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ABSTRACT
Here, we generated bispecific antibody (bsAb) derivatives that mimic the function of interleukin (IL)-18 
based on single domain antibodies (sdAbs) specific to IL-18 Rα and IL-18 Rβ. For this, camelids were 
immunized, followed by yeast surface display (YSD)-enabled discovery of VHHs targeting the individual 
receptor subunits. Upon reformatting into a strictly monovalent (1 + 1) bispecific sdAb architecture, 
several bsAbs triggered dose-dependent IL-18 R downstream signaling on IL-18 reporter cells, as well 
as IFN-γ release by peripheral blood mononuclear cells in the presence of low-dose IL-12. However, 
compared with IL-18, potencies and efficacies were considerably attenuated. By engineering paratope 
valencies and the spatial orientation of individual paratopes within the overall design architecture, we 
were able to generate IL-18 mimetics displaying significantly augmented functionalities, resulting in 
bispecific cytokine mimetics that were more potent than IL-18 in triggering proinflammatory cytokine 
release. Furthermore, generated IL-18 mimetics were unaffected from inhibition by IL-18 binding protein 
decoy receptor. Essentially, we demonstrate that this strategy enables the generation of IL-18 mimetics 
with tailor-made cytokine functionalities.
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Introduction

Cytokines are potent immunomodulatory proteins with substan-
tial therapeutic potential. Several such molecules, for instance, 
recombinant human (rh) IL-2 (aldesleukin) or (rh) TNF (taso-
nermin), have been granted marketing approval for the treatment 
of different diseases.1–3 However, the pleiotropic mechanism of 
action of many cytokines, their short half-life combined with 
often dose-limiting toxicities when administered systemically 
hamper their therapeutic applicability.2,4 To address these inher-
ent limitations, ‘next-generation cytokines’ were generated.5 For 
instance, muteins of IL-2 that do not target the α-subunit of the 
IL-2 receptor (CD25) were engineered in order to eliminate the 
intrinsic bias of this cytokine for activating regulatory T cells 
(Tregs).6,7 To optimize the poor pharmacokinetics of cytokines, 
fusions with the (effector silenced or attenuated) Fc portion of 
IgGs8 and conjugates with polyethylene glycol were engineered.9 

Moreover, bifunctional antibody cytokine fusion proteins were 
constructed aiming at accumulating the immunomodulatory 
function of cytokines at the site of disease.10,11 Another interesting 
approach regarding ‘next-generation cytokines’ relies on exploit-
ing antibody-derivatives that mimic the function of cytokines, 
referred to as cytokine mimetics or surrogate cytokines.12 In this 

respect, bispecific antibody derivatives (diabodies) have been 
developed that dimerize the erythropoietin receptor (EpoR).13 

Intriguingly, different diabodies induced differential EpoR phos-
phorylation ranging from weak and partial agonism to full agon-
ism. In addition to this, single domain antibodies (sdAb)-based 
bispecifics were generated that activate signaling through the 
heterodimeric IL-2 receptor βγ (IL-2 Rβγ). These bsAbs mimic 
the function of IL-2, but without preferential activation of Tregs 
via IL-2 Rα binding.14 Garcia and coworkers recently described 
the engineering of VHH-derived surrogate agonists targeting IL- 
2 Rβγ, as well as type I IFN-mimicking bsAbs.15 Importantly, the 
group constructed surrogate agonists displaying functional diver-
sification in terms of receptor downstream signaling compared to 
the natural cytokine. Moreover, also bsAbs were constructed 
triggering agonistic activity through binding to IL-2 Rβ and IL- 
10 Rβ, a receptor heterodimer that naturally does not exist. This 
clearly demonstrates that the modular assembly of bsAbs enables 
the generation of cytokine mimetics with tailor-made functional-
ities, which might be versatile building blocks for drug discovery.

Herein, we describe the generation of sdAb-derived bispe-
cific surrogate agonists mimicking the functionality of IL-18 
that are resistant to the decoy receptor IL-18BP. IL-18 is 
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a proinflammatory cytokine belonging to the IL-1 family of 
cytokines that mediates signaling through heterodimerization 
of the receptor subunits IL-18 Rα and IL-18 Rβ.16,17 IL-18 
stimulates IFN-γ production in innate lymphoid cells as well 
as antigen-experienced T cells in synergy with IL-12.18 

Recombinant human (rh) IL-18 has been assessed in clinical 
trials and demonstrated a favorable toxicity profile, but limited 
efficacy as monotherapy.19–21 Physiologically, the activity of 
IL-18 is balanced via the high-affinity neutralizing and natu-
rally occurring IL-18BP.17,18 After treatment with (rh) IL-18, 
substantially elevated levels of IL-18BP were found in the 
serum of patients.20,22 Ring and colleagues were able to show 
that IL18BP is expressed in the tumor microenvironment of 
several tumor types.23 Moreover, the authors found increased 
IL-18BP concentrations in the serum of patients with non- 
small cell lung cancer, which were further elevated post PD-1 
or PD-L1 treatment. In the same study, the group engineered 
a decoy-resistant IL-18 mutein that still triggered IL-18 recep-
tor activation. This next-generation IL-18 derivative showed 
superior antitumor efficacy in preclinical models as monother-
apy and in combination with immune checkpoint inhibition.23

In this work, we present an alternative route to obtain IL-18  
R agonists. This strategy relies on bispecific sdAb-based cyto-
kine mimetics targeting IL-18 Rα and IL-18 Rβ. To this end, 
camelids were immunized with both receptor subunits and 
antigen-specific VHHs were identified by YSD.24 Several IL- 
18 R agonists with varying signaling capacities were obtained 

by combinatorial reformatting individual sdAbs into a strictly 
monovalent (1 + 1) bsAb architecture. By engineering of the 
overall design architecture with respect to valencies and to the 
spatial orientation of individual VHH-based paratopes within 
one molecule, IL-18 mimetics with tailor-made agonistic activ-
ities were retrieved. Essentially, generated bispecifics were 
tolerant to inhibition by IL-18BP receptor decoy (Figure 1A).

Results

Camelid immunization combined with YSD enables the 
isolation of sdAbs targeting IL-18 Rα and IL-18 Rβ

For the isolation of VHHs targeting IL-18 Rα and IL-18 Rβ, 
one llama and one huarizo (llama x alpaca) were immu-
nized with a cocktail of the extracellular domains (ECDs) 
of both receptor subunits. Afterwards, for each specimen 
a YSD library was generated as described previously24,25 

and both libraries were sorted individually. We applied 
a two-dimensional sorting strategy to select for full-length 
VHH display via hemagglutinin (HA) tag staining simulta-
neous to the binding functionality by exploiting an antigen 
concentration of 250 nM for each respective receptor sub-
unit. In the first round of selection, we used a mixture of 
both receptor subunits (Figure 1B). In the second selection 
round, the enriched libraries were selected against both 
antigens separately and for each library and each receptor 

Figure 1. Overall strategy for the generation of tailor-made cytokine mimetics based on sdAb-derived bispecifics and YSD-enabled antibody discovery. (A) Left: IL-18 
(blue) triggers IL-18 R downstream signaling by consecutive binding to IL-18 Rα (yellow) followed by IL-18 Rβ (lime) recruitment. IL-18BP (dark gray) inhibits IL-18 by 
high-affinity binding and hence, by blocking the IL-18/IL-18 Rα interaction. Right: Camelid-derived sdAbs enable targeting IL18-Rα (orange) and IL-18 Rβ (green). Upon 
reformatting into an IgG-like bispecific, resulting cytokine mimetics cross-link the IL18R subunits and elicit down-stream signaling. Essentially, generated IL-18 
mimetics are resistant to inhibition by IL-18BP. Structural visualization was generated with PyMOL software version 2.3.0, based on PDB entries 3WO4 and 7AL7, 
structural modeling as described in the methods section and modified using www.biorender.com. (B) Immunization of camelids followed by YSD facilitate the 
enrichment of sdAbs specific to (rh) IL-18 Rα and (rh) IL-18 Rβ. One sublibrary was generated for each specimen (huarizo and llama) and sorted separately. In the first 
round of selection, a mixture of both (rh) receptor subunits was exploited at a concentration of 250 nM. In the subsequent second sorting round, enriched libraries were 
sorted separately against each antigen at 250 nM. A two-dimensional sorting strategy was applied to select for full-length VHH display in addition to antigen binding. 
Percentage of cells in sorting gates are shown. Plots show 5 × 104 events. (C) Graphical alignments of 55 unique sdAb clones addressing IL-18 Rα (top) and 101 
independent clones targeting IL-18 Rβ (bottom) retrieved from YSD library sorting. Complementarity-determining regions (CDRs) are highlighted. Red bars indicate 
high sequence diversity at the amino acid level and green bars represent high sequence conservation at a given position. Alignment conducted with MUSCLE 
alignment tool using Geneious Prime 2021.1.1.
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subunit we were able to enrich for an antigen-binding 
population (Figure 1B, Fig. S1). From the target-enriched 
libraries, 96 clones were sent for sequencing for each anti-
gen. This resulted in 55 unique clones in total enriched for 
binding to IL-18 Rα and 101 unique clones for IL-18 Rβ, 
respectively (Figure 1C). By applying a clonotyping strategy 
based on complementarity-determining region-3 (CDR3) 
diversity, we selected 11 VHHs targeting each receptor 
subunit, respectively, for expression. To this end, we 
expressed all 22 sdAbs as one-armed (1 + 0) antibodies by 
using the strand-exchange engineered domain (SEED) tech-
nology, which relies on beta-strand exchanges of IgG and 
IgA CH3 constant domains, resulting in preferential heavy 
chain heterodimerization (Fig. S2A).26 sdAbs enriched for 
IL-18 Rα binding were grafted onto the hinge region of the 
AG chain of the SEEDbody and produced with a paratope- 
less GA chain, while sdAbs targeting IL-18 Rβ were fused 
to the GA chain and combined with a non-targeted AG 
chain. An effector-silenced derivative of the SEEDbody Fc 
region was exploited in order to abolish the potential of 
antibody-dependent cell-mediated cytotoxicity (ADCC) in 
primary cell assays. Following expression in Expi293™ cells 
and protein A purification, we assessed binding to the (rh) 
ECDs of IL-18 Rα and IL-18 Rβ by biolayer interferometry 
(BLI) using an antigen concentration of 100 nM (Fig. S2B). 
As expected, (given the low sequence identity of approxi-
mately 21% between IL-18 Rα ECD and IL-18 Rβ ECD), 
monospecific molecules obtained from the IL-18 Rα sorts 
only showed binding to IL-18 Rα ECD 
(ms_IL18R_VHHα1–11), but not to IL-18 Rβ ECD which 
was vice versa for monospecific clones selected from the IL- 
18 Rβ enrichments (ms_IL18R_VHHβ12–22). In addition 
to this, ms_IL18R_VHHα7 only displayed negligible bind-
ing to IL-18 Rα ECD, whereas IL-18 Rβ-directed paratope 
ms_IL18R_VHHβ19 exhibited no binding at all. 

Consequently, both sdAbs were excluded from further 
consideration.

Combinatorial reformatting of sdAbs targeting individual 
IL-18 receptor subunits as (1 + 1) bsAbs facilitates the 
identification of IL-18 receptor agonists

For functional characterization, all 10 VHHs targeting IL-18 Rα 
(engrafted to the AG chain of the SEED architecture) as well as 
all 10 sdAbs specific for IL-18 Rβ (fused to the GA chain) were 
recombined and expressed as bispecific SEEDbodies, resulting 
in 100 bispecific sdAb-based antibody derivatives. As initial 
cutoff in terms of biophysical properties, we only considered 
bispecifics for further investigation that comprised more than 
86% target peak in analytical size exclusion chromatography 
(SEC) post-protein A purification, resulting in 12 molecules 
that were excluded. Interestingly, this encompassed all bsAbs 
harboring IL18R_VHHα11, indicating liabilities of the respec-
tive sdAb paratope. Notwithstanding, 88 VHH-derived bsAbs 
were assessed regarding their agonistic potential exploiting IL- 
18 reporter cells, stably expressing IL-18 Rα and IL-18 Rβ ( 
HEK-Blue™ IL-18 cells). In an initial experiment, bsAbs and all 
monospecific SEEDbodies (either series ms_IL18R_VHHα1–11 
or ms_IL18R_VHHβ12–22) were used at a concentration of 50  
nM. Recombinant human (rh) TNF was used as negative control 
and (rh) IL-18 as positive control, showing a dose-dependent 
activation of IL-18 reporter cells (Fig. S3A). As expected, none of 
the monospecific SEEDbodies were able to agonize IL-18 repor-
ter cells, whereas 44 of the 88 sdAb-based bispecifics induced 
NFκB activation that was at least 1.5-fold higher than for TNF at 
this fixed concentration (data not shown).

These molecules were further characterized exploiting the 
reporter cell assay in a dose-dependent manner. To this end, 
we also included IL18R_VHHα1β16, which did not show 

Figure 2. Combinatorial reformatting of monospecific (1 + 0) SEEDbodies into strictly monovalent (1 + 1) bsAbs enables the identification of IL-18 mimetics with 
attenuated capacities to trigger NFκB reporter activity on IL-18 reporter cells. (A) HEK-Blue™ reporter cells were incubated with increasing concentrations of 
reformatted bsAbs, as exemplarily shown for IL18R_VHHα2β15, IL18R_VHHα8β15, IL18R_VHHα2β17, IL18R_VHHα8β17 and IL18R_VHHα1β16. Secreted embryonic 
alkaline phosphatase activity was monitored by determining the OD640. Reporter activity was normalized to maximal IL-18 read-out. As negative control, (rh) TNF was 
used. Graph shows one respective screening experiment. (B) Heatmap of NFκB reporter activitation elicited by combinatorial reformatted (1 + 1) bsAbs. Molecules 
failing initial quality control (target monomer peak in SEC < 86% post-protein A purification given in dark gray, functionally inactive bsAbs shown in red, minimally 
active surrogate agonists (NFκB reporter activitation < 15% compared to (rh) IL-18 at 1 nM or EC50 ≥0.1 nM) in yellow and moderately active IL-18 mimetics (NFκB 
reporter activitation ≥ 15% compared to (rh) IL-18 at 1 nM or EC50 <0.1 nM) depicted in green.
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agonism potential but specific binding to the respective recep-
tor subunits as negative control (Figure 2A, Fig. S3). 
Intriguingly, all 44 different bispecifics were able to agonize 
the IL-18 reporter cells to a certain extent, whereas 
IL18R_VHHα1β16 did not induce activation, as exemplarily 
shown for surrogate agonists IL18R_VHHα2β15, 
IL18R_VHHα8β15, IL18R_VHHα2β17, and 
IL18R_VHHα8β17 in Figure 2A. However, compared with 
(rh) IL-18, potencies (EC50 of NFκB reporter activation) as 
well as the magnitude (maximal NFκB activation) were atte-
nuated for all bispecifics tested (Fig. S3A, B). According to 
their SEC profile and agonism potential, all bispecifics were 
ranked into four groups: molecules discarded due to low purity 
(target species < 86%; gray), functionally inactive bispecifics 
(red), minimally active agonists eliciting less than 15% of 
NFκB reporter activation normalized to (rh) IL-18 at 1 nM or 
EC50 higher than 0.1 nM (yellow) and moderately active sur-
rogate agonists triggering either a normalized NFκB reporter 
activation of more than 15% relative to (rh) IL18 or displaying 
potencies of less than 0.1 nM (green, Figure 2B).

Bispecific sdAb-derived IL-18 mimetics elicit dose- 
dependent release of IFN-γ in peripheral blood 
mononuclear cell-based assays

To evaluate the functionality of the engineered bispecific 
cytokine mimetics in primary cell assays, we stimulated 
human peripheral blood mononuclear cells (PBMCs) either 
with (rh) IL-18 or with a selection of 16 different surrogate 
agonists that showed at least some level of agonistic activity 
in the IL-18 reporter cell assay (ranging from minimally 
active to moderately active agonists) in combination with 
low dose (rh) IL-12. Again, IL18R_VHHα1β16 was 
included as a negative control. To this end, we exploited 
a fixed concentration of 100 nM of each of bsAbs scruti-
nized, whereas a concentration of 1 nM was used for (rh) 

IL-18 due to an anticipated much stronger potency. As 
functional read out, we used PBMC-derived production of 
IFN-γ (Figure 3A). Stimulation of PBMCs with (rh) IL-18 
triggered a robust release of IFN-γ (mean release at 1 nM 
of 1640.7  pg/mL), whereas IFN-γ production was negligi-
ble for the treatment with IL18R_VHHα1β16 (mean release 
at 100 nM of 39.5 pg/mL). For the 16 bispecific surrogate 
agonists, we observed a quite diverse release of IFN-γ at 
100 nM. While for five bsAbs (IL18R_VHHα5β13, 
IL18R_VHHα2β22, IL18R_VHHα6β22, IL18R_VHHα8β22, 
IL18R_VHHα10β22), the magnitude of IFN-γ production 
was not appreciably different from the negative control 
(IL18R_VHHα1β16), there was a trend for higher proin-
flammatory cytokine release for the vast majority of bispe-
cific surrogate agonists tested. Most importantly, sdAb- 
based IL-18 mimetics IL18R_VHHα2β15, 
IL18R_VHHα2β17, and IL18R_VHHα8β17 evoked 
a statistically significant higher IFN-γ production com-
pared to IL18R_VHHα1β16, with IL18R_VHHα2β15 trig-
gering the most prominent release (mean release 1390.2 pg/ 
mL). In parallel, we also assessed IFN-γ production of all 
the molecules without low-dose (rh) IL-12 (Fig. S4). 
Neither (rh) IL-18, nor the generated bispecifics triggered 
IFN-γ production in the absence of (rh) IL-12, which is in 
accordance with the finding, that IL-18 induces IFN-γ 
either with IL-12 or IL-15.17

To further narrow down surrogate agonists for in-depth 
characterization, we only focused on the three molecules 
that triggered significant release of IFN-γ, as well as 
IL18R_VHHα8β15, which also elicited a moderate produc-
tion of IFN-γ, albeit not being statistically significant. 
Remarkably, those four bispecifics were composed of dif-
ferent combinations of two sdAbs targeting IL-18 Rα 
(VHHα2 and VHHα8) as well as two VHHs specific for 
the IL-18 Rβ subunit (VHHβ15 and VHHβ17). For detailed 
characterization, we stimulated human PBMCs isolated 
from healthy donors with the four bispecific candidates 

Figure 3. Bispecific (1 + 1) surrogate agonists trigger IFN-γ release on PBMCs isolated from healthy donors. (A) IFN-γ production of PBMCs stimulated with bsAbs at 
a fixed concentration of 100 nM or with (rh) IL-18 at 1 nM. Experiments were performed in the presence of 10 ng/mL (rh) IL-12. Graph shows box and whisker plots as 
superimpositions with dot plots of IFN-γ release of 10 different donors. ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05.IL18R_VHHα1β16 was used as negative 
control (given in red). Four leading candidates used for further characterization shown in green, purple, blue, and orange. (B) TOP4 candidates evoke a dose-dependent 
IFN-γ read-out on PBMCs in the presence of low dose (rh) IL-12 (10 ng/mL). IL18R_VHHα1β16 as negative control shown in red was used at a fixed concentration of 1  
µM. Mean values ± SEM of 10 independent experiments p[,//’/l;\]=\][l; are shown.
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using a range of different concentrations in combination 
with low dose (rh) IL-12 (Figure 3B). All four bispecific IL- 
18 mimetics triggered a dose-dependent release of IFN-γ 
with potencies (EC50 of IFN-γ production) of 9.1 nM to 
~107 nM (Figure 3B, Table 1). Of note, IL18R_VHHα8β15 
did not reach a maximum IFN-γ release at the highest 
concentration tested (1 µM). Hence, we have not been 
able to determine the EC50 of this bsAb accurately.

Besides functional characterization, we also determined affi-
nities of the four leading (TOP4) IL-18 mimetics against each 
receptor subunit (Table 1, Fig. S5). Affinities for binding to IL-18  
Rα ranged from 5.2 nM for IL18R_VHHα2β15 to 35.6 nM for 
IL18R_VHHα8β17. Binding to the IL-18 Rβ subunit ranged from 
the single digit nanomolar range to binding in the lower double 
digit nanomolar range (for IL18R_VHHα2β15). Interestingly, 
there was a trend toward higher potencies and efficacies in 
terms of IFN-γ production for cytokine mimetics harboring 
a VHH with higher binding affinities to IL-18 Rα which were 
mainly driven by an improved off-rate (VHHα2 vs. VHHα8).

Antibody format engineering enables the generation of 
IL-18 cytokine mimetics with augmented and tailor-made 
functional properties

Next, we set out to further augment the functional properties 
of the herein generated bispecific surrogate agonists. To this 
end, we focused on IL18R_VHHα2β15, which triggered the 
most prominent production of IFN-γ on human PBMCs. In 
particular, we aimed at investigating the influence of paratope 
valencies, as well as the spatial orientation of individual para-
topes within the overall antibody design architecture, on pro-
voking a functional IFN-γ response. The different antibody 
designs are shown in Figure 4A. Besides the strictly monova-
lent (1 + 1) VHH SEED format exploited for initial IL-18 
mimetic generation and characterization 
(IL18R_VHHα2β15), we used two additional designs. In 
2020, our group described a VHH-based IgG-like bi- and 
multispecific antibody platform that relies on the replacement 
of the VH and the VL regions of a conventional antibody by 
two independently functioning VHH domains, resulting in 
a bispecific, tetravalent antibody derivative, herein referred to 
as single domain-based IgG (sdIgG).27 We engrafted the IL-18  
Rα-specific VHHα2 onto the CH1 domain of the effector- 
silenced heavy chain (IgG1) and the IL-18 Rβ-targeting 
VHHβ15 onto the constant region of the lambda light chain 
(IL18R_sdIgGα2β15). Besides this IgG-like design, we also 
constructed tandem-VHH arrangements, grafted onto the 
hinge-region of an effector-silenced IgG1 Fc region (2 + 2). 
The two independent VHH domains were separated by a five 
amino acid Gly4Ser-linker. For this, we assessed both 

orientations, VHHα2 followed by VHHβ15 (from 
N-terminus to C-terminus, IL18R_tanVHHα2β15) and vice 
versa (IL18R_tanVHHβ15α2). In addition to these four mole-
cules in total (including the initial 1 + 1 SEED design), all 
formats were also produced harboring the E340G mutation, 
that was first described by Parren and colleagues.28 This muta-
tion enhances antibody hexamer formation on the target cell 
surface after antigen binding and was initially used to induce 
conditional complement-dependent cytotoxicity. In this 
regard, we speculated that on-target hexamerization of the 
different surrogate agonist formats would result in enhanced 
receptor clustering and consequently in improved IFN-γ 
response.

The different surrogate agonist formats were transiently 
produced in ExpiCHO™ cells and purified using protein 
A chromatography. Afterwards, aggregation propensities 
were determined by analytical SEC. Most of the different 
bispecific IL-18 mimetic designs showed quite favorable aggre-
gation properties as indicated by SEC profiles above 90% target 
peak post-protein A purification. For two molecules with 
implemented E430G mutations (IL18R_VHHα2β15_E430G 
and IL18R_sdIgGα2β15_E430G), SEC purities were 79.3% 
and 82.6%, respectively. Hence, both molecules were further 
polished by preparative SEC, yielding final purities of 97.3% 
and 98.3% (Fig. S6). Final expression yields after protein 
A purification (and after preparative SEC) for the different 
designs ranged from 12 mg/L for 
IL18R_tanVHHβ15α2_E430G up to 375.2 mg/L for 
IL18R_tanVHHα2β15 (Table 2). Of note, 
IL18R_sdIgGα2β15_E430G precipitated significantly when 
stored at 4°C and needed to be purified via second step pre-
parative SEC. Generally, we observed a trend toward lower 
expression for molecules harboring the E430G mutation. 
Interestingly, the different formats comprising the VHH tan-
dem arrangements without the E430G amino acid exchanges 
displayed expression yields of more than 300 mg/L, indicating 
high production profiles for transient antibody expression. 
Additionally, the thermal stabilities of the engineered designs 
were monitored by measuring the Tonset representing the low-
est temperature at which a protein starts to unfold. Generally, 
all molecules not harboring the E430G exchanges showed 
thermal stabilities (Tonset) above 50°C, indicating favorable 
biophysical properties, whereas all designs with incorporated 
E430G mutations showed diminished stabilities by 4°C − 8.6°C 
(Table 2, Fig. S7).

Subsequently, all different antibody designs based on 
VHHα2 and VHHβ15 were analyzed by means of triggering 
IFN-γ production on human PBMCs isolated from six distinct 
donors in total. The different formats were used at two differ-
ent concentrations (10 nM and 1 nM). Intriguingly, profound 

Table 1. Binding kinetics and functional properties of the herein generated four leading bispecific IL-18 mimetics.

Samples
KD IL-18 Rα 

[nM]
kon IL-18 Rα 

[1/Ms]
kdis IL-18 Rα 

[1/s]
KD IL-18 Rβ 

[nM]
kon IL-18 Rβ 

[1/Ms]
kdis IL-18 Rβ 

[1/s]
Competition vs. IL-18 on 

IL18Rα
EC50 IFN-γ Release 

[nM]

IL18R_VHHα2β15 5.2 1.36E + 05 7.00E–04 12.8 3.37E + 05 4.32E–03 Yes 9.1
IL18R_VHHα8β15 27.7 3.31E + 05 9.17E–03 9.9 3.77E + 05 3.71E–03 Yes 106.9
IL18R_VHHα2β17 4.1 1.48E + 05 6.09E–04 9.1 2.26E + 05 2.06E–03 Yes 9.9
IL18R_VHHα8β17 35.6 3.11E + 05 1.11E–02 7.6 2.30E + 05 1.75E–03 Yes 42.7
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differences were revealed for the tested design architectures 
(Figure 4B). The engineered sdIgG-based cytokine mimetic 
(IL18R_sdIgGα2β15) did not induce a substantially improved 

IFN-γ response compared to the initial (1 + 1) SEED design 
termed IL18R_VHHα2β15 (332.1 pg/mL and 376.1 pg/mL for 
IL18R_sdIgGα2β15 at 10 nM and 1 nM, respectively vs 418.2  

Table 2. Biophysical, biochemical, and functional attributes of engineered cytokine mimetic formats.

Samples

Final 
yield 

[mg/L]

SEC purity after 
protein A 

[%]
Final SEC purity after freeze thaw and 

polishing* [%]
Tonset 

[°C]

Mean IFN-γ 
Release 

[pg/mL] at 10  
nM

Mean IFN-γ 
Release 

[pg/mL] at 1  
nM

EC50 IFN-γ 
Release 

[nM]

IL18R_VHHα2β15 64.0 94.1 94.1 56.4 418.2 115.1 2.4
IL18R_VHHα2β15_E430G 91.6 79.3 97.3* 49.7 466.4 114.9
IL18R_sdIgGα2β15 262.4 92.3 91.9 57.0 332.1 376.1
IL18R_sdIgGα2β15_E430G 142.4 82.6 98.3* 48.4 374.6 385.5
IL18R_tanVHHα2β15 375.2 95.5 95.2 54.3 1871.4 1946.0 0.006
IL18R_tanVHHα2β15_E430G 161.2 97.4 95.7 50.0 1845.9 1961.3
IL18R_tanVHHβ15α2 324.4 93.5 93.3 53.3 1116.5 1238.2 0.016
IL18R_tanVHHβ15α2_E430G 12.0 94.2 94.3 49.3 1017.5 1061.8

*Only for IL18R_VHHα2β15_E430G and IL18R_sdIgGα2β15_E430G preparative SEC was applied for polishing.

Figure 4. Antibody Engineering enables the generation of IL-18 mimetics with augmented agonism capacities. (A) Schematic depiction of main different bispecific 
antibody architectures that were constructed within this work. Fusion of an anti-IL18Rα VHHα2 (orange) to the hinge region of the AG chain of the SEEDbody as well as 
engraftment an anti-IL18Rβ VHHβ15 (green) onto the GA chain results in the initially generated (1 + 1) format IL18R_VHHα2β15. Replacing the VH and VLλ of an 
effector silenced IgG by VHHα2 and VHHβ15, respectively, facilitates the generation of the IL18R_sdIgGα2β15 architecture (2 + 2). Within the IL18R_tanVHHα2β15 
design (2 + 2), VHHα2 and VHHβ15 are arranged in tandem (from N-terminus to C-terminus) and separated by a five amino acid Gly4Ser linker. The tandem is fused to 
the hinge region of an effector silenced IgG1 Fc fragment. Of note, also the opposite orientation was constructed (VHHβ15 followed by VHHα2, IL18R_tanVHHβ15α2). 
In addition, all four molecules were also produced harboring the E430G mutation for on-target hexamerization. (B) Distinct surrogate agonist formats of the same 
paratopes (VHHα2 and VHHβ15) display differential properties in eliciting a functional IFN-γ response on human PBMCs isolated from healthy donors at fixed 
concentrations. Experiments were performed at two different concentrations (10 nM and 1 nM) in the presence of 10 ng/mL (rh) IL-12. Graph shows box and whisker 
plots as superimpositions with dot plots of IFN-γ release of six different donors. ****p < 0.0001, **p < 0.01, *p < 0.05. (C) Surrogate agonists arranged in tandem 
(IL18R_tanVHHα2β15 and IL18R_tanVHHβ15α2) elicit enhanced IFN-γ production in terms of potencies and magnitude on PBMCs isolated from healthy donors, 
resulting in a variant with increased potencies compared with (rh) IL-18. All experiments were performed in the presence of low dose (rh) IL-12 (10 ng/mL). 
IL18R_VHHα1β16 as negative control shown in red was used at a fixed concentration of 1 µM. Mean values ± SEM of 13 independent experiments are shown. 
****p < 0.0001(D) Potency augmented tandem IL-18 mimetics are resistant to inhibition by (rh) IL-18BP, whereas (rh) IL-18 is efficiently blocked from signaling. PBMCs 
of healthy human donors were stimulated either with (rh) IL-18 or IL18R_tanVHHα2β15 and IL18R_tanVHHβ15α2 at a fixed concentration of 0.5 nM in the presence of 
(rh) IL-12 (10 ng/mL) and different concentrations of (rh) IL-18BP. Five independent experiments were performed and mean values ± SEM are shown. ****p < 0.0001, 
***p < 0.001.
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pg/mL and 115.1 pg/mL). Hence, we de-prioritized this format 
for further analysis. In contrast to this, the stimulation of 
PBMCs with both tandem arrangements 
IL18R_tanVHHβ15α2 and IL18R_tanVHHα2β15 provoked 
a significantly augmented IFN-γ production, with 
IL18R_tanVHHα2β15 eliciting the strongest release (1871.4  
pg/mL and 1946.0 pg/mL at 10 nM and 1 nM, respectively) 
within the set of engineered IL-18 mimetic architectures. In 
general, the implementation of the E430G amino acid 
exchanges did not seem to improve IFN-γ release. 
Consequently, we also discarded all formats harboring the 
E430G mutation for additional characterization.

Both formats comprising the VHH arranged in tandem 
(IL18R_tanVHHβ15α2 and IL18R_tanVHHα2β15), as well 
as the initial 1 + 1 SEED design (IL18R_VHHα2β15), were 
directly compared to (rh) IL-18 regarding their potential to 
elicit a functional IFN-γ response (Figure 4C, Table 2). In 
comparison with (rh) IL-18, the capacity of 
IL18R_VHHα2β15 to trigger IFN-γ release on PBMCs 
was clearly attenuated (EC50 of 2.4 nM for 
IL18R_VHHα2β15 vs 61 pM for (rh) IL-18). In contrast 
to this, the potential to evoke IFN-γ production of both 
mimetics harboring the tandem arrangements were sub-
stantially augmented (EC50 of 16 pM for 
IL18R_tanVHHβ15α2 and 6 pM for 
IL18R_tanVHHα2β15), resulting in molecules that were 
significantly more potent than (rh) IL-18. While potencies 
were fairly similar between both tandem formats, the mag-
nitude IFN-γ release was quite different. In this regard, 
IL18R_tanVHHα2β15 caused a maximum release that was 
quite similar to (rh) IL-18 (2130 pg/mL vs 2097 pg/mL), 
whereas IL18R_tanVHHβ15α2 elicited a significantly 
reduced maximum IFN-γ production of 1095 pg/mL. Of 
note, we observed a strong hooking effect (bell-shaped 
curve) for (rh) IL-18, i.e., reduced IFN-γ release with 
high and increasing compound concentrations (Fig. S8). 
This effect was clearly not as pronounced for the different 
surrogate agonist formats tested.

To investigate whether biofunctional differences also 
translate into differential biochemical attributes, we per-
formed BLI experiments aiming at evaluating target affi-
nities and binding avidities of IL18R_VHHα2β15, 
IL18R_tanVHHα2β15 and IL18R_tanVHHβ15α2. For 
determining affinities, bispecific cytokine mimetics were 
captured on the sensor tips and the respective IL-18 recep-
tor subunits were exploited as analytes (Supplementary 
Table S1). Compared with IL18R_VHHα2β15, binding affi-
nities for the inner paratopes of tandem IL-18 mimetics 
were slightly reduced, whereas kinetics for the outer sdAb 
remained largely unaffected. To evaluate avidities, the 
respective receptor subunits were captured on the sensor 
tips and binding was assessed for the monovalent (for each 
target) bsAb IL18R_VHHα2β15 and for the bivalent (for 
binding to each receptor chain) surrogate agonists 
IL18R_tanVHHβ15α2 and IL18R_tanVHHα2β15 
(Supplementary Table S1, Fig. S9). In this experimental 
setting, IL18R_VHHα2β15 displayed binding to both 
respective receptor chains in the lower double digit nano-
molar range. In contrast to this, apparent binding affinities 

for both tandem IL-18 mimetics could not be determined, 
driven by the fact that no dissociation from the receptor 
subunits was observed. This gives strong evidence for high 
avidity binding of both tandem surrogate agonists.

Bispecific IL-18 mimetics are resistant to inhibition by 
IL-18BP

Finally, we analyzed whether the herein generated IL-18 
mimetics are affected and functionally inhibited by IL-18BP 
receptor decoy. To this end, we used the initially generated 
TOP4 cytokine mimetics, IL18R_VHHα2β15, 
IL18R_VHHα2β17, IL18R_VHHα8β17, and 
IL18R_VHHα8β15, as well as both tandem-engineered surro-
gate agonists IL18R_tanVHHβ15α2 and IL18R_tanVHHα2β15 
(which are format engineered derivatives of 
IL18R_VHHα2β15). As determined by BLI, no binding interac-
tion of (rh) IL-18BP was measurable to any of the IL-18 
mimetics utilized (Fig. S10). Opposed to this, (rh) IL-18BP 
showed high-affinity binding to (rh) IL-18 (Fig. S10). Both IL- 
18BP and IL-18 Rα bind to IL-18 at an overlapping interface.23 

Of note, all six surrogate agonists showed competitive binding 
with (rh) IL-18 for targeting IL-18 Rα, indicating a similar or at 
least a partially overlapping epitope on IL-18 Rα (Fig. S11 and 
Table 1). Ultimately, we evaluated the resistance of the engi-
neered IL-18 mimetics to IL-18BP inhibition on PBMC stimula-
tion. Therefore, we focused on both tandem IL-18 mimetics 
showing potencies at a similar level as (rh) IL-18 in provoking 
an IFN-γ response. Both cytokine mimetics and (rh) IL-18 were 
utilized at a fixed concentration of 0.5 nM combined with low 
dose (rh) IL-12 (10 ng/mL) and increasing concentrations of 
(rh) IL-18BP were titrated (Figure 4D). Contrary to (rh) IL-18, 
which was efficiently inhibited by (rh) IL-18BP (IC50 of 2.2  
nM), both tandem IL-18 mimetics, IL18R_tanVHHα2β15, and 
IL18R_tanVHHβ15α2 triggered a robust IFN-γ release, regard-
less of the IL-18BP receptor decoy concentration tested.

Discussion

Cytokines are important signaling proteins that regulate 
immune function. Although many efforts have been made to 
harness cytokines for disease treatment, the therapeutic applic-
ability has been limited,12 especially for indications in oncol-
ogy. The pleiotropic mode of action of many cytokines and 
resulting ramifications thereof, for instance, dose-limiting 
toxicities or contrary functions on different immune cell sub-
sets, are some of the main reasons for their restricted biome-
dical pertinence.29 To address some of the main limitations of 
conventional cytokine therapy, next-generation cytokine deri-
vatives have been developed and currently many different 
molecules are being investigated in clinical trials.2,3

IL-18 is a proinflammatory cytokine promoting natural 
killer cell activation as well as effector T cell maturation and 
function.30 Consequently, IL-18 emerged as a 
promising potential therapeutic inducing antitumor immu-
nity. IL-18 was assessed in several clinical trials either as single 
agent or as combination therapy.21,22,31–33 IL-18 therapy was 
well tolerated, but clinical efficacy has been limited. A possible 
explanation for the lack of therapeutic efficacy relies in the 
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inhibition of IL-18 by the IL-18BP decoy receptor.17,34 IL- 
18BP binds to an overlapping site on IL-18 with IL-18 Rα, 
albeit with much higher affinities. Accordingly, it antagonizes 
signaling of IL-18 by blocking the IL-18 Rα interaction with 
the cytokine. Recently, Ring and colleagues described the gen-
eration of a decoy-resistant mutein of IL-18 showing great 
promise for anti-cancer therapy in preclinical models.23 This 
entity, ST-067, is currently being evaluated in a Phase 1/2 
clinical study (NCT04787042) of patients with solid tumors.

Here, we present an alternative approach besides engineer-
ing IL-18 itself in order to tailor-make its biological function-
ality. To this end, we generated sdAb-based bispecifics 
mimicking IL-18 biology by cross-linking the IL-18 R subu-
nits. For this, we immunized two camelids with a mixture of 
(rh) IL-18 Rα and (rh) IL-18 Rβ. Receptor subunit-specific 
VHHs were isolated using YSD as platform technology.35,36 

We focused on sdAbs that, in addition to camelids, are also 
produced in sharks.37,38 Since the resulting paratopes are 
devoid of light chains, sdAbs afford the benefit of multiple 
reformatting options in a ‘plug-and-play’ manner involving 
beads-on-string assemblies or facile combinations with exist-
ing Fab-based paratopes for the generation of bispecifics.39,40 

However, in contrast to the discovery of fully human antibo-
dies, for instance, from transgenic rodents41 as well as from 
naïve or synthetic library approaches,42 camelid-derived 
VHHs typically must be humanized before being administered 
to patients. Several approaches have been described in this 
regard,43–45 and the fact that three VHH-based therapeutics 
have been granted marketing approval by different health 
authorities indicates that these entities are promising for bio-
medical applications.46–4748

After YSD-enabled discovery of sdAbs targeting either 
(rh) IL-18 Rα or (rh) IL-18 Rβ, combinatorial bispecific 
reformatting of all paratopes in each possible combination 
enabled the identification of IL-18 R agonists. However, 
compared with (rh) IL-18, agonism potencies and effica-
cies were heavily attenuated. To augment capacities to 
trigger a functional IFN-γ release, we engineered paratope 
valencies and the spatial orientation of individual binding 
sites within a given molecule. We also applied Fc engi-
neering by implementing the E430G mutation into each 
different antibody format.28 This mutation drives anti-
body hexamerization following target cell binding, and it 
was tempting to speculate that on-target multimerization 
of surrogate agonists evokes a more efficient receptor 
clustering. To our surprise, this amino acid exchange 
had no effect at all on any of the scrutinized mimetic 
designs. In addition to E430, additional mutations have 
been described that facilitate a stronger hexamerization of 
IgGs.49 It will be interesting to investigate how these 
mutations might affect cytokine-like functions of the 
herein generated IL-18 surrogate agonists.

Intriguingly, multivalent targeting of the receptor subunits 
by arranging individual VHHs in tandem substantially aug-
mented potencies and the magnitude of IFN-γ release. 
Interestingly, the orientation of each sdAb within the tandem 
configuration significantly affected the potential to trigger IL- 
18 R agonism. When the IL-18 Rα-directed paratope was 
located at the outer N-terminal position within the tandem 

arrangement, significantly elevated levels of IFN-γ release 
were observed compared to the counterpart where the same 
paratope was located at the inner position. Interestingly, in an 
BLI experiment (Fig. S12), we determined a more pro-
nounced interference pattern shift (indicating a higher asso-
ciation of the antigen) at a given antigen concentration, when 
the respective VHH was located at the outer position as 
compared with the inner position, indicating steric hindrance 
for the inner sdAb in the tandem arrangement. Apparently, 
steric hindrance for the IL-18 Rβ-specific VHH did not 
impede cytokine-like functions of the bsAb, while this was 
appreciable for the sdAb targeting IL-18 Rα. This gives some 
evidence that uncompromised binding to IL-18 Rα seems to 
be crucial for a more efficacious cytokine-like function. 
Essentially, we were able to generate cytokine mimetics with 
tailor-made capacities to mediate IFN-γ production, ulti-
mately resulting in surrogate agonists with enhanced poten-
cies compared to (rh) IL-18.

In addition, we profiled the generated TOP4 mimetics 
and engineered derivatives thereof in terms of IL-18BP 
inhibition. All generated bispecific surrogate agonists com-
peted with (rh) IL-18 for binding to the (rh) IL-18 Rα 
subunit. However, as determined by BLI, we were not 
able to detect an interaction between any of the IL-18 
mimetics with (rh) IL-18BP and even more importantly, 
engineered surrogate agonists were resistant to IL-18BP 
inhibition in their capacities to trigger a functional IFN-γ 
response in primary cell assays. In contrast to this, (rh) IL- 
18 was efficiently antagonized by IL-18BP. Essentially, the 
herein presented investigations support the notion that 
antibody engineering enables the generation of IL-18 
mimetics with customized biological functionalities. It will 
be interesting to see whether these functionalities can be 
combined and synergize with other modes of action such 
as effector cell redirection50 as already demonstrated by 
Vivier and colleagues for a variant of IL-2.51

Materials and methods

Camelid immunization

For the immunization procedure, one llama (Lama glama) 
with an age of about 12.5 years and one male huarizo 
(Lama glama x Vicugna pacos) of about 11 years of age 
were immunized with a cocktail of recombinant human 
(rh) IL-18 Rα ECD as Fc-fusion (R&D Systems, catalog 
number: 816-LR) as well as (rh) his-tagged IL-18 Rβ 
ECD (Sino Biologics, catalog number: 10176-H08H). For 
administration, antigens were diluted to a stock concen-
tration of 1 mg/mL in phosphate-buffered saline (PBS) 
and emulsified for initial immunization with Complete 
Freund’s Adjuvant or with Incomplete Freund’s 
Adjuvant for subsequent immunizations. Antigens were 
injected subcutaneously at three sites with 200 µg material 
in total (1:1 ratio of IL-18 Rα and IL-18 Rβ). This proce-
dure was conducted four times over a period of 35 days, 
i.e., administration at d0, d14, d24 and d35. One week 
after final administration (d42), a volume of 150 mL blood 
was collected from each specimen for subsequent RNA 
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extraction and cDNA synthesis. Of note, processes invol-
ving animals were performed at preclinics GmbH, 
Germany and in accordance with local regulations and 
animal welfare protection laws. Immunized animals 
remained alive after final blood collection.

Yeast strains and media

For antibody surface display, yeast Saccharomyces cerevi-
siae strain EBY100 (MATa URA3–52 trp1 leu2Δ1 his3Δ200 
pep4:HIS3 prb1Δ1.6 R can1 GAL (pIU211:URA3)) 
(Thermo Fisher Scientific) was used. Cells were cultivated 
in yeast extract – peptone–dextrose (YPD) medium com-
posed of 10 g/L yeast extract, 20 g/L peptone and 20 g/L 
dextrose, additionally supplemented with 10 mg/mL peni-
cillin – streptomycin (Gibco). Cells harboring the library 
plasmids (pDisp) after gap repair cloning were cultivated 
in minimal synthetic defined (SD)-base (Takara Bio) med-
ium supplemented with 5.4 g/L Na2HPO4 and 8.6 g/L 
NaH2PO4 H2O, also comprising the corresponding drop-
out mix (Takara Bio) composed of all essential amino acids 
except for tryptophan (−Trp) for selection. To induce anti-
body gene expression, dextrose was replaced by galactose 
as carbon source. Thus, cells were transferred into SG 
dropout medium (−Trp) consisting of SG-base medium 
(Takara Bio) and 10% (w/v) polyethylene glycol 8000 
(PEG 8000).

Plasmids for yeast surface display and library generation

Homologous recombination-based cloning, referred to as gap 
repair cloning, was utilized for the generation of the VHH 
libraries in yeast. For this, our group already described the 
specific PCR amplification of VHH fragments as well as library 
construction detailed elsewhere.24,52 In short, digestion of 
a stuffer sequence in the pDisp with BsaI allowed for subse-
quent genetic fusion of VHH library candidates in frame to 
Aga2p by gap repair cloning, enabling sdAb presentation on 
the surface of the yeast cell. Additionally, monitoring of proper 
full-length VHH presentation on yeast surface was realized by 
a HA epitope C-terminally linked to Aga2p on the pDisp 
backbone.

Library sorting

EBY100 cells were grown overnight in SD medium with drop-
out mix lacking tryptophan (−Trp) at 30°C and 120 rpm. 
Next day, cells were transferred into SG medium with dropout 
mix (−Trp) at 107 cells/mL to induce VHH surface expression 
and incubated for another 48 h at 20°C and 120 rpm. 
Fluorescence-activated cell sorting (FACS) was conducted on 
a BD FACSAria™ Fusion cell sorter (BD Biosciences) device. 
For library sorting purposes, full-length VHH surface expres-
sion was monitored by application of an Alexa Fluor 488 
labeled mouse monoclonal anti-HA antibody (R&D Systems, 
catalog number: IC6875G, diluted 1:20). A two-dimensional 
sorting strategy was applied by simultaneous antigen-binding 
detection using indirect immunofluorescence staining with 
250 nM (rh) his-tagged IL-18 Rα (Sino Biological, catalog 

number: 11102-H08H) and 250 nM (rh) his-tagged IL-18 Rβ 
ECD (Sino Biological, catalog number: 10176-H08H), respec-
tively, for the first sorting round or separated (rh) IL-18 R 
subunits (250 nM) for the second round of sorting in combi-
nation with murine anti-his detection antibody (Penta His 
Alexa Fluor 647 Conjugate, Qiagen, catalog number: 35370, 
diluted 1:20, for sorting round I or Allophycocyanin anti-His 
Tag Antibody, BioLegend, catalog number: J095G46, diluted 
1:20, for sorting round II), respectively (Figure 1B). Control 
samples of cells incubated with secondary labeling reagents 
and an unrelated antigen or cells incubated with secondary 
labeling only and untreated cells were used in every FACS 
analysis for adequate gate adjustment. After library sorting 
and sequencing, a clonotyping strategy was applied in which 
clones with less than three amino acid changes within CDR3 
were considered to belong to the same sequence cluster.

Protein expression, purification, and analytics

After clone selection based on sequencing results obtained 
from FACS-enriched populations, VHH variants directed 
against IL18Rα ECD were N-terminally fused to the hinge 
region of Fc immune effector-silenced (eff-) SEED AG chains, 
while the VHHs targeting IL18Rβ ECD were fused accordingly 
to eff- SEED GA chains prior to cloning into pTT5 mamma-
lian expression vector,53 enabling the production of eff- 
monospecific (IL18R_msVHH) and bispecific SEEDbodies 
(1 + 1 IL18R_VHHαβ). Of note, for Fc silencing, amino acid 
exchanges L234A, L235A, P329G were introduced.54 For 
monovalent (and monospecific) SEED expression, the VHH 
harboring SEED chain was paired with a paratope-less coun-
terpart chain. For small-scale production of the proteins (25  
mL scale), Expi293™ cells were transiently transfected with the 
respective pTT5 vectors according to the manufacturer’s 
instructions (Thermo Fisher Scientific) using a 2:1 plasmid 
ration (AG:GA). Six days post transfection the protein con-
taining supernatants were harvested by centrifugation prior 
purification via MabSelect antibody purification chromatogra-
phy resin (GE Healthcare). A buffer-exchange step to PBS pH 
6.8 overnight using Pur-A-ExpiCHO™ Maxi 3500 Dialysis Kit 
(Sigma Aldrich) was followed by sterile filtration with Lyzer™- 
CL GV 0.22 μm centrifugal devices (Merck Millipore) and 
measurement of resulting molecule concentrations using 
Nanodrop ND-1000 (Peqlab). Protein purities were afterward 
determined by analytical SEC on a TSKgel UP-SW3000 col-
umn (2 µm, 4.6 × 300 mm, Tosoh Bioscience) using an Agilent 
HPLC 1260 Infinity system. 7.5 µg protein per sample were 
injected and run at a flow rate of 0.35 mL/min using 50 mM 
sodium phosphate, 0.4 M NaClO4 pH 6.3 as mobile phase.

Different antibody-derived cytokine mimetic formats were 
transiently expressed from ExpiCHO™ cells (Thermo Fisher 
Scientific) following a 11-day protocol at 250 mL scale accord-
ing to the manufacturer’s instructions (Max Titer Protocol). 
The cultivation protocol included a temperature shift from 
36.5°C to 32.0°C after addition of ExpiFectamine CHO 
Enhancer and first ExpiCHO Feed at day 1 while incubating 
at 5% CO2 and 80 rpm. Plasmids for transfections (pTT5 
backbone) were used at 0.8 mg/L and were mixed 1:1 HC:LC 
(IgGs) or 2:1 AG:GA (SEEDs). Antibody-containing 
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supernatants were harvested by centrifugation at 4000 × g for 
20 min at 4°C and afterward sterile filtered. Protein purifica-
tion was done by affinity capture on Protein A resin (HiTrap 
MabSelect SuRe, 5 mL) and acidic elution with 50 mM acetic 
acid pH 3.0 at 5 mL/min using an GE Healthcare ÄKTAxpress 
system followed by a desalting step at 10 mL/min (HiPrep 26/ 
10 columns) into PBS pH 6.8. Protein purities were afterward 
determined by analytical SEC as described above. 7.5 µg pro-
tein per sample were injected and run at a flow rate of 0.35 mL/ 
min using 50 mM sodium phosphate, 0.4 M NaClO4 pH 6.3 as 
mobile phase. For proteins with purities below 90%, 
a polishing step by preparative SEC (HiLoad 26/600 or 16/ 
600 Superdex 200 pg) was applied. Final samples were sterile 
filtered over 0.2 µm, flash frozen in liquid nitrogen and stored 
at −80°C until further use. To assure no quality loss after 
freeze/thaw, a final purity determination by analytical SEC 
was done. Furthermore, thermal unfolding of the antibodies 
was assessed by differential scanning fluorimetry (DSF) on 
a Prometheus NT.PLEX nanoDSF instrument 
(NanoTemper). Samples were measured in duplicates using 
nanoDSF Standard Capillary Chips. A temperature gradient 
from 20°C to 95°C at a slope of 1°C/min was used while 
recording fluorescence at 350 and 330 nm. Tonset values were 
determined from the first derivative of the fluorescence ratio 
350 nm/330 nm.

Biolayer interferometry

For all BLI measurements, the Octet RED96 system 
(ForteBio, Pall Life Science) using 25°C and 1000 rpm agita-
tion settings was used. The data were fitted and analyzed with 
ForteBio data analysis software 8.0 using a 1:1 binding model 
after Savitzky – Golay filtering if needed. In order to deter-
mine binding properties of monospecific molecules, human 
IL-18 Rα-His (Sino Biological) or human IL-18 Rβ-His (Sino 
Biological) were loaded on anti-Penta His (HIS1K) biosen-
sors at 3 μg/mL in PBS for 180 s, respectively, followed by 60 
s sensor rinsing in kinetics buffer (KB; PBS + 0.1% Tween-20 
and 1% bovine serum albumin, BSA). Afterwards, binding to 
monospecific IL18R_VHH SEEDbodies at 100 nM in KB was 
measured for 300 s followed by dissociation for 100 s in KB. 
In each experiment, one negative control using an irrelevant 
antibody and a second reference by incubating the IL-18 R 
subunits in KB instead of the monospecific SEEDbodies was 
measured.

Kinetic constants (KD) of bispecific molecules to determine 
binding affinities for their cognate receptors were measured by 
loading bispecific molecules on anti-human Fc (AHC) biosen-
sors for 180 s at 5 µg/mL in PBS, followed by sensor rinsing in 
KB for 45 s and binding interaction assessment. To this end, 
association of (rh) IL18-Rα or (rh) IL-18 Rβ with concentra-
tions from 100 nM to 12.5 nM (in KB) was recorded for 180 
s prior dissociation in KB for 300 s for the TOP4 molecules. 
Binding affinities for the format engineered molecules were 
determined accordingly, except using slightly different con-
centrations ranging between 100 nM and 11 nM. The same 
assay settings were applied to determine avidity effects for 
the multivalent constructs, but utilizing HIS1K biosensors to 
immobilize polyhistidine-tagged (rh) IL18Rα-His or (rh) 

IL18Rβ-His and subsequently measuring the association of 
engineered tandem constructs and the parental molecule.

To illustrate that IL-18 R cytokine mimicking molecules are 
not affected by (rh) IL-18BP, (rh) IL-18BP His-Tag (Acro 
Biosystems) and (rh) IL-18BPa Fc Chimera (R&D Systems) 
were biotinylated with a 20-fold molar excess of EZ-LINK 
SULFO-NHS-BIOTIN reagent (Thermo Fisher) according to 
the manufacturer’s protocol and loaded on Streptavidin (SA) 
biosensors at 5 µg/mL for 180 s in PBS. After sensor rinsing in 
KB for 45 s, an association step using the TOP4 molecules and 
engineered tandem constructs was executed at 1000 nM for 180 
s followed by dissociation in KB for 180 s. Kinetic measurement 
for human IL-18 vs. human IL-18BP was performed accordingly 
using decreasing concentrations of human IL-18 from 50 nM to 
1.56 nM for 180 s followed by dissociation for 300 s in KB. 
Furthermore, to analyze competitive binding of our TOP4 mole-
cules and engineered tandem constructs vs. human IL-18 on 
human IL-18 Rα, the surrogate agonists were loaded at 5 µg/mL 
in PBS for 180 s on AHC biosensors, followed by 45 s sensor 
rinsing in KB. Association of (rh) IL-18 Rα was measured for 
300 s in KB at 200 nM prior to an additional association step 
with human IL-18 at 100 nM for another 180 s in KB. In parallel, 
control values using an unrelated antibody and controls using 
KB buffer were included.

Human IL-18 HEK reporter assay

To detect the activation of the NFκB – AP-1 pathway, the IL-18 
HEK-Blue assay (InvivoGen, hkb-hmil18) was performed accord-
ing to the manufacturer’s instructions. In brief, 5 × 104 cells were 
seeded into each well of a 96-well plate and stimulated with 50 nM 
of monospecific or bispecific IL18R_VHHαβ SEEDbodies for 24 
h at 37°C and 5% CO2. Incubation of the HEK-Blue™ IL-18 cells 
with identical concentrations of TNF and IL-18 were used as 
negative and positive control. For EC50 determination, samples 
were titrated in a 1:5 serial dilution with concentrations ranging 
from 100 nM to 51.2 fM. Additionally, an IL-18 titration was 
performed in a 1:5 serial dilution with concentrations ranging 
from 100 nM to 0.02 fM. For background subtraction, cell culture 
medium only was measured as well. After 24 h 20 µl of cell culture 
supernatants were mixed with 180 μl QUANTI-Blue medium in 
a fresh 96-well plate and incubated for 3 h at 37°C and 5% CO2. 
Optical density was measured at 640 nm using a multi-mode 
microplate reader (Synergy HTX, BioTek).

IFN-γ release assay

To assess the induction of IFN-γ release, freshly isolated human 
PBMCs from healthy donors were used for all assays at a final 
concentration of 1 × 106 cells per well. Donors provided written 
informed consent. To isolate PBMCs, whole blood samples were 
processed according to StemCell Technologies’ SepMate PBMC 
Isolation protocol (2019) using SepMate-50 tubes (StemCell 
Technologies) and Lymphoprep medium (StemCell 
Technologies). Post isolation, PBMCs were cultivated in AIM 
V medium (Gibco) at 37°C and 5% CO2 in a humidity box for 
24 h during functional assays using 96-well white-opaque culti-
vation plates (PerkinElmer). For initial cytokine release assays 
the PBMCs were stimulated with bispecific molecules at a fixed 

10 B. LIPINSKI ET AL.



concentration of 100 nM or with 1 nM of (rh) IL-18 (R&D 
Systems). Stimulations were performed in the presence (10 ng/ 
mL) or absence of (rh) IL-12 (R&D Systems), respectively. To 
determine EC50 values of the TOP4 molecules, PBMCs were 
stimulated with (rh) IL-12 (10 ng/mL) and the IL-18 mimicking 
molecules as 1:2 serial dilutions using concentrations ranging 
from 1 µM to 122 pM.

For direct comparison of the engineered constructs with 
(rh) IL-18, PBMCs were stimulated with two concentrations 
of 10 nM and 1 nM IL18R_VHH molecules or 1 nM for (rh) 
IL-18, all supplemented with 10 ng/mL (rh) IL-12. For sub-
sequent determination of concentration-dependent IFN-γ 
induction of (rh) IL-18 and engineered constructs, PBMCs 
were stimulated with decreasing concentrations of engi-
neered constructs (1 µM to 0.21 pM) and (rh) IL-18 (457 
pM to 0.21 pM) as well as (rh) IL-12 (10 ng/mL). To analyze 
the effect of (rh) IL-18BP on the IL-18 R activation for 
generated constructs and for (rh) IL-18, PBMCs were stimu-
lated with low dose (rh) IL-12 (10 ng/mL) and a fixed con-
centration of (rh) IL-18 (0.5 nM) or surrogate agonists (0.5  
nM) in the presence of increasing concentration of (rh) IL- 
18BP ranging from 10 fM to 100 nM. A non-IL-18 R agoniz-
ing bispecific IL-18 mimetics serving as negative control and 
human PBMCs stimulated with (rh) IL-12 only were used as 
controls for every functional assay. Quantification of IFN-γ 
released by human PBMCs was performed using human 
cytokine HTRF kits (Cisbio) as previously described by our 
group.50 In brief, PBMCs were sedimented by centrifugation 
after 24 h incubation with the respective samples, and cyto-
kine-containing supernatants were further processed accord-
ing to the manufacturer’s instructions. Assay plates were 
measured in a PHERAstar FSX device (BMG Labtech). 
HTRF optical module that used an excitation at 337 nm 
and determined the emission at 620 nm and at 665 nm was 
used. Analyses and fitting of resulting data were facilitated 
by MARS software (v3.32, BMG) enabling a four-parameter 
logistic (4PL 1/y2) model fit of the standard curve following 
the kit manufacturer’s instructions allowing for subsequent 
IFN-γ quantification in the sample wells.

Molecular Modeling and structural visualization

Structural models of the VHH domains and constant regions of 
the different bispecific formats were generated using the antibody 
modeler tool in the molecular modeling software package MOE 
(Molecular Operating Environment 2020.09: Chemical 
Computing Group Inc.; 2020). VHHs domains were either 
directly fused to the constant regions or added via a Gly4Ser- 
linker using moe’s protein builder, followed by a conformational 
search of the linker and an energy minimization of the full con-
structs. Visualization of 3D structures and properties was done 
with PyMOL (The PyMOL Molecular Graphics System, Version 
2.3.0 Schrödinger, LLC.).

Data processing and statistical analysis

Graphical and statistical analyses were conducted with 
GraphPad Prism 8 software. P-values were calculated utilizing 

appropriate ANOVA analyses and the Bonferroni test as recom-
mended. p ≤ 0.05 was regarded as statistically significant.

Abbreviations

ADCC antibody-dependent cell-mediated cytotoxicity
bsAb bispecific antibody
BLI biolayer interferometry
CDR complementarity-determining region
CH3 third constant Ig domain of the heavy chain
ECD extracellular domain
EpoR Erythropoietin receptor
IFN interferon
IFN-γ interferon-γ
IL-2 Rα interleukin-2 receptor α
IL-2 Rβγ IL-2 receptor βγ
IL-10 Rβ interleukin-10 receptor β
IL-12 interleukin-12
IL-15 interleukin-15
IL-18 interleukin-18
IL-18BP interleukin-18 binding protein
IL-18 Rα interleukin-18 receptor α
IL-18 Rβ interleukin-18 receptor β
NK cell natural killer cell
PBMC peripheral blood mononuclear cell
rh recombinant human
sdAb single domain antibody
SEC size exclusion chromatography
SEED strand-exchange engineered domain
TNF tumor necrosis factor α
Treg regulatory T cell
VH variable domain of the heavy chain
VHH variable domain of the heavy chain of a heavy 

chain-only antibody
VL variable domain of the light chain
YSD yeast surface display
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