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Abstract: Human cytolytic fusion proteins (hCFPs) are comprised of a specific  

cell-surface-binding moiety and an effector molecule of human origin. In contrast to 

common immunotoxins, including bacterial or plant toxins, they are considered not to be 

immunogenic. Two examples for human pro-apoptotic effector proteins are the serine 

protease Granzyme B and the RNase Angiogenin. Pre-clinical testing of functionality in  

in vitro and in vivo studies is essential for therapeutics. Establishing relevant animal 

models that have predictive value for therapeutic success is a great challenge in biomedical 

research. In this study, we investigated the species-dependent cytotoxic activity of two 

hCFPs prior to their application in a murine inflammation model. We found that in vitro 

and ex vivo either hCFP was able to kill human cells only, leaving murine cells unaffected. 

In contrast, no species-dependency was found for the bacterial Pseudomonas exotoxin A 

based immunotoxin H22(scFv)-ETA’. This species-dependent functioning has to be 

carefully considered when performing pre-clinical studies in animal models. 
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1. Introduction 

The main problem of most standard therapeutic approaches against cancer or inflammatory diseases 

is their lack in specificity, which can lead to serious side effects. In order to circumvent this, more 

specific approaches are subject of current research. Among these are the common immunotoxins, 

which specifically deliver toxic components into diseased target cells [1,2]. These chimeric proteins 

contain a specific cell-binding moiety, which can either be a ligand, a full-length antibody, or a 

fragment thereof, coupled to an apoptosis-inducing molecule [3–6]. After binding to the target cell, the 

immunotoxin is internalized followed by endosomal processing and final release of the toxin into the 

cytosol, where it catalytically induces cell death [7]. The most frequently used toxins in these 

immunotherapeutic agents originate from plants, like Ricin A, or bacteria, like Pseudomonas exotoxin 

A (ETA) and Diphtheria Toxin [5,8–10]. A panel of those proteins, especially targeted against cancer 

cells, has already been investigated in clinical trials [11–13]. However, a major drawback of  

non-human toxins is the potential induction of unwanted immune responses [14]. This can limit the 

number of doses a patient can receive. A promising approach to overcome this problem is the use of 

fully human cytolytic fusion proteins (hCFPs). The most promising candidates being investigated are 

the enzymes Granzyme B and Angiogenin. Granzyme B, a serine proteinase mainly expressed in 

cytotoxic T lymphocytes or natural killer cells, is one of the most prominent initiator of apoptosis in 

the innate immune system [15]. Its apoptotic activity comprises both caspase-dependent and  

-independent pathways, and is based on the proteolytic cleavage of several downstream caspases like 

pro-caspase 3. Granzyme B can also directly cleave caspase substrates as well as caspase-independent 

proteins like Bid leading to the release of cytochrome c and mitochondrial permeability [16–19]. 

Human Angiogenin is a human plasma protein with 65% homology to RNase A and is one of more 

than 20 ribonucleases involved in RNA metabolism [20]. In contrast to several other RNase A 

superfamily members, Angiogenin has been shown to be a potent inhibitor on protein synthesis 

through digestion of tRNA in cell-free systems [21]. 

Both enzymes have already been tested as cytolytic component in fusion proteins [22–26]. 

Examples are the CD64-specific hCFPs Granzyme B-H22(scFv) and H22(scFv)-Angiogenin which 

have previously been reported to specifically kill the human pro-monocytic leukemia cell line U937  

in vitro [26,27]. This cancer cell line can be deployed in a murine acute myeloid leukemia xenograft 

tumor model [28], thus allowing for in vivo pre-clinical testing of new hCD64-targeting therapeutics. 

The contribution of the animal itself in such model is very limited. For other induced disease specific 

animal models the influence of the animal is much more significant, as the target cells are not 

transplanted xenografts, but the animal cells. To test novel therapeutics, transgenic animals are a 

potential solution. Here, the human target molecule is expressed by the animal cells and this allows for 

direct testing of the therapeutic agent. We have for instance employed hCD64 transgenic animals to 

that aim. We used them in several induced disease models, e.g., chronic cutaneous inflammation and 

arthritis [29,30]. Testing of a genetically engineered protein, H22-ETA’, proved effective in 
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eliminating inflammatory macrophages in the skin [31] in this model and resolution of the 

inflammation. When using human enzymes however, it has to be considered that they generally have a 

high specificity for their substrate, which may even be species-dependent so that on the animal 

substrate they may be less- or even in-effective. This might have serious consequences when testing 

human therapeutics for their specific and also unspecific toxicity in vivo. 

In this study, we for the first time show that the two hCFPs, Granzyme B-H22(scFv) and 

H22(scFv)-Angiogenin, successfully kill human activated macrophages but fail to eliminate murine ones. 

This is in great contrast to H22(scFv)-ETA’ [28,32], which induces apoptosis species-independently. 

Hence, we conclude that species-dependent functionality of human immunotherapeutics has to be 

taken into account when testing new candidates in pre-clinical animal models.  

2. Results and Discussion 

The development of biological therapeutics moves strongly into the direction of human or 

humanized molecules. This introduces an additional problem, as the effector function of the 

therapeutic to be tested in such a model is a human enzyme. We developed several of those hCFP like 

Granzyme B-H22(scFv) and H22(scFv)-Angiogenin. 

To investigate the feasibility of evaluating hCFPs in animal models other than cancer models  

(e.g., inflammation models), we first performed cytotoxicity assays with the murine B cell/macrophage 

cell line IIA1.6, which was transfected with hCD64 (hCD64+). Non-transfected (hCD64−) IIA1.6 cells 

and the original immunotoxin H22(scFv)-ETA’ were used as controls. Although all tested proteins 

showed specific binding to hCD64 (Figure 1a), no cytotoxicity could be observed for the hCFPs 

Granzyme B-H22(scFv) or H22(scFv)-Angiogenin (Figure 1b). In contrast, the bacterial toxin ETA’ 

showed hCD64-mediated cytotoxicity in a dose-dependent fashion resulting in an IC50 value of 13 nM. 

This result is in sharp contrast to the in vitro data obtained for the human CD64+ cell line U937 as 

previously described and establishes, for the first time, a species-dependent function of the two human 

effector proteins Granzyme B and Angiogenin. 

To further confirm these data, we compared the cytotoxic potential of both fusion proteins ex vivo 

against hCD64+ primary macrophages macrophages. For the first time, we here demonstrate that 

Granzyme B and Angiogenin cannot only efficiently kill cancer cells but also human PBMC-derived 

macrophages. However, even though both hCFPs could specifically bind to the target receptor species-

independently as demonstrated by flow cytometry (Figure 2a), neither Granzyme B-H22(scFv) nor 

H22(scFv)-Angiogenin could kill peritoneal mouse macrophages. This supports our hypothesis that 

human Granzyme B and Angiogenin act, in the context of hCFPs, in a species-specific manner. In 

agreement with the data obtained for the cell lines IIA1.6 and U937, the control immunotoxin 

H22(scFv)-ETA’ was able to kill both murine and human primary macrophages. Intriguingly, despite 

the universal efficacy of the chimeric H22(scFv)-ETA’, it was less toxic (IC50: 214 pM) to human 

macrophages compared to both human cytolytic fusion proteins Granzyme B-H22(scFv) (IC50: 108 pM) 

and H22(scFv)-Ang (IC50: 140 pM). 
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Figure 1. Binding (a) and cellular cytotoxicity (b) of H22(scFv)-based fusion proteins to 

the murine cell line IIA1.6. Cell binding activity of 1 µM recombinant protein was 

analyzed by flow cytometry. Detection was performed using an anti-Penta-His-Alexa Fluor 

488 antibody. Cellular cytotoxicity was assessed by a XTT assay. The concentration 

required to achieve 50% reduction of protein synthesis (IC50) relative to untreated control 

cells was calculated using GraphPad Prism. All experiments were carried out in triplicates. 
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Figure 2. Binding (a) and cellular cytotoxicity (b) of H22(scFv)-based fusion proteins to 

hCD64-transgenic murine macrophages and human PBMCs-derived macrophages. Cell 

binding activity of 1 µM recombinant protein was analyzed by flow cytometry. Detection 

was performed using an anti-Penta-His-Alexa Fluor 488 antibody. Cellular cytotoxicity 

was assessed by a XTT assay. The concentration required to achieve 50% reduction of 

protein synthesis (IC50) relative to untreated control cells was calculated using GraphPad 

Prism. All experiments were carried out in triplicates. 

 

Species-dependent activity of human Granzyme B has been suggested previously. In contrast to our 

findings, in this study it was shown that human Granzyme B is able to kill several murine cell lines, 

such as C26 and LR7 [33] or P815 and EL4 [34]. However, here, the delivery of the enzyme into the 

cytosol was mediated by Streptolysin O (SLO) and not by receptor-mediated endocytosis, as it was the 

case in our experiments. This means that at least one of the key substrates for induction of apoptosis by 
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Granzyme B is present in both human and murine cells. However, different routing pathways triggered 

by direct (SLO) or indirect (receptor-mediated endocytosis) delivery might prevent Granzyme B to 

encounter this key substrate. In support of this hypothesis, it was shown before that there are indeed 

evolutionary differences of murine and human Granzyme B. These were shown to be different 

enzymes [35] with distinct structural and functional characteristics [34]. While both cleave similar 

protein substrates, clear differences in the ability of cleaving, e.g., BID, ICAD or caspase-8 [35], 

which might represent crucial key substrates. For Angiogenin, nothing is known in literature about 

species-dependent differences of its inhibitory effect on protein synthesis. Indeed, our results suggest 

that the effect of human Angiogenin is absent in murine cells. 

In addition to species-dependent differences in apoptosis-triggering mechanisms, specific inhibitors 

have also to be considered. As an example, the main Granzyme B inhibitor Serpin B9 (PI-9) is 

expressed only in human cells and it is capable of inhibiting human Granzyme B only. As opposed to 

this, the structurally similar murine variant SPI-6 can inhibit both murine and human Granzyme B, 

even though its inhibitory effect on human Granzyme B is lower than the one of PI-9 [36]. Similar to 

the inhibition of Granzyme B by endogenous inhibitors, the cytotoxic performance of the human 

RNase Angiogenin can be regulated by the cytosolic RNase inhibitor, which was shown to efficiently 

bind to RNases and block their catalytic activity [20]. This might be regulated differently in mice and 

humans leading to diminished apoptotic effects. 

3. Experimental Section  

3.1. Protein Expression and Purification 

H22(scFv)-ETA’ was produced via periplasmic stress expression in Escherichia coli BL21 

(DE3)according to Tur et al. [32]. Granzyme B-H22(scFv) and H22(scFv)-Angiogenin were transiently 

expressed in HEK293T cells and purified from supernatant as described previously [26,27]. All 

proteins were purified by immobilized metal-ion affinity chromatography using Ni-NTA Sepharose 

(Qiagen, Germany) and size exclusion chromatography against PBS (pH 7.4) with Bio-Prep SE-100 

⁄17 (Bio-Rad, Germany) columns according to the manufacturer’s instructions. 

3.2. Isolation and in Vitro Stimulation of Macrophages 

Peritoneal macrophages were induced by intraperitoneal injection of 1 mL 2% BioGel P-100 

(BioRad, Germany) in hCD64-transgenic mice. After 3 days, mice were sacrificed and macrophages 

were isolated by peritoneal lavage using 5 mL of cold PBS (pH 7.4). After lysis of red blood cells, 

macrophages were cultured at a concentration of 0.5–1.0 × 106 cells/mL in RPMI1640 medium 

supplemented with 10% (v/v) FCS and 1% Pen/Strep in T75 tissue culture flasks for 2–4 h.  

Non-adherent cells were removed by washing with cold PBS and macrophages were detached by 

incubation with cold 0.5 mM EDTA in PBS (pH 7.4) for 10 min on ice. Appropriate number of cells 

was then seeded into assay plates and incubated o/n. Next day, cells were stimulated with 100 U/mL 

IFN-γ (Peprotech, Germany) and 1 µg/mL LPS (Sigma-Aldrich, Germany) for 24 h before usage in 

functional assays.  
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Human monocytes were isolated from buffy coats by gradient centrifugation with Ficoll (VWR, 

Germany) and cultured o/n at conditions described above. After addition of 100 U/mL IFN-γ and  

1 µg/mL LPS, cells were incubated for 72 h. Finally, cells were boosted with 50 U/mL IFN-γ for 24 h 

and used in functional assays.  

3.3. Binding Analysis via Flow Cytometry 

Cell binding activity of purified proteins was analyzed by flow cytometry. A total of 4 × 105 cells 

were incubated with 1 µM of recombinant protein in PBS (pH 7.4) containing 2 mM EDTA and 0.5% 

BSA for 30 min on ice followed by washing with PBS. Fluorescence staining was performed using an 

anti-Penta-His-Alexa Fluor 488 antibody (1:100; Qiagen, Germany) for 30 min on ice in the dark. 

Finally, the cells were washed twice with PBS and subsequently analyzed on a FACS Calibur flow 

cytometer (Becton Dickinson). 

3.4. In Vitro Cellular Cytotoxicity 

The cytotoxic effect of recombinantly produced proteins towards hCD64+ cells (IIA1.6 transfected 

with hCD64, hCD64 transgenic murine peritoneal macrophages, and PBMCs-derived human 

macrophages) was assessed by measuring the conversion of XTT to a water-soluble orange formazan 

dye. Therefore, 5 × 105 cells/well were seeded into a 96-well microtiter plate and incubated with 

various dilutions of the recombinant protein for 72 h at 37 °C, 5% CO2, and 100% humidity. Non-

transfected IIA1.6 cells were used as control to exclude unspecific toxicity. For the read out of cell 

viability, 50 µL of XTT/phenanzinemethosulfate (100:1; Serva and Sigma-Aldrich, Germany) solution 

were added to each well followed by incubation for 3–4 h. Absorbance450- 630 nm were measured using 

an Epoch Microplate Spectrophotometer (Biotek, Germany). The concentration required to achieve 

50% reduction of protein synthesis (IC50) relative to untreated control cells was calculated using 

GraphPad Prism (GraphPad Software, USA). All experiments were carried out in triplicates. 

4. Conclusions 

Collectively, our observations highlight the complexity and potential pitfalls of selecting and 

designing human immunotherapeutics such as proteases or RNases. Even though human Granzyme B 

was previously shown to kill both murine and human cancer cells, our results demonstrate a strongly 

species-dependent cytolytic function in primary macrophages. Additionally, we could further confirm 

species-dependent cytotoxicity of hCFPs by testing the human RNase Angiogenin, which, in contrast 

to human macrophages, also failed to induce apoptosis in murine ones. Finally, our results raise the 

question, whether and how human therapeutics can be pre-clinically tested for their specific and 

unspecific toxicity in vivo using an animal model for macrophage-related diseases. 
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