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ABSTRACT: We established a methodology for initiating cross-linking of antibodies selectively on the cell surface through
intermolecular copper-free click reactions facilitated by increased effective concentrations of antibodies binding to target antigens.
Upon cross-linking of tetrazine- and bicyclononyne-modified trastuzumab on the surface of HER2-overexpressing cells, increased
antibody uptake and activation of intracellular signaling were observed. Our findings demonstrate that the cross-linking reaction can
significantly alter the biophysical properties of proteins, activating their unique functionalities on targeted cells to realize an increased
cargo delivery and synthetic manipulation of cellular signaling.

Antibodies are molecules that bind to antigens with high
specificity and affinity and are widely used in biological

studies and for therapeutic purposes.1 Recently, researchers
have tried to expand the functions of antibody using protein
engineering2,3 and chemical modifications.4−9 Modifications of
antibodies using chemical tools are mainly performed to add
unique functionality, such as cytotoxicity, or molecular imaging
capacity. In general, modifications are not designed for altering
the nature of the antibody as a carrier, and few studies have
reported molecular designs that aim to alter the physical
properties of antibodies to confer desired functionality.
Recent studies have reported that, in photoimmunotherapy,

the increased hydrophobicity of antibodies upon photo-
irradiation causes cytotoxicity of the conjugates, due to the
formation of protein aggregates.6,7 This indicates that the
alteration of the physical properties of antibodies (e.g.,
tendency to aggregate) can be a basis for eliciting unique
functionality (e.g., cytotoxicity). In this study, we developed a
methodology for inducing antibody aggregation using chemical
reactions that spontaneously occur on the cell surface without
photoirradiation, leading to altered behaviors and function-
alities of antibodies. We envisaged that the increased effective
concentration of antibodies binding to densely expressed target
antigens could be utilized to facilitate selective cross-linking on
the cell surface (Scheme 1).

Copper-free click reactions, which include inverse-electron-
demand Diels−Alder reactions, are useful bioorthogonal
reactions that enable the selective and rapid formation of
covalent bonds between molecules.10−12 These reactions show
high regioselectivity, and we expected that antibody pairs
labeled with appropriate pairs of clickable linkers should form
cross-linked products when they are close to each other. We
prepared a set of antibody-clicking molecules, collectively
termed antibody clickers (AbCs), consisting of tetrazine (Tz)/
methyltetrazine (MTz) and bicyclononyne (BCN) attached
with a protein labeling site (N-hydoxysuccinimidyl ester) via
varied lengths of polyethylene glycol (PEG) linkers (Figure 1a,
Scheme S1). We hypothesized that linkers of sufficient length
are desirable for proper interactions within AbCs upon
antibody binding to cell surface antigens. In addition, the
reaction rate should be in the appropriate range such that the
desired click reaction is sufficiently slow in the diluted
extracellular medium but fast enough to trigger cross-linking
on the cell surface under increased effective concentrations.
LC-MS-based analysis of the reaction of glycine-conjugated

AbCs (Table S1, Figure S1) revealed that the second-order
reaction rates of click reactions with Tz- and BCN-linkers and
MTz- and BCN-linkers were in the ranges of k = 102−105
(M−1 s−1) and 100−101 (M−1 s−1), respectively (Figures 1b,c
and S2). Next, we studied the click reactions of antibodies
modified by the glycine-conjugated AbCs. Trastuzumab (anti-
HER2 antibody) was labeled using AbCs (4.06 ± 0.19 AbC
molecules per antibody; Figure S3), and the reaction between
clickable pairs was monitored using SDS-PAGE. The results
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Scheme 1. Design of Cell Surface Antibody Cross-Linking
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confirmed that they generated larger molecular weight species
and aggregate-like structures (i.e., bands with no migration) in
a time-dependent manner (Figure 1d). The labeling rate was in
the order of k = 101−104 (M−1 s−1) in both Tz/BCN and
MTz/BCN pairs (Figures 1e, S4, and S5). The discrepancy
between small molecular and antibody click reactions might
have stemmed from the modified antibody with basal
interactions in the solution, allowing the non-ideal clickable
pairs to exhibit cross-linking. As a representative example,
trastuzumab labeled with MTzL/BCNL pairs exhibited a k =
2.7 × 102 (M−1 s−1); so, when the extracellular antibody
concentrations were 100 nM, the calculated τ1/2 (time for the

antibody to reach 50% of the initial concentration) would have
been approximately 10 h. The labeling efficiency was not
significantly affected in human serum (Figure S6).
We next tested whether the cross-linking reaction of AbC-

labeled trastuzumab was facilitated after binding to the surface
of HER2-overexpressing NIH3T3 cells (3T3 HER2+).9 The
cell surface was sufficiently labeled with the antibody after 20
min under both non-click (MTzL) and click (MTzL/BCNL)
conditions (Figures 1f, S7, and S8). In the SDS-PAGE analysis
of the cell lysate, the latter condition resulted in the major
antibody population forming cross-linking products, even after
20 min (Figure 1g). The cross-linking products were observed
only at low levels in the extracellular media during the same
period (Figure S9), supporting our initial hypothesis that
antibody cross-linking was facilitated on the cell surface.
Next, we examined whether the aggregation of antibodies on

the cell surface altered their fates after target binding. We
found that the antibodies were efficiently internalized after 1−
3 h under click conditions (Figure 2a). This phenomenon was
dependent on the linker length, and shorter linkers were
relatively inefficient in forming the dot-like structures (Figure
S10), presumably because the linkers were not long enough to
connect with the antibodies when bound to the cell surface. At
this point, aggregate formation in the extracellular medium
compared with that on the cell surface contributed to the
increased antibody uptake. To test this hypothesis, previously
prepared clicked antibody products were added to the cells. As
facilitated uptake was not observed under these conditions
(Figure S11), antibodies forming aggregates after binding to
the target made a major contribution to their increased cellular
uptake.
Aggregate formation and facilitated uptake were more

robustly observed when two antibodies that targeted different
sites of HER2 were applied. The click reaction between
trastuzumab and pertuzumab, which target domain IV and
domain II of HER2, respectively, generated robust aggregates
that were also efficiently taken up by cells (Figures 2b,c and
S12). The efficiency of antibody uptake was studied by
modifying the antibody with the pH-responsive fluorescent
probe RhP-M13 to selectively detect antibodies accumulated in
the acidic intracellular environment (i.e., endosomal compart-
ments; Figure 2d). Increased fluorescence was observed under
click conditions (Figures S13−S15), confirming that an
increased number of antibodies was taken up by cells due to
the increased endocytosis.
Next, we tested whether this was a general effect using other

cells and antibodies; HER2-overexpressing tumor cells NCI-
N87 and SKBR3 were subjected to the facilitated endocytosis
of trastuzumab under click conditions (Figures S16−S18). In
addition, the facilitated endocytosis of the EGFR-targeting
antibody panitumumab was observed in the EGFR-over-
expressing tumor cells A431 (Figures S19 and S20).
The results indicated that the strategy described herein is

generally applicable for increasing the uptake and accumulation
of chemically modified antibodies for the better delivery of
cargo, and is especially useful for the development of systems
requiring efficient endosomal delivery of antibodies, such as
antibody-based therapeutics4,5 and molecular imaging.8

Besides facilitation of endocytosis, we found that cellular
shape was modified upon the cross-linking of antibodies on the
cell surface. In the system involving 3T3 HER2+ and
trastuzumab, notable rounding and clustering of the cells
were observed, seemingly by the pulling cells toward each

Figure 1. Synthesis and characterization of antibody clickers (AbCs).
(a) Structures of AbCs. Tz = tetrazine, MTz = methyltetrazine, and
BCN = bicyclononyne. (b) Monitoring of click reactions via pseudo-
first-order kinetics of tetrazine consumption. The peaks were
compared with one in the analysis without BCN (indicated with
(−) BCN). (c) Calculated second-order rate constants of the click
reactions in (b). Value ± standard deviation (SD) (n = 3). (d)
Fluorescence image of the SDS-PAGE gel of trastuzumab labeled with
MTzS and TAMRA (100 nM) mixed with trastuzumab labeled with
BCNL (1000 nM) in PBS (pH 7.4). HC = heavy chain, LC = light
chain. Protein bands with large molecular weights are indicated by a
black arrow. Gel images for other click pairs are shown in Figure S4.
(e) Calculated second-order rate constant of the reactions in (d).
Value ± SD (n = 3). (f) Confocal fluorescence images of 3T3 HER2+

and intact NIH3T3 cells incubated with Tra-MTzL with or without
Tra-BCNL for 20 min. Antibodies were labeled with TAMRA, and
total antibody concentration was 100 nM. Scale bar = 10 μm. (g)
Analysis of cell lysate by SDS-PAGE. Cells were incubated with Tra-
MTzL with or without Tra-BCNL for 0−180 min. Antibodies were
labeled with TAMRA, and total antibody concentration was 100 nM.
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other by intercellular click reactions (Figures 3, S21, and S22,
Movie S1, and Movie S2). These effects were more robustly
observed in the clickable pair of trastuzumab and pertuzumab
(Figure S23, Movie S3) but were not observed for the pre-
clicked antibodies (Figure S24). Despite the risk that the
overall phenomenon could damage the cells, the cells survived
for 24 h, with no significant effects on cell viability (Figures
S22 and S25).
An interesting observation to note in the case of HER2-

expressing SKBR3 cells was that an increased growth of cells
was observed, rather than cell damage. In this, robust
membrane blebbing and the formation of vesicle-like structures
were observed (Figure 4a, Movie S4, and Movie S5), and cells
seemed to show adherent and spreading phenotypes after 3 h
(Figure S26). We speculated that these phenomena were due
to the activation of intracellular growth signaling, and we

questioned whether the phosphorylation of ERK, a major
signaling molecule downstream of HER2, involved in increased
cellular growth, would be activated; immunostaining revealed
that strong nuclear phospho-ERK signaling was observed after

Figure 2. Cell surface click reactions facilitated the endocytosis of
antibodies. (a) Confocal fluorescence images of 3T3 HER2+ cells
incubated with Tra-TzS, Tra-BCNL, or both. In all conditions,
antibodies were labeled with TAMRA, and total antibody
concentration was 100 nM. The results for other click pairs are
shown in Figure S10. Scale bar = 10 μm. (b) Confocal fluorescence
images of 3T3 HER2+ cells incubated with Tra-TzS and pertuzumab
labeled with TzS (Per-TzS; left), Tra-BCNL and Per-BCNL (center),
and Tra-TzS and Per-BCNL (right). In all conditions, antibodies were
labeled with TAMRA, and total antibody concentration was 100 nM.
Scale bar = 10 μm. (c) The binding model of trastuzumab and
pertuzumab on the HER2 protein. The structure was derived from
PDB ID 6OGE.14 (d) Confocal fluorescence images of 3T3 HER2+

cells indicated mixtures of Tra-TzS, Tra-BCNL, Per-TzS, and Per-
BCNL. In all conditions, antibodies were labeled with Alexa Fluor 488
(green) and RhP-M (red). Total antibody concentration was 100 nM.
Scale bar = 10 μm.

Figure 3. Cell surface click reaction affected the cellular shape.
(Upper) Overlay of bright-field images and fluorescence images (red)
of 3T3 HER2+ cells after the addition of TAMRA-labeled Tra-TzS
(50 nM) and Tra-BCNL (50 nM). The mixture of antibodies was
added between 3 and 6 min (indicated by a black arrowhead).
(Lower) Magnified version of the upper image (white rectangle).
White arrowheads indicate the blebbing structures. Scale bar = 10 μm.
Further details are shown in Movie S1.

Figure 4. Cell surface click-reaction-modified intracellular signaling
pathways of HER2-expressing tumor cells. (a) Bright-field images of
SKBR3 cells after the addition of TAMRA-labeled Tra-MTzL (50
nM) and Tra-BCNL (50 nM). Arrowheads indicate the blebbing
structures, and arrows indicate the vesicle-like structures. Scale bar =
10 μm. Further details are shown in Movie S4. (b) Result of
immunofluorescence staining of phosphor-ERK after incubation of
SKBR3 cells with Tra-MTzL with or without Tra-BCNL. Total
antibody concentration was 100 nM. For the positive control of pERK
signaling activation, cells were treated with EGF (100 ng/mL) for 1 h.
Scale bar = 10 μm. (c) Quantification of nuclear pERK signaling in
(b). Numbers in the column indicate the cell numbers included in
each analysis. (d) Viability of SKBR3 cells after treatment with Tra-
MTzL with or without Tra-BCNL for 2 d. Error bars represent SD (n
= 8). *P < 0.05 (Student’s t test). (e) Schematic view of antibody
clicking activating the intracellular growth signaling.
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antibody clicking (Figure 4b,c). After 2 d of treatment,
trastuzumab without the click reaction reduced the cell
numbers, presumably by the blockade of growth signals, but,
under click conditions, the antibody treatment resulted in
increased cell numbers in a dose-dependent manner (Figure
4d). Thus, with and without clicking, the antibody triggered
completely different fates, growth promotion and inhibition, of
the cells. We consider that aggregation of the antibodies
induced the condensation of the targeted receptor on the cell
surface and facilitated cross-phosphorylation (Figure 4e). As
condensation of the receptors on cell surface was utilized to
activate various types of receptors,15,16 we believe that the
methodology to trigger it using the external antibodies will
serve as a unique synthetic biology tool to modify cellular fate
in clinical and biological samples as desired.
In conclusion, we developed a novel methodology for

modulating the physical properties of antibodies on cell
surfaces by facilitating intramolecular cross-linking via
increased effective concentrations. We discovered that the
cross-linking could alter antibody behaviors by increasing the
endocytosis rate and modulating the cellular signaling
pathways. The generality of the methodology will allow for
various future applications, such as increasing the effectiveness
of antibodies in cargo delivery and as synthetic biology tools to
modify intracellular signaling pathways of interest using
rational design.
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