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ABSTRACT: Cell surface proteins are key regulators of
fundamental cellular processes and, therefore, often at the root
of human diseases. Thus, a large number of targeted drugs
which are approved or under development act upon cell
surface proteins. Although down-regulation of surface proteins
by many natural ligands is well-established, the ability of drug
candidates to cause internalization or degradation of the target
is only recently moving into focus. This property is important
both for the pharmacokinetics and pharmacodynamics of the
drug but may also constitute a potential resistance
mechanism. The enormous numbers of drug candidates
targeting cell surface molecules, comprising small molecules,
antibodies, or alternative protein scaffolds, necessitate
methods for the investigation of internalization and degradation in high throughput. Here, we present a generic high-
throughput assay protocol, which allows the simultaneous and independent quantification of internalization and degradation of
surface proteins on a single-cell level. Because we fuse a HaloTag to the cell surface protein of interest and exploit the
differential cell permeability of two fluorescent HaloTag ligands, no labeling of the molecules to be screened is required. In
contrast to previously described approaches, our homogeneous assay is performed with adherent live cells in a 96-well format.
Through channel rescaling, we are furthermore able to obtain true relative abundances of surface and internal protein. We
demonstrate the applicability of our procedure to three major drug targets, EGFR, HER2, and EpCAM, examining a selection of
well-investigated but also novel small molecule ligands and protein affinity reagents.

Numerous cell surface proteins transfer external stimuli to
the inside of cells and are therefore essential for

regulation of cell phenotype, differentiation, or proliferation.
This explains their pivotal role in many diseases, if
dysregulated, and justifies the high interest in targeting the
relevant surface protein(s) to treat these diseases. Furthermore,
receptor internalization and down-regulation are well-estab-
lished negative feedback mechanisms for natural ligands of
surface receptors.
Characterization of drug candidates targeting surface

proteins with respect to their effect on internalization and
degradation is fundamental to understanding their in vivo
efficacies. For an antibody, strong induction of internalization
and degradation may be essential for its activity as a signaling
antagonist1,2 or for an antibody drug conjugate (ADC)3 but is
undesired for antibodies engaging Fc receptors for antibody-
dependent cytotoxicity (ADCC) or bispecific antibodies
engaging in immune cell recruitment.4 The receptor fate will
also be measured more frequently because many targets cannot
be effectively hit with the conventional IgG format, and thus
novel formats and mechanisms of action are required.5

Likewise, many small molecules acting as receptor ligands
are of outstanding pharmacological relevance6 and modulate
signaling as well as cellular localization of their cognate
receptors, for example, G-protein-coupled receptors (GPCRs).

Interest in selective target down-regulation as a therapeutic
strategy was further sparked by the FDA approval of
fulvestrant, a selective estrogen receptor degrader.7 Addition-
ally, pharmacokinetics and -dynamics will always be signifi-
cantly affected if a drug triggers target internalization and
remains bound to its target during this process. Therefore, the
interest in measuring such extended biochemical properties of
artificial ligands, beyond epitope and affinity, is growing.
Today, hundreds of drug candidates are routinely identified

in screenings. However, their biophysical and biological
characterization remains a major bottleneck. Whereas for
drug−target interactions various assays have been developed
over the years to support high-throughput applications, to our
knowledge, no such assay is available to follow internalization
and degradation at the same time with single-cell resolution.
Classical assays quantifying internalization and degradation
were based on radioactive labels,8 where noninternalized
ligands are removed by acid washing, which appears unsuitable
for routine high-throughput application. Newer protocols
separately consider internalization, measured by fluorescence
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or surface-specific biotinylation,9 and degradation by determin-
ing total protein levels via Western blot (WB).
In the simplest protocols, internalization is measured by

using a fluorescently labeled affinity reagent against the
molecule under study to quantify the amount of internalized
receptor, again by acid washing off noninternalized ligand,
compared to control samples that were incubated on ice.10

However, the timespan which can be observed in this manner
is significantly limited because prolonged incubation on ice will
eventually lead to cell death and cell permeabilization.
In a more sophisticated setup, which also allows one to

determine recycling to the cell surface, a fluorescently labeled
derivative of the ligand of interest has been used, and
quenching antibodies can be added to distinguish surface-
derived from intracellular signals in flow cytometry.11 To
employ such an assay for screening again requires internal-
ization-inhibited reference samples, in this case to correct for
differences in quenching efficiency for different ligands.
Furthermore, it involves the cumbersome work of labeling
each and every binder fluorescently. This is even more difficult
if one were to compare different classes of molecules, and for
some small molecules, labeling may not even be possible at all
without significantly affecting their structure and properties.
If the ligand carries a fluorescent label, its fate may be

followed by flow cytometry or microscopy, but little to no
knowledge regarding its effect on the target is gained in such a
setup. Whether diminished surface fluorescence is due to
“piggy-back” (passive) internalization of the affinity reagent

without changing the relevant rates or steady-state levels of the
target, the inside−outside distribution of the target is affected,
or whether even the total number of target molecules changes
cannot be resolved. Furthermore, spurious and misleading
fluorescent signals may be detected from cellular compart-
ments to which the released dye localizes upon ligand
degradation, in particular, if the remaining fluorescent label is
cell-impermeable.
Whereas a myriad of techniques exist to label protein

binders, few are suitable for visualizing the target directly on
live cells for high-throughput applications, especially if the
number as well as the location is of interest.12 While the use of
a labeled affinity reagent with a noncompeting epitope, such as
an antibody, may appear to be a straightforward solution,10 a
suitable reagentwhich does not alter the behavior and at the
same time has sufficient affinity for the surface proteinmay
not always be available. For example, cross-linking by di- or
multivalent detection reagents (e.g., secondary detection
antibodies or streptavidin) may efficiently internalize surface
proteins.13 In early stages of drug development, the binding
site for the entity of interest may also often not yet be known.
Furthermore, the noncompeting binder or label may dissociate
in a pH-dependent manner from the target at any time during
recycling of the receptor and give rise to a sustained, false-
positive intracellular signal. Improved protocols based on
indirect detection of the target, which aim to quantify surface
and total protein at once, have been published.14 However,
they require detection with secondary antibodies, which may

Figure 1. Assay principle. (a) Stable cell lines express the protein of interest genetically fused to the HaloTag. Labeling with permeable dye allows
quantitation of total receptor (a, left column); sequential labeling with a cell-impermeable dye followed by a cell-permeable dye allows
quantification of surface, internal, and total protein for hundreds of samples by high-throughput flow cytometry. Treated samples (a, right column)
can then be compared to nontreated controls (a, middle column). (b) Typical data obtained from the assay performed as in (a), in this case for
HER2. Top panel: Raw data with mean fluorescence intensities in channel-dependent, arbitrary units. Bottom panel: Data after rescaling. Error bars
indicate 1 SD of duplicates. (c) Microscopy confirms localization-specific staining, allowing one to monitor induced internalization and degradation
(Utr., untreated; GA, geldanamycin; EGF, epidermal growth factor).
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be poorly quantitative,15 and that cells remain impermeable
during fixation, which we found not to be the case for several
cell lines.
Total protein amounts have been routinely quantified by

Western blots for decades. However, the throughput of the
method is limited, and it provides no single-cell resolution.
Moreover, by its semiquantitative nature, it is unclear how total
protein measured by WB can be reliably related to surface and
internal protein amounts.
Taken together, the presently available protocols to measure

internalization and degradation do not yield true relative
abundances of surface and internal (and therefore also total)
target protein at once and are poorly scalable to high
throughput.
Previous work utilizing the HaloTag (HT) technology has

taken advantage of differential cell permeability of HaloTag
ligands (HTLs) to resolve subcellular localization qualitatively
in microscopy,16,17 demonstrating that a two-step labeling
procedure enables binary distinction between two topological
states, that is, the receptor being at the surface or internal.
Based on these observations, we hypothesized that it may be
possible to develop a high-throughput protocol that allows one
to quantitatively measure both internalization and degradation.
The HaloTag protein is a 34 kDa engineered haloalkane

dehalogenase, which can be genetically fused to a given protein
of interest.18,19 The tag enables covalent conjugation to HTLs,
which combine a haloalkane, allowing irreversible and rapid
covalent coupling to the HT, and a probe of choice, typically a
fluorescent dye. It has furthermore been shown that by labeling
of cytosolic protein−HT fusions with cell-permeable HTLs,
protein degradation can be reliably monitored,20 probably
because the dye moiety is released by esterases upon HT
degradation and subsequently diffuses out of the cell.18

Here, we present a homogeneous HaloTag-based, high-
throughput surface protein internalization and degradation
assay (SPIDA) protocol for labeling and direct quantification
by multicolor flow cytometry. Furthermore, we show that a
simple rescaling enables calculation of true relative abundances
of surface and internally localized molecules, measured with
different fluorophores. Using three test candidates, EGFR,
HER2, and EpCAM, which are targets of directed cancer
therapies approved for clinical application,21,22 we demonstrate
the robustness and generic applicability of our method in three
stages: first, we validate the assay by direct comparison with
conventional assays performed in parallel for well-studied
inducers of internalization and degradation; second, we show
that observations made with our assay agree well with data
from the literature obtained with conventional assays; third, we
apply the assay to previously unstudied molecules with high
therapeutic potential.

■ RESULTS AND DISCUSSION
Method Outline. We intended to develop a generic

protocol to investigate large numbers of different molecules
potential inducers of internalization and degradationin a
straightforward and robust assay, which allows simultaneous
quantification of internalization as well as degradation on a
single-cell level over extended timeframes (Figure 1a). To this
end, we generated different cell lines stably expressing an
inducible HaloTag protein fusion with the surface protein of
interest, based on the Flp-In T-Rex 293 system (Figure S-1, SI
Methods). The Flp-In T-REx 293 system allows one to
generate stable cell lines expressing homogeneous levels of a

gene of interest under an inducible promoter from a single,
well-transcribed genome integration site. The inducible system
may be advantageous if sustained expression of the protein is
toxic. We then took advantage of the fact that a HaloTag
ligand conjugated to Alexa Fluor 660 (HTL-AF660) is
completely cell-impermeable19 at suitable concentrations,
whereas the neutral HaloTag ligand bearing tetramethyl
rhodamine (HTL-TMR) penetrates cells efficiently. Using a
sequential double labeling protocol (see SI Methods for a
detailed protocol), we exploited the differential permeability to
quantify surface and internal protein simultaneously: First,
HTL-AF660 is coupled exclusively to the protein of interest,
which is present at the cell surface. Then, in the second step,
the protein in intracellular stores is labeled with HTL-TMR,
which can be detected in a separate channel (Figure 1b).
A straightforward rescaling based on untreated (utr.) control

samples allows for calculation of relative abundances of
internal, surface, and total receptor (SI Methods). In brief,
the difference, ΔSTMR, of normalized signals in the TMR
channel is obtained by comparing single (STMR(s.)) labeling
with TMR to the double (STMR(d.)) labeling (surface labeling
with AF660 followed by TMR). This difference corresponds to
the number of molecules blocked by the first, surface-specific
step:

Δ = − =S S S S(s.) (d.) (d.)TMR TMR TMR AF660,scaled (1)

Here, the signal in the AF660 channel, SAF660,scaled(d.), is
expressed in the units of the permeable dye TMR. It can be
related to the actually measured intensity SAF660(d.) by
correction factor CA. By further setting the total amount of
receptor of the untreated sample to 100%, it follows that

× + = =S C S S(d.) (d.) (s.) 100%AF660 A TMR TMR (2)

This allows us to calculate CA from the untreated sample,
which can be used to obtain SAF660,scaled(d.) (=SAF660 × CA) for
all treated (and double-labeled) samples (Figure 1b,c).
In agreement with the literature,23,24 we observed that upon

induction of protein expression in our HT-fusion cell lines,
protein levels reached a steady state, which was maintained for
at least 24 h (Figure S-2). This, in turn, further allowed us to
add a time dimension to our assay in a simple manner by
adding treatment agents at various time points and performing
the final readout for all samples in parallel, with a nontreated
reference sample corresponding to t = 0 h.
With our protocol, treatment and labeling can be applied to

adherent cells in complete media. Thus, in contrast to other
internalization protocols, the assay is homogeneous, does not
involve prolonged incubation or treatment of detached cells,
and can be performed without buffer exchange.
The presence of dead (and therefore permeable) cells is a

severe issue for any internalization or recycling assay because,
due to the loss of topological separation, all receptors will be
accessible and thus appear to be at the surface (on the
outside), even more so if the protein of interest is cytotoxic
itself. In our protocol, this is addressed by simply including a
commercially available fixable dead cell (permeability) staining
step prior to cell fixation.
All experimental steps, including evaluation by flow

cytometry, are very amenable to parallel processing in 96-
well plates. We therefore provide a protocol which allowed us
to routinely handle three or more such plates in a single
experiment, allowing us to sample a total of ∼400 data points
with information from 1000 cells per time point (SI Methods).
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Experimental Validation and Application of SPIDA
with Different Surface Proteins. We decided on three
surface proteins, EGFR, HER2, and EpCAM, as test candidates
to demonstrate the utility of our approach. After successful
stable transfection of Flp-In T-REx 293 cells and isolation of
single clones, these were analyzed for inducible expression by
Western blot and flow cytometry. After induction, all clones
showed expression to be inducible by at least a factor of 50 as
judged by flow cytometry (Figure S-1a,b). Furthermore,
blotted cell extracts revealed a specific band at the calculated
size of the fusion protein for all clones (Figure S-1c).
To establish that SPIDA reliably measures induced surface

protein internalization and degradation, we decided on two
well-characterized phenomena: internalization of epidermal
growth factor receptor (EGFR) upon binding of the cognate

ligand epidermal growth factor (EGF)21 and degradation of
HER2 by geldanamycin (GA).25 Whereas two separate
experiments (typically flow cytometry and WB) are required
in the conventional approaches to measure either surface or
total protein levels, SPIDA yields surface, internal, and total
receptor level in a single experiment. Thus, we replotted the
SPIDA data for the EGF and GA treatments such that a direct
comparison between the methods is possible (Figure 2).

Epidermal Growth Factor Receptor (EGFR). EGFR is a
receptor tyrosine kinase (RTK) that is critically involved in the
genesis of various types of cancer21,26 and therefore a topic of
active research into targeted therapies. EGFR internalization
and degradation is triggered by intracellular phosphorylation
upon ligand binding;27 paradoxically, endocytosis of EGFR can
regulate pro-tumorigenic signaling positively or negatively.28

Figure 2. Comparison of SPIDA with conventional assays for surface protein internalization and degradation. Although SPIDA yields surface,
internal, and total receptor levels in a single experiment, two separate experiments (typically flow cytometry and WB) are required in the
conventional approach. (a−d) Surface levels of HT-EGFR after EGF treatment. Observation of surface levels by SPIDA (a) or conventional
detection with a fluorescently labeled EGFR antibody (b) yields very similar results. Total levels as observed by SPIDA show a minor increase (c)
and appear almost constant in WB (d). Note the rapid and robust phosphorylation of EGFR (Y1148) upon EGF treatment, expectedly coinciding
with the internalization seen in (a,b) and indicating the functional integrity of HT-EGFR. (e−h) Surface and total levels of HT-HER2 after
geldanamycin (GA) treatment. Surface levels of HT-HER2 after GA treatment as observed by SPIDA (e) and conventional detection with a
fluorescently labeled monovalent anti-HER2 affibody (ZHER2) (g) decrease comparably, as do total levels according to SPIDA (g) or WB (h).
Note that surface and internal values from SPIDA, originally representing the true relative abundance, were normalized to allow comparison with
the conventional methods; bars indicate the grand mean of two fully independent experiments, with error bars indicating the standard error.
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We recorded the internalization kinetics upon EGF treatment
with SPIDA (Figure 2a and Figure 3a), and in parallel, surface

EGFR was detected by a noncompeting, directly labeled
antibody (Figure 2b). To obtain also a reference for total
protein levels (Figure 2c), we performed a WB (Figure 2d). As
expected, HaloTagged EGFR was indeed efficiently internal-
ized by 20 nM EGF, with excellent agreement between the
SPIDA results and the reference protocol. After 2 h of exposure
to 20 nM EGF, the fraction of surface receptor had dropped to
25% of the initial value for both setups. At the same time,
internal protein levels increased from ∼46 to ∼88% (Figure
3a), an information only directly accessible through SPIDA.
The carrier solution for EGF, containing bovine serum
albumin (BSA), was inert (Figure S-3a). Overall, the results
are also in good agreement with previously published data for
HEK cells.29 In addition, internalization kinetics have been
reported to be merely slightly retarded by an N-terminal fusion
to EGFR.30 We observed a marked increase of Y1148
autophosphorylation (Figure 2d) of HaloTagged EGFR upon
ligand stimulation, another indication that the functionality of
EGFR is not impaired by the HaloTag fusion. We also noted
that upon prolonged (4 h) EGF treatment, the total amount of
EGFR increased slightly (Figure 2c and Figure 3a). This may,
as it is correlated with intracellular receptor accumulation, be
explained by saturation of the degradation machinery, in
particular, considering the context of transiently induced
strong overexpression.
Next, we looked at the effects of other treatments directed

against EGFR and compared the results to data from the
literature. Recent reports suggested that EGFR directly

interacts with heat shock protein 90 (HSP90), and inhibition
of HSP90 causes EGFR internalization and also degradation;31

previous findings had indicated no interaction.32 HSP90
inhibition is experimentally typically achieved by treatment
with geldanamycin, a benzoquinone ansamycin,33 which
interferes with HSP90 substrate binding. In agreement with
the current literature,31 we observed a slow loss of surface
EGFR upon treatment with GA (Figure 3b).
A combination of the murine parental antibody of cetuximab

(mAb 225) and another EGFR antibody (H11) has been
shown to down-regulate EGFR to at least ∼50% remaining
surface receptor in several cell lines.11 Importantly, this occurs
without the activation seen upon EGF treatment.11 Therefore,
we tested the single monoclonal antibodies (mAbs) (Figure
3c,d) and their combination (Figure 3e). In line with the
reported results, we observed that the antibody combination
effectively caused a sustained reduction of surface EGFR. Of
note, the reduction in total EGFR was due to a loss of surface
protein, whereas the internal receptor remained essentially
constantconsistent with the proposed model of recycling
inhibition by this antibody combination because the steady-
state internal receptor level is only a function of synthesis and
degradation rates.11 We further noticed that the treatment
significantly compromised cell health and increased the dead
cell fraction, underlining the importance of a permeability
parameter to exclude those cells from analysis for which
topological separation of surface and internal receptor is lost
(Figure S-3c).34

Human Epidermal Growth Factor Receptor 2 (HER2).
HER2 is another member of the EGFR family of RTKs, and its
overexpression is known to be pivotal in the development of
various types of cancer.35 In contrast to EGFR, however, no
ligand is known for HER2, and the extracellular domain
constitutively adopts an open conformation in the absence of a
ligand, resembling the ligand-bound state of other EGFR
family members.36 HER2 is assumed to only internalize very
slowly under native conditions.37 HER2 is well-known to be
associated with HSP90, and it is only upon treatment with
HSP90 inhibitors, like GA, that HER2 becomes susceptible to
internalization and degradation.25

Again, for validation purposes, we first analyzed surface
depletion of HER2 through GA by SPIDA (Figure 2e) and, in
parallel, conventional surface detection by fluorescently labeled
monovalent affibody ZHER2 (Figure 2f). For both methods,
after 4 h, only approximately 50% of the initial total HER2
amount was still present (Figure 2g and Figure 4a), despite the
noise in the conventional measurement being rather large
compared to the SPIDA data. Using a classical WB from cell
lysates, we also confirmed the reduction in total HER2 (Figure
2h). SPIDA additionally provides the levels of the remaining
receptor: over 60% was localized on the inside of the cells after
GA treatment, whereas in untreated cells, only ∼30% was
present intracellularly (Figure 4a).
In the past, there have been conflicting reports as to whether

the degradation pathway of HER2 after GA treatment follows a
lysosomal or proteasomal route. However, one current model
assumes that a first proteasomal cleavage step enables the rapid
internalization that precedes the degradation in the lysosome
after GA treatment.37 We have now used SPIDA to test this
hypothesis. Indeed, proteasome inhibition with MG-132
rescued cells from GA treatment (Figure 4b), in line with
previous results,14 which had already shown rescue using
lactacystin as a proteasomal inhibitor. MG-132 alone showed

Figure 3. SPIDA measures internalization and degradation of EGFR.
Using the HEK-TREx_HT-EGFR cell line, we tested the effect of
EGF (a; same data as in Figure 2a,c, but with relative abundances
plotted) and geldanamycin (GA) (b). Furthermore, single mAbs H11
(c) and 225 (d) reduce EGFR levels only slightly, in agreement with
the literature,11 in contrast to their combination (e).
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no effect on the HER2 amount or localization in 4 h (Figure S-
4a). Together, these data are consistent with a model of an
initial proteasomal cleavage within HER2, followed by
internalization and lysosomal degradation.
In contrast to GA treatment, activation of the protein kinase

C (PKC) upon phorbol 12-myristate 13-acetate (PMA)
addition has recently been reported to cause internalization
of HER2 without leading to degradation.34 We observed PMA-
treated cells for 4 h by SPIDA, and as recently published,
HER2 was effectively internalized without degradation (Figure
4c), resulting in an increase of internal receptor from ∼40% to
more than 75% relative to the control. At the same time,
because surface stores seem to at least partially be replenished
after induced internalization in our induced overexpression
system, an increase of total HER2 was observed in the first 2 h
before plateauing out at around 130% of the initial value.
The FDA-approved mAb trastuzumab (TZB) binds domain

IV of the HER2 ectodomain (HER2 ECD)35,38 and was
demonstrated to accumulate intracellularly before being slowly
degraded, whereas the level of HER2 remains mostly
unchanged during treatment of HER2-overexpressing cell
lines.39,40 The monoclonal antibody pertuzumab (PZB)
binds domain II of the ECD, sterically interfering with
heterodimerization,41 and is also approved for treating
HER2-positive cancers in a neoadjuvant setting.42 Again,
single treatment with PZB was shown to not significantly alter
surface and total ErbB receptor levels.43 In line with the

literature, we observed no noteworthy changes of the HER2
distribution after incubation with TZB or PZB alone in our
assay (Figure S-4b,c).
It has been postulated that a combination of PZB and TZB

(PZB+TZB), which shows synergistic antitumor activities and
has been found efficacious in clinical application,44 also acts
through receptor down-regulation.43 Although we have
recently confirmed extensive receptor cross-linking by PZB
+TZB (Stüber et al., manuscript in preparation), we found
only a very modest reduction of total HER2 for PZB+TZB
after 17.5 h (Figure 4d), which, in agreement with current
literature,10 emphasizes that HER2 degradation by PZB+TZB
is a slow process.
In contrast, a biparatopic, tetravalent HER2 antibody,

Medi4276, which is a fusion of a TZB scFv to the IgG 39S,
has recently been reported to lead to rapid receptor
internalization and degradation.10 We produced a closely
similar molecule, by constructing the fusion of a TZB single-
chain variable fragment (scFv) to the 39s IgG according to the
publications, yielding 39S-TZB. Whereas strong receptor
internalization by this construct was fully reproduced by our
assay after exposing the cells to 50 nM of the antibody, we
could not reproduce the report10 of a seemingly dramatic
reduction in total HER2 after 24 h (Figure 4e) for our
construct.
The antitumor biparatopic designed ankyrin repeat protein

(DARPin)45 6L1G, which binds domains I and IV of two

Figure 4. HER2 internalization and degradation investigated by SPIDA. HER2 is strongly degraded by GA (a; same data as in Figure 2e,g, but with
relative abundances plotted) but rescued from degradation through the addition of proteasome inhibitor MG-132 (b). SPIDA confirms that PMA
induces HER2 internalization but not degradation, in agreement with a recent report (c).34 Combination of mAbs PZB and TZB (d) does not
cause substantial receptor down-regulation, in contrast to 39S-TZB, which efficiently induces HER2 internalization, but only slow degradation (e).
Biparatopic antitumor DARPins, which cause apoptosis,47 leave the HER2 distribution mostly unaltered (f).
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HER2 receptor molecules,46 achieves a strong cytotoxic
activity on HER2-dependent cancer cells47 by interlocking
and strongly immobilizing the receptors (Stüber et al.,
manuscript in preparation). For cells treated with 6L1G, we
did, in line with previous studies,47 observe no substantial
change of the total amount (Figure 4f). It is noteworthy that in
our HEK-TREx_HT-HER2 cell line, HER2 overexpression is
only transiently induced and these cells are not HER2-
addicted48 and, consequently, not sensitive to treatment with
molecules which specifically exploit HER2 addiction, such as
DARPin 6L1G (Figure S-5). Thus, the induced receptor
internalization and degradation are not caused by effects on
receptor distribution, for example, through induction of
apoptosis. We also tested whether the HER2-binding DARPin
6L1G, which has been shown to uncouple HER2 from
EGFR,47 affects EGFR levels. As expected, 6L1G did not alter
the distribution of HT-EGFR (Figure S-3b).
In summary, our HER2 data show that receptor cross-

linking alone is not sufficient for efficient HER2 internalization
or degradation. Our assay protocol may thus aid in future
investigations into which precise geometric requirements of a
binder−HER2 complex must be fulfilled in order to induce
down-regulation of HER2.
Epithelial Cell Adhesion Molecule (EpCAM). The

epithelial cell adhesion molecule (EpCAM) is overexpressed
on most tumors of epithelial origin and likely more accessible
in tumors than in normal tissues.22 It is further of particular
interest for targeted therapy because it is also found on cancer
stem cells.22 In contrast to our previous examples, EpCAM is a
rather small glycoprotein (∼40 kDa)roughly the same size
as the HaloTag enzymeand does not possess kinase activity.
To our knowledge, for none of the EpCAM-targeting
approaches described in the literature was it demonstrated
that its uptake rate exceeds the rate of passive internalization
through surface protein recycling; in other words, there is no
evidence that any targeting ligand would induce internal-
ization. Induction of EpCAM internalization and degradation
would, however, be highly beneficial for targeting approaches
for two reasons: First, direct inhibition of proliferation by
down-regulation of EpCAM may be possible.22 Second,
massively increased EpCAM-specific uptake, possibly accom-
panied by an advantageous pharmacokinetic profile, could
potentially enlarge the therapeutic window for treatment with
drug-conjugated entities.
We therefore first explored whether EpCAM surface

retention may also be abrogated by GA, as we observed for
our two RTKs from the EGFR family. Not surprisingly,
though, this was not the case for EpCAM (Figure 5a), for
which no constitutive HSP90 interaction of the mature protein
has been described in the literature. Ec1 and Ac2 are DARPins
binding to different EpCAM epitopes, and both can act as
targeting modules in several DARPin−toxin fusion formats
with tunable pharmacokinetics.49,50 Whereas Ec1 mildly
increased surface and total EpCAM (Figure 5b), it was slightly
reduced by Ac2 (Figure 5c). A tetravalent DARPin construct
obtained through inclusion of a self-associating leucine zipper
domain,51 Ec1-LZ2-Ac2, also seemed to only mildly increase
surface and total EpCAM (Figure 5d) in this HEK293 reporter
line.
Together, our experiments with EpCAM-targeting DARPin

constructs indicate that they only marginally alter the
distribution of this surface protein. This suggests that screening
for molecules that actively trigger EpCAM internalization or

degradation, if they can be constructed, may generate more
efficient EpCAM-targeting therapies, and this screening is
readily possible with our protocol.

■ CONCLUSIONS
Overall, we show through direct comparison with reference
methods that SPIDA provides accurate results for surface,
internal, and total receptor amounts from a single experiment,
which can be generically scaled to high throughput. In addition
to providing time resolution, SPIDA can be run for dozens of
test ligands in parallel, without requiring their tedious labeling
or the use of commercially available antibodies, which may
often be only poorly characterized.52 In contrast to approaches
where affinity reagents are used for detection, all epitopes
remain available on the protein of interest. As the HT is rather
small (at least compared to antibodies) and attached through a
long, flexible linker, it is much less likely to interfere with
biological function or internalization and degradation of the

Figure 5. SPIDA with EpCAM. Whereas GA seems to cause only
little surface EpCAM loss (a), EpCAM-binding DARPin Ec1 slightly
increases surface EpCAM (b). In contrast, another DARPin, Ac2,
causes minor EpCAM down-regulation (c). A tetravalent construct, in
which both DARPins are combined, results in a very slight increase of
surface EpCAM (d).
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protein of interest than, for example, bivalent antibodies, as
supported by the robust internalization and phosphorylation
data of HT-EGFR upon EGF treatment that we report here.
Despite great advances in high-content screening by

microscopy, a robust and informative analysis of subcellular
localization, as well as total protein quantification, still requires
advanced instrumentation and elaborate and extensive image
processing.53,54 Although, in principle, our protocol can be
adapted to readout by high-throughput microscopy, flow
cytometry, which provides rapid and robust data evaluation, is
fully sufficient because subcellular resolution is provided by
means of localization-specific staining. Additional analysis
dimensions could easily be added on modern multiparameter
flow cytometers. We also observed that the SPIDA data were
consistently less noisy than our and literature data obtained
with affinity reagents.
The SPIDA principle could also be applied to similar tag−

ligand systems (e.g., the SNAP55 tag), given sufficient
specificity of the (cell-permeable) ligands. Although we have
established the methodology for HEK293 cells, we cannot
exclude cell line-specific effects on the magnitude of induced
receptor internalization and degradation. In the future, novel
DNA editing tools may enable routine introduction of
HaloTagged receptor fusions into disease model cell lines,56

in turn allowing researchers to investigate cell-type and
disorder-specific phenotypes regarding internalization and
degradation.
We performed SPIDA successfully with two receptor

tyrosine kinases of the epidermal growth factor family and an
unrelated cell adhesion molecule and demonstrated that the
effects of small molecules, growth factors, antibodies, as well as
novel scaffold binders can all be robustly evaluated and directly
compared. Established mechanisms, like EGFR internalization
upon EGF treatment, down-regulation of HER2 by GA,
degradation of EGFR by an antibody combination, and
internalization of HER2 by 39S-TZB, could all be
quantitatively observed in our system. Our data also show
that HER2 down-regulation through the PZB+TZB combina-
tion is slow at best, but novel biparatopic agents are far more
potent. This raises interesting questions about the exact
requirements for rapid down-regulation that SPIDA may help
to answer. Furthermore, our results with EpCAM indicate that
the efficacy of current targeting approaches directed against
this molecule may be potentiated if internalization and
degradation can be induced, which can readily be measured
by SPIDA. In summary, SPIDA provides a universally
applicable protocol for drug discovery but also constitutes a
quantitative basic research tool.
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