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ABSTRACT Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection
can induce mild to life-threatening symptoms. Especially individuals over 60 years of
age or with underlying comorbidities, including heart or lung disease and diabetes,
or immunocompromised patients are at a higher risk. Fatal multiorgan damage in
coronavirus disease 2019 (COVID-19) patients can be attributed to an interleukin-6
(IL-6)-dominated cytokine storm. Consequently, IL-6 receptor (IL-6R) monoclonal anti-
body treatment for severe COVID-19 cases has been approved for therapy. High con-
centrations of soluble IL-6R (sIL-6R) were found in COVID-19 intensive care unit patients,
suggesting the involvement of IL-6 trans-signaling in disease pathology. Here, in analogy
to bispecific antibodies (bsAbs), we developed the first bispecific IL-6 trans-signaling in-
hibitor, c19s130Fc, which blocks viral infection and IL-6 trans-signaling. c19s130Fc is a
designer protein of the IL-6 trans-signaling inhibitor cs130 fused to a single-domain
nanobody directed against the receptor binding domain (RBD) of the SARS-CoV-2 spike
protein. c19s130Fc binds with high affinity to IL-6:sIL-6R complexes as well as the spike
protein of SARS-CoV-2, as shown by surface plasmon resonance. Using cell-based assays,
we demonstrate that c19s130Fc blocks IL-6 trans-signaling-induced proliferation and
STAT3 phosphorylation in Ba/F3-gp130 cells as well as SARS-CoV-2 infection and STAT3
phosphorylation in Vero cells. Taken together, c19s130Fc represents a new class of bis-
pecific inhibitors consisting of a soluble cytokine receptor fused to antiviral nanobodies
and principally demonstrates the multifunctionalization of trans-signaling inhibitors.

IMPORTANCE The availability of effective SARS-CoV-2 vaccines is a large step forward in
managing the pandemic situation. In addition, therapeutic options, e.g., monoclonal
antibodies to prevent viral cell entry and anti-inflammatory therapies, including gluco-
corticoid treatment, are currently developed or in clinical use to treat already infected
patients. Here, we report a novel dual-specificity inhibitor to simultaneously target
SARS-CoV-2 infection and virus-induced hyperinflammation. This was achieved by fusing
an inhibitor of viral cell entry with a molecule blocking IL-6, a key mediator of SARS-
CoV-2-induced hyperinflammation. Through this dual action, this molecule may have
the potential to efficiently ameliorate symptoms of COVID-19 in infected individuals.
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Since its emergence in 2019, severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) spread globally, and as of 5 May 2021, about 200 million infections

were recorded (https://coronavirus.jhu.edu/), threatening to overwhelm health care
systems in many countries. Coronavirus disease 2019 (COVID-19) resulting from
SARS-CoV-2 infection leads to a broad variety of outcomes ranging from very mild
cases to life-threatening respiratory failure, shock, or multiorgan failure (1). Even
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though SARS-CoV-2 infection in many cases leads to no or only mild symptoms, mil-
lions of hospitalizations and mortalities are associated with COVID-19 worldwide
(https://coronavirus.jhu.edu/). Mortality rates vary considerably among studies (2);
however, a clear age dependence was observed with regard to the development of
severe COVID-19 (3). Severe COVID-19 causes hyperinflammatory syndrome culmi-
nating in respiratory dysfunction and multiorgan damage (4). SARS-CoV-2-induced
hyperinflammatory syndrome is often compared to cytokine-induced conditions
known from other diseases, including sepsis (1), acute respiratory distress syn-
drome (1), and chimeric antigen receptor (CAR) T cell-induced cytokine release syn-
drome (CRS) (5). Interleukin-6 (IL-6) and soluble IL-6 receptor (sIL-6R) were identi-
fied among the key players in COVID-19-induced cytokine release syndrome (6–12).
In classic signaling, IL-6 initially binds to the membrane-bound IL-6R followed by
full receptor complex formation with the signal-transducing receptor chain gp130.
In trans-signaling, complexes of IL-6 and sIL-6R bind to cell membrane-bound
gp130 (13). During inflammation, membrane-bound IL-6R can be proteolytically
cleaved into sIL-6R by a disintegrin and metalloprotease (ADAM) proteases, mainly
ADAM10 and -17 (14–16). Consequently, serum levels of IL-6 and sIL-6R concomi-
tantly rise under inflammatory conditions (17–22). Of note, whereas IL-6 classic sig-
naling is considered beneficial, IL-6 trans-signaling has been shown to be the
mostly detrimental driving force of ongoing inflammatory reactions (13, 23), includ-
ing autoimmune disease, sepsis (24), cytokine release syndrome (24), and COVID-19
(25). Hence, antibody (Ab) IL-6R inhibitors are of great interest for the treatment of
the COVID-19-induced hyperinflammatory syndrome (12, 26). In 2017, the IL-6R
antibody tocilizumab was approved for the treatment of the CAR T cell-induced
cytokine storm (5). Tocilizumab and sarilumab bind to soluble and membrane-
bound IL-6R (27, 28), whereas siltuximab binds to IL-6 (29). However, all antibodies
prevent the binding of IL-6 to IL-6R and inhibit classic and trans-signaling equally
well (30). Consistently, the IL-6R antibodies tocilizumab and sarilumab demon-
strated beneficial effects on survival rates in severe COVID-19 cases in preclinical
and clinical studies (9–11, 31). However, IL-6 is required to control viral infection
(32); hence, global blockade of IL-6 signaling, e.g., through tocilizumab, is associ-
ated with an increased risk of airway infections (33, 34). This might be detrimental
for the treatment of COVID-19 with IL-6 inhibitors due to the potential increase in
viral replication following IL-6 blockade. Whereas antibodies did not differentiate
between classic and trans-signaling, soluble forms of gp130 (sgp130) are selective
binders of IL-6:sIL-6R complexes, thereby interfering with only IL-6 trans-signaling
(35). Therefore, inhibition of IL-6 trans-signaling by sgp130 molecules might offer
an attractive alternative inhibitory pathway for cytokine release syndrome during
severe SARS-CoV-2 infections. In mice, sgp130 prevents death caused by cecal liga-
tion puncture-induced septic shock syndrome (36), and bacterial infections are bet-
ter controllable after selective inhibition of IL-6 trans-signaling than after inhibition
of both IL-6 classic and trans-signaling by monoclonal IL-6 antibodies (37, 38).
However, the combination of IL-6 blockade with agents reducing uncontrolled viral
infection might be more beneficial in the treatment of severe COVID-19 cases. The
spike protein of SARS-CoV-2 binds to human ACE2 (hACE2) on the cell surface to
facilitate viral cell entry (39, 40). Hence, preventive strategies as well as most efforts
on the development of therapeutic antibodies focus on the inhibition of the inter-
action of the receptor binding domain (RBD) of the spike protein (S-RBD) with ACE2
(41, 42). There are more than 50 monoclonal antibodies against SARS-CoV-2 in vari-
ous developmental stages (43), many of which are directed against the spike pro-
tein (43–45). Among them, the dimeric single-domain nanobody VHH72 was shown
to efficiently block viral cell entry, whereas monomeric VHH72 was less effective
(44). Here, we functionally combined our recently developed chimeric miniaturized
sgp130 variant cs130 that selectively targets IL-6 trans-signaling (46) with the sin-
gle-domain antibody VHH72. We demonstrate that this dimeric hybrid soluble
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gp130/VHH72-nanobody fusion protein, c19s130Fc, simultaneously blocks IL-6
trans-signaling and SARS-CoV-2 infection.

RESULTS
Modular architecture of the bispecific inhibitor c19s130Fc. Several variants of

soluble gp130 were described to selectively inhibit IL-6 trans-signaling. sgp130Fc con-
sists of all six extracellular domains (ECDs) of gp130 fused to the Fc part of an IgG anti-
body. The dimerization of sgp130 increased the affinity for IL-6:sIL-6R complexes by a
factor of 10 compared to monomeric sgp130 (35). Interestingly, only the first three
extracellular domains of gp130 are needed for cytokine binding; however, sgp130 variants
consisting of only these three domains (sgp130RAPS, sgp130-ELP, and sgp130E10) showed
markedly reduced binding affinities for IL-6:sIL-6R complexes compared to sgp130 (47).
The reason for this observation is not clear. Recently, we generated the miniaturized high-
affinity sgp130 variant cs130, which consists of the first three extracellular cytokine binding
domains, D1 to D3, of sgp130 (sgp130D1–D3) fused to the nanobody VHH6, which
showed sgp130Fc-like binding affinities and inhibitory capacity (46). VHH6 specifically
binds to IL-6:sIL-6R complexes, without inhibitory capacity (22, 46, 48). In particular, the
monomeric fusion of VHH6 to sgp130D1–D3 resulted in an equally potent but an approxi-
mately three-times-smaller IL-6 trans-signaling inhibitor than sgp130Fc. Like IL-6, IL-11 sig-
nals via soluble and membrane-bound IL-11R and homodimeric gp130, and sgp130Fc
inhibits IL-6 and IL-11 trans-signaling with comparable efficacy. Due to the incorporation
of VHH6, the miniaturized sgp130 variant cs130Fc demonstrated increased specificity for
IL-6 trans-signaling with diminished effects on IL-11 trans-signaling. As a consequence of
the smaller size and modular architecture of cs130, we wondered if this design enables fur-
ther upgrading into bispecificity with the binding of IL-6:sIL-6R complexes and a second
IL-6-connected process/protein. Due to the involvement of IL-6 pathology in severe
COVID-19 cases, we chose the binding of S-RBD to inhibit SARS-CoV-2 infection. To mini-
mize the size of the resulting bispecific inhibitor, c19s130Fc, we chose to fuse the SARS-
CoV-2 S-RBD nanobody VHH72 (44) to cs130 connected via a flexible linker sequence, T
(GGGGS)2GGGGTG (Fig. 1A). Molecular modeling illustrated the possible complex forma-
tion of IL-6:sIL-6R/c19s130Fc/S-RBD protein complexes (Fig. 1B). Domains 1 to 3 of sgp130
and VHH72 trap and inactivate the IL-6:sIL-6R complex, while fusion to VHH72 via a long
flexible linker allows the simultaneous blockade of S-RBD. c19s130Fc plus the control pro-
teins VHH72 fused to IgG Fc (VHH72Fc) and cs130Fc were readily expressed and secreted
in HEK293T cells (Fig. 1C) and were subsequently produced and purified from the superna-
tants of Expi293 cells. Following affinity purification, the proteins were .90% pure, as
demonstrated by SDS-PAGE analysis and subsequent Coomassie staining (Fig. 1D). The di-
sulfide-mediated dimerization of all proteins was assessed by nonreducing SDS-PAGE. In
this analysis, all Fc-fused proteins demonstrated a shift to a higher molecular weight in the
absence of a reducing agent (Fig. 1E), confirming disulfide-mediated dimerization. We did
not produce monomeric c19s130 because it was shown previously that VHH72 inhibited
cellular virus entry only in the dimeric form (44).

c19s130Fc efficiently inhibits IL-6 trans-signaling. First, we determined and com-
pared the affinities of c19s130Fc, cs130Fc, and VHH72Fc for hyper-IL-6 (HIL-6) in sur-
face plasmon resonance (SPR) experiments. The trans-signaling designer cytokine HIL-
6 is a fusion protein composed of IL-6 and the sIL-6R connected via a flexible peptide
linker (49). Both c19s130Fc and cs130Fc displayed very high and almost identical affin-
ities of 55 and 59 pM, respectively, for hyper-IL-6 (Fig. 2A). The kinetic analysis of the
interaction revealed the formation of a very stable complex characterized by a very
low koff rate of 7.1 � 1025 1/s. Next, we analyzed the inhibitory potential of c19s130Fc
toward IL-6 trans-signaling. To this end, Ba/F3 cells stably transduced with gp130 (Ba/
F3-gp130) were stimulated with 100 ng/mL IL-6 and 200 ng/mL sIL-6R, which induced
STAT3/extracellular signal-regulated kinase (ERK) phosphorylation-dependent cellular
proliferation. This cell-based assay served as a surrogate model for the induction of IL-
6 trans-signaling. We observed concentration-dependent inhibition of IL-6 trans-signal-
ing through c19s130Fc and cs130Fc, while no effect was found for VHH72Fc (Fig. 2B).
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FIG 1 Expression and purification of c19s130Fc, VHH72Fc, ACE2-Fc, and S-RBD. (A) Schematic overview of recombinant proteins
utilized in this study. (B) Molecular modeling illustrating complex formation of IL-6:sIL-6R/c19s130Fc/spike protein complexes. The
structure of the IL-6 signaling complex (PDB accession number 1P9M) was superpositioned with the structure of VHH6 bound to
a complex of IL-6:sIL-6R (PDB accession number 5FUC). In addition, the structure of VHH72 bound to S-RBD (PDB accession
number 6WAQ) was superpositioned onto the structure of trimeric S-RBD in an open conformation (PDB accession number
7CAC). Components of the c19s130Fc protein are depicted in a ribbon representation, and the IL-6 signal complex and S-RBD are
depicted in a surface representation using ChimeraX. (C) Western blotting of supernatants and lysates of HEK293T cells expressing
c19s130Fc, VHH72Fc, ACE2-Fc, and S-RBD. GFP, green fluorescent protein. (D) SDS-PAGE analysis of purified c19s130Fc, VHH72Fc,
ACE2-Fc, and S-RBD followed by Coomassie staining. (E) SDS-PAGE analysis of c19s130Fc, VHH72Fc, ACE2-Fc, and S-RBD in the
presence (1) or absence (2) of b-mercaptoethanol. ETOH, ethanol.
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FIG 2 c19s130Fc blocks IL-6 trans-signaling. (A) SPR analysis of HIL-6 binding to c19s130Fc. c19s130Fc was immobilized
on a protein A chip, and increasing concentrations of HIL-6 were injected. Sensorgrams in response units (RU) over
time are depicted as colored lines, and global fit data are displayed as black lines. KD, equilibrium dissociation
constant; kd, dissociation constant. (B) Ba/F3-gp130 cells were stimulated with 100 ng/mL IL-6 and 200 ng/mL sIL-6R in
the presence of increasing c19s130Fc, cs130Fc, or VHH72Fc concentrations. At 72 h poststimulation, cellular
proliferation was detected using CellTiter-Blue. Assay results are representative of data from three independent

(Continued on next page)
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IC50 (50% inhibitory concentration) values of 1 6 0.3 nM and 0.6 6 0.2 nM were deter-
mined for c19s130Fc and cs130Fc, respectively. In an orthogonal experimental setup,
IL-6:sIL-6R-stimulated Ba/F3-gp130 cells and Vero cells were utilized to examine the
effect of c19s130Fc on STAT3 phosphorylation. In line with the proliferation data,
c19s130Fc and cs130Fc inhibited STAT3 and ERK phosphorylation at concentrations
above 5 nM in Ba/F3-gp130 cells (Fig. 2C). In Vero cells, STAT1 and STAT3 phosphoryla-
tions were blocked at concentrations above 10 nM (Fig. 2D). Taken together, c19s130Fc
and cs130Fc but not VHH72 are highly potent inhibitors of IL-6 trans-signaling, as shown
in biophysical and cell-based assays.

c19s130Fc binds to SARS-CoV-2 S-RBD and prevents viral entry. To determine
the activity of the SARS-CoV-2-neutralizing entity in c19s130Fc, we first determined the
binding kinetics with S-RBD. We determined the VHH72Fc binding affinity for S-RBD to
be 680 nM using SPR (Fig. 3A), which deviates from the previously described affinity of
39 nM (44). Both setups contained monomeric S-RBD as an analyte, but the weaker
binding in this study can primarily be attributed to a lower association rate constant
(1.6 � 105 1/Ms [1 per molar times second]) and a higher dissociation rate constant
(0.1 1/s). This can be explained by differences in the S-RBD protein compositions used.
The previously described affinity of 39 nM was measured toward S-RBD and S-RBD sub-
domain 1 (S-RBD-SD1), in contrast to S-RBD, which was utilized in our study. This may
lead to an altered dissociation rate constant. For c19s130Fc, highly comparable S-RBD
binding kinetics with an affinity of 880 nM were found. Hence, VHH72 fully retains its
activity in c19s130Fc. We further analyzed the affinity of purified S-RBD for immobilized
ACE2-Fc via SPR (Fig. 3B). An affinity of 52 nM was detected, which is in good agree-
ment with the previously described affinity of 44 nM (40). In competition assays with
immobilized ACE2-Fc, S-RBD, and increasing concentrations of c19s130Fc, an inhibitor-
dependent reduction of the binding of S-RBD to ACE2-Fc was found (Fig. 3C and D). A
concentration of 78 nM c19s130Fc resulted in a reduction of ACE2:S-RBD by approxi-
mately 40%, as apparent by a reduction of the maximal binding response from 98.96
response units (RU) to 60.28 RU. This suggested that c19s130Fc binding to SARS-CoV-2
S-RBD prevents spike protein binding to ACE2 and, hence, neutralizes this key interaction
required for viral cell entry. Next, we analyzed the effect of c19s130Fc on SARS-CoV-2-medi-
ated cytopathic effects (CPE) on Vero cells. Vero cells can be efficiently infected with SARS-
CoV-2 (50, 51) and serve as a model system for viral infection. Following incubation with
SARS-CoV-2, a reduction of virus-induced CPE was found in the presence of c19s130Fc and
VHH72Fc but not cs130Fc (Fig. 4A to E). IC50 values of 8.1 6 0.8 nM and 32.3 6 18.6 nM
were determined for c19s130Fc and VHH72Fc, respectively (Fig. 4B and C). As for SPR-
based affinity assays, IC50 values for VHH72Fc reported previously by Wrapp et al. (2.5 nM)
differed slightly in pseudovirus neutralization assays (44). In addition to CPE assays, we inves-
tigated the ability of c19s130Fc to prevent infection of Vero cells by SARS-CoV-2. Virally
infected Vero cells were visualized via immunofluorescence (IF) using anti-SARS-CoV-2 nu-
cleocapsid antibodies (51). Vero cells treated with c19s130Fc and VHH72Fc showed reduced
SARS-CoV-2 cell entry with comparable IC50 values of 15.1 6 3.7 nM and 20.7 6 1.6 nM,
respectively (Fig. 5A to C). No effect was observed for cs130Fc. Next, we investigated the
time-dependent effect of the inhibitors on viral entry during early phases of infection.
Vero cells were incubated with SARS-CoV-2 for 5, 15, 45, or 135 min, and virus infection

FIG 2 Legend (Continued)
experiments. (C) Western blot analysis of Ba/F3-gp130 cells stimulated for 30 min with 8 nM IL-6 and 1 nM sIL-6R in
the presence of the indicated concentrations of c19s130Fc and cs130Fc. Prior to stimulation, IL-6, sIL-6R, and inhibitors
were incubated separately for 30 min. Western blots were stained for pSTAT3, STAT3, pERK, and ERK. Western blots are
representative of results from three independent experiments. Controls for unstimulated cells (2), cells in the absence
of c19s130Fc (1), and stimulation with HIL-6 are included. (D) Western blot analysis of Vero cells stimulated for 30 min
with 400 ng/mL IL-6 and 200 ng/mL sIL-6R in the presence of the indicated concentrations of c19s130Fc and cs130Fc.
Prior to stimulation, IL-6, sIL-6R, and inhibitors were incubated separately for 30 min. Western blots were stained for
pSTAT3, STAT3, pSTAT1, and STAT1. Western blots are representative of results from three independent experiments.
Controls for unstimulated cells (2), cells in the absence of c19s130Fc (1), and stimulation with HIL-6 are included.
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and uptake were then stopped by the addition of monensin. Total viral entry increased
from 5 min to 135 min of incubation (Fig. 5D). Both c19s130Fc and VHH72Fc reduced
SARS-CoV-2 uptake with very comparable IC50 values of 14.2 6 5.4 nM, 11.8 6 3.6 nM,
9.1 6 1.4 nM, and 8.2 6 1.4 nM for c19s130Fc and 16.2 6 4.3 nM, 9.8 6 1.2 nM, 11.9 6

0.8 nM, and 10.76 3.5 nM for VHH72Fc (Fig. 5E to H). These IC50 values are very comparable
to the IC50 values determined for viral uptake after 48 h. Hence, the inhibitory proteins seem
to be stable and maintain activity for at least 48 h in a cell culture setting.

To further confirm the effect of c19s130Fc on SARS-CoV-2 cell entry, we stably
expressed ACE2(1–615) on Ba/F3 cells (Ba/F3-ACE2). ACE2 was detected on the cell sur-
face by flow cytometry (Fig. 6A). Following incubation of Ba/F3-ACE2 cells with S-RBD,
surface binding of S-RBD was detected by flow cytometry (Fig. 6B). In the presence of
c19s130Fc and VHH72Fc but not cs130Fc, a concentration-dependent reduction of sur-
face-attached S-RBD was observed (Fig. 6C to E), indicating that c19s130Fc and
VHH72Fc prevent the binding of the SARS-CoV-2 spike protein to ACE2.

In summary, our data showed that c19s130Fc efficiently neutralized SARS-CoV-2
binding to ACE2 and blocked viral cell entry and infection.

DISCUSSION

Here, we define a new class of bispecific biomolecules based on a soluble cytokine
receptor fused to two nanobodies, which together inhibit IL-6 trans-signaling and
SARS-CoV-2 infection. Therapeutic bispecificity was initially described for bispecific

FIG 3 c19s130Fc binds to S-RBD and blocks its binding to ACE2. (A) SPR analysis of c19s130Fc binding to S-RBD. c19s130Fc was
captured on a protein A chip, and increasing concentrations of S-RBD were injected. Sensorgrams in response units (RU) over
time are depicted as colored lines, and global fit data are displayed as black lines. (B) SPR analysis of VHH72Fc binding to S-RBD.
VHH72Fc was captured on a protein A chip, and increasing concentrations of S-RBD were injected. Sensorgrams in response units
over time are depicted as colored lines, and global fit data are displayed as black lines. (C) SPR analysis of ACE2 binding to S-RBD.
ACE2 was immobilized on a CM5 chip, and increasing concentrations of S-RBD were injected. Sensorgrams in response units over
time are depicted as colored lines, and global fit data are displayed as black lines. (D) SPR analysis of ACE2 binding to S-RBD in
the presence of c19s130Fc. ACE2 was immobilized on a CM5 chip, and 125 nM S-RBD was injected in the presence of increasing
concentrations of c19s130Fc (colored lines).
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antibodies (bsAbs), which bind two independent epitopes on the same or different
antigens (52). Early bsAbs were selective T cell engagers with a binding site for a tu-
mor-associated antigen and CD3 from T cells. Currently, more than 100 anticancer
bsAbs are in clinical development (53). Apart from targeting tumor cells, bsAbs can

FIG 4 c19s130Fc limits SARS-CoV-2-mediated CPE on Vero cells. Vero cells were treated with the indicated concentrations of c19s130Fc,
VHH72Fc, and cs130Fc and infected afterward with SARS-CoV-2 at an MOI of 0.03. (A) Bright-field images were taken on day 3 postinfection
(one representative out of 4 is shown) (bar = 1 mm). (B to D) CPE scores and TOX scores of c19s130Fc (B), VHH72Fc (C), and cs130Fc (D)
were determined from bright-field images from panel A by CPETOXnet and are shown in a concentration-dependent manner (n = 4). (E)
CPE scores (left) and TOX scores (right) of the negative, positive, and toxic controls calculated by CPETOXnet on images 3 days after
infection at an MOI of 0.03 or with staurosporine (5 mM)-treated cells.
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FIG 5 c19s130Fc inhibits SARS-CoV-2 infection of Vero cells. Vero cells were treated with the indicated concentrations of c19s130Fc,
VHH72Fc, and cs130Fc; infected afterward with SARS-CoV-2 at an MOI of 0.03; and stained with SARS-CoV-2 nucleocapsid antibodies
2 days after infection. (A) Representative fluorescence images (n = 4; bar = 1 mm). (B) IF scores were determined from fluorescence
images from panel A using IFnet and are shown in a concentration-dependent manner (n = 4). (C) IF signals of the negative- and
positive-control images calculated by IFnet (n = 24). (D to H) An entry assay was performed by adding monensin to the cells at
different time points after infection. (D) Positive control (n = 12). (E to H) Results of stopping infection after 5 min (E), 15 min (F), 45
min (G), and 135 min (H), in a concentration-dependent manner (n = 4).
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interfere with pathogen infection and ligand/receptor activity and mediate intracellular
drug delivery, cis- and trans-activation, or serum half-life extension. With our develop-
ment of c19s130Fc, we expand the class of bispecific binders by the first example of a
bispecific soluble cytokine receptor. c19s130Fc has a complex architecture and consists
of the first three extracellular domains, D1 to D3, of gp130, which facilitates binding to
IL-6:sIL-6R complexes. Since we and others have previously shown that for unknown
reasons, these domains alone facilitate only low-affinity binding (47), we have fused
sgp130D1–D3 to the nonneutralizing but IL-6:sIL-6R-selective nanobody VHH6 and
converted sgp130D1–D3 into the high-affinity IL-6 trans-signaling inhibitor cs130 (46).
Of note and in contrast to sgp130, fusion to VHH6 also prevents the inhibition of IL-11

FIG 6 c19s130Fc prevents S-RBD binding to overexpressed ACE2 in Ba/F3 cells. (A) Flow cytometric analysis of cell surface expression
of hACE2-gp130 (red population) in Ba/F3-gp130 cells detected by hACE2 antibody. The blue population indicates Ba/F3-gp130 cells
incubated without hACE antibody (control). (B) Flow cytometric analysis of S-RBD binding to Ba/F3-ACE2 cells. Following incubation
with S-RBD, S-RBD binding was detected (blue area) using an anti-spike S1 antibody (Sino Biological). Ba/F3-gp130-hACE2-gp130 cells
without treatment served as controls (red area). (C to E) S-RBD binding in the presence of increasing concentrations of c19s130Fc,
VHH72Fc, or cs130Fc. A total of 20,000 events were recorded, and the cell count was normalized. Histograms are representative of
results from 3 independent experiments.
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trans-signaling (46). Bispecificity toward SARS-CoV-2 was achieved by fusion to VHH72,
an antagonistic nanobody directed against the RBD of the spike protein (44). However,
the antagonistic activity of VHH72 unfolded only after dimerization; therefore, VHH72
was directly placed between the IL-6 trans-signaling inhibitor and the Fc part of an IgG
antibody, which served as a dimerizer and aided in the purification of c19s130Fc. In
the future, bifunctional inhibition might also be achieved using nanobodies against
SARS-CoV-2 that do not depend on dimerization (54), thereby further reducing the size
of the bifunctional trans-signaling/SARS-CoV-2 inhibitor.

IL-6 initiates signal transduction via three different modes, termed classic, trans-,
and cluster signaling (13, 22, 55, 56). Remarkably, these different signaling modes are
associated with different physiological responses. While classic signaling is attributed
mainly to regenerative functions and the induction of acute-phase responses, IL-6
trans-signaling is associated with chronic inflammatory processes (25), and IL-6 cluster
signaling is required for the generation of pathogenic TH17 cells and thereby is also
involved in detrimental inflammatory processes (55). IL-6 is a predictor of severity in
COVID-19 patients (57–59), and the IL-6R antibodies sarilumab and tocilizumab, which
block all types of IL-6 signaling, increase the survival rates of severe COVID-19 patients
and have been approved for therapy (9–11, 31). On the other hand, sgp130 and var-
iants thereof are potent IL-6 trans-signaling inhibitors without affecting classic signal-
ing (35). They also inhibit trans-presentation (cluster signaling), albeit results are heter-
ogeneous, and blocking might be context dependent (22, 55). Still, therapeutic
targeting of IL-6 largely relies on the two IL-6R antibodies, while siltuximab directed
against IL-6 has been approved for Castleman’s disease (60) and is currently being
tested for COVID-19 patients (ClinicalTrials.gov identifier NCT04329650). The IL-6 trans-
signaling inhibitor sgp130Fc (olamkicept) has recently shown remarkable results in
phase II clinical studies for Crohn’s disease and ulcerative colitis (UC) (EudraCT identi-
fier 2016-000205-36; ClinicalTrials.gov identifier NCT03235752), and phase III trials are
in preparation (61).

Several lines of evidence point to a crucial role of IL-6 trans-signaling and not classic
signaling in the development of hyperinflammatory states in severe COVID-19 (6–12),
including multiorgan damage and respiratory failure (4). High levels of soluble IL-6R
were found in COVID-19 intensive care unit patients, which was released by the increased
activity of ADAM17 (26). IL-6 trans-signaling is also required for liver regeneration (62), and
recent evidence indicates a key role of excessive IL-6 trans-signaling during SARS-CoV-2-
induced liver damage (63–65). Mechanistically, SARS-CoV-2-induced IL-6 trans-signaling
increased procoagulants like factor VIII and Von Willebrand factor (vWF), proinflammatory
factors, platelet attachment to liver sinusoidal endothelial cells, and hepatocyte fibrinogen
expression and induces endotheliopathy and subsequent liver damage (64). This view is
further supported by the finding that sgp130Fc blocks SARS-CoV-2-induced increases of
blood clotting and liver injury factors (64). Thereby, one motivation to generate the bispe-
cific c19s130Fc was based on the notion that selective inhibition of trans-signaling would
be superior to the simultaneous blocking of classic and trans-signaling by IL-6R antibodies
in severe COVID-19 cases.

Mechanistically, the application of tocilizumab and sarilumab results in the binding
of the antibody to sIL-6R but also to cells expressing membrane-bound IL-6R, including
hepatocytes and immune cells. The life cycle of SARS-CoV-2 starts with the binding of
the viral spike protein to host ACE2, cleavage of the spike protein, membrane fusion,
and RNA injection. Virus-cell fusion is dependent on the cleavage of the spike protein
by TMPRSS2 at the plasma membrane or by cathepsin L in endosomes (66). An imagi-
nable bifunctional antibody for IL-6R and SARS-CoV-2 could be risky because it might
bypass natural virus infection via a redirection of antibody–SARS-CoV-2 complexes to
IL-6R-expressing cells. In this scenario, the spike protein in large IL-6R (target cell)–
antibody–spike protein (SARS-CoV-2) complexes might still be processed by TMPRSS2
or cathepsin L to enable unintended drug-induced virus infection. Here, the virus-tar-
geting antibody part would prevent the binding of the spike protein to ACE2 but not
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the binding and infection of IL-6R-expressing cells. To bypass this possibility, we opt
for the trans-signaling inhibitor c19s130Fc. After binding to c19s130Fc, IL-6:sIL-6R com-
plexes are still soluble, and unintended viral entries via membrane-bound IL-6R target-
ing are impossible and were not seen in our experiments using c19s130Fc during
SARS-CoV-2 infection of Vero cells.

Taken together, c19s130Fc demonstrates the first example of the multifunctionali-
zation of a trans-signaling inhibitor and thereby represents the first member of a new
class of bispecific inhibitor molecules consisting of a soluble cytokine receptor fused to
antiviral nanobodies.

Antiviral antibodies are effective only very early in COVID-19 disease progression
(67). In later stages of severe COVID-19, patients develop a hyperinflammatory state,
which is associated with multiorgan damage and respiratory failure (4). In this stage of
the disease, antiviral antibodies seem to no longer be effective. Immunomodulatory
treatments, including IL-6 blockade, were described to increase survival rates and
decrease the need for mechanical oxygenation in later stages of the disease (9, 31, 58,
68, 69). Combined treatment using glucocorticoids and IL-6 blockade increased the
observed positive effects (31). However, evidence suggests that immunomodulatory
treatment, including glucocorticoid and anti-IL-6 treatments, while reducing hyperin-
flammation, may delay viral clearance (32, 70–72). Hence, immunomodulatory treat-
ments may be a double-edged sword in the treatment of COVID-19 and may benefit
from simultaneous antiviral treatment (73–75). In fact, there is evidence for the benefi-
cial effects of combined antiviral and immunomodulatory treatments for SARS-CoV-2,
hepatitis B, and influenza infections (76–80).

Here, we describe a bispecific molecule that incorporates antiviral and immunomo-
dulatory entities. Such a bifunctional molecule may reduce viral infection in early-stage
infections as well as reduce hyperinflammation observed in late-stage infections. In
addition, bispecific inhibitors like c19s130Fc may also be useful during the transition
state from early to late stages of COVID-19.

MATERIALS ANDMETHODS
Cloning of c19s130Fc variants. The cDNAs encoding the single-domain antibody VHH72 (44), resi-

dues 1 to 615 of ACE2 (GenBank accession number Q9BYF1), and residues 319 to 591 of the SARS-
CoV-2 RBD (GenBank accession number P0DTC2) were synthesized by Biocat (Heidelberg, Germany).
VHH72 was subcloned via AgeI and NotI into the plasmid pcDNA3.1-Fc (Invitrogen) coding for an N-
terminal signal peptide, a Myc tag (EQKLISEEDL), and a C-terminal human IgG1 Fc tag, thereby gener-
ating expression plasmid pcDNA3.1-VHH72Fc. c19s130Fc was cloned from pcDNA3.1-cs130Fc (46) by
the insertion of a cDNA coding for VHH6-(GGGGS)3-VHH72 via XhoI and NotI. ACE2 was amplified by
PCR using forward primer 59-AGTCCTTAAGCCACCATGTCAAGCTCTTCCTGGC-39 and reverse primer 59-
TGCGTATGCGGCCGCGTCTGCATATGGACTCCAG-39 and subcloned into pcDNA3.1-Fc via AflII and NotI
to generate pcDNA3.1-ACE2-Fc. The pcDNA3.1-RBD-TwinStrep expression vector was cloned via
HindIII and NotI out of the cDNA encoding residues 319 to 591 of the SARS-CoV-2 RBD to extend the
sequence with a TwinStrep tag (WSHPQFEK) connected with a (GGGS)3 linker. HIL-6 was subcloned via
HindIII and NotI into the pcDNA3.1 vector containing an N-terminal signal peptide and a C-terminal
TwinStrep tag, thereby generating pcDNA3.1-HIL-6-TS (twin Strep-tag) for expression. An analogous
cloning strategy was used to generate the expression vector for IL-6–TS.

Cells and reagents. The generation of Ba/F3-gp130 cells was described previously (81). For seeding
and cultivation of Vero cells, cells were first washed with phosphate-buffered saline (PBS) and then incu-
bated in the presence of a trypsin-EDTA solution (catalog number 4261.0110; Genaxxon Bioscience) until
cells were detached. Cell lines were grown in Dulbecco’s modified Eagle’s medium (DMEM) high-glucose
culture medium (Gibco, Life Technologies, Darmstadt, Germany) supplemented with 10% fetal bovine
serum (Gibco, Life Technologies), 60 mg/L penicillin, and 100 mg/L streptomycin (Genaxxon Bioscience
GmbH, Ulm, Germany) at 37°C with 5% CO2. The proliferation of Ba/F3-gp130 cells was maintained in
the presence of HIL-6 (49). Ba/F3-gp130 cells were retrovirally transduced with a pMOWS expression
plasmid coding for hACE2-gp130 composed of coding sequences for the ACE2 signal peptide (amino
acids [aa] 1 to 17) followed by ACE2 (aa 18 to 615) and human gp130 (GenBank accession number
P40189) comprising amino acids T607 to Q908, representing 13 aa of the extracellular domain (ECD), the
complete transmembrane domain (TMD), and the intracellular domain (ICD) of the receptor. Selection of
transduced Ba/F3-gp130 cells was performed with puromycin (1.5 mg/mL) (Carl Roth, Karlsruhe, Germany)
for at least 2 weeks. Afterward, the generated Ba/F3-gp130 cell line was analyzed for receptor cell surface
expression via flow cytometry. sIL-6R was obtained from Conaris Research Institute AG (Kiel, Germany).
cs130Fc was produced and purified as described previously (46, 62). Expi-293F cells (Thermo Fisher Scientific)
were cultured in 30 mL Expi293 expression medium without antibiotics until they reached a density of
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3 � 106 to 5 � 106 cells/mL in a 37°C incubator with 8% CO2 on an orbital shaker at 125 rpm. The Expi293-F
cells were cultured in a shaker flask until they reached a density of 3 � 106 to 5 � 106 cells/mL. Antibodies
directed against STAT3 phosphorylated at Tyr705 (clone D3A7) and STAT3 (clone 124H6) were obtained
from Cell Signaling Technology (Frankfurt, Germany). StrepMAP-Classic-HRP (horseradish peroxidase) (1:
20,000) (catalog number 2-1509-001) was obtained from IBA GmbH (Göttingen, Germany). Peroxidase-conju-
gated secondary Abs (catalog numbers 31432, 31462, and 31423) were obtained from Pierce (Thermo Fisher
Scientific, Waltham, MA, USA). Antibodies directed against phosphorylated ERK (pERK) (catalog number
4370) and ERK (catalog number 4695) were obtained from Cell Signaling Technology.

Proliferation assays. Ba/F3-gp130 cells were washed, and 5,000 cells were cultured for 3 days in a
final volume of 100 mL in the presence of cytokines and inhibitors. The CellTiter-Blue reagent was used
to determine cellular viability by recording the fluorescence (excitation 560 nm and emission 590 nm)
using an Infinite M200 Pro plate reader (Tecan, Crailsheim, Germany) immediately after the addition of
20mL of the reagent per well (time point zero) and up to 120 min thereafter.

Cytokine stimulation of cells and lysate preparation. A total of 106 Ba/F3-gp130 cells/mL were
washed and starved in serum-free medium for 5 h. Vero cells were seeded at a density of 8 � 105 cells
per 60-mm dish 24 h prior to stimulation and also washed five times with PBS before starvation in se-
rum-free DMEM for at least 5 h. Prior to stimulation, cytokines and inhibitors were preincubated at room
temperature for 30 min. Subsequently, cells were stimulated with the indicated cytokines and inhibitor
combinations for 30 min, harvested by centrifugation at 4°C for 5 min at 500 � g, frozen, and lysed. The
protein concentration of the cell lysates was determined by the bicinchoninic acid (BCA) protein assay
(Pierce, Thermo Scientific). Analysis of STAT3 activation was performed by Western blotting of 25 to
75 mg of total protein from total cell lysates and subsequent detection steps using the anti-pSTAT3
(Tyr705) (1:1,000) and anti-STAT3 (1:1,000) antibodies described above.

Western blotting. Proteins were separated by SDS-PAGE and transferred onto nitrocellulose mem-
branes for 60 min (20 V, 1.0 Å). Membranes were blocked and probed with the indicated primary anti-
bodies. After washing, the membranes were incubated with secondary peroxidase-conjugated antibod-
ies or fluorescence-labeled secondary antibodies (1:2,500 dilution). Immobilon Western reagents
(Millipore Corporation, Billerica, MA, USA) and the ChemoCam imager (Intas Science Imaging
Instruments GmbH, Göttingen, Germany) or the Odyssey Fc imaging system (Li-Cor Biosciences, Bad
Homburg, Germany) were used for signal detection. Control STAT3 blots were produced on separate
membranes.

Expression and purification of VHH72Fc, c19s130Fc, the RBD, and ACE2Fc. Mammalian expres-
sion plasmids encoding VHH72Fc, c19s130Fc, the SARS-CoV-2 RBD, and ACE2-Fc were transfected into
Expi-293F cells using ExpiFectamine. After reaching 4.5 � 106 to 5.5 � 106 cells/mL, the cells were
diluted to a final density of 3 � 106 cells/mL in 30 mL Expi293 expression medium for transfection.
Thirty micrograms of the plasmid expression vectors was used for transfection. Thereafter, the culture
was harvested by centrifugation at 450 � g at 4°C for 10 min, followed by centrifugation of the resulting
supernatant at 4,000 � g at 4°C for 20 min. The supernatant from the second centrifugation step was fil-
tered (0.45-mm filter, catalog number P667.1; Carl Roth) and purified by affinity chromatography.
Constructs containing an Fc tag (c19s130Fc, VHH72Fc, and ACE2-Fc) were purified using protein A resin
(1 mL) (HiTrap MabSelect PrismA) at a flow rate of 1 mL/min. The column was then washed with 30 col-
umn volumes of PBS. Proteins were eluted at pH 3.2 to 3.5 using 50 mM citric acid buffer. Fractions con-
taining the protein peak were pooled, and the pH was adjusted to pH 7 with 1 M Tris. Constructs con-
taining a C-terminal TwinStrep tag (SARS-CoV-2 RBD) were purified using Strep-Tactin resin (catalog
number 2-5025-001; IBA) according to the manufacturer’s instructions. Proteins were buffer exchanged
to PBS using illustra NAP25 columns (GE Healthcare Life Sciences, Munich, Germany). The protein con-
centration was determined by measuring the absorbance at 280 nm, and samples were flash-frozen in
liquid nitrogen. A total of 2.5 mg of protein was loaded per lane and separated by SDS-PAGE under
reducing (106 mM b-mercaptoethanol at 95°C for 10 min) and nonreducing (without b-mercaptoetha-
nol and heating) conditions. The gel was stained with Coomassie staining solution (80% ethanol, 20%
acetic acid, 4% Coomassie brilliant blue R250) for 1 h and destained overnight in a destaining solution
(20% ethanol, 10% acetic acid).

Surface plasmon resonance. For surface plasmon resonance experiments, the Biacore X100 instru-
ment (GE Healthcare Life Sciences) was used. VHH72Fc or c19s130Fc was captured on a single flow cell
of a protein A sensorchip at a level of ;300 or 650 response units (RU), respectively, per cycle. Three
samples containing only running buffer were injected over both the ligand and reference flow cells, fol-
lowed by S-RBD serially diluted from 500 to 3.9 nM, with a replicate of the 125 nM concentration. The
analyte S-RBD was injected at a flow rate of 30 mL/min for 120 s, and dissociation was measured for 300
s. ACE2 was immobilized in 10 mM acetate buffer (pH 4.5) by amine coupling on a CM5 chip (2,500 RU).
After immobilization, S-RBD was injected at a flow rate of 30 mL/min at increasing concentrations (2 to
250 nM). Association was monitored in periods of 60 s, and dissociation was measured for 600 s.
Immobilized ACE2 was regenerated with 2 M NaCl to remove bound S-RBD in multiple cycle measure-
ments. ACE2 was immobilized on a CM5 chip, and 125 nM S-RBD was injected in the presence of increas-
ing concentrations of c19s130Fc. Experiments were carried out at 25°C in PBS (pH 7.4), composed of
137 mM NaCl, 2.7 mM KCl, 12 mM HPO4

22 and H2PO4
2, and 0.05% (vol/vol) surfactant P20 (GE

Healthcare). The resulting data were reference subtracted and fit to a 1:1 binding model using Biacore
X100 Evaluation software V2.0.1.

Viruses. SARS-CoV-2 was used as described previously (51) (sequence accession number EPI_ISL_425126;
https://www.gisaid.org/). A SARS-CoV-2 stock was obtained in Vero cells by infection at a multiplicity of infection
(MOI) of 0.001. After 72 h, the supernatant was collected and stored at280°C until use.
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SARS-CoV-2 infection of Vero cells. Vero cells were cultured as previously described (51). Vero cells
were cultured in DMEM with the addition of 10% fetal calf serum (FCS), minimal essential amino acids, and
penicillin/streptomycin at 37°C with 5% CO2. A total of 3 � 104 cells were seeded per well in a 96-well plate
1 day before infection. On the next day, the medium was changed to cell culture medium containing differ-
ent dilutions of c19s130Fc, VHH72Fc, and cs130Fc dissolved in PBS and staurosporine (5 mM) as a toxic con-
trol. Moreover, 6 or 12 serial 2-fold dilutions were used. The cells were infected with SARS-CoV-2 20 min later
at an MOI of 0.03. For the entry assay, monensin was added to the wells 5, 15, 45, and 135 min after infection
to stop the further entry of SARS-CoV-2 into the cells. An overlay composed of DMEM with 1% methylcellu-
lose was added at 2 h postinfection. The IC50 was measured using GraphPad Prism.

Immunofluorescence. Two days after infection, the supernatant was discarded, and 4% formalin
was added for 30 min. Hanks’ buffer containing Triton X-100 was applied to the cells for 20 min followed
by 10% FCS in PBS for 1 h to block unspecific binding sites. The cells were stained with a SARS-CoV-2 nu-
cleocapsid antibody (2019 novel coronavirus [nCoV]) (Sino Biology Inc., Eschborn, Germany) for 1 h.
Following washing, fluorescein isothiocyanate (FITC)-conjugated AffiniPure goat anti-rabbit IgG(H1L)
(Jackson Immuno Research, Cambridgeshire, UK) was added for 1 h. The cells were washed again and
analyzed with a Nikon Eclipse TS100 fluorescence microscope. Pictures were taken with NIS-Elements
F4.30.01 software. The images were quantified using deep transfer learning as previously described (51).
ResNet18 was retrained to classify SARS-CoV-2-infected cell cultures. For recognizing CPE and toxic
effects (TOX), we used CPETOXnet with three different classifications (CPE, TOX, and no CPE). For the
quantification of SARS-CoV-2 immunofluorescence pictures, we used IFnet with two different classifica-
tions (IF signal and no signal) (51).

Cell surface detection via flow cytometry. hACE2-gp130 cell surface expression of stably trans-
fected Ba/F3-gp130 cells was detected by specific antibodies. A total of 5 � 105 cells were washed in flu-
orescence-activated cell sorter (FACS) buffer (PBS, 1% bovine serum albumin [BSA]) and then incubated
in 50 mL containing the indicated primary antibody (anti-hACE2, catalog number AF933; Bio-Techne)
(1:80) for 1 h at room temperature. Cells were washed and resuspended in 50 mL containing the second-
ary antibody (Northern Light 495-conjugated Fab anti-goat IgG, catalog number NL003; Bio-Techne)
(1:100) and incubated for 1 h at room temperature. Cells were washed and resuspended in 500 mL of
FACS buffer. A total of 20,000 cells were recorded and analyzed by flow cytometry (BD FACSCanto II flow
cytometer using FACSDiva software; BD Biosciences). Data analysis was conducted using FlowJo version
10 (Tree Star Inc., USA).

Flow cytometry inhibition experiments were conducted with 5 � 105 Ba/F3-gp130-hACE2-gp130
cells in the presence of 5 nM S-RBD, inhibitory proteins, and the primary antibody (antispike, catalog
number 40150-R007; Sino Biological) (1:50) for 1 h at room temperature. Cells were washed and resus-
pended in 50 mL containing a secondary antibody directed against antispike-IgG (anti-rabbit–Alexa
Fluor 488; Cell Signaling Technology) (1:250) for 1 h at room temperature. Afterward, cells were treated
as described above.

Molecular modeling. For molecular modeling, the structure of the IL-6 signaling complex (PDB
accession number 1P9M) was superpositioned with the structure of VHH6 bound to a complex of IL-6:
sIL-6R (PDB accession number 5FUC). In addition, the structure of VHH72 bound to S-RBD (PDB accession
number 6WAQ) was superpositioned onto the structure of trimeric S-RBD in an open conformation (PDB
accession number 7CAC). Components of the c19s130Fc protein are depicted in a ribbon representation,
and the IL-6 signal complex and S-RBD are depicted in a surface representation using ChimeraX (82).

Statistical analyses. IC50 values were calculated by nonlinear regression analysis in GraphPad Prism
6.1 (version 6.1 for Windows; GraphPad Software, La Jolla, CA, USA) from 3 individual experiments. The
data are presented as means6 standard deviations (SD).

Data availability. All data needed to evaluate the conclusions in the paper are present in the paper.
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