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A detrimental role for matrix metalloproteinase 8 (MMP8) 
has been identified in several pathological conditions, 
e.g., lethal hepatitis and the systemic inflammatory 
response syndrome. Since matrix MMP8-deficient mice 
are protected in the above-mentioned diseases, specific 
MMP8 inhibitors could be of clinical value. However, tar-
geting a specific matrix metalloproteinase remains chal-
lenging due to the strong structural homology of matrix 
metalloproteinases, which form a family of 25 members 
in mammals. Single-domain antibodies, called nanobod-
ies, offer a range of possibilities toward therapy since they 
are easy to generate, express, produce, and modify, e.g., 
by linkage to nanobodies directed against other target 
molecules. Hence, we generated small MMP8-binding 
nanobodies, and established a proof-of-principle for 
developing nanobodies that inhibit matrix metallopro-
teinase activity. Also, we demonstrated for the first time 
the possibility of expressing nanobodies systemically by 
in vivo electroporation of the muscle and its relevance as 
a potential therapy in inflammatory diseases.

Received 6 May 2015; accepted 31 December 2015; advance online  
publication 9 February 2016. doi:10.1038/mt.2016.2

INTRODUCTION
Matrix metalloproteinases (MMPs) are zinc-dependent endo-
peptidases that play different roles in various diseases, includ-
ing ischemia/reperfusion injury,1 lung diseases,2,3 gut and brain 
inflammation,4–6 neurodegenerative disease,7 and vascular dis-
ease.8,9 Broad-spectrum MMP inhibitors have been tested in clini-
cal trials for various cancers.10 However, all these trials have failed 
because broad-range MMP inhibition is associated with several 
serious side-effects.11 Therefore, selective or specific targeting of 
MMPs would be a more suitable therapeutic approach, especially 
when long-term treatment is needed.4

MMP8 has been implicated in several pathological condi-
tions,12 including lung injury,13,14 the systemic inflammatory 

response syndrome (SIRS),15–22 cardiovascular disease,23 neuro-
inflammation,24–26 arthritis,27,28 hepatitis,29 and cancer.30,31 Some of 
these pathologies, namely SIRS, lung injury, hepatitis, and experi-
mental autoimmune encephalitis, could benefit from MMP8 
inhibition since mice deficient for MMP8 were found to be pro-
tected.14,20,25,32 In addition, increased serum levels of MMP8 were 
found in SIRS patients and were suggested to correlate with mor-
tality.19,22 So, specific inhibition of MMP8 is a potential therapeutic 
strategy but the homology of the MMP family is high since they 
evolved via gene duplication in the mammalian genome, imped-
ing the development of specific MMP inhibitors and reliable 
detection tools for specific MMP activity.4

Generally, the current MMP inhibitors are metabolically 
unstable, lack specificity, have a poor oral bioavailability and/or 
are associated with a dose-limiting toxicity.4,33 Specific antibod-
ies could be an alternative for the existing chemical and peptidic 
MMP inhibitors.10,34 Nonetheless, developing classical antibodies 
inhibiting MMPs is difficult because their large size (150 kDa) 
complicates the binding to the catalytic pocket, which is small and 
difficult to access.

Alternatively, single-domain antibodies, called nanobodies 
(Nbs), have many advantages which might circumvent some of 
the problems associated with conventional antibodies. Members 
of the Camelidae mammal family (camels, alpacas, llamas) express 
both conventional antibodies (Abs) and “heavy-chain-only” Abs 
(HcAb).35,36 The latter lack the constant domain of the heavy chain 
(CH1), leading to the absence of the light chain.35,36 The variable 
domain of this HcAb is the smallest antigen-binding fragment 
(15 kDa) and is called the VHH domain or Nb.35,36 Nbs have many 
advantages compared to chemical inhibitors and conventional 
Abs that lack specificity and are expensive to produce, respec-
tively. They are small, stable, and soluble, have a high affinity and 
specificity, and are easy and cheap to produce in prokaryotic sys-
tems.35–37 They can also be easily modified, for example by linking 
several Nbs targeting different molecules in order to enhance their 
therapeutic efficacy.36
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In this paper, we describe the development of MMP8-binding 
Nbs. We identified and characterized an MMP8-inhibiting Nb of 
which we explored its therapeutic potential in systemic inflam-
mation. Finally, we describe a new method to administer Nbs in 
mice, namely via in vivo electroporation.

RESULTS
Sequencing and modeling of different MMP8-
binding Nbs
Sequencing of 13 VHH genes from different VHH groups iden-
tified eight different Nbs belonging to three different groups 
based on the amino acid sequence sequences (Supplementary 
Figure S1a). Six of the Nbs, Nb14, Nb27, Nb25, Nb10, Nb21, and Nb39 
show very high sequence similarities. This suggests that they are 
derived either from clonally-related B-cells as a result of somatic 
hypermutation or from the same B-cell that diversified due to 
polymerase chain reaction (PCR) errors during library construc-
tion. In contrast, Nb4 and Nb44 most likely belong to distinct 
families. SWISS-MODEL, a fully automated protein structure 
homology-modeling server,38 was used to determine the putative 
tertiary structures of the MMP8-binding Nbs. Based on a tem-
plate homologous to the protein of interest, 3EZJ39 in case of the 
MMP8 Nbs, 3D models of each of the Nbs could be constructed 
(Supplementary Figure S1b).

The typical β-pleated sheet immunoglobulin fold is conserved 
in Nbs.40 As indicated in Supplementary Figure S1a, two cyste-
ines present in the VHH domain, Cys22 and Cys96, are responsible 
for the formation of an interdomain disulfide bridge between the 
β-sheets (Supplementary Figure S1a, full black line boxes). An 
additional interloop disulfide bridge linking CDR3 (Cys107) and 
CDR2 (Cys50) can be observed in Nb44, which might increase its sta-
bility significantly (Supplementary Figure S1a, red full line boxes). 
Nbs are also characterized by three complementarity determin-
ing regions (CDRs) (Supplementary Figure S1, black dotted line 
boxes), all contributing to antigen-binding specificity.41 Usually, the 
long and variable CDR3 loop accounts for most of the antigen bind-
ing interaction. As depicted in Supplementary Figure S1b, in par-
ticular, Nb44 is characterized by a long protruding CDR3 loop (red) 
and might therefore preferably target MMP8 in its active site cleft.

In vitro analysis of the different Nbs for MMP8 
binding
To identify the Nbs with the highest affinity, binding efficiency 
of the purified monovalent MMP8_Nbs to mMMP8_CD was 
assessed by enzyme-linked immunosorbent assay (ELISA). Nb44 
and Nb14 are depicted in Figure 1a and the KD values of all Nbs 
tested are shown in Table  1 (Figure  1a). A well-characterized 
Nb, the anti-β-lactamase Nb,42 was used as negative control. As 
expected, the control Nb (Nbctrl, against β–lactamase) did not 
bind mMMP8_CD. Calculation of the KD values of the different 
anti-MMP8 Nbs revealed that there are multiple Nbs with a high 
affinity for mMMP8_CD (Table 1). To investigate whether these 
Nbs recognize the 3D structure of mMMP8_CD or its primary 
amino acid sequence, binding affinity was also determined for 
denatured recombinant mMMP8_CD. In general, the binding 
capacity of the different Nbs for the denatured MMP8 was much 
lower (almost absent) compared to the native form, indicating 

that the 3D structure is essential for recognition (Figure 1b). In 
view of the potential clinical applications of Nb14, we confirmed its 
cross-reactivity with hMMP8_CD (KD, 158.4 nmol/l) (Figure 1c). 
Affinity for mMMP8_CD was also determined with surface plas-
mon resonance (SPR, Biacore) and gave a KD value for Nb14 of 
240 nmol/l (Figure 1d). The differences in KD for binding of the 
Nbs determined by ELISA compared to SPR could be explained 
by technical differences.

To investigate the Nanobodies’ capacity to inhibit MMP8 
activity, we used the gelatin and collagen type I cleavage proper-
ties of MMP8. The EnzCheck Gelatinase/Collagenase assay kit was 
used to determine the IC50 values of the different MMP8-binding 
Nanobodies. Inhibition of mMMP8_CD was quantitatively deter-
mined by measuring changes in fluorescence (relative light units) 
over time in which a strong inhibition is correlated with a slower 
(or even absent) increase in fluorescence. Again, Nbctrl was used 
as a negative control. Figure 1 demonstrates the strongest inhibi-
tion of mMMP8_CD by Nb14 (IC50, 4.359 µmol/l) (Figure 1e) in 
comparison to Nb44 (Figure  1f) and the other MMP8-binding 
nanobodies (Supplementary Figure S2; Table 2). This was done 
with DQ gelatin as a substrate. However, the inhibitory capacity of 
Nb14 for mMMP8_CD was also determined using a more relevant 
substrate, namely DQ collagen type I, which resulted in an IC50 
value of 19.5 µmol/l (Figure 1g).

Members of the metzincin superfamily, including MMPs and 
ADAMs (a disintegrin and metalloproteinase), are structurally 
related.4 Therefore, cross-reactivity was tested for several human 
MMPs (hMMPs) and two well-studied members of the ADAM 
family, namely ADAM10 and ADAM17 (TACE), of which the 
latter is the closest known MMP analogue.11,43 Inhibition of these 
ADAM family members by broad-spectrum MMP inhibitors is 
believed to cause side-effects and should thus be avoided with 
new generation MMP blockers such as our Nanobody.11 Cross 
reactivity for hMMP1, -2, -3, -7, -9, -10, -12, -13, and -14 was 
tested by ELISA and this revealed that Nb14 does not bind with 
other hMMPs (Supplementary Figure S3a). Additionally, no 
cross-reactivity was found of Nb14 for ADAM 10 and ADAM 17 
showing the specificity of this Nb (Supplementary Figure S3b,c).

Optimization and characterization of the modified 
Nb14
Based on the KD (0.24 nmol/l) and IC50 (4.359 µmol/l) values, 
Nb14 was selected for further optimization. Monovalent Nbs are 
about 15 kDa in size and since the cut-off value of the kidney is 
60 kDa, this leads to a rapid clearance from the body. Indeed, 
intraperitoneal (i.p.) injection of 100 µg monomeric Nb14, fol-
lowed by serum collection at different time points, revealed that 
Nb14 has a half-life (T1/2) of ~2 hours (Figure 2a). For that rea-
son, we linked Nb14 via a flexible [Gly4Ser]3 linker to an anti-
albumin Nb (NbAlb), resulting in a bispecific Nb14_NbAlb, and 
to NbAlb followed by a second Nb14 in order to create a trisp-
ecific Nb14_NbAlb_Nb14 (Figure  2b). The presence of the anti-
Alb moiety in these Nb constructs will increase the molecular 
weight and thus the serum half-life, but will also lead to extra 
retention in the serum due to binding to albumin (67 kDa).44 
Additionally, since albumin extravasates from the blood to 
inflammatory sites, binding of a Nb to albumin will lead to 
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Figure 1  Analysis of binding and inhibitory constants of the different monomeric nanobodies (Nbs) for the catalytic domain of mouse matrix 
metalloproteinase 8 (mMMP8_CD). (a) Affinity of the anti-MMP8 Nbs for mMMP8_CD was determined by ELISA (KD Nb14, 1.3 nmol/l; KD Nb44, 
>100 nmol/l). (b) To determine whether the primary structure or the 3D conformation is recognized by the Nbs, binding analysis of the Nbs for both 
native (full line) and denatured (dotted line) mMMP8_CD was done by ELISA. (c) Cross-reactivity of Nb14 for the catalytic domain of human MMP8 
(hMMP8_CD) was determined via ELISA (KD, 158 nmol/l). (d) Binding of Nb14 with mMMP8_CD was also determined by SPR. The full line shows the 
actual measurement, while the dotted line depicts the best theoretical fit. The best fit to determine the KD value for Nb14 is the two-state binding curve 
(KD, 228 nmol/l). (e,f) The EnzCheck gelatinase/collagenase assay was used to determine inhibitory capacity of the different Nbs for mMMP8_CD 
with DQ gelatin as substrate (IC50 Nb14 (e), 4.127 µmol/l; IC50 Nb44 (f), > 100 µmol/l). (g) The inhibitory capacity of Nb14 was also determined with 
DQ collagen type I as substrate and gave an IC50 value of 19.5 µmol/l. (n = 2). CD, catalytic domain; FL, full-length; h, human; IC50, half maximal 
inhibitory concentration; KD, binding affinity constant; m, mouse; MMP, matrix metalloproteinase; Nb, nanobody; SPR, surface plasmon resonance.
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Table 1 Dissociation constants (KD) of the different nanobodies for the 
catalytic domain of mouse matrix metalloproteinase 8 (nmol/l)

KD
a (nmol/l)

Nb4 28.60 ± 9.066

Nb10 3.718 ± 0.392

Nb14 1.334 ± 0.137

Nb21 2.747 ± 0.259

Nb25 2.618 ± 0.666

Nb27 1.152 ± 0.333

Nb39 1.184 ± 0.129

Nb44 51.83 ± 12.76
aMean ± SEM.

Table 2 Half maximal inhibitory concentrations (IC50) of the 
different nanobodies for the catalytic domain of mouse matrix 
metalloproteinase 8 (µmol/l)

IC50
a (μmol/l)

Nb4 > 200

Nb10 163.300 ± 0.117

Nb14 4.359 ± 0.237

Nb21 > 200

Nb25 68.410 ± 0.152

Nb27 103.300 ± 0.119

Nb39 > 200

Nb44 194 ± 0.110
aMean ± SEM.
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accumulation of the Nb at inflammatory sites.44,45 To produce 
recombinant Nbs in the periplasmic space of Escherichia coli, 
Nb sequences were cloned from the pUC57 into the pHEN6c 
vector. Nb14_NbAlb_Nb14 and Nb14_NbAlb were produced and 
purified as a protein but the yield of Nb14_NbAlb_Nb14 was very 
low in the prokaryotic WK6 E. coli system. Therefore, this Nb14_
NbAlb_Nb14 sequence was cloned into the pAOXZalfa vector to 
transform the yeast Pichia pastoris in order to obtain a higher 
yield (304 mg from 160 ml culture). Cloning was done in a simi-
lar way and production gave a higher yield in Pichia compared 

to E. coli. Correspondingly, the P. pastoris expression system was 
also used to express a trivalent control Nb, NbAlb_NbCtrl_NbCtrl.

After expression in P. pastoris and purification, Nb14, 
Nb14_NbAlb and Nb14_NbAlb_Nb14 were compared for binding to 
mMMP8_CD (Figure  2c), mMMP8_FL (Figure  2d), hMMP8_
CD (Figure 2e), and albumin via ELISA (Figure 2f). Dissociation 
constants (KD) of the monovalent, bispecific and trispecific Nb14 
for the different proteins were compared (Figure  2c–f) and are 
shown in Table 3. KD values were calculated by a nonlinear regres-
sion model via the saturation binding equation and yielded values 
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of 0.24, 0.1, and 0.016 nmol/l for Nb14, Nb14_NbAlb and Nb14_
NbAlb_Nb14, respectively, for binding to mMMP8_CD. Addition 
of a second Nb14 in the trispecific construct improved avidity for 
MMP8. Since there is a possibility that conjugation of Nb14 (or 
Nbctrl) to NbAlb interferes with its albumin binding properties, the 
affinity of the modified Nbs for albumin was determined. Nb14 
was used as negative control since binding to albumin is absent. 
Binding of the modified constructs gave KD values of 0.32, 8.14, 
and 1.48 nmol/l for NbAlb, Nb14_NbAlb, Nb14_NbAlb_Nb14, respec-
tively, showing that conjugation of the different Nbs affected 
albumin binding, but this was rather limited since KD values were 
still in a similar low nM range. As the Nbs were raised against 
mMMP8_CD, cross reactivity for mMMP8_FL had to be veri-
fied (Figure 2d). KD values of the monovalent, bispecific and tri-
specific Nb14 were found to be 1.69, 0.63, and 0.057 nmol/l for 
mMMP8_FL, respectively, based on ELISA. These results show 
that the Nbs bind both the catalytic domain of MMP8 as well as 
the full-length version. Again, affinities were determined with 
SPR and generated KD values of 240 and 3.7 nmol/l for Nb14_NbAlb 
and Nb14_NbAlb_Nb14, respectively (Figure  2g,h). Due to the  
better (lower) off rate, the trispecific construct has a better binding 
capacity than the monovalent Nb14 (Table 4). In addition, in view 
of future clinical purposes, cross-reactivity for hMMP8_CD was 
confirmed (Figure 2e) and revealed the following KD values: 158.4 
nmol/l for Nb14, 40.4 nmol/l for Nb14_NbAlb and 0.158 nmol/l for 
Nb14_NbAlb_Nb14, which again shows better binding in case of the 
trispecific tool.

The inhibitory capacity of the different Nb constructs was 
determined by two different fluorescent substrates namely DQ 
gelatin (Figure 3a,b) and DQ collagen type I (Figure 3c,d). Both 
are substrates for MMP8 and contain a quenched fluorophore 
which is released when the substrate is cleaved. Nbs were incu-
bated with mMMP8_CD for 30 minutes after which the substrate 
was added. The reduced increase in fluorescence measured over 
time represents the inhibitory capacity of the Nbs. This revealed 
an IC50 value for the gelatin substrate of 4.9, 4.9, and 0.4 µmol/l for 
the monomeric Nb14, bispecific Nb14_NbAlb and trispecific Nb14_
NbAlb_Nb14, respectively. This shows that the increased binding of 

Nb14_NbAlb_Nb14 for mMMP8 compared to Nb14 is also reflected 
in a better inhibition (Table 5). A similar trend was observed for 
inhibition of collagen I but in general higher IC50 values were 
observed (Table  5). Next, we determined the pharmacokinetic 
properties of the trispecific Nb14_NbAlb_Nb14. Mice were injected 
i.p. with 100 µg and serum levels were determined by ELISA. We 
found a half-life of 28 hours after one i.p. injection which is sig-
nificantly longer than the 2 hours half-life of Nb14 (Figure 3e).

Docking model of Nb14 with MMP8
In silico analysis was performed to predict the binding of Nb14 with 
both mMMP8_CD and hMMP8_CD. Therefore, both homology 
and docking modeling was conducted. Structural information on 
hMMP8_CD is accessible in the Protein DataBank (PDB: 2OY4) 
but since no experimental structure of mMMP8_CD is available, a 
homology model was built based on 2OY4 and 1FBL, which is pig 
MMP1. Additionally, to generate a homology model of Nb14 (two 
models, Nb14_m1 and Nb14_m2), multiple templates from PDB, 
namely 4LAJ, 3EZJ, 3TPK, and 4M3J, were used. Docking mod-
els were obtained for the best two Nb14 models in combination 
with hMMP8_CD (one model) or mMMP8_CD (two models, 
mMMP8_CD_m1 and mMMP8_CD_m2). All models were vali-
dated by RAMPAGE46 and the best models were used for dock-
ing by ClusPro47 to predict binding of Nb14 to MMP8. Homology 
models and docking results were analyzed and figures rendered 
using PyMOL.

Figure 4 displays the top-10 conformations for one of these 
six different combinations in which the three preferable binding 
sites are depicted by 1, 2, and 3 (Figure 4). Since the ELISA data 
showed that Nb14 has the same affinity for activated mMMP8_FL 
compared to nonactivated (data not shown), binding site 2 is less 
likely to be the binding site of Nb14 to MMP8 as it is located in 
the active site. Therefore, binding sites 1 and 2, which are located 
outside the active site, are the best candidates (Figure 5a). This 
might also explain the good binding (nmol/l) but disappointing 
inhibitory capacity (µmol/l) of Nb14. Indeed, if the active site of 
MMP8 would be the Nb14-binding site, this would result in direct 
inhibition. In contrast, when Nb14 would bind to another site, 

Figure 2 Pharmacokinetic properties of the MMP8-binding Nb14 and binding capacity of the modified multivalent Nb14. (a) Serum Nb 
levels at different time points after intraperitoneal injection (i.p.) injection of 100 µg of the monovalent Nb14 in mice (n = 10) (T1/2 Nb14, 2 hours).  
(b) A schematic overview of the different Nb14 constructs shows that all constructs contain a C-terminal His6 tag for purification and detection pur-
poses and an N-terminal signal sequence (ss) that is removed after secretion. (1) The monovalent Nb14 is cloned into the pHEN6C vector and contains 
a pelB signal sequence for Nb protein secretion in the periplasmic space of bacteria. (2) The bispecific Nb14_NbAlb contains an anti-albumin binding 
Nb connected to Nb14 via a flexible linker ([G4S]3). It was cloned in the pHEN6C (pelB) for protein production in bacteria and in the pCAGGs vector 
for electroporation as cDNA. The pCAGGs vector contains a sigal sequence that leads to secretion of the Nb out of the electroporated cells. (3) The 
trispecific Nb14_NbAlb_Nb14 contains two flexible hinges to connect an anti-albumin Nb with two Nb14 domains. This construct was cloned in the 
pAOXZalfa vector, containing the α-mating factor pre-pro-signal sequence as a signal sequence, for the production of Nb proteins in yeast. (c) Affinity 
of Nb14, Nb14_NbAlb and Nb14_NbAlb_Nb14 (black) and their control Nb counterparts (gray) for mMMP8_CD was determined by ELISA (KD Nb14, 0.24 
nmol/l; KD Nb14_NbAlb, 0.1 nmol/l; Nb14_NbAlb_Nb14, 0.016 nmol/l). (d) ELISA was performed to determine binding of the Nbs for mMMP8_FL (black) 
and results in KD values of 1.69, 0.63, and 0.057 nmol/l for Nb14, Nb14_NbAlb and Nb14_NbAlb_Nb14, respectively. The affinity of all Nbs was compared 
to mMMP8_CD in the same test (gray). (e) Binding capacity of all Nb conjugates for hMMP8_CD (gray) compared to mMMP8_CD (black) gave 
KD values of 158.4, 40.4, and 0.158 nmol/l for Nb14, Nb14_NbAlb and Nb14_NbAlb_Nb14, respectively. (n = 2) (f) Binding for albumin was determined 
via ELISA with Nb14 and Nbctrl as negative controls. Affinity of the monovalent NbAlb and the modified Nbs gives the following KD values: NbAlb, 0.32; 
Nb14_NbAlb, 8.14 nmol/l; Nb14_NbAlb_Nb14, 1.48 nmol/l; Nbctrl_NbAlb, 39.61 nmol/l; NbAlb_Nbctrl_Nbctrl, 2.013 nmol/l. (g,h) Binding affinities of the 
bispecific (n = 2) (g) and trispecific Nb14 (h) for mMMP8_CD were determined with surface plasmon resonance (SPR, Biacore). SPR analysis shows 
the on-rate, when the Nb binds the chip, in the first part of the graph, while the second phase represents the off-rate, when the Nb dissociates 
from its substrate (arrows). The full line shows the actual measurement, while the dotted line depicts the best theoretical fit. The best fit to determine 
KD values for Nb14_NbAlb is the two-state binding curve, while the best fit for Nb14_NbAlb_Nb14 is the bivalent binding model. This bivalent binding 
model describes the interaction of a monovalent ligand with a molecule carrying two identical and independent binding sites (KD Nb14_NbAlb, 240 
nmol/l; KD Nb14_NbAlb_Nb14, 3.7 nmol/l). CD, catalytic domain; FL, full-length; h, human; KD, binding affinity constant; m, mouse; MMP, matrix metal-
loproteinase; Nb, Nanobody; SPR, surface plasmon resonance; T1/2, half-life.
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this can induce indirect inhibition by steric hindrance or by the 
induction of conformational changes. In addition, the presence 
of Lysine residues (Lys) (Figure 5a, blue surface) was inspected 
with the in silico docking models because the SPR data indicated a 
lower affinity of all the Nb constructs forMMP8 compared to the 
binding results obtained by ELISA (Figure 5a). In SPR, Lys resi-
dues are involved in the covalent coupling of MMP8 to the chip. 
As can be appreciated in Figure 5b, one of the potential binding 
sites on MMP8 contains a Lys residue that interacts with Nb14, 
and thus this interaction might be disturbed in the SPR approach 
(Figure 5b).

Therapeutic potential of MMP8 inhibition in SIRS
Next, we wanted to address the therapeutic potential of MMP8 
inhibition in different validated mouse inflammatory models. 
Therefore, we used an acute sepsis model, in which the endo-
toxin lipopolysaccharides (LPS) (6 mg/kg) is injected systemically. 
Kidney I/R, wherein one kidney is removed while the other under-
goes ischemia (I) and reperfusion (R), was used as a sterile model 
for SIRS. In both models, MMP8-deficient mice are protected.20 
We explored the therapeutic value of our MMP8-inhibiting Nb 
and tested whether this Nb could be administered as a cDNA plas-
mid by in vivo electroporation of the quadriceps. This approach 
does not require purification of the protein which makes it very 
cheap and easy. Electroporation is a technique by which electrical 
shocks are applied to the tissue of interest to achieve an efficient 
uptake of macromolecules, such as DNA, into the cells. In case 
of quadriceps electroporation, the Nb is injected intramuscularly 
as a plasmid (DNA), followed by noninvasive electroporation of 
the quadriceps by tweezer electrodes. Electroporation param-
eters were optimized with a luciferase (Luc) expressing plasmid 
(pCAGGs-Luc). Luc activity was measured in vivo with the IVIS 
imager after i.p. injection of the mice with the substrate luciferin 
(Supplementary Figure S4). Both quadricepses were injected 
intramuscularly with pCAGGs-Luc, but only one side was imme-
diately electroporated. A Luc signal was present 24 hours after 
electroporation that was stronger than the signal in the nonelec-
troporated muscle proving the efficiency of plasmid uptake by 
electroporation. Furthermore, the signal had a long and stable 
expression for at least 2 months. Both Nb14_NbAlb and Nb14_NbAlb_
Nb14 were cloned in a pCAGGS plasmid in which the Nb protein 
is preceded by a cleavable signal sequence that allows secretion 
of the Nb from electroporated cells. We confirmed secretion of 

Figure 3 Inhibitory and pharmacokinetic properties of the modified bispecific and trispecific anti-MMP8 Nb. (a,b) Inhibitory capacity of 
Nb14_NbAlb (a) and Nb14_NbAlb_Nb14 (b) for mMMP8_CD with gelatin as substrate gives IC50 values of 4.8 and 0.4 µmol/l, respectively. (n = 2) (c,d) 
Inhibitory capacity with DQ collagen type I as substrate for mMMP8_CD gives 13.8 and 7 µmol/l as IC50 values for Nb14_NbAlb and Nb14_NbAlb_Nb14, 
respectively. (n = 2) (e) Nb levels in the serum of mice (n = 10) after a single i.p. injection of 100 µg Nb14_NbAlb_Nb14, were determined by ELISA and 
gives a T1/2 value of 28 hours. IC50, half maximal inhibitory concentration; i.p., intraperitoneal; Nb, nanobody; T1/2, half-life.
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Table 3 Dissociation constants (KD) of Nb14, Nb14_NbAlb and  
Nb14_NbAlb_Nb14 for MMP8 and albumin

KD (nmol/l) NbAlb Nb14

Nb14_
NbAlb

Nb14_
NbAlb_Nb14

NbAlb_ 
Nbctrl_Nb ctrl

mMMP8_CD NA 0.24 0.1 0.016 NA

mMMP8_FL NA 1.69 0.63 0.057 NA

hMMP8_CD NA 158.4 40.4 0.158 NA

Albumin 0.32 NA 8.1 1.5 2

CD, catalytic domain; FL, full length; h, human; m, mouse; MMP, matrix 
metalloproteinase; NA, not applicable.

Table 4 Off-rate constants of Nb14, Nb14_NbAlb and Nb14_NbAlb_Nb14 
for the catalytic domain of mouse MMP8 (s−1)

koff (s
−1) Nb14 Nb14_NbAlb Nb14_NbAlb_Nb14

mMMP8_CD 0.02511 0.01249 0.001678
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Nb14_NbAlb_Nb14 in the serum of electroporated mice. Detectable 
Nb levels were reached 48 hours after electroporation and steady 
state levels were achieved within 4 days and lasted over 2 weeks 
(Figure 6a). Administration of Nb14_NbAlb by in vivo electropora-
tion of the quadriceps showed significant protection in both the 
endotoxemia and kidney I/R model compared to the Nbctrl_NbAlb 
group (Figure 6b,c). Since binding and inhibition was better with 
Nb14_NbAlb _Nb14, also this sequence was cloned in the pCAGGs 
vector and used for in vivo electroporation. Again, mice were 
electroporated with the Nb14_NbAlb _Nb14 or Nbctrl_NbAlb_Nbctrl 
construct or PBS, followed by LPS injection or kidney I/R 48h 
after electroporation (Figure  6d,e). In the LPS model, no sig-
nificant protection was observed between the different groups 
(Figure 6d), but in the kidney I/R model, we found a significant 
survival in the Nb14_NbAlb_Nb14 group of 50%, compared to 0% 

survival in both control groups (Figure 6e). So, Nb14_NbAlb_Nb14 
was more efficacious compared to Nb14_NbAlb in the kidney I/R 
model. Unfortunately, this was not the case for endotoxemia 
model. Finally, the effectiveness of the trispecific Nb14 on in vivo 
biological MMP8 activity was shown by the observed decrease in 
MMP activity in the serum of Nb14_NbAlb_Nb14 electroporated 
mice compared to control mice (Figure 6f). Our data show that 
in vivo quadriceps electroporation can be used as delivery strategy 
for systemic administration of Nbs.

DISCUSSION
MMPs are involved in the degradation of the extracellular matrix 
but have a wide range of different substrates, also beyond the extra-
cellular matrix. In normal conditions, MMPs are hardly detect-
able. However, MMPs are activated during various inflammatory 
diseases and cancers. Broad-spectrum MMP inhibitors have failed 
for the treatment of various cancers because broad-range MMP 
inhibition is associated with several negative side-effects.10,11 These 
adverse effects are probably caused by inhibition of non-MMP 
metalloproteinases, such as tumor necrosis factor (TNF)-α con-
verting enzyme (TACE, a disintegrin and metalloproteinase 17, 
ADAM17).11 As a result, selective or specific targeting of MMPs is 
a more suitable approach to avoid off-target effects.4 Matrix metal-
loproteinase 8 (MMP8) is associated with several pathological 

Table 5 Half maximal inhibitory concentrations (IC50) of Nb14, Nb14_
NbAlb and Nb14_NbAlb_Nb14 for the catalytic domain of mouse MMP8 
(µmol/l) determined with the fluorescent substrates DQ gelatin and 
DQ collagen type I

IC50 (µmol/l) Nb14 Nb14_NbAlb Nb14_NbAlb_Nb14

mMMP8_CD DQ gelatin 4.9 4.9 0.4

mMMP8_CD DQ COLL I 19.5 13.8 7

Figure 4 In silico docking models of the interaction between mMMP8_CD and hMMP8_CD with Nb14. Docking models were obtained for the 
best Nb14 models (Nb14_m1 and Nb14_m2, in color) in combination with hMMP8_CD (gray) on one hand and the two best models for mMMP8_CD 
(mMMP8_CD_m1 and mMMP8_CD_m2, gray) on the other hand. These simulations show three possible binding sites (1–3). Two (1 and 3) of 
which are present outside the active site and one (2) at the active site. Modeling of hMMP8_CD was based on the experimental structure, while 
homology models (mMMP8m1 and Swissmodel mMMP8) were built for mMMP8_CD. Note the extra linker for mMMP8m1 (dark gray). Multiple 
templates (PDB: 4LAJ, 3EZJ, 3TPK and 4M3J) were used to construct Nb14, depicted as MMP8_Nbm1 and MMP8_Nbm9. All models were validated 
by RAMPAGE46 and the best models were used for docking by ClusPro47 to predict binding of the MMP8_Nb to MMP8. Homology models and 
docking results were analyzed and figures rendered using PyMOL. CD, catalytic domain; h, human; m, mouse; MMP, matrix metalloproteinase; 
Nb, nanobody.
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conditions12 in which some of them, e.g., SIRS, could benefit from 
MMP8 inhibition.20 However, specific chemical inhibitors and 
antibodies are lacking. Therefore, single variable domains derived 
from heavy-chain-only antibodies of Camelidae, called nanobod-
ies (Nbs), are an interesting alternative to target MMP8 because 
they are specific, small in size, modifiable, and cheap to produce.

Different MMP8-binding Nbs were generated by immuniza-
tion of Alpacas with mMMP8_CD. These Nbs were produced in 
large quantities by bacterial (E. coli) and yeast (P. pastoris) expres-
sion systems.48 Binding experiments revealed different candidates 
with a good affinity in the nanomolar range for mMMP8_CD. 
Inhibitory experiments showed that Nb14 is the most effective 

Figure 6 Therapeutic potential of in vivo electroporation of an MMP8-inhibiting Nb in systemic inflammation. (a) The OD values (raw data) 
normalized to baseline (no electroporation) are representative for the serum levels of Nb14_NbAlb_Nb14 after in vivo electroporation of the muscles in 
mice (n = 8). (b) The survival curve of mice electroporated with a plasmid containing Nb14_NbAlb or Nbctrl_NbAlb (PBS-injected group as control) when 
challenged with LPS. (n = 17) (c) Survival of mice electroporated with the Nb constructs or PBS after kidney I/R, a sterile model for SIRS. (n = 17) (d) 
The survival curve of mice electroporated with Nb14_NbAlb_Nb14, Nbctrl_NbAlb_Nbctrl or PBS followed by a challenge with LPS. (n = 6) (e) Survival of 
mice electroporated with the trispecific Nb constructs or PBS after kidney I/R. (n = 6) (f) Total protease/MMP activity in the serum of mice electro-
porated with Nb14_NbAlb_Nb14 or PBS. (n = 6) (ctrl, control; I/R, ischemia/reperfusion; LPS, lipopolysaccharide; MMP, matrix metalloproteinase; Nb, 
Nanobody; OD; optic density; SIRS, systemic inflammatory response syndrome; WT, wild type).
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Figure 5 Lysine residues present on Nb14 and mMMP8_CD by in silico docking modeling of the interaction between both. (a) mMMP8_CD is 
depicted in gray and the Lys residues are shown as blue surfaces. The three different binding places where Nb14 could bind mMMP8_CD are shown 
by the Nb conformation in blue (1), yellow (2), and green (3) of which (2) is located in the catalytic pocket of the enzyme. The sticks in the green 
Nb14 represent the Lys residue that interacts with the Lys from mMMP8_CD at binding site (3). (b) A detailed view on the Lys-Lys interaction between 
Nb14 (green) and mMMP8_CD (gray) is shown in stick conformation. In the structure of mMMP8_CD, all Lys residues are shown by the blue sticks. 
CD, catalytic domain; Lys, lysine; m, mouse; Nb, Nanobody.
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inhibitor with an IC50 value in the micromolar range. It is likely 
that Nbs specific for mouse MMP8 will cross-react with human 
MMP8 because these proteins show a 74% amino acid identity.49 
Indeed, Nb14 was cross-reactive with human MMP8 but not with a 
long list of other hMMPs or structurally related metalloproteases 
such as ADAMs. This suggests that possible side-effects, including 
musculoskeletal pain, are expected to be minimal, making Nb14 
suitable for clinical use.

Next, we wanted to explore whether the properties of Nb14 
could be improved by conjugating it with an anti-albumin Nb 
(NbAlb). Binding affinity of the bispecific Nb14_NbAlb and trisp-
ecific Nb14_NbAlb_Nb14 for albumin was influenced by these mod-
ifications (KD NbAlb, 0.32 nmol/l; KD Nb14_NbAlb, 8.1 nmol/l; KD 
Nb14_NbAlb_Nb14, 1.5 nmol/l), but it also resulted in an extended 
half-life (T1/2 Nb14, 2 hours; T1/2 Nb14_NbAlb_Nb14 28 hours), which 
is in agreement with existing literature.50 The affinity of the differ-
ent Nb constructs for mMMP8_CD was slightly better compared 
to the affinity for mMMP8_FL. Since no difference was detected 
in binding capacity of Nb14 for the nonactivated or activated form 
of mMMP8_FL (data not shown), the difference in affinity is likely 
not due to the presence or absence of an intact cysteine switch. 
Thus, it is more likely that the presence of other protein domains 
(prodomain and hemopexin domain) can lead to steric hindrance 
of Nb14 consequently yielding a lower affinity for the full length 
MMP8. The conjugation of NbAlb to Nb14 did not interfere with 
binding to MMP8 as shown by ELISA and SPR. Moreover, the 
addition of a second Nb14 (resulting in Nb14_NbAlb_Nb14) improves 
the avidity as shown by SPR and to enhanced inhibitory capacity 
of MMP8. These results prove the ease and usefulness of conjugat-
ing different Nbs in order to increase therapeutic efficacy.

A predictive docking model, which was used to visualize the 
binding of Nb14 with MMP8, disclosed three potential binding 
sites, i.e., one at the active site of MMP8 and two others at outside 
the active site. We found no difference in binding capacity of Nb14 
for the activated versus nonactivated form of mMMP8_FL (data 
not shown), indicating that the most probable binding site is not 
located in the active site of MMP8. This could explain the limited 
inhibitory capacity of Nb14 despite its good binding capacity. In 
this view, inhibition is indirectly achieved by steric hindrance of 
MMP8 by the Nb or by the induction of conformational changes 
in MMP8 rather than by direct binding of the inhibitor to the 
catalytic pocket.

Binding of the Nbs was determined by SPR and ELISA, but 
when comparing KD values, SPR consistently resulted in lower 
binding affinities. The discrepancy might be explained by the dif-
ference in coating, since SPR uses covalent coupling of the sub-
strate (MMP8) via Lys residues to the chip, while ELISA is based 
on electrostatic forces. The in silico docking model supports this 
hypothesis because it shows a potential binding site that involves a 
crucial Lys of MMP8 with Nb14. Several Lys residues are present in 
the MMP8 molecule which could all be used to covalently couple 
MMP8 to the chip for SPR. However, only one of them is present 
at a potential binding site for Nb14, which could prevent the Nb 
to bind that specific site, leading to a lower total binding affinity 
measured by SPR. Another explanation might be that SPR has a 
dynamic character, which is in contrast with the static nature of 
ELISA.

To explore the therapeutic potential of MMP8 inhibition, the 
bispecific Nb14_NbAlb and trispecific Nb14_NbAlb_Nb14 sequences 
were cloned in the pCAGGs vector, containing a cleavable signal 
sequence to achieve secretion of the Nb into the bloodstream. This 
plasmid was electroporated in vivo in both quadriceps muscles of 
the mice. We found that this led to the production of the Nb into 
the blood stream with detectable levels after 48 hours and maxi-
mum steady state levels at 4 days which remained until at least 
2 weeks after electroporation. The Nb levels at these time points 
were high and long enough to protect against lethality during 
SIRS. Moreover, we found indirect evidence that the production 
of these Nbs into the circulation has a biological effect shown by 
the reduction in total MMP activity in the blood. The mice that 
received the MMP8-inhibiting Nb construct 48 hours before chal-
lenge were significantly protected compared to the control groups 
during systemic inflammation. However, the bispecific Nb14_NbAlb 
had a lower efficacy compared to Nb14_NbAlb_Nb14 since a smaller 
group of mice was needed in the latter to achieve significant pro-
tection. This is likely due to the fact that the trispecific MMP8-
inhibiting construct has better binding and inhibitory capacities. 
Surprisingly, in contrast with Nb14_NbAlb, we observed no signifi-
cant protection by Nb14_NbAlb_Nb14 in the endotoxemia model. 
On one hand, this could be due to the lower number of animals 
that were used in this experiment. On the other hand, the endo-
toxemia and kidney I/R models are two very different models for 
systemic inflammation considering they have different cytokine 
and MMP profiles. Future research is needed to define the thera-
peutic niche of Nb14 and whether it is useful to refine this tool, 
for example, to couple it with specific cell-targeting nanobodies 
and target, for example, macrophages or neutrophils. Based on 
the data obtained in MMP8-deficient mice, the MMP8 inhibitor 
described here may be useful in, e.g., multiple sclerosis (experi-
mental autoimmune encephalomyelitis),25 obliterate bronchiol-
itis,52 acute hepatitis,32 and bacterial meningitis.53,54

The generation of an MMP8-inhibiting Nb is a logical exten-
sion of previous work of our group, in which we showed pro-
tection of MMP8-deficient mice in different models of systemic 
inflammation.20 In those models of SIRS, MMP8-deficient mice 
were strongly protected, much more pronounced compared to 
the therapeutic Nb described here. This discrepancy in protection 
could be explained by the fact that MMP8-deficient mice are com-
pletely devoid of MMP8 while the therapeutic tool described here 
impossibly can target all MMP8, throughout the body.

We previously showed that protection of the MMP8-deficient 
mice to acute inflammation was reflected in the absence of cleav-
age of collagen type I at the blood–cerebrospinal fluid barrier.20 
Here, we show that our Nb could inhibit collagen type I cleav-
age in vitro, although this is difficult to prove in vivo. Moreover, 
caution is advisable because some functions/substrates are redun-
dant between MMPs. For example, literature shows that MMP8 
deficiency leads to higher MIP1α levels in the lung since it is no 
longer cleaved by MMP8.21,51 In addition, the absence of MMP8 
promotes lung inflammation induced by allergens and dur-
ing endotoxemia, illustrating that it is not always beneficial to 
inhibit MMP8 in every organ during systemic inflammation.21,51,55 
However, we found no evidence for exacerbation of lung inflam-
mation in MMP8-deficient mice upon systemic inflammation.20,22
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In conclusion, we generated an MMP8-specific Nb with a 
good affinity and inhibition for both mouse and human MMP8. 
Furthermore, we showed that the multivalent Nbs still maintain 
good binding and inhibitory abilities for MMP8 and that the addi-
tion of NbAlb improves half-life. Our study supports the potential 
of MMP8-inhibitory Nbs as novel sepsis treatment. Moreover, we 
demonstrate for the first time the possibility of in vivo electropora-
tion of the muscle for systemic delivery of Nb. Finally, since MMP8 
is implicated in various diseases, the tools described here could be 
interesting to investigate the therapeutic niche of MMP8 inhibition.

MATERIALS AND METHODS
Production of recombinant mouse MMP8. The catalytic domain of 
mouse MMP8 (mMMP8_CD) was cloned in a vector containing two dif-
ferent affinity tags: a His6 and maltose-binding protein (HisMBP) at the 
N-terminal and a Strep2 tag at the C-terminal side. The MBP moiety 
increases solubility and promotes the proper folding of its fusion partners. 
The His6 tag and the Strep2 tag facilitate purification. A DEVD sequence 
was included after the HisMBP tag to allow removal of the tag from the 
fusion protein by caspase-3 cleavage. The recombinant mMMP8_CD was 
expressed in E. coli and purification of the mMMP8_CD was done by 
immobilized metal ion affinity chromatography with nickel sepharose, ion 
exchange chromatography, and gel filtration. All purification steps were 
performed in LPS-free conditions.
Nanobody library construction and selection. To generate anti-MMP8 
nanobodies, an Alpaca (Vicugna pacos) was immunized by consecutive 
subcutaneous injections on days 0, 7, 14, 21, 28, and 35 with the recom-
binant mouse catalytic domain of matrix metalloproteinase 8 (mMMP8_
CD) (280 μg/injection). On day 39, blood was collected for the analysis of 
the immune response and for the preparation of lymphocytes. IgG sub-
classes were obtained by successive affinity chromatography on protein 
A and protein G columns. Total plasma and the three purified IgG sub-
classes (IgG1, IgG2, and IgG3) were tested by ELISA to assess the immune 
response to mMMP8_CD.

IgG subclasses were obtained and total plasma was tested for IgG 
subclasses (IgG1, IgG2, and IgG3) to assess the immune response to the 
antigen. The plasma titer was about 2 × 104-fold and there was an immune 
response in all IgG subclasses except IgG2. Furthermore, the IgG3 
response was lower than the IgG1 response.

A VHH library was constructed and screened for the presence of 
mMMP8_CD-specific Nanobodies as described before.42,56 In short, 
total RNA from peripheral blood lymphocytes was used as template for 
first strand cDNA synthesis with an oligo(dT) primer. Using this cDNA, 
the VHH encoding sequences were amplified by PCR, digested with 
PstI and NotI, and cloned into the PstI and NotI sites of the phagemid 
vector pHEN4. The VHH repertoire was displayed on phages and 
MMP8-specific phages were enriched by panning on solid-phase coated 
mMMP8_CD (100 μg/ml, 10 μg/well) for four consecutive rounds. The 
enrichment for antigen-specific phages after each round of panning was 
assessed by polyclonal phage ELISA.

About 2 × 108 independent phage transformants were obtained and 
nearly 90% of these harbored the vector with the right insert size. Four 
consecutive rounds of panning were performed and enrichment for 
antigen-specific phages was assessed after each round of panning. A clear 
enrichment was present after the third and fourth rounds of panning. In 
total, 190 individual colonies (48, 95, and 47 after second, third, and fourth 
rounds of panni ng, respectively) were randomly selected and analyzed 
by ELISA for the presence of antigen-specific VHHs in their periplasmic 
extracts. Out of 190 colonies, 105 scored positive in this assay (0, 59, and 46 
from second, third, and fourth rounds, respectively). The VHHs from 32 
positive colonies from the third round were grouped based on restriction 
fragment length polymorphism (RFLP) analysis using HinfI enzyme.

Cloning of modified nanobodies for protein production. First, 
MMP8-binding Nbs were recloned from the pHEN4 to pHEN6c vector. 
This was accomplished by amplification of the Nb gene in the pHEN4  
vector by PCR with the following primers; primer A6E (5′ GAT GTG CAG 
CTG CAG GAG TCT GGA/A GGA GG 3′) and primer 38 (5′ GGA CTA 
GTG CGG CCG CTG GAG ACG GTG ACC TGG GT 3′), followed by 
overnight digestion with PstI at 37 °C (all restriction enzymes purchased 
from Promega, Eupen, Germany). After purification, a second overnight 
digest was done with BstEII at 50 °C. Both digestion steps were also per-
formed on the pHEN6c vector with an incubation period of 3 hours. Next, 
the Nb gene was ligated into the pHEN6c vector and transformed into 
electrocompetent WK6 cells. Bacteria were grown on Luria broth (LB) 
plates with ampicillin (100 µg/ml) overnight at 37 °C and positive colonies 
were screened by PCR. Verification of the clones was done by sequencing.

Construction of the bispecific Nb14_NbAlb and trispecific Nb14_NbAlb_
Nb14 was done by cloning the desired Nb sequence from the pUC57 
vector (GenScript) into the pHEN6c vector, for bacterial transformation, 
or into the pAOXZalfa vector, for transformation in yeast. Nb14 was linked 
to an anti-albumin Nb (NbAlb) and, in case of the trispecific construct, to 
a second Nb14 via flexible [Gly4Ser]3 linkers. Each construct contains a 
C-terminal His6-tail for purification and detection purposes. Nb14_NbAlb_
Nb14 was cloned, together with its equivalent control Nb (Nbctrl), in both 
the pHEN6c and pAOXZalfa vector. A well-characterized Nb, the anti-
β-lactamase Nb, was used as control Nb (Nbctrl) because it only binds the 
bacterial component β-lactamase.42

To produce recombinant Nbs in the periplasm of E. coli, Nb 
sequences were cloned from the pUC57 into the pHEN6c vector. 
Digestion of both vectors was done using NCoI and EcoRI for 3 hours 
at 37 °C. The digested vectors were run on a 1% agarose gel and the 
bands of interest were purified using a PCR cleanup gel extraction 
kit (Machery-Nagel). Ligation was performed at room temperature 
for 3 hours, followed by another digestion with XbaI for 1 hour at 
37 °C to linearize incorrect ligated constructs (counterdigestion). 
Electrocompetent WK6 cells were then transformed with the purified 
constructs and transformants were selected using LB agar plates 
containing ampicillin (100 µg/ml) and 1% glucose. Positive clones were 
selected by digestion with the same restriction enzymes (NCoI and 
EcoRI) followed by gel electrophoresis and the identity of these clones 
was verified by sequencing. The same Nb sequence was also cloned in 
the pAOXZalfa vector for transformation in P. pastoris using the same 
protocol but with the restriction enzymes XhoI and XbaI for digestion 
of the vectors and EcoRV for the counterdigestion.

Cloning of modified nanobodies for electroporation. For in vivo elec-
troporation, a special construct was made by cloning Nb14_NbAlb (and 
Nbctrl_NbAlb) from the pUC57 into the pCAGGs vector that contains the 
AG (chicken-actin β-globin) promotor (Supplementary Figure S5). The 
pUC57 vector containing the Nb sequence was ordered from GenScript 
and comprises of Nb14 linked to an anti-albumin Nb (NbAlb) by a flexible 
[Gly4Ser]3 linker. Furthermore, it contains a C-terminal His6-tail for puri-
fication and detection and an N-terminal signal sequence that is cleaved 
off after secretion out of the cell. Both vectors were digested with BglII and 
HindIII for 3 hours at 37 °C. The digested vector was run on a 1% agarose 
gel and the bands of interest were purified with the PCR cleanup gel extrac-
tion kit (Machery-Nagel). Ligation was done overnight at 4 °C, followed by 
a 10-minute heat inactivation step at 65 °C. In this case, a counterdiges-
tion was not possible. WK6 cells were transformed by heat shock with the 
purified construct and transformants were selected using LB agar plates 
with ampicillin (100 µg/ml) and 1% glucose. Positive clones were selected 
by digestion with the same restriction enzymes (BglII and HindIII) fol-
lowed by gel electrophoresis and sequencing was done for verification of 
the clones. Correct clones were grown in LB medium containing ampicil-
lin at 37 °C and the cDNA was purified from the bacteria with a high yield 
(10 µg/µl).
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Nanobody production and purification. Nb genes can be translated into 
proteins by transformation of the cloned vectors in either bacteria (E. coli) 
or yeast (P. pastoris). Expression of the recombinant monomeric Nbs, 
bispecific Nb14_NbAlb and trispecific Nb14_NbAlb_Nb14 (and their control 
counterparts) was accomplished by transformation of the WK6 strain of 
E. coli with the correct pHEN6c_Nb vector followed by induction with 
isopropyl β-D-1-thiogalactopyranoside (IPTG), as the Nb genes are under 
control of the lacUV5 promoter. The expression plasmid is provided with 
a PelB leader sequence at the N-terminus of the Nb which makes it pos-
sible to secrete the Nb into the periplasm of E. coli. The transformed bac-
teria were grown in LB medium, supplemented with 1% glucose, 1 mmol/l 
MgCl2 and 100 µg/ml ampicillin overnight at 37 °C. Next, bacteria were 
inoculated in Terrific Broth (TB) medium, supplemented with 0.1% glu-
cose, 1 mmol/l MgCl2, and 100 µg/ml ampicillin at 28 °C. When an optical 
density of 1 was reached at 600 nm, expression was induced by addition 
of 1 mmol/l IPTG for at least 4 hours. Next, the bacterial pellet was resus-
pended in 50 mmol/l NaH2PO4 pH 8.0, 300 mmol/l NaCl, 1 mmol/l PMSF, 
and 1 mg/100 ml DnaseI at 3 ml/g and stirred for 1 hour at 4 °C. The peri-
plasmic fraction (supernatant) was isolated by centrifugation at 18,000 × g 
for 30 minutes at 4 °C.

A higher Nb yield was achieved by expression of the Nb genes in 
the yeast P. pastoris. The wild-type GS115 P. pastoris strain was used for 
transformation with the pAOXZalfa_Nb vector encoding the trispecific 
Nb14_NbAlb_Nb14. The expression vector, which is a derivate of the pPICZα 
vector (Life Technologies) is supplemented with the AOX1 promoter 
fused to the α-mating factor pre-pro-signal sequence followed by the 
gene coding for the Nb construct.57 Again, the Nb sequence included a 
C-terminal His6-tag. After selection of the appropriate expression clone, 
a 20-l production was performed in baffled shake flasks. A preculture of 
the transformed yeast was grown in yeast extract-peptone (YP) medium 
supplemented with 100 µg/ml zeocyin for 48 hours at 28 °C. Then the 
medium was switched to YP medium containing glucose (YPD) for 24 
hours at 28 °C. Finally, protein expression was induced by addition of 
1.25% methanol for at least 24 hours. The medium fraction, containing 
the Nb, was isolated by centrifugation at 18,000 × g for 30 minutes at 4 °C 
and diafiltered to a new buffer containing 20 mmol/l NaH2PO4 pH 7.5, 
500 mmol/l NaCl, 20 mmol/l imidazole, and 1 mmol/l PMSF.

The periplasmic E. coli fraction and the diafiltered fraction of  
P. pastoris were applied onto a Ni-Sepharose 6 FF column (GE Healthcare), 
equilibrated with 20 mmol/l NaH2PO4 pH 7.5, 500 mmol/l NaCl, 20 mmol/l 
imidazole, and 1 mmol/l PMSF. After loading, the column was washed 
with the same buffer in presence of 0.1% empigen as detergent, followed by 
one washing step with the equilibration buffer without detergent. Elution 
was done with 20 mmol/l NaH2PO4 pH 7.5, 20 mmol/l NaCl, 400 mmol/l 
imidazole, and 1 mmol/l PMSF. The elution fraction was diluted 1/20 with 
25 mmol/l sodium acetate pH 5.5 and loaded on a Source 15S column (GE 
Healthcare Europe, Upsalla, Sweden) to remove contaminants and LPS. 
After equilibration, the Nb was eluted by a linear gradient of NaCl from 0 to 
1 M in 25 mmol/l sodium acetate pH 5.5. Finally, the recombinant Nb was 
injected on a Superdex 75 gelfiltration column with PBS, as running solution, 
for formulation and to remove minor contaminants. The obtained fractions 
were analyzed by SDS-PAGE and the concentration was determined using 
the Micro-BCA assay (Pierce, Erembodegem, Belgium).

Docking models. Homology modeling and docking was performed 
to predict the binding of Nb14 with MMP8 (both mMMP8_CD and 
hMMP8_CD). A homology model of the monomeric Nb14 was built with 
Modeller.58 Structural information on hMMP8_CD is available in the 
Protein DataBank (PDB) (PDB: 2OY4), however, homology models for 
mMMP8_CD had to be built with Modeller templates 2OY4 and 1FBL 
(pig MMP1). Homology models of Nb14 were also generated by Modeller 
using multiple templates from PDB namely 4LAJ, 3EZJ, 3TPK, and 4M3J.59 
All models were validated by RAMPAGE46 and the best models were used 
for docking by ClusPro47 to predict binding of Nb14 to mMMP8_CD and 

hMMP8_CD. Homology models and docking results were analyzed and 
figures were rendered using PyMOL.

Affinity measurements of MMP8-binding nanobodies
ELISA. Microtiter half-area plates (Nunc) were coated overnight at 4 °C 
with the substrate of interest (50 ng/well) dissolved in Tris-buffered 
saline (TBS). Unspecific binding was decreased by a blocking step of 1 
hour with 5% bovine serum albumin (BSA) in TBS supplemented with 
0.05% Tween 20 (TBST) at room temperature. Binding affinity was deter-
mined for the following substrates: mMMP8_CD (own production, as 
described above), full-length mouse MMP8 (mMMP8_FL; R&D systems, 
2904-MP-010), full-length human MMP8 (hMMP8_FL; Calbiochem, 
444229-5UG), and mouse albumin (Sigma, A3559). When necessary, 
denaturation of mMMP8_CD was achieved by 15 minutes of boiling. 
Nbs were diluted in 2.5% BSA in 0.05% TBST starting from 1 µmol/l in 
a 1/3 dilution and incubated for 1 hour at room temperature. Detection 
was done by anti-His (1:1,000) (AbD Serotec, MCA1396) or anti-llama 
(1:5,000) (Bethyl, A160-100) followed by an anti-mouse IgG1-HRP 
(1:2,000) (GE Healthcare, NA931) or anti-goat IgG-HRP (1:5,000) (Santa 
Cruz, sc-2020). Visualization was done with the chromogenic substrate 
3,3’,5,5’-tetramethylbenzidine (TMB) (BD OptEIA, 555214). After a maxi-
mal incubation of 30 minutes, stop solution (1 M H2SO4) was added and 
absorbance (optic density (OD)) was measured at 450 and 595 nm wave-
length. The background signal (595 nm) was subtracted from the 450 nm 
measurement and KD values were determined with GraphPad Prism 6.0 
with the nonlinear regression model and the saturation binding equation.

SPR. SPR analysis was performed using the Biacore T200. Mouse MMP8_
CD was diluted in acetate pH 5.0 and immobilization was achieved by cova-
lent coupling of mMMP8_CD with 1-ethyl-3-(3-dimethylaminopropyl) 
carbodiimide and N-hydroxysuccinimide to a Sensor Chip CM5 until 
an RU (resonance units) of 301.8 was obtained at 25 °C. The Nbs were 
diluted in a twofold dilution starting from a 500 nmol/l concentration in 
HEPES-buffered saline buffer (10 mmol/l HEPES (4-(2-hydroxyethyl)-1- 
piperazineethanesulfonic acid) pH 7.5, 150 mmol/l NaCl, 3.5 mmol/l ethyl-
enediaminetetraacetic acid, and 0.005% Tween 20). Injection of the different 
Nb concentrations was done at a flow rate of 20 µl/minute. After each cycle, 
the chip was regenerated with 30 µl of 20 mmol/l NaOH at a flow rate of 30 
µl/minute. A blank uncoated channel is used as reference during the injec-
tions. The resulting binding sensorgrams were used to calculate the kinetic 
rate constants kon and koff by the BIA evaluation software to ultimately deter-
mine the equilibrium dissociation constant (KD). The sensorgrams were fit-
ted using different diffing models by subtracting the signal of the reference 
flow. For the monovalent Nb14 and bispecific Nb14_NbAlb, the 1-1 fit model 
was used, while the two-state binding model was applied for the trispecific 
Nb14_NbAlb _Nb14.

Nanobody pharmacokinetics. To study the in vivo pharmacokinetic 
properties of Nbs, blood was sampled via retro-orbital blood collection 
at different time points (1, 3, 6, 10, 24, 48, and 72 hours) after a single 
Nb injection (intraperitoneal (i.p.), 100 µg). In case of electroporation with 
Nb14_NbAlb, blood was sampled 1, 3, 7, and 10 days after electroporation. 
Serum was prepared from the blood samples. Nbs were detected in the 
mouse serum by ELISA, as described above using an optimal range of four 
dilutions of the serum in 0.05% TBST.

Inhibitory capacity of the anti-MMP8 nanobodies. The inhibitory capac-
ity of the different Nbs for MMP8 was investigated using the EnzChek 
Gelatinase/Collagenase Assay Kit (Molecular Probes, Life Technologies, 
Ghent, Belgium E12055) according to the manufacturer’s instructions. 
In short, DQ gelatin (1:4) was incubated with recombinant mMMP8_CD 
after preincubation of 30 minutes with increasing amounts of Nb. Changes 
in fluorescence over time by cleavage of DQ-gelatin were followed for 2 
hours at 37 °C in a fluorescence microplate reader (ex/em = 495/515 nm) 
(Fluostar Omega). Activity of mMMP8_CD and inhibitory capacity of the 
Nbs was determined by the changes in fluorescence over time. Plotting the 
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activity in function of the logarithmic Nb concentration gives a sigmoidal 
shaped curve. A nonlinear regression was used to determine the IC50 value 
with GraphPad Prism 6.0. The same protocol was used with DQ collagen 
type I (Invitrogen, Life Technologies, D12060), only the preincubation step 
was increased (1 hour at 37 °C). The DQ gelatin kit was also used to show 
general protease activity in the serum of mice. In this case, serum samples 
(n = 8) were diluted 1/3 without freezing the samples (fresh).

Cross-reactivity for other MMPs and adamlysin family members 
ADAM10 and ADAM17
Binding affinity for other MMPs. Cross-reactivity of Nb14 for other MMPs 
was determined by ELISA, as described above. In summary, microtiter 
half-area plates (Nunc) were coated overnight at 4 °C with the different 
human MMPs (Enzo Life Sciences, Antwerp, Belgium, BML AK016) 
(50 ng/well) dissolved in TBS. Nb14 were diluted in 2.5% BSA in 0.05% 
TBST starting from 1 µmol/l in a 1/3 dilution and incubated for 1 hour at 
room temperature. Since the MMPs contain a His tag, detection was done 
by anti-llama (1:5,000) (Bethyl Imtec Diagnostics NV, Antwerp, Belgium, 
A160-100) followed by anti-goat IgG-HRP (1:5,000) (Santa Cruz Bio-
Connect, TE Huissen, The Netherlands, sc-2020).

ADAM10 and ADAM17 recombinant proteins. Cloning, expression, 
and protein purification was performed as previously described for pro-
ADAM10 (ref. 60) and ADAM17.61 Briefly, truncated forms of murine 
ADAM10/17 containing the pro- and catalytic domains were ligated 
into pFastBac (Gibco, Thermo Fisher Scientific, Darmstadt, Germany) 
containing the human meprin β signal peptide followed by a His6-tag. 
Recombinant protein expression was performed using the Bac-to-Bac 
expression system (Gibco) following the manufacturer’s instructions. All 
media and supplements were obtained from Gibco.

Peptide-based activity assay. To investigate the inhibitory capacity of 
Nb14 and the ctrl counterpart on other metalloproteases, ADAM10 and 
ADAM17 were used in a quenched fluorogenic peptide based activity 
assay. 500 nmol/l recombinant ADAM10 or ADAM17 were incubated with 
different concentrations of Nbs for 20 minutes at RT in 20 mmol/l HEPES 
buffer (pH 7.5). The fluorogenic peptide substrates Mca-KPLGL(Dnp)
AR-NH2 (Peptide Institute) and Mca-PLAQAV(Dpa)RSSSR-NH2 (R&D 
Systems, Wiesbaden-Nordenstadt, Germany), respectively, were used in 
final concentrations of 10 µmol/l to measure enzyme activity. Enzyme 
activity was measured with a TECAN infinite F200 pro-reader at 37 °C and 
proteolytic cleavage was determined every 30 seconds in relation to the 
emission at 405 nm with excitation at 320 nm for a time interval of 2 hours.

Mice. The wild-type (WT, C57BL/6) mice used in this study were bred 
in the specific pathogen-free (SPF) facility of the Inflammation Research 
Center (IRC, Belgium) in a controlled environment (12-hour light–dark 
cycle; 20 °C) with food and water ad libitum. Endotoxic shock, a model for 
sepsis, was induced by a single i.p. injection of 6 mg/kg (LD100) LPS (from 
E. coli, serotype O55/B5, Sigma-Aldrich, Diegem, Belgium) dissolved in 
sterile PBS. Kidney ischemia reperfusion (I/R) was used as a sterile model 
for SIRS and was performed as described earlier.20 In short, the mice were 
sedated with isoflurane and an abdominal incision was made to expose 
the left kidney. After applying a clamp on the left kidney, the right kid-
ney was exposed and removed. Ischemia was performed for 45 minutes, 
followed by reperfusion (removal of the clamp). All animal experiments 
were approved by the local ethical committee and were conform with the 
European Community Directive (86/609/EEC).

In vivo electroporation of the bispecific Nanobody Nb14_NbAlb. 
Optimal in vivo electroporation parameters were determined using a lucif-
erase expressing plasmid (pCAGGs-luc) containing the AG (chicken-actin 
β-globin) promotor and a firefly-luciferase gene. Animals were anesthetized 
with isoflurane prior to electroporation. The quadriceps was injected intra-
muscular with 20 µl (0.5 µg/µl) of the DNA plasmid followed by electro-
poration (200 V, 8 pulses, 20 ms, 100 ms interval) using tweezer electrodes. 
Luciferase activity was detected and quantified in function of time by 

injecting the mice intraperitoneal with luciferin (200 µl, 15 µg/µl), followed 
by imaging with the in vivo imager IVIS (Caliper LifeSciences). The same 
electroporation parameters (200 V, 8 pulses, 20 ms, 100 ms interval) and plas-
mid concentrations were used for the electroporation of the Nb plasmids, 
but electroporation was done bilaterally (both quadricepses). Mice were 
challenged with LPS (or operated in case of kidney I/R) 48 hours after elec-
troporation with Nb14_NbAlb (Nb14_NbAlb_Nb14), ctrl_NbAlb (Nbctrl_NbAlb_
Nbctrl) or PBS. Body temperatures and lethality were followed up for 7 days.

SUPPLEMENTARY MATERIAL
Figure  S1.  Primary and tertiary structure of the different anti-MMP8 
Nanobodies.
Figure  S2.  Inhibitory capacity of the different monomeric 
MMP8-binding Nanobodies for the catalytic domain of mouse MMP8.
Figure  S3.  Analysis of the cross reactivity of Nb14 for human MMPs, 
mouse ADAM10 and ADAM17.
Figure  S4.  In vivo imaging of luciferase activity after in vivo elec-
troporation of the quadriceps with the luciferase expressing plasmid 
pCAGGs-Luc.
Figure  S5.  Overview of Nb14_NbAlb plasmid construct for in vivo 
electroporation.
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