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Introduction

The ideal tumor-targeting molecules are intermediate-sized mul-
timeric antibodies, which allow rapid tissue penetration, high tar-
get retention and rapid blood clearance,1-3 provided that they are 
able to avoid proteolytic degradation in plasma or at the tumor 
site. Studies on tumor localization indicate that bivalent antibod-
ies such as diabodies (60 kDa),4,5 and minibodies (80 kDa),6 may 
be best suited for tumor imaging and therapy due to a higher 
total tumor uptake and better tumor-to-blood ratios than intact 
IgG molecules.

To maximize tumor targeting capabilities, we developed a 
new class of trivalent antibody, termed “trimerbody.” The trimer-
body (110 kDa) is a multivalent antibody comprising a scFv con-
nected to the collagen XVIII NC1 trimerization domain through 
a flexible peptide linker.7,8 Trimerbodies exhibited excellent anti-
gen binding capacity and were multivalent, which provides them 
with a significant increase in functional affinity. Furthermore, 
fluorescently labeled trimerbodies showed efficient tumor target-
ing in mice bearing human cancers.8,9

Type XV and XVIII collagens are the only known members of 
the multiplexin (multiple triple-helix domains and interruptions) 
collagen family.10 Both collagens are homo-trimers composed of 
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a single α-chain that contains a central highly interrupted col-
lagenous domain flanked at the N- and C-terminus by non-col-
lagenous domains.11-13 The highest level of sequence homology 
between types XV and XVIII lies in the NC1 domain. The NC1 
domains of type XV and XVIII collagens are organized into a 
N-terminal trimerization domain, a central protease-sensitive 
hinge region and a compact C-terminal endostatin (collagen 
XVIII) or restin (collagen XV) domain.14,15 The trimerization 
regions of both NC1 domains have been crystallized.16,17 Despite 
having only 32% sequence identity, the type XV trimerization 
domain structure is remarkably similar to, and displays bio-
chemical properties comparable to, the type XVIII trimerization 
domain.

Here, we demonstrate the utility of the type XV trimeriza-
tion domain in the engineering of antibody trimers. We con-
structed several scFv-based trimerbodies containing the human 
collagen XV trimerization domain. All the purified type XV 
trimerbodies were trimeric in solution and exhibited excellent 
antigen binding capacity, similar to that of type XVIII trimer-
bodies. Importantly, type XV trimerbodies demonstrated 
greater stability against thermal denaturation and improved 
resistance against serum and connective tissue proteases than 
type XVIII trimerbodies.
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Results

Design and expression of recombinant antibodies con-
taining the trimerization region from the human col-
lagen XV NC1 domain. We have previously shown that 
fusion of the N-terminal trimerization region of the 
murine collagen XVIII NC1 domain to the C-terminus 
of a scFv antibody confers a trimeric state to the fused 
antibody (“trimerbody”).7,8 Purified trimerbodies are tri-
meric in solution, and exhibit excellent antigen binding 
capacity. Surface plasmon resonance analysis demon-
strated that an anti-NIP trimerbody has at least a 100-
fold increase in apparent functional affinity compared 
with its monovalent counterpart.8

In the study reported here, we extended the concept by 
designing recombinant antibodies using the N-terminal 
trimerization region of the human collagen XV NC1 
domain (from amino acid 1,135 to 1,198, accession 
number P39059). Starting from the L36 scFv encod-
ing gene,18 a new recombinant trimerbody was gener-
ated (Fig. 1). The L36 scFv-based type XV trimerbody 
(trimerbodyXV) was secreted as soluble functional pro-
tein by transfected HEK-293 cells (Fig. 2). Western blot 

analysis demonstrated that under reducing conditions the 
trimerbody consists of a single chain type with a mass of 
39.7 kDa (Fig. 2A). Typical yields of secreted functional 
trimerbodyXV after 3 d of transfection ranged between 1–5 
μg/ml, similar to that observed after transfecting HEK-293 
cells with L36 scFv-based type XVIII trimerbody (trimer-
bodyXVIII) gene construct. Both type XV and type XVIII 
trimerbodies were purified from conditioned medium by 
immobilized metal affinity chromatography, which yielded 
trimerbodies that were >95% pure by reducing SDS-PAGE 
(Fig. 2C). The functionality of the purified antibodies was 
demonstrated by ELISA against plastic immobilized lam-
inin-111. As shown in Figure 2D, antibody titration analysis 
showed a dose-dependent binding of L36 scFv, L36 scFv-
based type XV trimerbody and L36 scFv-based type XVIII 
trimerbody, with the lowest apparent functional affinity for 
the monomeric scFv. These result demonstrated that the 
L36 scFv-based type XV trimerbody recognized its cognate 
antigen as efficiently as the L36 trimerbody with the trimer-
ization domain from mouse collagen XVIII NC1 domain 
(trimerbodyXVIII).

Characterization of recombinant trimerbodies. The 
oligomerization state of purified type XV trimerbody and 
type XVIII trimerbody was assessed by analytical gel fil-
tration chromatography, as well as by analytical ultracen-
trifugation and sedimentation equilibrium gradient. Both 
trimerbodies eluted from the column as a single peak with 
estimated masses of 111.4 kDa and 117.6 kDa for the trimer-
bodyXVIII and the trimerbodyXV, respectively (Fig. 3A and C, 
respectively). Sedimentation equilibrium experiments could 
only be fitted to a trimer (not to a monomer or a dimer)  

(Fig. 3B and D). These results demonstrate the trimeric nature of 
both antibodies, a feature conferred by the trimerization region 

Figure 1. The concept of creating multimeric antibodies using the human colla-
gen XV trimerization domain (collagen XV TD) and scFv fragments. (A) Schematic 
diagram of the scFv (i) and trimerbody (ii) gene constructs. L, linker peptide. The 
genes are under the control of the cytomegalovirus promoter/enhancer, and 
a heterologous signal peptide from the Oncostatin M (onco M) gene is used to 
direct secretion of recombinant antibodies. Below trimerbody diagram is the 
sequence of the peptide linker used to join the scFv fragment to the collagen XV 
TD. Schematic showing arrangement of VH and VL domain in monomeric scFv 
(B), and arrangement of VH, VL and collagen XV TD in trimeric trimerbody (C).

Figure 2. The presence of secreted recombinant antibodies (L36 scFv, L36 
scFv type XVIII trimerbody and L36 scFv type XV trimerbody) in the super-
natant of gene modified HEK-293 cells was demonstrated by western blot 
analysis (A) and by ELISA (B) against plastic immobilized laminin-111. Migra-
tion distances of molecular mass markers are indicated (kDa). The blot was 
developed with anti-c-myc mAb. Reducing SDS-PAGE of purified type XVIII 
and type XV trimerbodies (C), and antigen titration ELISA of purified L36 scFv, 
L36 scFv type XVIII trimerbody and L36 scFv type XV trimerbody against 
plastic immobilized laminin-111 (D).
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fact, trimerbodies that shared the scFv domain and the peptide 
connector, but differed in the trimerization domain possessed 
similar functional properties. Both types of trimerbodies were 
isolated in functional active form from conditioned medium of 
transfected HEK-293 cells and were efficiently purified using 
standard chromatographic techniques.

Recent crystallographic data for type XV trimerization 
domain17 demonstrated that the molecular topology and orga-
nization of this protein and that of type XVIII trimerization 
domain16 are comparable. These data indicate that the mul-
tiplexin trimerization fold is a robust one, capable of retaining 
structural integrity with a large sequence variability.

Despite this similarity, stability profiles indicated that the 
two trimerbodies differed in their resistance to denaturation by 
heat and proteases. Willuda et al.19 demonstrated that thermal 
stability of antibody fragments is critical for successfully tumor 
targeting cells, and in fact type XV trimerbodies showed higher 
thermal stability than type XVIII trimerbodies. It was encourag-
ing to observe that type XV trimerbodies were significantly more 
stable in human and mouse serum than type XVIII trimerbodies, 
as well as in the presence of proteases that are relevant in certain 
pathological contexts (e.g., cathepsin L and elastase). Cathepsin 
L is a ubiquitously expressed cysteine protease that localizes 
primarily to the lysosomes and can be secreted. Expression of 
cathepsins has been reported to be elevated in multiple cancer 
types,20 and has been found to be correlated with the metastatic 
potential of tumor cell lines.21 Furthermore, a local increase in 

from NC1 collagen XVIII and NC1 collagen 
XV.

To further evaluate type XV trimer-
ization domain as a new platform for 
engineering multivalent antibodies, we 
designed scFv-based trimerbodyxv con-
structs with specificity for the hapten NIP 
or the tumor-associated antigen CEA. The 
scFv B1.8 (anti-NIP) and the scFv MFE-23 
(anti-CEA) were similarly assembled and 
expressed as soluble secreted trimerbodyXV 
in human HEK-293 cells. The expression, 
functionality and specificity of B1.8 and 
MFE23 type XV trimerbodies was demon-
strated by western blot (Fig. 4A) and ELISA 
against plastic immobilized BSA, CEA and 
NIP

10
-BSA conjugates (Fig. 4B). As shown 

in Figure 4C, the B1.8 type XV trimerbody 
displayed better binding to NIP

10
-BSA con-

jugates than the monomeric scFv.
Stability studies. We examined the ther-

mal stability of the purified scFv-based type 
XV and type XVIII trimerbodies. Both 
antibodies showed cooperative thermal 
denaturations as monitored by the change 
in circular dichroism signal; however, while 
the trimerbodyXVIII has a mid-point denatur-
ation temperature of 50°C, the trimerbodyXV 
is substantially stabilized, with a correspond-
ing value of 67°C (Fig. 5).

The stability of engineered antibodies in serum is another 
key parameter to determine their potential application in vivo. 
Therefore, we compared the functionality of both type XV and 
type XVIII trimerbodies after incubation in human or mouse 
serum at 37°C for prolonged periods of time. As shown in Figure 
6, the purified type XV trimerbody had a significantly improved 
stability over the conventional type XVIII trimerbody [77 and 
90% vs. 45 and 59%, in human (Fig. 6A) or mouse (Fig. 6B) 
serum, respectively].

For therapeutic purposes, in addition to serum stability, 
recombinant antibodies should remain functional in the presence 
of connective tissue proteases. We therefore compared both type 
XV and type XVIII trimerbodies in terms of stability and func-
tionality after incubation with two of the proteases present in the 
tumor microenvironment: cathepsin L and elastase. As shown in 
Figure 7, type XV trimerbody exhibited greater resistance to pro-
tease digestion than the type XVIII trimerbody.

Discussion

In this study, we demonstrated the usefulness of human collagen 
XV trimerization domain to generate trimeric antibodies. Purified 
type XV trimerbodies were trimeric in solution, and exhibited 
excellent antigen binding capacity. The type XV trimerization 
domain is as efficient as the type XVIII trimerization domain for 
inducing trimerization of scFv domains located N-terminally. In 

Figure 3. Structural characterization of the purified trimerbodies. Analytical gel filtration 
chromatograms (A and C) and sedimentation equilibrium gradient (B and D) were performed 
as described in material and methods, with purified L36 scFv type XVIII trimerbody (A and B), 
and purified L36 scFv type XV trimerbody (C and D).
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trimerbody was detected even at the highest concentrations of 
both proteases.

These differences may be related to the different protein 
sequence and localization of type XV and type XVIII collagen. 
Collagen XVIII is a heparan sulfate proteoglycan23 and colla-
gen XV carries chains of chondroitin/dermatan sulfate alone, or 
chondroitin/dermatan sulfate together with heparan sulfate in 
a differential ratio.24 Type XV and XVIII collagens are closely 
related basement membrane molecules that are broadly expressed 
and have been localized to a wide variety of basement membranes, 
including vascular and epidermal basement membranes.25 It is 
tempting to speculate that the environmentally-induced func-
tional specialization of type XV collagen might be responsible for 
the dramatic differences observed in stability.

These results have important implications in terms of thera-
peutic targeting, particularly in oncology. In the hostile micro-
environment associated with solid tumors, the function of 
therapeutic or diagnostic antibodies may be compromised.26 
Type XV trimerbodies are remarkably stable, which gives them a 
substantial advantage in the therapeutic field.

Materials and Methods

Reagents and antibodies. The monoclonal antibody (mAb) 
specific for human c-myc used was 9E10 (Abcam, Cambridge, 
UK). The IRDye 800 (fluorochrome)-conjugated goat anti-
mouse IgG polyclonal antibody (Fc specific) was from Rockland 
Immunochemicals Inc., (Gilbertsville, PA USA). Laminin-111 
extracted from the Engelbreth-Holm-Swarm (EHS) mouse 
tumor was from Becton Dickinson Labware (Bedford, MA 
USA). Human carcinoembryonic antigen (CEA), pooled human 
and mouse sera, as well as cathepsin L, and elastase were from 
Sigma-Aldrich Inc., (St. Louis, MO USA). BSA was conjugated 
with 4-hydroxy-5-iodo-3-nitrophenyl (NIP) (Sigma-Aldrich) in 
a molar ratio of 10:1 (NIP

10
-BSA) as described in reference 27.

Cells and culture conditions. HEK-293 cells (human embryo 
kidney epithelia; CRL-1573) were cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM) supplemented with 10% (vol/vol) 
heat-inactivated Fetal Calf Serum (FCS) (all from Invitrogen, 
Carlsbad, CA) referred as to DMEM complete medium (DCM).

Construction of expression vectors. To construct the pCR3.1-
L36-hXVNC1 expression vector, the N-terminal trimerization 
region from human collagen XV NC1 domain was synthesized 
by Geneart AG (Regensburg, Germany) and subcloned as NotI-
XbaI into the vector pCR3.1-L36,18 containing the L36 (anti-
laminin) single-chain Fv (scFv) gene. The MFE23 (anti-human 
CEA) and the B1.8 (anti-hapten NIP) scFv expression cas-
settes were subcloned as HindIII-NotI into the vector pCR3.1-
L36-hXVNC1, resulting in pCR3.1-MFE23-hXVNC1 and 
pCR3.1-B1.8-hXVNC1, respectively.

Cell transfections and purification of recombinant anti-
bodies. HEK-293 cells were transfected with pCR3.1-L36-mX-
VIIINC1,7 pCR3.1-L36-hXVNC1, pCR3.1-MFE-23-hXVNC1 
or pCR3.1-B1.8-hXVNC1 expression vectors using Superfect 
(QIAGEN GmbH, Hilden, Germany), and selected in DCM 
supplemented with G418 (500 mg/ml). Supernatants from 

leukocyte elastase is associated with tumor invasiveness in many 
types of cancer.22 Whereas type XVIII trimerbodies were com-
pletely degraded by both proteases, type XV trimerbodies main-
tained their molecular integrity. Structurally intact type XV 

Figure 4. The functionality and specificity of anti-CEA and anti-NIP scFv 
type XV trimerbodies was demonstrated by western blot (A), and by 
ELISA (B and C) against plastic immobilized BSA, NIP10-BSA conjugates 
and CEA. MFE23 anti-CEA and B1.8 anti-NIP scFvs were used as controls. 
Antigen titration ELISA of purified B1.8 scFv and B1.8 scFv type XV 
trimerbody against plastic immobilized NIP10-BSA conjugates (C).

Figure 5. Thermal denaturation curves measured by the change in 
ellipticity at 210 nm are shown for the type XVIII trimerbody (thick line), 
and for the type XV trimerbody (thin line).
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larger for trimerbodyXV, but the shift of the two curves is evident 
over a range of approximately 20°C, demonstrating a thermal 
stabilization of trimerbodyXV.

Serum stability. One microgram of each trimerbody was 
incubated in 62% human or mouse serum at 37°C for up to 72 h. 
Samples were removed for analysis 3 h, 24 h, 48 h and 72 h later 
and frozen until the entire study was completed. As a control, a 
second set of serum-exposed samples was frozen immediately to 
represent a zero time point. Aliquots were then subjected to west-
ern blot, using an anti-c-myc mAb, and tested for their capability 
to bind their cognate antigen by ELISA.

Protease stability. One microgram of each trimerbody was 
incubated at 37°C for 10 min with 200, 300 and 400 ng cathep-
sin L in 50 mM sodium acetate [pH 5.5], 2 mM dithiothrei-
tol, 5 mM EDTA; and 50, 100 and 200 ng elastase in 100 mM 
TRIS-HCl [pH 8.0]. Aliquots were then subjected to western 
blot, using an anti-c-myc mAb, and tested for their capability to 
bind laminin-111 by ELISA.
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transient and stably transfected cell populations were analyzed 
for protein expression by ELISA, SDS-PAGE and western blot-
ting using anti-c-myc mAb. Stably transfected HEK-293 cells 
were used to collect serum-free conditioned media medium  
(~1 L), and loaded onto a HisTrap HP 1 ml column using an 
ÄKTA Prime plus system (GE Healthcare, Uppsala, Sweden). 
The purified antibodies were dialyzed against PBS, analyzed by 
SDS-PAGE under reducing conditions, and stored at -20°C.

ELISA. The ability of purified trimerbodies to bind murine 
laminin-111, human CEA or NIP

10
-BSA conjugates was studied 

by ELISA as described in reference 8, 28 and 29.
Analytical ultracentrifugation experiments. An Optima 

XL-I analytical ultracentrifuge (Beckman-Coulter, Miami, 
FL USA) was used to perform the analytical ultracentrifuga-
tion experiments. The detection was performed by means of 
a UV-visible absorbance detection system. Experiments were 
conducted at 20°C using an AnTi50 eight-hole rotor and 
Epon-charcoal standard double sector centerpieces (12 mm 
optical path). Absorbance scans were taken at the appropri-
ate wavelength (240, 280, 297 nm). Sedimentation veloc-
ity experiments were performed at 48 krpm using 400 μl 
samples in PBS buffer. Differential sedimentation coefficient 
distributions, c(s), were calculated by least squares boundary 
modeling of sedimentation velocity data using the program 
SEDFIT.30,31 From this analysis, the experimental sedimenta-
tion coefficients were corrected for solvent composition and 
temperature with the program SEDNTERP to obtain the cor-
responding standard s values.32 Short column (85 μl) sedimen-
tation equilibrium runs were performed at multiple speeds (9, 
11 and 15  krpm). After the equilibrium scans, a high speed 
centrifugation run (43 krpm) was done to estimate the cor-
responding baseline offsets. Weight-average buoyant molecular 
weights of protein and oligonucleotides were determined by fit-
ting a single species model to the experimental data using the 
HeteroAnalysis program.33 Both analyses gave essentially the 
same results. The molecular weights of protein and DNA were 
determined from the experimental buoyant masses using 0.718 
and 0.722 as the partial specific volumes of A and B, respec-
tively (calculated from the amino acid composition using the 
SEDNTERP program32).

Circular dichroism (CD). Circular dichroism (CD) mea-
surements were performed with a Jasco J-810 spectropolarimeter 
equipped with Peltier thermal control unit (JASCO). Thermal 
denaturations were recorded on protein samples at 0.024 or 0.015 
mg/mL for trimerbodyXV and trimerbodyXVIII, respectively, in 
PBS using a 0.2 cm path length stoppered quartz cuvette. Protein 
unfolding was induced by increasing temperature from 10 to 
90°C at a rate of 1°C/min. The ellipticity at 210 nm was moni-
tored every 1°C with a 32 sec response and 4 nm bandwidth and 
the values were normalized from 0 to 1 (at 5°C) to 1 (at 90°C). 
Repeated experiments provide an estimate for the error in the 
mid-point denaturation temperature of trimerbodyXVIII of ±1°C. 
The denaturation curve of the trimerbodyXV has a smaller signal-
to-noise ratio than the curve of trimerbodyXVIII because the total 
ellipticity change at 210 nm is smaller for this molecule. As a con-
sequence, the error in the mid-point temperature determination is 

Figure 6. Serum stability of purified L36 scFv type XVIII trimerbody 
(open circles) and L36 scFvtype XV trimerbody (filled circles), after 
incubation at 37°C in human (A) or mouse (B) serum, as explained in 
material and methods. At the indicated times the reaction mixtures 
were analyzed by ELISA against plastic immobilized laminin-111.
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Figure 7. Proteolytic stability of purified L36 scFv type XVIII trimerbody (open circles) and L36 scFv type XV trimerbody (filled circles), after incubation 
at 37°C with different amounts of cathepsin L (A) or elastase (B), as explained in material and methods. After incubation the reaction mixtures were 
analyzed by western blot, using an anti-c-myc mAb, and by ELISA against plastic immobilized laminin-111.
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