ook een polyethyleenglycolketen aan ons Fab 
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fragment kunnen vastmaken om de halfwaardetijd te verlengen. Het doel hiervan 

was het verbeteren van de opname in de tumor. We hebben laten zien dat onze tools 

geschikt zijn voor analyse op organismaal en op weefselniveau door zowel SPECT/CT 

beeldvorming alsmede fluorescentiemicroscopie toe te passen. Voor zover bekend is 

dit het eerste voorbeeld van multimodale beeldvorming van PD-L1.

In hoofdstuk 4 hebben we onze CRISPR/HDR-strategie toegepast op een an-

ti-CD8 hybridoma. CD8 komt voor op de zogenaamde ‘killer’ T-cellen, die van be-

lang zijn voor het opruimen van de tumorcellen. De aawezigheid en verdeling van 

CD8 is een voorspellende marker voor therapeutisch effect van verschillende thera-

pieën en dit kan in beeld gebracht worden met behulp van een antilichaam. Echter, 

via interactie van hun Fc-regio met andere immuuncellen kunnen antilichamen eli-

minatie (depletie) van deze killer T-cellen veroorzaken. Daarom hebben wij een Fab 

fragment gegenereerd alsmede een antilichaam met een inactieve Fc-regio met als 

doel depletie tegen te gaan. We hebben ook Fc-actieve anti-CD8-antilichamen van 

het muis IgG1 en muis IgG2a isotype gegenereerd om de Fc-afhankelijkheid van 

T-celdepletie te onderzoeken. We laten in dit hoofdstuk zien dat het Fab fragment 

en het muis IgG2a antilichaam geen T-celdepletie veroorzaken, in tegenstelling 

tot de muis IgG1 en muis IgG2a antilichamen. We laten ook zien dat het Fc-stille 

antilichaam geschikt is voor nucleaire beeldvorming via SPECT/CT en dat het accu-

muleert in CD8-rijk weefsel. 

De verbetering van behandeling met immuun-checkpointremmers zou niet al-

leen over zogenaamde patiëntstratificatie moeten gaan, maar ook over het ver-

minderen van bijwerkingen. Bij fotoimmunotherapie is een antilichaam gekoppeld 

aan een fotosensitief molecuul dat zuurstofradicalen produceert als men er licht 

op schijnt. Hiervoor wordt typisch bijna-infrarood licht gebruikt omdat dit het verst 

doordringt in weefsel en op zichzelf niet toxisch is. Na accumulatie van de tumor 

worden cellen specifiek in de tumor gedood door alleen daar licht te schijnen. In 

hoofdstuk 5 presenteer ik een overzicht van het preklinisch onderzoek over bij-

na-infrarood fotoimmunotherapie.

Fotoimmunotherapie kan niet alleen gebruikt worden voor directe eliminatie 

van tumorcellen, maar ook om immunosuppressieve immuuncellen te vernieti-

gen. Regulatoire T-cellen (Tregs) zijn belangrijke immuuncellen die auto-immuun-

reacties voorkomen, maar ze worden ook gerekruteerd door de tumor om een 

lokaal immuunsuppressief milieu te creëren. Ze hebben een hoge expressie van 

het molecuul CTLA-4 op hun celmembraan. Anti-CTLA-4 antilichamen  kwamen 

beschikbaar als immuun-checkpointremmer in de behandeling van kanker in 

2011, maar steeds meer onderzoek laat zien dat een deel van hun anti-tumor-
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werking veroorzaakt wordt doordat ze depletering van Tregs veroorzaken. He-

laas geeft anti-CTLA-4 veel bijwerkingen, en dit zou deels veroorzaakt kunnen 

worden door de mobilisering van grote aantallen extratumorale T-cellen, waar-

van sommige autoreactief zijn. Om deze bijwerkingen te verminderen zou ruim-

telijke specificiteit van Treg eliminatie weleens een sleutelrol kunnen spelen.  

In hoofdstuk 6 hebben we een multimodale, theranostische tool ontwikkeld voor 

non-invasieve nucleaire beeldvorming én fotodynamische depletie van Tregs. Met 

behulp van CRISPR/HDR hebben we een anti-CTLA-4 hybridoma Fab fragmenten 

laten produceren die we vervolgens plaats-specifiek gekoppeld hebben aan drie 

moleculen die een radioactieve kern kunnen invangen én een fotosensitief molecuul. 

We hebben bovendien met gekweekte cellen laten zien dat ons construct bij voor-

keur CTLA-4-expresserende cellen doodt na belichting met bijna-infrarood licht. Dit 

is een veelbelovende eerste stap in de richting van een theranostische tool voor tu-

mor-specifieke eliminatie van Tregs. Nucleaire beeldvorming op organismaal niveau 

kan tegelijkertijd dienen om meer inzicht te verkrijgen in het gedrag van Tregs.

Hoofdstuk 7 geeft een samenvatting en bediscussieert de impact van dit werk.  
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List of abbreviations

111In   Indium-111 

2-ME   2-Mercaptoethanol  

3M sortase  Sortase Aureus with 3 mutations

µSPECT   MicroSPECT

A   Alanine 

AA   Amino acid 

ACN   Acetonitrile 

ACR   Antibody-conjugate ratio 

ADCC   Antibody-dependent cellular cytotoxicity 

ADCP   Antibody-dependent cellular phagocytosis 

A/I ratio   Preference for activating over inhibitory receptor ratio  

APC   Antigen-presenting cell 

APSC   Antibody-photosensitizer conjugate 

ATP   Adenosine triphosphate

BLI   Bioluminescence imaging 

Boc   Tertbutoxycarbonyl 

Bsr   Blasticidin S deaminase resistance

C   Cysteine 

Cas9   CRISPR-associated protein 9 

CDC   Complement-dependent cytotoxicity 

CEA   Carcinoembryonic antigen 

CH   Constant heavy region 

CR   Complete response 

CRISPR   Clustered regularly interspaced short palindromic repeat 

CRISPR/HDR  Cas9-directed HDR 

CSC   Cancer stem cell 

CT   Computed tomography 

CTLA-4   Cytotoxic T-lymphocyte Antigen 4 

CV   Column volumes 

Cy5   Cyanine5

D   Aspartic acid 

DAB   3,3’-diaminobenzidine 

DAMPs   Damage-associated molecular patterns 

Db   Diabody 
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DBCO   Dibenzocyclooctyne  

DC   Dendritic cell 

DFO   Desferrioxamine 

DIPCDI   Diisopropylcarbodiimide 

DIPEA   Di-isopropylethylamine 

DMF   N,N-Dimethylformamide 

DMSO   Dimethylsulfoxide  

DNA   Deoxyribonucleic acid 

DOTA   1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetraacetic acid 

DSB   Double-strand break 

DTPA   Diethylenetriaminepentaacetic acid anhydride

E   Glutamic acid 

ECM   Extracellular matrix 

EDTA   Ethylenediaminetetraacetic acid 

EGFR   Epidermal growth factor receptor 

ELISA   Enzyme-linked immunosorbent assay 

EpCAM   Epithelial cell adhesion molecule 

EPR   Enhanced permeability and retention  

ESI-MS   Electrospray ionization mass spectrometry 

Eq   Equivalents

F   Phenylalanine 

Fab   Fab fragment 

Fab CTLA-4-srt-his Fab CTLA-4-sortag-Histag 

Fab PD-L1-srt-his Fab PD-L1-sortag-Histag 

Fab CD8-srt-his  Fab CD8-sortag-Histag 

FACS   Fluorescence-activated cell sorting 

FCS   Fetal calf serum 

FcγR   Fc γ receptor 

FcRn   Neonatal receptor 

FGS   Fluorescence-guided surgery 

FI   Fluorescence imaging 

Fmoc   Fluorenylmethoxycarbonyl 

G   Glycine 

GFP   Green fluorescent protein 

GPC3   Glypican-3 

gRNA   guideRNA

H   Histidine 
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h   Hours  

HA   Homologous arm 

HC   Heavy chain 

HCC   Hepatocellular carcinoma 

HDR   Homology-directed repair 

HER   Human epidermal growth factor receptor 

HIF1a   Hypoxia-inducing factor 1a 

Histag   HHHHHH 

HOBt   Hydroxybenzotriazole

I   Isoleucine 

IAP   Integrin-associated protein 

IC50   Half-maximal inhibitory concentration 

ICD   Immunogenic cell death 

ICI   Immune checkpoint inhibitor 

ID/g   Injected dose per gram 

IFNγ   Interferon γ 

IgG   Immunoglobulin G 

IHC   Immunohistochemistry 

IL   Interleukin 

ITC   Isothiocyanate 

iTLC   instant thin-layer chromatography 

irAE   Immune-related adverse event 

IR700-DX  IRDye 700-DX 

IRES   Internal ribosomal entry site 

IVIS   In vivo imaging system

K   Lysine 

kDa   Kilodalton

LC   Light chain 

LED   Light-emitting diode 

LN   Lymph node

M   Methionine residue 

mAb   Monoclonal antibody 

MALDI-TOF  Matrix-assisted laser desorption/ionisation – time of flight (MS) 

Mb   Minibody 

mCTLA-4  murine CTLA-4 

MES   2-(N-morpholino)ethanesulfonic acid 

MFI   Mean fluorescent intensity 
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mPEG-DBCO  methoxyPEG-DBCO 

MHC   Major histocompatibility complex 

mIgG   mouse IgG 

MIT   Molecular imaging tool 

MRI   Magnetic resonance imaging 

MS   Mass spectrometry 

Mtt   4-methyltrityl 

MW   Molecular weight 

MWCO   Molecular weight cut-off

N   Asparagine residue 

NHEJ   Nono-homologous end-joining 

NHS   N-hydroxysuccinimide  

Ni-NTA   Nickel-nitrilotriacetic acid 

NIR   Near-infrared  

NIR-PIT   Near-infrared Photoimmunotherapy 

NK   Natural killer 

NNAA   Non-natural amino acid 

NSCLC   Non-small cell lung cancer

OS   Overall survival 

OVA   Ovalbumin

P   Proline residue 

PAM   Protospacer-adjacent motif 

PBS   Phosphate-buffered saline 

pcDNA   plasmid copy DNA 

PCR   Polymerase chain reaction 

PD-1   Programmed Death 1 

PD-L1   Programmed Death Ligand 1 

PD-L2   Programmed Death Ligand 2 

PEG   Polyethyleneglycol 

PET   Position emission tomography 

PFS   Progression-free survival 

PIT   Photoimmunotherapy 

PolyA   Polyadenosine 

p-SCN-DTPA  S-2-(4-Isothiocyanatobenzyl)-diethylenetriamine penta 

   acetic acid 

PSMA   Prostate-specific membrane antigen 

PS   Photosensitizer
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Q   Glutamin residue

RCP   Radiochemical purity 

rIgG   rat IgG 

RIT   Radioimmunotherapy 

RECIST   Response evaluation criteria in solid tumors 

RNA   Ribonucleid acid 

RNO   p-nitrosodimethylaniline 

ROS   Reactive oxygen species 

RP-HPLC  Reverse-phase high performance liquid chromatography 

RT   Room temperature 

rt   Retention time

S   Serine  

SCC   Single-cell clone 

SDS-PAGE  Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

SEC   Size-exclusion chromatography 

sh   Syrian Hamster 

shIgG   Syrian Hamster IgG 

Sortag   LPETGG (3M sortase) or LAETGG (2A9 sortase)  

SPAAC   Strain-promoted azide-alkyne cycloaddition 

SPECT   Single-photon emission computed tomography 

SPPS   Solid-phase peptide synthesis 

Sulfo-Cy5  Sulfo-Cyanine5

T   Threonine 

t1/2   Half-life 

TAM   Tumor-associated macrophage 

TBR   Tumor-blood ratio 

TCR   T-cell receptor 

TE   Trypsin-EDTA 

Teff   Effector T cell 

TGFβ   Transforming growth factor β 
TH   T-helper cell 

TIL   Tumor-infiltrating lymphocyte 

TME   Tumor microenvironment 

TNBC   Triple-negative breast cancer 

Treg   Regulatory T cell

US   Ultrasound

V   Valine 
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VEGFR   Vascular endothelial growth factor receptor

W   Tryptophan 

WB   Western Blot 

WT   Wildtype

Y   Tyrosine residue
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Research data management

All data that have been generated during this PhD project were collected and ar-

chived according to the FAIR principle (Findable, Accessible, Interoperable, Re-

usable). The animal studies described in chapter 3 and 4 have been approved by 

the local and central committee of animal experimentation of The Netherlands. All 

data have been stored on LabGuru, which is backed up daily on the Radboudumc 

server and accessible to staff members affiliated with the project. Additionally, all 

raw and processed data files have been stored on the NAS-drive belonging to the 

department of Tumor Immunology, Radboudumc, The Netherlands. Data can be 

made available upon request through the corresponding author. 
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altijd erg gewaardeerd. Ik heb het ook erg leuk gevonden dat je, toen ik net begon, 

direct geregeld had dat ik mee mocht naar de conferentie in Oxford. Je gaf me 

daardoor direct het gevoel dat ik erbij hoorde. 

Hoewel het niet altijd makkelijk was, heb ik het gevoel dat we er iets heel moois 

van gemaakt hebben samen. Wat ik ook nog graag wil uitspreken is mijn waarde-

ring voor je geduld en de ruimte die je me gegeven hebt toen ik met een hard-

nekkige schouderblessure thuis zat. Tevens heb ik heel veel gehad aan je kritische 

blik op mijn stukken. Als er ergens een mini-inconsistentie in mijn uiteenzetting 

zat waarvan ik hoopte dat ie niet op zou vallen, vergeet het maar! Martijn haalt ‘m 

eruit. Dat heb ik als heel nuttig ervaren en heeft mijn boekje zoveel beter gemaakt 

dus bedankt daarvoor! Ik zal de borrels en barbecues bij jou thuis ook nooit verge-

ten, hiervoor wil ik ook Kim graag bedanken, evenals voor het feit dat ik voor de 

allerliefste Stimpy mocht zorgen. Ik wil je graag heel veel geluk en succes wensen, 

zowel met je carrière als groepsleider als ook met je gezin!

Sandra, toen ik je vroeg namens mij en Martijn om co-promotor te worden, moest 

je even nadenken. Dat was, begreep ik al snel, omdat je écht een bijdrage wilde 

leveren. Nou, dat heb je gedaan. Ik heb je feedback op mijn stukken als enorm hel-

pend ervaren. Je was ook heel bemoedigend, doordat je benadrukte hoe normaal 

het was dat het een proces is en dat PhDs dit nog moeten leren. Dat is heel fijn voor 

een perfectionist als ik. Verder waardeer ik het stukje persoonlijke begeleiding dat 
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je me geboden heb ook ontzettend. Je hebt me heel open verteld over je eigen 

carrièrepad, en toen ik het schrijven even niet meer zag zitten hebben je peptalk 

en tips voor de volgorde van dingen afronden me er weer bovenop geholpen. 

Normaals gefeliciteerd met je benoeming tot professor! Het is je van harte gegund 

en volgens mij ga je hartstikke mooie jaren tegemoet, zowel op de werkvloer als in 

je nieuwe huis met Peter!

Carl, je bent een baken van rust en wijsheid, als ik dat zo mag zeggen. Je bent niet 

alleen een autoriteit op het gebied van immunologie en dendritische cellen, ik heb 

je ook leren kennen als een begripvolle en geduldige promotor. Ik heb je natuurlijk 

een stuk minder gezien dan mijn co-promotoren, maar je stelde altijd interessante 

vragen en moedigde me aan zelf inzicht te vergaren. Bedankt ook voor het stuk 

interpersoonlijke begeleiding dat je geboden hebt. Ik wens je het allerbeste, en 

vooral een hoop mooie zeiltochtjes, al dan niet op internationale wateren. 

Peter, my partner in crime. Het duurde even voor je in de picture kwam, maar 

toen je er eenmaal was, was je niet meer weg te denken. Vanaf het begin heb 

ik jou als persoon alsmede onze samenwerking als heel prettig ervaren. Echt 

waar, de samenwerking met jou heeft mijn PhD zoveel leuker gemaakt. Het de-

len van ups en downs was fijn maar ook mijn discussiebehoefte werd door jou 

vervuld, en niet alleen op het gebied van ons werk. Ook op het gebied van al-

ternatieve media, coronavaccins, beleggen, spellen, zuurdesembrood en 

creatieve bezigheden konden we goed van gedachten wisselen en menige 

‘werkmeeting’ begon met een uur praten over deze en andere onderwerpen.  

We hebben bijna onze eerste publicatie samen, en hopelijk volgt CD8 ook binnen 

afzienbare tijd. Ik wens je al het geluk van de wereld, op professioneel vlak maar 

ook met Emmy en Evi!

René, al spraken we elkaar het laatste jaar wat minder vanwege de loop van de pro-

jecten, we hebben toch heel intensief samen 96-well plates gepipetteerd en platen 

vol single-cell clones geFACSt. Je bent een rustig maar gezellig persoon met wie 

ik het samenwerken erg leuk heb gevonden. Nog ff en dan komt die CD8-paper 

er! Janneke, ook jou wil ik graag bedanken voor de prettige samenwerking op het 

PD-L1 project. Ik vond het ook fijn dat ik je in het begin alles mocht vragen over de 

in vivo proeven en je me er open over vertelde. 

During my PhD I was a member of the Verdoes Lab group, but in practice Martijn’s 
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and Carl’s groups were mingling. We shared a meeting and lab space, and I 

would like to take the opportunity to thank a few people that were part of that. 

Roel, vanaf onze introductiemiddag samen in 2016 had ik het gevoel dat we een 

goede persoonlijke klik hadden. Ik kon met jou altijd fijn discussiëren over werk en 

inhoud, en je hebt me in het begin vaak geholpen met de MALDI. Maar we konden 

ook fijn praten over de meer persoonlijke zaken. Onze kopjes koffie in mijn schrijfpe-

riode waren zeer welkom. Ik wens je heel veel plezier en succes bij de nieuwe startup!  

Jorieke, waar moet ik beginnen! Behalve dat je een geinteresseerde en betrokken 

collega was en ik goede herinneringen heb aan PhD retreats en de conferentie in 

Liverpool bijvoorbeeld, hebben we ook veel leuke dingen gedaan buiten werk, 

zoals skaten, naar de bisonbaai gaan, samen eten, wandelen en Dominion spelen. 

Ik vond het heel leuk om bij jou en Guido te logeren in Zwitserland en ben blij dat 

we nog contact hebben! 

Dion, ik vond het erg gezellig om je als Utjegenoot te hebben, en ook ons uitstapje 

naar Amsterdam voor de cursus Advanced Immunology, waarbij we twee weken in 

een Airbnb verbleven, vond ik erg leuk. Ik vond het ook bijzonder en gaaf dat we 

samen naar BOOM zijn geweest en een jaar later naar Dolores met de groep! 

Duco, we hadden veel gemeen met elkaar en we hebben dan ook veel interessante 

en leuke gesprekken gevoerd. Beiden houden we van fotografie en van reizen, en 

de Travel Night Experience die je georganiseerd had voor onze groep vond ik super-

gaaf! Daarnaast ben je een sociale collega die anderen graag betrekt bij de groep. Ik 

wens je heel veel plezier met je verdere carrière en persoonlijk leven! Floris, op het 

Huygens waren onze zuurkasten naast elkaar en ik heb me, mede daardoor, tijdens 

de vele wachtstappen van vijf minuten die peptidechemie eigen is nooit verveeld! 

We hadden altijd iets om over te praten, lachen of discussiëren. Bedankt daarvoor! 

Iván, we shared a fumehood at Huygens, and it was great to have a more seasoned 

scientist in the group with lots of experience in the field of antibody conjugates. 

Thanks for all your advice and the good company. Emilia, we only shared our Utje 

for a short time, and during strange (corona) times! However, we quickly formed 

a personal connection, which led to us spending time together outside of work 

as well. I love your sense of humor but we can also talk more serious stuff. Ne-

ver change! Big hug for Ralfi and Martin too! Oya, thanks for your great company 

as a colleague, during coffee breaks and during the women’s weekend away in 

Gent! I love how genuine you are, and wish you all the best! Olga, I always ap-

preciated you and your presence in the group a lot even though in the end we 
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did not get to work together much. I also want to thank you and Pavel for our 

little photo trips together! Marjolein, bedankt voor de goede tijden als Utjege-

noot. Je hebt me menigmaal geholpen met tips en uitleg bij FACS-experimen-

ten! Ook vond ik het leuk om paranimf te zijn samen met jou en ben ik trots op 

het stripboekje dat we voor Dion hadden gemaakt. Loek, ook jou wil ik graag 

bedanken voor de goede tijden toen jij nog mijn Utjegenoot was. Ik vond het 

ook ontzettend leuk om samen met jou teksten voor de TIL-band te schrijven!  

Furthermore, I’d like to thank the other members of Verdoes Lab and the DLM over 

the years, Anouk, Bas, Camille, Eliezer, Edyta, Eric, Felix, Lea, Liping, Massis, 
Mika, Olga Koshkina, Yingxin and Yusuf.

Furthermore, I’d like to thank my awesome students Carla, Saskia and Kas. Carla, ik 

vond het ontzettend leuk en gezellig om je als student te hebben. We konden lekker 

kletsen over reizen. En je RNO assays hebben het boekje gehaald, yay! Goed om te 

zien dat je een gave baan hebt gevonden in het bedrijfsleven. Saskia, je schreef een 

mooie literatuurreview voor je master, en dat is de basis geweest voor hoofdstuk 5 

van dit boekje. Bedankt daarvoor! Kas, jij had het niet zo makkelijk in het begin omdat 

je begeleider thuis zat met een schouderblessure! Daardoor moest ik je telefonisch 

instructies geven en ging je een ander project doen dan je aanvankelijk gedacht had. 

Je was een slimme student, en je bijdrage aan het PD-L1 project is van grote waarde 

geweest voor de voortgang van mijn PhD in een periode waarin ik me anders vast en 

zeker veel nuttelozer gevoeld had! Fijn om te zien dat je zo’n productieve en goede 

tijd in de VS hebt gehad, en dat in een tijd dat de wereld op zijn kop stond. Ga zo 

door, en je gaat vast een prachtig proefschrift produceren!

The Tumor Immunology Lab is a big department and so, not surprisingly, there were 

many colleagues outside of my own research group that played a role in my work life.  

Martin, je bent een ontzettend waardevolle collega geweest. Ten eerste konden 

we leuk babbelen, en ten tweede ben je zó ontzettend behulpzaam en weet je zó 

ontzettend veel! Ik heb je regelmatig om advies gevraagd en veel van je geleerd. 

Het was ook ontzettend fijn dat je in mijn laatste maanden, toen ik het ontzettend 

druk had, mijn pcDNA voor me hebt geamplificeerd zodat ik zonder zorgen mijn 

CTLA-4 transfecties kon doen! Heel erg bedankt voor alles! Lieke, ik was blij je als 

collega te hebben, maar ook met het contact dat we buiten werk hadden! Je bent 

een betrokken iemand waar mensen persoonlijke dingen aan vertellen. Ik denk 

met veel plezier aan alle keren dat we samen koffie of thee hebben gedronken en 
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samen hebben gegeten, en natuurlijk aan het weekend in Kopenhagen! Bedankt 

dat je mijn paranimf wilt zijn! Inge, ons tripje naar Kopenhagen zal ik niet snel ver-

geten, evenals de koffiefilter van aluminiumfolie die je gemaakt had. Zo konden we 

elke ochtend echte koffie zetten in plaats van oploskoffie! Ik heb onze persoonlij-

ke gesprekken alsmede onze meer inhoudelijke discussies altijd erg gewaardeerd, 

evenals je hulp met statistiek! Elke, het was gezellig om jou aan de andere kant 

van mijn computerscherm te hebben zitten. Je bent een gezellig en goedlachs 

persoon, met wie ik vaak lol kon hebben. Ook zal ik de escaperooms die we op-

gezet hebben voor de TIL Day Out nooit vergeten! Duty calls, hobbitses!  Disney 
& Wijn, ik kan jullie natuurlijk ook niet met goed fatsoen alleen maar los van elkaar 

noemen! Want yay, ik heb onze avondjes altijd erg leuk gevonden, ook al is het van 

die Disney-component nooit gekomen en waren we meer een Eten & Wijn-groepje. 

Ons weekend in Kopenhagen vond ik echt heel gezellig, alsmede het uit eten gaan 

bij Tati of De Grut en onze groepskostuums voor het laatste kerstfeest IRL vergeet 

ik ook niet snel! Glenn, jonkie ;) Je bent een gezellige en betrokken collega, waar ik 

altijd leuk mee kon kletsen aan de lunchtafel of in de kweek! Daarnaast vond ik het 

heel tof om samen in de TIL band te spelen. Wie weet komt ‘Hotel Mycoplasma’ 

ooit nog van de grond! En laten we niet de TIL Day Out vergeten! 

Voor de organisatie van de TIL Day Out 2018 wil ik trouwens ook graag Koen en 

Mangala bedanken. It was a great experience to set this up together, thanks guys! 

Sjoerd, hoewel onze research-wegen elkaar niet zo erg gekruist hebben, heb ik je 

leren kennen als een zeer getalenteerde en betrokken collega, die tijdens meetings 

altijd goede vragen stelt. Daarnaast ben je ontzettend gemakkelijk om mee te praten 

en te lachen. Dat heb ik altijd erg gewaardeerd aan jou! 

At our legendary TIL Christmas parties, we had our own TIL band, with lyrics 

that were custom-made for our lab. For this super cool experience, I would like 

to thank the people I had the opportunity to do this with, Christian, Daniëlle, 
Glenn, Laurent, Loek and Yusuf. Laurent, ik vond het niet alleen leuk om met 

je in de band te spelen, maar ook om je als collega en bijna-buurman te heb-

ben. Ik herinner me met veel plezier onze lunch- en koffiegesprekken, en na-

tuurlijk de keren dat ik op Molly gepast heb! Jullie boffen maar met zo’n lieve 

kat! En bedankt voor de lekkere biertjes die ik op de bank met Molly op schoot 

mocht opdrinken als jullie een weekendje weg waren. Groetjes aan Rosalie! Rens, 

ik vond het leuk om samen de pubtalks te presenteren tijdens ENABLE 2019! 

Carlijn, Jeanette en Kim, bedankt voor de leuke tijd in Gent in ons apartement, het 
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was leuk om elkaar beter te leren kennen! Asima, thanks for the great time in Gent du-

ring our girls’ weekend and just for being awesome! You have a great sense of humor 

and I loved our chats. Natalia, you are an inspiring researcher as well as personality. I 

love your dedication, and I loved laughing as well as talking about societal or feminist 

issues with you during lunch and coffee breaks. I wish you all the best with your family 

and in your career! Mark, ik heb goede herinneringen aan onze lunch- en koffiepau-

zes, en aan partyen! Maxim, it’s been a while since we’ve seen each other but I just 

wanted to tell you how much I appreciated you as a colleague! You are an amazing 

scientist but also a warm-hearted person and I felt it was easy to connect with you. 

Nienke and Christina, ik vond het altijd heel gezellig met jullie, en zal onze tijd in 

Liverpool niet snel vergeten!  Jolanda, ik heb onze gesprekjes als we elkaar tegen-

kwamen op de uitgestorven afdeling tijdens de coronatijd erg gewaardeerd. Je 

bent heel bemoedigend, en ik wil jou en Ilja ook bedanken voor het regelen van 

een goede stoel voor mij. Hij wordt intensief gebruikt! Ilja, jouw aanwezigheid op 

de afdeling is enorm positief. Ik heb je nuchterheid en betrokkenheid over de jaren 

heen erg gewaardeerd.

I’d also like to thank a whole bunch of other people who were part of my time at 

TIL. Thanks for the great times Abbey, Ankur, Annemiek de Boer, Annemiek van 
Spriel, Anoek, Chunling, Erik, Fleur, Florian, Geert, Georgina, Gerty, Ilse, Inge 
Reinieren-Beeren, Iris v/d Hoorn, Jasper, Jeanette, Jeroen, Johannes, Jonas, 
Kevin, Laia, Lotte, Mandy, Marcella, Marleen, Natasja, Nicole, Pauline, Peter, 
Renske, Sandy, Shabaz, Simone, Stefania, Suraya, Thomas, Till, Tjitske, Tom, 
Tonke, Vera and Xander. 

Tevens wil ik graag Daphne, Yvonne en Sanne bedanken voor het mij wegwijs ma-

ken op het lab van de Nucleaire Geneeskunde en hun hulp bij experimenten aldaar. 

Sanne, bedankt voor je hulp bij de opzet van de cell killing assays voor hoofdstuk 

zes. Ik vind het heel leuk dat we nu ook samen een review gaan publiceren!

I performed part of my research at the science faculty at Radboud Uni-

versity, Huygens building. I would like to thank a few people in particular. 

Dennis, we kenden elkaar natuurlijk al van mijn bachelorstage, en ik vond het leuk 

om weer gedeeltelijk in hetzelfde lab te mogen werken als jij. Bedankt voor het 

advies op het gebied van peptidesynthese, zeker met betrekking tot het lastige 

peptide dat zich niet liet meten met MALDI. En natuurlijk ook voor de gezelligheid! 

Helene, bedankt voor je hulp met de HPLCs, voor het vertrouwen dat je in me stel-
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de door je goede spulletjes met me te delen en voor de hulp met het zuiveren van 

mijn IR700-DX-gekoppelde peptide. Abbas, you are not only a great scientist with 

an impressive work ethic and publication list, but also a social and helpful guy. We 

laughed a lot too (‘Iris, where is the red carpet? Iris, where is the cake?’). I wish you 

all the best for your future career and personal life as well! Lianne, we kenden elkaar 

nog van de studie en ik vond het leuk om je weer te treffen op mijn promotieplek! 

Je bent een spontane, no-nonsense chick waar altijd wel wat mee te babbelen valt, 

over reizen of andere zaken! Stiekem hoop ik dat we elkaar nog bij SynAffix terug 

gaan zien. Selma en Fleur, samen met Lianne hebben jullie mijn tijd op het Huygens 

gezellig gemaakt! Ik vond het heel leuk om mijn bureautje bij jullie te mogen heb-

ben en samen met jullie te pauzeren wanneer ik op het Huygens was. Jan en Peter, 
bedankt voor de technische ondersteuning met bestellingen en benodigdheden! 

Yvonne, ik vond het top je als collega op het Huygens te hebben, maar ook om 

samen ENABLE te organiseren. Bob, Margot, Mike, Heleen en Kevin wil ik ook 

graag bedanken voor de goede sfeer op het lab en tijdens de pauzes. Bedankt 

voor het delen van jullie baksels met mij als ik weer eens kwam aanwaaien!

Estel, vriendin, thesisbuddy en nu paranimf! Je dacht toch niet dat ik jou was ver-

geten? ;) We leerden elkaar kennen op werk en spraken steeds vaker af om samen 

koffie te drinken of te lunchen. Later gingen we ook wandelingen maken en samen 

weekendjes weg naar Terschelling en de Veluwe. Vanaf januari ben je elke week 

een dag bij mij thuis gekomen om samen aan onze boekjes te werken. Ik kan je niet 

vertellen wat dat voor mij betekend heeft! Van schrijven wordt weleens gezegd dat 

het een eenzame tijd is, en dat gold voor schrijven tijdens een pandemie nog meer. 

Tussen het schrijven door gingen we wandelen in de Goffert en de dag werd stee-

vast afgesloten met een uitgebreide, lekkere maaltijd waarover je de dag ervoor 

recepten met me deelde om te vragen welke me het lekkerst leek. Ik heb genoten 

van onze discussies over uiteenlopende onderwerpen en ik vind het bovendien 

heel gaaf dat je Nederlands geleerd hebt, want zoals je weet doen veel internati-

onale wetenschappers dat niet. Ik hoop dat je voorlopig in dit kikkerlandje blijft, al 

zit dat voor nu wel goed met je postdoc!

That brings me to the people outside of academia who contributed to my life dur-

ing these five years.

Lisanne, ik ben heel blij dat we vrienden zijn. Al woon je tegenwoordig in Utrecht, 

we maken nog altijd graag samen wandelingen en praten honderduit. Ik kan ontzet-
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tend met je lachen en lief en leed met je delen, en ik heb ontzettend genoten van 

onze vakantie in Denemarken afgelopen zomer! Evdokia, you have become a great 

friend over the past years. You are truly unique and I love sharing experiences but also 

elaborate thought processes and humanist discussions with you. You are a super lo-

yal and very attentive friend and I really appreciate that. I want to thank you and also 

Jorg for all the great times over the past five years! Here’s to many more! Robert, ik 

ben super blij met onze vriendschap en vond het heel gaaf dat we samen naar BOOM 

zijn geweest en daarna nog een paar dagen in Madrid hebben doorgebracht. Good 

times! Ik hoop dat we, als de omstandigheden het toelaten, weer snel naar een fes-

tival kunnen. Mike, het duurde lang, maar deze unit is eindelijk af! Gelukkig kreeg 

ik ondertussen geen honger ;) Ik ben blij dat we regelmatig samen aten, Dominion 

speelden en wandelingetjes in de Goffert konden maken tijdens mijn schrijfproces.  

Verder wil ik ook graag mijn andere vrienden, including but not limited to Jorg 
Leijten, Marlies en Roel bedanken voor hun vriendschap en de goede tijden, 

evenals voor hun eventuele steun tijdens lastige periodes! 

Ik heb de afgelopen jaren ook ontzettend genoten van de avonden bij de Jonge 
Humanisten Nijmegen, daarvoor wil ik graag alle aanwezigen maar ook in het bij-

zonder de organisatoren bedanken. 

In January 2020, I joined the 52 Frames community, and its contribution to my life 

as a person but also as a researcher has been of inestimable value. A big shout-out 

to my fellow Dragons Aaisha (a big thanks for managing the shredder group!), Ana, 
Claudia, Corinne and Ronda. You guys have encouraged me every step of the way, 

thank you for being part of my photographic journey and, probably without realizing, 

my personal journey. I hope we will meet again on Zoom soon!

Ik zou ook graag Dick bedanken voor zijn concrete adviezen en opbeurende woorden 

in lastige tijden.

Lieve familieleden, bedankt voor de gezelligheid en ondersteuning die jullie mij 

geboden hebben.

Karin, bedankt voor alle wandeltochtjes, lunches, kopjes warme chocomel en 

avondmaaltjes. Ik bewonder je authenticiteit en ben heel blij met onze band. Pe-
ter, Loes, Herman, Yvette en Julian: ik voel me altijd thuis bij jullie en ben heel 

blij dat we nog steeds dingen als Kerst en Pasen samen vieren met z’n allen! 
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Al was dat in coronatijd even wat minder, hopelijk komt dat nu snel terug!  

Peter, Monique, Anne, Loulou, Ineke, Wim, Tessa en Matthijs, ook jullie bedankt 

voor de leuke tijden, evenals voor alle mooie herinneringen die ik nog van vroeger 

heb, zoals Sinterklaas en Paaseitjes zoeken bij opa in de tuin! 

En last but certainly not the least... Papa en mama! Ik hoop dat jullie, na dit boek-

je, een iets beter beeld hebben van waar ik de afgelopen jaren mee bezig ben 

geweest. Jullie zeiden dat ik als klein kind al een enorme ‘leerhonger’ had, en de 

stimulering die jullie mij als reactie hierop boden is vast en zeker vormend geweest 

voor mijn interesse in de wetenschap! Bedankt voor jullie onvoorwaardelijke steun, 

de immer openstaande deur en voor de hulp om van I naar Dr. I te gaan!
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