
Trkulja et al., Sci. Adv. 2021; 7 : eabe6397     16 April 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

1 of 15

B I O C H E M I S T R Y

Rational antibody design for undruggable targets using 
kinetically controlled biomolecular probes
Carolina L. Trkulja1†, Oscar Jungholm2†, Max Davidson1†, Kent Jardemark2, Monica M. Marcus2, 
Jessica Hägglund1,2, Anders Karlsson1,3, Roger Karlsson1,3, Joseph Bruton2, Niklas Ivarsson2‡, 
Sreesha P. Srinivasa1, Alexandra Cavallin2, Peder Svensson4, Gavin D. M. Jeffries5,  
Maria-Nefeli Christakopoulou2, Anna Reymer1,6, Anaswara Ashok1, Gabriella Willman1, 
Daniela Papadia1, Emma Johnsson1, Owe Orwar1,2*

Several important drug targets, e.g., ion channels and G protein–coupled receptors, are extremely difficult to ap-
proach with current antibody technologies. To address these targets classes, we explored kinetically controlled 
proteases as structural dynamics–sensitive druggability probes in native-state and disease-relevant proteins. By 
using low–Reynolds number flows, such that a single or a few protease incisions are made, we could identify anti-
body binding sites (epitopes) that were translated into short-sequence antigens for antibody production. We 
obtained molecular-level information of the epitope-paratope region and could produce high-affinity antibodies 
with programmed pharmacological function against difficult-to-drug targets. We demonstrate the first stimulus- 
selective monoclonal antibodies targeting the transient receptor potential vanilloid 1 (TRPV1) channel, a clinically 
validated pain target widely considered undruggable with antibodies, and apoptosis-inducing antibodies selec-
tively mediating cytotoxicity in KRAS-mutated cells. It is our hope that this platform will widen the scope of anti-
body therapeutics for the benefit of patients.

INTRODUCTION
Although there has been tremendous development of antibody tech-
nologies and antibody-based therapeutics over the past 20 years, it 
is unexpected that only 60 unique antibody therapeutics (based on 
target) are available to patients (1). Both G protein–coupled recep-
tors (GPCRs) and ion channels are particularly underexploited for 
antibody-based therapeutics. For GPCRs, there are only two marketed 
monoclonal antibody therapies (1) while several are in development 
(2). For ion channels, there are no market-approved monoclonal 
antibodies (1–3). A small number of monoclonal antibodies that 
target ion channels with large extracellular (EC) regions (e.g., P2X 
channels) have been developed; however, ion channels with small 
EC regions, including transient-receptor potential (TRP) channels, 
are extremely challenging to target with antibodies (2, 4).

Current technologies for antibody development largely rely on 
producing antigens, either from whole or parts of proteins. When 
these are structurally stable in solution and maintain their native 
disease-relevant state and meaningful epitope structure throughout 
the discovery cycle, they can successfully be used with the hybrid-
oma technology (5), phage display, and other screening-based 
technologies (6). These approaches have been highly successful, in 
particular, for soluble proteins. Another strategy for antibody de-
velopment is based on predicting suitable epitope regions based on, 
e.g., crystal structures or a bioinformatic (in silico) evaluation of the 
protein sequence.

Independent of approach, poor results have been obtained for 
antibody development against ion channels and other multipass 
transmembrane proteins, typically having poorly exposed surface 
area. In contrast, several single-pass membrane proteins with large 
exposed surface area such as SLAMF7, CTLA-4, HER2, CD30, PD-L1, 
and PD-1 (1) have been successfully developed. The fundamental 
problem with multipass membrane proteins has been that the native 
state is not preserved unless they are embedded or anchored in a 
lipid membrane and, furthermore, that they have complex structural 
dynamics that are difficult to capture in vitro or in silico. Multipass 
transmembrane proteins, such as ion channels, are flexible, exhibit-
ing transitory structural variations that are kT-driven, but also state 
dependent (open-closed channels, desensitization, and association/
binding) (7–10). Conformational transformations may be elicited 
principally by (i) changes in the membrane potential of a cell (11), 
(ii) changes of the physical (e.g., temperature) EC environment (12), 
or (iii) ligand binding (13). Thus, a native protein, such as an ion 
channel, has a broad spectrum of different structural conformations 
along with different exposures of regions that may constitute oppor-
tunistic targets for ligands or drugs, including antibodies. As visual-
ization, a simulation showing thermally induced fluctuations and 
motions of a TRP channel at 37°C can be found in movie S1.

Here, we present a new platform technology for antibody develop-
ment against currently undruggable ion channels and other mem-
brane proteins. This approach can produce antigens for potential 
epitopes identified on native-state, disease-relevant proteins in mo-
tion. The methodology encompasses a series of distinct steps, which 
are described in detail in the following section. In the subsequent 
results section, we present example data resulting from different 
epitope-mapping protocols as well as antibodies developed to-
ward two targets TRPV1 and KRAS, previously undruggable with 
antibodies.

A protein exposes different accessible regions on its surface 
dynamically, and the pivotal step of the presented technology is 
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identification of potential antibody binding sites (epitopes) on such 
dynamic protein structures. For this purpose, first, we use “antibody- 
like” (see below) proteases as freely diffusing molecular probes, 
adapting to the real-time dynamics and structural motion of a pro-
tein. Second, as further described below, by controlling protease 
activity (kinetics), only epitopes on native and disease-relevant tar-
get structure are identified. A protease specifically cleaves a peptide 
bond in a native, tertiary structure if said peptide bond is surface 
exposed (14). The binding interface of several proteases is of similar 
size as the binding interface of an antibody variable region (Fig. 1A) 
[i.e., specifically immunoglobulin G (IgG) (15–19)], and the area of 
the exposed target surface required for protease docking is similar 
to that required for antibody binding (Fig. 1B). Therefore, these 

proteases can, in theory, be used as druggability probes for identifi-
cation of antibody binding sites. The protease, when binding to a 
target, provides molecular-level information on the location of its 
catalytic triad, within the docking area of the target protein, and 
yields a protease-identified cut site (PIC). The produced PICs are 
translated into a central point or coordinate in the epitope. The key 
to success lies in identifying PICs only on relevant protein structure, 
obtained using limited digestions to avoid target denaturation (20). 
Suitably, proteolytic activity (kinetics) is controlled using microfluidic 
flow cells (Fig. 2A) operating at low–Reynolds number flow. Mem-
brane vesicles or cells presenting the target are immobilized on the 
inner surface of a microfluidic device [an example of a suitable flow 
cell has previously been presented in detail (21)]. The target is exposed 

Fig. 1. Schematic drawing comparing key structural features of importance in the protease-target and antibody-target binding interfaces. (A) Area comparison 
of protease and antibody binding interfaces, exemplified by the proteases proteinase K [Protein Data Bank (PDB), 2id8] and trypsin (PDB, 1h4w), respectively. The images 
display the bottom and side views of the respective proteases and the variable region in one antibody Fab fragment (the binding region of an antibody) (PDB, 6bae). The 
catalytic triad in the proteases, and the complementarity determining regions (CDR) of the antibody variable region have been colored red. (B) Binding of a protease to a 
protein results in a cut in the peptide sequence. Under controlled kinetics conditions in a native protein, this cut is denoted a protease-identified cut site (PIC) and can be 
used to identify molecular-level information of where protease binding to the target protein has occurred. Because of size similarity of the area of the protease-binding 
surface and the CDR of the variable region, a PIC is predictive of a region that can be bound by an antibody.
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Fig. 2. Schematic drawing showing the workflow in the platform from identification of antibody binding sites to the final antibody product. (A) The protein 
target is immobilized within a microfluidic flow cell, either in whole cells or in membrane-derived vesicles, enabling exposure of the protein to sequential protease diges-
tion under controlled kinetic conditions, resulting in the release of peptides that is identified with MS/MS. A combination of distinct kinetically controlled proteolysis steps 
are used. (1) The protein is exposed to a protease under cold kinetic conditions that creates one or a few cuts. Release of peptides for analysis occurs if cuts are close in 
sequence. To also detect single cuts, (2) a protease with complementary specificity is used under hot kinetic conditions for peptide harvest. Released peptides are identi-
fied using MS/MS where cold kinetic cut sites made on the native protein are considered for further analysis. Identified cold kinetic cut sites are denoted PICs. LC-MS/MS, 
liquid chromatography–MS/MS. (B) Identified PICs are mapped onto a 3D structure of the target to visualize the distribution of accessible areas for antibody binding, 
identifying discontinuous and continuous epitopes, respectively. Epitope sequence is correlated against functional information to filter and sort epitopes that would yield 
binders, agonists, or antagonists. (C) Synthetic antigens mimicking the identified epitopes on the protein target are used to produce optimized antibodies using either 
immunization or antibody library screening (e.g., phage display). (D) Schematic of hASO where antigens and antibodies are optimized toward an epitope region through 
an iterative process. Small changes in antigen position/sequence/structure are introduced in each step, and the characteristics of each resulting antibody are evaluated 
until the desired properties (affinity, selectivity, and function) have been achieved.
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to a protease or sequences of proteases (at a given concentration for 
a controlled period of time) as step functions with additional treat-
ments, wash steps, and sample collections in-between. Cleaved-off 
peptides are analyzed using tandem mass spectrometry (MS/MS) 
(Fig. 2A). Flow cells with various surface-to-volume ratios are avail-
able to accommodate detection of peptides from small sample 
volumes (22, 23).

Digestion protocols are tailored on the basis of target sequence. 
Proteases with different specificity are used in parallel to maximize 
amino acid sequence coverage, or they can be used sequentially to 
increase detection. A first step involves subjecting a target to a pro-
tease under “cold” kinetic conditions, i.e., controlled reaction rate 
conditions to make only one or few precision cuts in the target 
sequence that are predictive of surface exposure and potential anti-
body binding sites (Fig. 2A). To capture both single and dual cuts, a 
secondary protease is used under “hot” kinetic conditions to harvest 
peptides for identification (Fig. 2A). Primary PICs and secondary 
protease cut sites are easily differentiated by using first and second 
proteases with different sequence specificity.

Modeling and structure analysis are performed to fit PICs into a 
three-dimensional (3D) model, to visualize the structure of the ex-
posed surfaces (Fig. 2B). Two types of epitopes are commonly iden-
tified. PICs, distant in the amino acid sequence, but within the same 
surface region of the 3D-folded protein, define a “discontinuous 
epitope.” PICs closely located in the amino acid sequence and within 

the same surface region of the folded protein define a “continuous 
epitope.” If an antagonistic or agonistic antibody is desired, then the 
epitope sequences are correlated against bioinformatic data on 
target function to identify epitopes overlapping or coinciding with 
functionally important regions (Fig. 2B).

Antibody production directed to epitopes identified through PICs 
and functional correlation is enabled using short synthetic peptide 
antigens. The antigens are designed on the basis of knowledge of the 
extended surface area surrounding the PICs that corresponds ap-
proximately to the surface area of an antibody-protein binding 
interface. Short synthetic antigens have few structural degrees of 
freedom and therefore result in less diverse antibodies using immu-
nization (Fig. 2C) (24, 25). These antigens can be forced into con-
formations matching the target structure using peptide chemistry 
(e.g, cyclic, stapled, or nicked peptides). For a discontinuous epitope, 
multiple antigens are developed where each part, corresponding to 
the separate sequence segments in the discontinuous epitope, is 
translated into a peptide antigen. Both immunization and antibody 
library screening (e.g., phage display) can be used for production 
against a continuous epitope (Fig. 2C). With immunization, the 

Fig. 3. Comparison of the number of PICs in the HEK cell membrane proteome 
using different digestion protocols. (A) Identified cut sites per detected protein 
with varying protease exposure. Membrane-derived vesicles from HEK cells were 
subjected to varying protease exposure (concentration and time) using either trypsin, 
chymotrypsin, Asp-N, and proteinase K. The number of identified extracellular cut 
sites per detected membrane protein is shown. The number of identified cut sites 
increases with increasing protease exposure. (B) Comparison of the number of 
identified cut sites after using a cold kinetic digestion (protease 1) alone or in com-
bination with a sequential hot kinetic digestion (protease 2).

Fig. 4. Location of PICs on TRPV1 with corresponding epitope region used for 
development of the modality-selective anti-TRPV1 antibody OB1. (A) Snake 
plot of hTRPV1 showing PICs (red) in the extracellular region, identified after a 
cold kinetic digestion using proteinase K. (B) Top and side view of a homology 
model of hTRPV1, showing the identified PICs marked in red and the epitope region 
translated into a synthetic antigen for development of OB1 marked in green.
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antibody is in vivo affinity matured against the antigen and with library 
screening, by choosing suitable libraries; e.g., from patients with 
autoimmune disease, there is a possibility to select autoantibodies. 
For a discontinuous epitope, screening antibody libraries against 
multiple antigens developed for the epitope may select antibodies 
that bind all parts of the epitope. Subsequently, optimization of 
epitope-binding antibody candidates is done through a process named 
human antigen superoptimization (hASO) as shown in Fig. 2D. This 
is a systematic interrogation of the epitope area with many different 
antibodies, generated from a plurality of altered antigens. More spe-
cifically, antigen libraries are created, where small sequence alter-
ations, i.e., elongations, truncations, and amino acid exchanges, are 
introduced into the antigens, to find a high-affinity binding anti-
body. This interrogation requires detailed knowledge of the epitope 
area, which is inherently provided by the presented technology. 
Ultimately, this results in an hASO-optimized antigen used to pro-
duce the final antibody with an optimal function and affinity 
profile. The pharmacological profile, and affinity, can be further 
optimized using traditional antibody engineering strategies, includ-
ing in vitro affinity maturation. The end product is an antibody, tai-
lored to elicit the optimal binding interaction toward the epitope 

region through detailed knowledge of both the epitope and para-
tope sequence, to yield the required disease-modifying functionality.

RESULTS
An example of how the level of protein digestion can be controlled 
by using different protease exposures to a human embryonic kidney 
(HEK) cell line can be seen in Fig. 3A. Here, the proteases trypsin, 
chymotrypsin, Asp-N, and proteinase K were used at different con-
centrations and incubation times. The average number of EC cut 
sites per protein is shown for each protease and protocol, and the 
protocols have been adjusted such that the lowest protease exposure 
yields approximately two to three cut sites per protein. In cases 
where a cold kinetic digestion does not generate a released fragment 
from the target protein for analysis, a second hot kinetic digestion is 
used to harvest peptides. By using proteases with different specific-
ity, the first cut site can be identified as it has a unique molecular 
signature through its terminal amino acids. If trypsin (cold kinetic 
digestion) and Asp-N (hot kinetic digestion) are used in sequence, 
then we would obtain peptides where the N-terminal amino acid 
follows Lys/Arg and where the C-terminal amino acid is followed 

Fig. 5. Pharmacological evaluation of the modality-selective anti-TRPV1 antibody OB1. (A) Binding of OB1 to CHO cells overexpressing hTRPV1 measured using flow 
cytometry (n = 2). a.u., arbitrary unit. (B) Immunocytochemistry image obtained using confocal fluorescence microscopy showing binding of OB1 (green) to overexpressing 
hTRPV1 CHO cells. Nuclei have been colored blue with Hoechst 33342 (C) Patch-clamp recordings of 300 nM capsaicin-induced TRPV1 currents showing percentage of 
inhibition after treatment with 113 nM (n = 3) OB1 compared to vehicle (n = 3). Statistical significance was determined using Student’s t test. (D) Patch-clamp record-
ings of 100 nM capsaicin-induced TRPV1 currents showing percentage of inhibition after treatment with either 225 nM (n = 5), 113 nM (n = 4), or 45 nM (n = 5) OB1 com-
pared to vehicle (n = 13). Statistical significance was determined using a one-way analysis of variance (ANOVA) in combination with Dunnett’s multiple comparison test. 
(E) Patch-clamp recordings of 1 M NADA-induced TRPV1 currents showing percentage of inhibition after treatment with either 225 nM (n = 4) or 45 nM (n = 5) OB1 
compared to vehicle (n = 13). Statistical significance was determined using a one-way ANOVA in combination with Dunnett’s multiple comparison test. (F) Fluorescence 
intensity recordings of heat-induced TRPV1-mediated calcium uptake showing percentage of inhibition after treatment with 225 nM (n = 6) OB1 compared to vehicle 
(n = 13). Statistical significance is indicated as follows: **P < 0.01 and ****P < 0.0001. Data are presented as means ± SEM.
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by Asp. Alternatively, Asp is at the N terminus, and Lys/Arg is at the 
C terminus. In both cases, the Lys/Arg cut resides in a region of the 
protein accessed by the cold protease while the protein was in a na-
tive state. As an example, we evaluated the impact of using different 
sequential digestion protocols with a cold kinetic digestion followed 
by a hot kinetic digestion, on the whole proteome level for HEK cells 
as can be seen in Fig. 3B. The number of EC PICs that could be de-
tected, digested by the first protease with cold kinetic conditions, 
increased between 79 and 136% after addition of the second protease 
under hot kinetic conditions.

Modality-selective anti-TRPV1 antibody
TRPV1 is a clinically validated target both for acute and chronic 
pain and has been studied for almost two decades (26). TRPV1 is a 
temperature-sensitive ion channel that can be activated by several 
cues as described in Supplementary Text. Despite a long history as a 
promising drug target, small-molecule approaches, where attempts 
have been made to block all activity of the receptor, including heat 
activation, have failed because of adverse side effects such as hyper-
thermia or loss of heat sensation (27). Our aim was to develop 
modality-selective, antagonistic antibodies targeting TRPV1 to in-
hibit only capsaicin activation and not heat activation of the channel. 
It is generally believed that this modality-selective antagonism will 
avoid the heat-related side effects observed in clinical trials with his-
toric small-molecule antagonists that block all TRPV1 modalities.

To probe the surface of the TRPV1 protein for potential anti-
body binding sites, proteolysis under cold kinetic conditions was 

performed on membrane vesicles derived from human TRPV1 
(hTRPV1)–expressing Chinese hamster ovary (CHO) cells immo-
bilized inside a flow cell (21, 28). It has previously been shown that 
TRPV1 retains capsaicin-induced activity in these membrane-derived 
vesicles (28). Using a digestion protocol with proteinase K (5 g/ml) 
for 5 min, a total of 19 PICs were identified. Two of these were of 
particular interest for development of therapeutic antibodies poten-
tially having a stimulus-selective pharmacological profile different 
from classical small-molecule antagonists. These were both located 
in the prepore EC loop preceding the pore region, as can be seen in 
Fig. 4A, and confirm that the prepore loop is accessible to antibody 
binding. A homology model of TRPV1 was created to position the 
PICs in 3D, where the prepore loop was determined to be highly 
flexible, and a potential epitope region was defined (marked in green 
in Fig. 4B). Cryo–electron microscopy studies have shown that acti-
vation of TRPV1 with the ligand resiniferatoxin (RTX) results in a 
shift in position of the prepore loop and the pore helix, leading to 
widening of the selectivity filter (29). Capsaicin, RTX, and other 
vanilloid ligands activate TRPV1 by binding into a vanilloid pocket 
in the transmembrane region far away from the prepore region (30). 
Several of these small-molecule antagonists have been shown to 
block all stimulus modalities, including heat activation, in TRPV1 
(31). We hypothesize that binding of an antibody to the prepore loop 
can lead to an allosteric modulation of TRPV1 activity that is dis-
tinct from the competitive antagonism elicited by small molecules 
binding in the vanilloid pocket. To investigate this possibility, we 
created and used three different antigens, consisting of either linear 

Fig. 6. Snake plot and crystal structure (surface representation) of KRAS highlighting the location of PICs in relation to the selected epitope region used for 
development of anti-KRAS antibodies. (A) Snake plot of hKRAS showing PICs (red) identified after a cold kinetic digestion and the selected epitope region marked 
within a green box. (B) Crystal structure of hKRAS (PDB, 4lpk) showing the identified PICs marked in red and the corresponding epitope sequence translated into a syn-
thetic antigen for development of anti-KRAS antibodies marked in green.



Trkulja et al., Sci. Adv. 2021; 7 : eabe6397     16 April 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

7 of 15

or cyclic peptides, for monoclonal antibody development through 
immunization, and subsequently, clones were selected for further 
evaluation based on binding to TRPV1 using flow cytometry as can 
be seen in fig. S1. All three antigens resulted in monoclonal anti-
bodies capable of binding to TRPV1 but differing in capability of 
inhibiting capsaicin-induced currents. To date, the clone eliciting 
the highest inhibition of capsaicin currents was developed using a 
cyclic antigen (table S2), matching the marked epitope region in 
Fig. 4, A and B, and the antibody was named OB1. OB1 bound to 
TRPV1 as observed with immunocytochemistry (Fig. 5B), and a 
binding median effective concentration (EC50) against the TRPV1 
protein was determined to be 6 nM, using flow cytometry (Fig. 5A). 
OB1 inhibited both capsaicin-induced currents (Fig. 5, C and D) 
and currents induced by the endogenous ligand N-arachidonyl 
dopamine (NADA) as shown in Fig. 5E in a dose-dependent manner. 
With electrophysiology, it was further confirmed that 113 nM OB1 
elicited 71% inhibition of 300 nM capsaicin-induced currents (Fig. 5C), 
225 nM OB1 elicited 59% inhibition of 100 nM capsaicin-induced 
currents (Fig. 5D), and 68% inhibition of 1 M NADA-induced 
currents (Fig. 5E). Using single-cell calcium imaging in combination 
with pulsed infrared laser heating, a 3%, nonsignificant, potentiation 
of heat-activated currents (Fig. 5F) was observed when comparing 
225 nM OB1-treated cells to vehicle-treated cells. This experiment 
suggests that OB1 treatment had no effect on heat-activated currents. 
Together, OB1 displays a stimulus-selective multimodal pharmaco-
logical profile, inhibiting NADA and capcaisin currrents while at 
the same time not interfering with the ion channel’s heat-sensing 
capacity. OB1 is the result of interrogation of the discovered epitope 
region using three antigens with slightly different sequence and 

structure. Although still early in the development process, OB1 is a 
promising candidate for further preclinical development because of 
its high affinity and its differential pharmacological effect on TRPV1 
function, comparing ligand inhibition with heat inhibition. New gen-
erations of monoclonal antibodies optimized against this epitope re-
gion hold great promise for a safe and efficacious pain therapy.

anti-G12/13D-KRAS antibodies
KRAS is a small guanosine triphosphatase that acts as an on/off 
switch and is a key component in regulation of cell differentiation, 
proliferation, and survival (32). It is the most frequently mutated 
oncogene where mutated forms have been found in 22% of all cancers 
(33). KRAS mutations at residues G12 and G13 are dominant 
oncogenic mutations in human cancer and substitutions at these 
residues result in constitutively active guanosine 5′-triphosphate 
(GTP)–bound KRAS, due to reduced intrinsic GTP hydrolysis 
(32, 34). The most frequent KRAS substitutions to occur in cancer, 
in descending order, are G12D, G12V, G13D, and G12C, together 
comprising ~85% of all KRAS-mutated cancers (35). Although KRAS 
is considered a holy grail in cancer drug development, drugs that 
target KRAS have not been successful until the recent small-molecule 
efforts by Amgen (AMG510) (36) and Mirati (MRTX849) (37). 
AMG510 and MRTX849 covalently modify the cysteine residue in 
the G12C mutation and have shown promise in early clinical trials. 
However, AMG510 and MRTX849 can only address G12C mutant 
cancer, which is limited to about 12% of all KRAS mutated cancers 
(35). There is still a large unmet clinical need for therapies targeting 
additional KRAS mutations. Our aim was to explore the possibility to 
develop specific antibodies toward G12D- and G13D-mutated KRAS.

To probe the surface of membrane-anchored KRAS for potential 
antibody binding sites, we performed proteolysis under cold kinetic 
conditions on membrane vesicles, derived from HEK cells with an 
endogenous expression of KRAS. Three different protocols, as de-
scribed in table S1, generated PICs, in or in close vicinity to the guano-
sine diphosphate (GDP)/GTP pocket as shown in Fig. 6 (A and B). 
The identified PICs are distributed from amino acids 10 to 21 and 
form a continuous epitope. Part of the amino acids 10 to 21 regions 
seem to be hidden by the switch I (amino acids 30 to 38) region (see 
fig. S2, A and B). This is a dynamic part of the protein that under-
goes conformational changes between the GDP- and GTP-bound 
forms of KRAS (32), and there is likelihood that the identified epi-
tope region is exposed transiently to protease and antibody binding. 
Because of the overlap of the epitope with the GDP/GTP pocket, 
this region was predicted to generate antagonistic antibodies. A linear 
peptide corresponding to amino acids 10 to 21 was synthesized and 
used for oligoclonal antibody production in rabbits. The antibodies 
were evaluated for their ability to inhibit KRAS-driven GTP hydro-
lysis in an enzymatic assay and antibody (0.25 mg/ml) inhibited 
KRAS (1 mg/ml) to 41% (fig. S3). Having confirmed that antibody 
binding to the epitope region is inhibitory, and that the epitope over-
laps with the mutated residues at positions 12 and 13, we explored 
the possibility to develop mutant-specific antibodies. On the basis 
of the structural similarity of the epitope region between wild-type 
and G12D- and G13D-mutated KRAS (see fig. S4), antibodies named 
aG12/13D antibody 1 and 2 were developed using antigens with 
G12D and G13D substitutions. After production, enzyme-linked 
immunosorbent assay (ELISA) was used to evaluate the affinity of 
each antibody for the respective mutation using G12D and G13D 
peptides, and it was determined that both antibodies, produced using 

Fig. 7. Determination of aG12/13D antibody 1 and 2 binding affinity by ELISA. 
(A) ELISA measurement of aG12/13D Ab 1 against G12D and G13D peptides (n = 1). (B) ELISA 
measurement of aG12/13D Ab 2 against G12D and G13D peptides (n = 1).
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either a G12D or a G13D peptide as antigen, were capable of bind-
ing both peptides where aG12/13D Ab 1 shows an EC50 of 0.6 nM 
toward the G13D peptide and 0.7 nM toward the G12D peptide and 
aG12/13D Ab 2 shows an EC50 of 4.4 nM toward the G13D peptide 

and 2.9 nM toward the G12D peptide (see Fig. 7, A and B). The 
in vitro anticancer efficacy of aG12/13D antibodies was deter-
mined by evaluating their capability to cause apoptosis in four dif-
ferent KRAS-mutated cell lines, i.e., G12D-mutated SK-LU-1 lung 

Fig. 8. Confocal fluorescence microscopy and flow cytometry demonstrate uptake of anti-KRAS antibodies in mutated and wild-type KRAS cells. (A) Confocal 
microscopy images showing antibody uptake after 24 hours of treatment with 220 nM Alexa Fluor 488–conjugated aG12/13D Ab 1 in a G13D-mutated KRAS cell line 
HCT116, a G12D-mutated KRAS cell line SK-LU-1, and two wild-type KRAS cell lines A431 and NCI-H1975. Antibody labeling appears as green or white fluorescence. Membranes 
have been colored purple using CellMask plasma membrane stain and nuclei blue using Hoechst 33342. Confocal settings were optimized for each cell line, for viewing 
purposes. (B) Flow cytometry data showing antibody internalization at different time points after treatment with 220 nM Alexa Fluor 488–conjugated aG12/13D Ab 
1 in a G13D-mutated KRAS cell line HCT116, a G12D-mutated KRAS cell line SK-LU-1, and two wild-type KRAS cell lines A431 and NCI-H1975 (n = 4). WT, wild type. 
(C) Confocal microscopy image showing antibody uptake after 24 hours of treatment with 220 nM Alexa Fluor 488–conjugated aG12/13D Ab 2 in a G13D-mutated KRAS cell 
line HCT116, a G12D-mutated KRAS cell line SK-LU-1, and two wild-type KRAS cell lines, A431 and NCI-H1975. Fluorescence from antibodies appears green or white. 
Membranes have been colored purple using CellMask plasma membrane stain and nuclei blue using Hoechst. Confocal settings were optimized for each cell line, for 
viewing purposes. (D) Flow cytometry data showing antibody internalization at different time points after treatment with 220 nM Alexa Fluor 488–conjugated aG12/13D 
Ab 2 in a G13D-mutated KRAS cell line HCT116, a G12D-mutated KRAS cell line SK-LU-1, and two wild-type KRAS cell lines A431 and NCI-H1975 (n = 4). Statistical signifi-
cance was determined using a one-way ANOVA in combination with Dunnett’s multiple comparisons test. Statistical significance is indicated as follows: **P < 0.01, 
***P < 0.001, and ****P < 0.0001. Data are presented as means ± SEM.
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adenocarcinoma cells, G13D-mutated HCT116 colon carcinoma cells, 
G12V-mutated SW 620 colorectal adenocarcinoma cells, G12C- 
mutated MIA-PA-CA pancreatic carcinoma cells, as well as wild-
type KRAS cell lines, i.e., A431 epidermoid carcinoma cells, and 
NCI-H1975 non–small cell lung cancer cells. A noncancerous cell 
line CRL-1831 colon epithelial cells was also included as a control 
cell line in the apoptosis experiments. Although KRAS is an intra-
cellular (IC) target, we exploited the well-known fact that many 
cancer cell lines, including KRAS-mutated cells, have up-regulated 
macropinocytosis. This uptake system has a well-documented ca-
pacity to internalize macromolecules, including proteins (38–45). 
We used flow cytometry and confocal microscopy experiments to 
evaluate internalization of Alexa Fluor 488–labeled aG12/13D anti-
bodies in the two cell lines bearing the G12/13D mutation as well as 
in the two wild-type KRAS cell lines A431 and NCI-H1975 (Fig. 8). 
The confocal microscopy images presented in Fig. 8 (A and C) show 
uptake of the two aG12/13D antibodies in all the different cell lines 
examined. Flow cytometry experiments further confirmed these ob-
servations, and a statistically significant antibody uptake was observed 
in all KRAS- mutated and all wild-type KRAS cell lines, respectively, 
as shown in Fig. 8, B and D. In addition, antibody internalization 
was further confirmed in G12D- and G13D-KRAS–mutated cell 
lines using an Alexa Fluor 488–labeled polyclonal IgG, using flow 
cytometry and confocal microscopy experiments (fig. S5, A to D). 
In the apoptosis experiments, aG12/13D antibodies were active 
only in G12D- and G13D-mutated cell lines after 24 hours of treat-
ment (Fig. 9). The antibodies did not cause apoptosis in any of the 
other cell lines tested, which included G12C and G12V KRAS-mutated 

cells, wild-type KRAS cancer cells, and noncancerous colon epithelial 
cells (Fig. 9). After 48 hours of treatment, we observed that the 
aG12/13D antibodies elicited an increased level of apoptosis in 
G12D- and G13D-mutated cell lines, compared to the 24-hour treat-
ment. We also observed a small, but statistically significant, increase 
of apoptosis in G12V-mutated cells after 48 hours (fig. S6). None of 
the other cell lines showed any increase in apoptosis after 48 hours 
of antibody exposure (fig. S6). Together, the data show that the 
apoptosis-inducing effect in G12D- and G13D-mutated cells com-
pared to wild-type KRAS cells is not a result of a quantitatively dif-
ferential antibody uptake in favor of KRAS-mutated cells but rather 
a result from a selective inhibition of G12D- and G13D-mutated 
KRAS cells by the aG12/13D antibodies.

The selective effects of the antibodies on G12D and G13D mu-
tants but not on G12C and, to a much lesser extent, on G12V mu-
tants can possibly be explained by that the negatively charged 
aspartic acid residue at the G12 and G13 position in the epitope re-
gion plays an important role in the binding of the antibodies. How-
ever, the allele location at either position 12 or 13, due to the small 
difference in distance, seems to be of minor importance for the 
binding interaction. To the best of our knowledge, this is the first 
description of inhibitory and mutant-specific antibodies targeting 
KRAS. The key to this achievement was the detailed understanding 
of surface exposure of the epitope region and the subsequent use of 
short antigens for antibody production. This enabled us to direct 
antibody development to an accessible, functionally important re-
gion of G12D- and G13D-mutated KRAS using optimized antigens 
to accommodate the mutated residues.

Fig. 9. Evaluation of the apoptosis-inducing capacity of mutation-selective anti-KRAS antibodies in a panel of KRAS-mutated, wtKRAS, and noncancerous cell lines. 
The different cell lines investigated include G13D-mutated HCT116 (colon carcinoma) cells, G12D-mutated SK-LU-1 (lung adenocarcinoma) cells, G12V-mutated SW 620 
(colorectal adenocarcinoma) cells, G12C-mutated MIA-PA-CA-2 (pancreatic carcinoma) cells, cancerous wtKRAS A431 (epidermoid carcinoma) cells, cancerous wtKRAS 
NCI-H1975 (non–small cell lung cancer) cells, and noncancerous wtKRAS CRL-1831 (colon epithelia) cells. Cells were treated with 220 nM antibody or vehicle, and apoptosis 
was quantified in real time using the RealTime-Glo Annexin V Apoptosis and Necrosis Assay kit. The graphs represent the level of apoptosis normalized to vehicle, at 24 hours 
after addition of antibodies or vehicle to the cell cultures. For HCT116 cells, n = 10 (aG12/13D Ab 1) and 12 (vehicle, aG12/13D Ab 2). For SK-LU-1 cells, n = 8. For SW 620 cells, 
n = 8. For MIA-PA-CA-2 cells, n = 4. For A431 cells, n = 8. For NCI-H1975 cells, n = 4. For CRL-1831 cells, n = 6 (vehicle) and 8 (aG12/13D Ab 1 and 2). Statistical significance was 
determined using one-way ANOVA in combination with Dunnett’s multiple comparisons test except for SK-LU-1 cells where statistical significance was determined using a 
Kruskal-Wallis test in combination with Dunn’s multiple comparisons test. **P < 0.01, ***P < 0.001, and ****P < 0.0001. Data are presented as means ± SEM.
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DISCUSSION
We have here presented a novel platform technology that uses pro-
teases under cold kinetic conditions to identify surface-exposed re-
gions accessible to antibody binding, on native-state proteins. We 
have presented exemplary antibodies against two different targets 
that previously have been considered to be undruggable by antibodies. 
First, OB1 is a modality-selective, antagonistic monoclonal antibody 
targeting the ion channel TRPV1 without blocking the ion channel’s 
heat sensor. Second, we developed aG12D and aG13D antibodies, 
two anti-KRAS antibodies that are capable of inhibiting G12D- 
and G13D-mutated KRAS with selectivity over other KRAS muta-
tions (G12V and G12C) as well as over wild-type KRAS.

Some limitations exist and further improvements can be made 
to the presented antibody discovery platform. First, the positions of 
PICs do not translate to a perfect understanding of the full binding 
interface between protease and target. To circumvent this limitation, 
several antigens around the generated PIC are developed (a sche-
matic representation can be found in Fig. 2D). Another interesting 
possibility would be to use hydrogen-deuterium exchange MS, com-
monly used to study protein-protein interfaces, to further define the 
accessible area around a PIC (46). Second, short synthetic peptides 
can have limited structure similarity with the native target. A potential 
approach that would use larger antigens but still allow for precision 
targeting would be to first immunize animals with the full-length 
protein positioned in a lipid system (e.g, nanodisc) and incorporate 
smaller peptide antigens during screening (47–49).

To conclude, with further optimization and preclinical develop-
ment, the presented anti-TRPV1 and anti-KRAS antibodies have 
the potential to address large unmet medical needs within the ther-
apeutic areas of pain and oncology. Both proteins addressed herein 
demonstrate that the technology can discover potential new antibody 
therapeutics where conventional technologies have failed. Further-
more, we believe that the platform technology can be improved 
upon and scaled up, addressing a much larger target space. A logical 
approach going forward would be to try to develop antibodies against 
clinically and genetically validated targets that have failed because of 
toxicity and tolerability issues with small-molecule approaches.

MATERIALS AND METHODS
Cell culture
Adherent CHO cells with a tetracycline-regulated expression (T-REx) 
system of hTRPV1 were cultivated in medium [Dulbecco’s modified 
Eagle’s medium (DMEM)/F12 GlutaMAX] supplemented with 10% 
fetal bovine serum. Zeocin (350 g/ml) and blasticidin (5 g/ml) were 
used as selection antibiotics. Eighteen to 24 hours before use, the cells 
were incubated in medium supplemented with 10% fetal bovine serum 
and doxycycline (1 g/ml) to induce TRPV1 expression. HEK293 
cells were grown in Ham’s F12 medium, at 5% CO2 and 37°C, sup-
plemented with 10% fetal calf serum and nonessential amino acids. 
A431 cells were cultivated using DMEM supplemented with 10% fetal 
bovine serum and 1% penicillin + streptomycin. HCT116 cells were 
cultivated using McCoy’s 5a Medium Modified supplemented with 
10% fetal bovine serum and 1% penicillin + streptomycin. MIA-
PA-CA-2 cells were cultivated using DMEM supplemented with 10% fetal 
bovine serum and 1% penicillin + streptomycin. SK-LU-1 cells were 
cultivated using Eagle’s minimum essential medium supplemented 
with 10% fetal bovine serum and 1% penicillin + streptomycin. 
CRL-1831 cells were cultivated using DMEM/F12 medium supplemented 

with 10% fetal bovine serum, 1% penicillin + streptomycin, cholera 
toxin (10 ng/ml), insulin (0.005 mg/ml), transferrin (0.005 mg/ml), hy-
drocortisone (100 ng/ml), and human recombinant EGF (20 ng/ml). 
The following sources were used: HCT116 (human colon carcinoma), 
European collection of authenticated cell cultures (ECACC) General 
Collection no. 91091005; SK-LU-1 (human lung adenocarcinoma), 
ECACC General Collection no. 93120835; SW 620 (human colon ad-
enocarcinoma), ECACC General Collection no. 87051203; MIA-PA-
CA-2 (human pancreatic carcinoma), ECACC General Collection 
no. 85062806; A431 (human epidermoid carcinoma), ECACC General 
Collection no. 85090402; NCI-H1975 (human non–small cell lung ad-
enocarcinoma), American Type Culture Collection (ATCC) CRL-
5908; CRL-1831 (human normal colon epithelial), ATCC CRL-1831; 
and CHO cells with a T-REx system of hTRPV1 obtained from 
Chalmers University of Technology.

Proteoliposome preparation
Membrane derived vesicles (proteoliposomes) were prepared as pre-
viously described elsewhere (21) in buffer containing 300 mM NaCl, 
10 mM tris (pH 8.0). Complete digestion protocols can be found in 
the Supplementary Materials.

Liquid chromatography–tandem mass spectrometry
For CHO TRPV1 studies, peptide samples were analyzed at the Pro-
teomics Core Facility at Gothenburg University, Göteborg, Sweden. 
Peptides were dried and reconstituted in 15 l of 0.1% formic acid in 
3% gradient grade acetonitrile (ACN) (Merck KGaA, Darmstadt, 
Germany). The ACN gradient (0.2% formic acid) used was 7 to 27% 
(25 min), 25 to 40% (5 min), 40 to 80% (5 min), and 80% (10 min). 
Mass analyses were performed using an interfaced Q Exactive hy-
brid mass spectrometer (Thermo Fisher Scientific). Ions were creat-
ed and sprayed into the mass spectrometer at a voltage of 1.8 kV 
and capillary temperature of 320°C in data-dependent positive-ion 
mode. Full scan (MS1) spectra were acquired in the Orbitrap over 
the mass/charge ratio (m/z) range 400 to 1600, charge range 2 to 6 
at a resolution of 70,000 until an automatic gain control (ACG) tar-
get value of 1 × 106 at a maximum of 250 ms. MS/MS spectra were 
acquired using higher-energy collision dissociation at 30% from m/z 
110 for the 10 most abundant parent ions at a resolution of 35,000 
using a precursor isolation window of 2 Da until an AGC target value 
of 1 × 105 during an injection time of 110 ms. Dynamic exclusion during 
30 s after selection for MS/MS was enabled to allow for detection 
of as many precursors as possible. All tandem mass spectra were 
searched by MASCOT (version 2.3, Matrix Science, London, UK). 
Thermo Proteome Discoverer v. 1.3 (Thermo Fisher Scientific) was 
used to validate MS/MS-based peptide and protein identifications. 
A false discovery rate of 1% at the peptide level was applied, with 
the false discovery rate determined by searching using a reversed 
database as decoy. The SwissProt databases used for searching TRPV1- 
related MS data were those released between 2015_04 (20,205 
human sequences) and 2016_02 (20,199 human sequences).

For HEK293 studies, samples were analyzed on high-accuracy 
Orbitrap instruments. Orbitrap Fusion Tribrid, Q Exactive or 
Orbitrap Elite mass spectrometers (Thermo Fisher Scientific) were 
interfaced with Easy nanoLC 1200 liquid chromatography systems. 
Peptides were separated using an analytical column [300 mm by 
0.075 mm inner diameter (ID)] packed with 3-m Reprosil-Pur 
C18-AQ particles (Dr. Maisch, Germany) using the gradient from 5 
to 7% to 30 to 32% B over 35, 50, or 75 min, followed by an increase 
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to 100% B for 5 min at a flow of 300 nl/min. Solvent A was 0.2% 
formic acid in water, and solvent B was 0.2% formic acid in 80% ace-
tonitrile. MS/MS analysis was performed in a data-dependent mode 
where the most intense precursor ions at charge states 2 to 7 were 
selected for fragmentation. Dynamic exclusion was set to 30 s. Data 
analysis was performed using Proteome Discoverer version 1.4 (Thermo 
Fisher Scientific) against SwissProt (releases 2017_01-2017_06; ap-
proximately 20,100 human entries). Mascot 2.3.2.0 (Matrix Science) 
was used as a search engine with precursor mass tolerance of 5 parts 
per million and fragment mass tolerance of 0.6 Da. Peptides were 
accepted with one to three missed cleavage and variable modifica-
tions of methionine oxidation (M), cysteine alkylation (C), and 
Peptide N Glycosidase F (PNGase F) (Asn->Asp (N)). The detected 
peptide threshold was set to 1% false discovery rate by searching 
against a reversed database.

Antibody development
Synthetic peptides, described in table S2, were synthesized and 
purified. The peptides were linked to keyhole limpet hemocyanin 
(KLH) using either a cysteine residue in the peptide or the N-terminal 
propargyl group. Oligoclonal KRAS antibodies were produced by 
immunization of specific pathogen–free rabbits with the KLH-linked 
peptides, followed by antigen-affinity purification of antiserum from 
the rabbits. Monoclonal TRPV1 antibodies were produced through 
immunizing mice (BALB/c and/or C57BL/6) with the KLH-linked 
peptides and hybridoma technology. For selection of hybridoma 
clones, a combination of ELISA analysis of binding to the antigen 
peptide and flow cytometry analysis of binding to native TRPV1 
protein were used. Monoclonal antibodies were affinity purified 
against protein A from hybridoma supernatant. Generation of syn-
thetic peptides, oligoclonal antibodies, and monoclonal antibodies 
were performed by Innovagen AB (Lund, Sweden).

Flow cytometry of antibodies binding to TRPV1
Antibody binding to CHO cells expressing TRPV1 was measured 
using flow cytometry (CytoFlex, Beckman Coulter). Cells were in-
cubated with different concentrations of purified antibody solution 
in a total reaction volume of 50 l for 30 min at 4°C, followed by 
washing in phosphate-buffered saline (PBS) with 1% bovine serum 
albumin (BSA) and subsequent incubation for 30 min at 4°C with 
50 l of 10 g/ml anti-mouse IgG-Phycoerythrin (PE) secondary anti-
body (Invitrogen #P852). Around 100,000 cells were seeded in each 
well, and 10,000 to 15,000 cells were measured for each treatment. 
For comparison of binding to CHO cells that express TRPV1 and 
CHO cells that do not express TRPV1, a purified antibody concen-
tration of 10 g/ml was used. The negative control was secondary 
antibody only. For evaluation of binding EC50, OB1 concentrations 
of 100, 30, 10, 3, 1, 0.3, 0.1, 0.03, 0.01, and 0.003 g/ml were used. 
Binding was assessed by measurement of fluorescence signal from 
cells and reported as a background-subtracted mean fluorescence 
intensity. Analysis was performed in FlowJo Software (Becton, 
Dickinson and Company). Four biological replicates confirming 
OB1 binding to TRPV1 were performed. The fluorescence-activated 
cell sorting titration curve was performed once.

ELISA measurements of antibodies binding to  
KRAS antigens
MaxiSorp, Nunc-Immuno Plates (Thermo Fisher Scientific) were 
coated with either G12D or G13D peptides (1 g/ml) in PBS and 

incubated 1 hour at 37°C. Peptide sequences are found in table S2. 
Plates were washed with PBS containing 0.05% Tween 20 and incubated 
1 hour at 37°C in the presence of blocking buffer [PBS, 0.5% BSA, 
0.05% Tween 20 (pH 7.4)]. A serial dilution of aG12/13D Ab 1 and 
2 was added in blocking buffer and incubated for 1 hour at room 
temperature (RT). Plates were washed with PBS containing 0.05% 
Tween 20, and a secondary antibody goat anti–rabbit-AP (Dako, 
pn D0487) was added and incubated for 1 hour at RT. Plates were 
washed with PBS containing 0.05% Tween 20 followed by addition 
of pNPP (1 mg/ml) in para-Nitrophenylphosphate (pNPP) buffer. 
Absorbance was measured at 405 nm.

Electrophysiological patch-clamp recordings 
of TRPV1 response
Whole-cell recordings were performed using a microfluidic device for 
patch-clamp recordings (Dynaflow, Fluicell AB, Göteborg, Sweden) 
together with an Axopatch 200B (Molecular Devices, USA) or HEKA 
EPC10 (HEKA, Germany) patch-clamp amplifiers. Pipettes (boro-
silicate glass capillaries, ID of 0.86 mm; GC150F-7.5, Harvard 
Apparatus Ltd.) and bath solutions contained IC and EC buffer, 
respectively. The IC buffer contained 120 mM KCl, 2 mM MgCl2, 
10 mM Hepes, and 10 mM EGTA (pH 7.2). The EC buffer con-
tained 140 mM NaCl, 5 mM KCl, 1 mM CaCl2, 1 mM MgCl2 10 mM 
Hepes, and 10 mM d-glucose (pH 7.4).

The cells were clamped at −60 mV, and the current signals were 
recorded with a sampling frequency of 10 kHz and low-pass–filtered 
at 2 kHz. The patch-clamp recordings were acquired using digital/
analog sampling (Axon Digidata 1550) and acquisition software 
(Clampex version 10.7, Molecular Devices) or, alternatively, the 
HEKA amplifier’s built-in digital/analog sampling and acquisition 
software (Patchmaster version 2.90.5, HEKA).

In experiments, current amplitudes were measured by exposing 
cells to capsaicin or NADA, with antibody or vehicle. The cells were 
exposed to the following protocols: (i) two cycles of agonist (100 nM 
capsaicin, 300 nM capsaicin, or 1 M NADA) in EC buffer for 10 to 
20 s (control pulses), (ii) EC buffer for 60 s, (iii) antibody or vehicle 
in EC buffer for 60 s (preincubation), (iv) agonist together with 
antibody or vehicle in EC buffer for 10 to 20 s (stimulation with 
antibody or vehicle present), (v) EC buffer for 120 s (washing), and 
(vi) agonist in EC buffer for 10 to 20 s. The time between each stim-
ulation with agonist was 2 min. The antibody stock buffer was used 
as a vehicle. Measurements where the seal resistance shifted largely 
during treatment were excluded from analysis. Capsaicin inhibition 
was confirmed at two different sites. Each treatment group for the 
NADA experiments contain technical replicates.

Immunocytochemistry of anti-TRPV1 antibody
CHO-TRPV1 cells were incubated with 225 nM OB1 antibody in 
DMEM/F12 for 1 hour at RT. Cells were washed with PBS and in-
cubated with Alexa Fluor 488 goat anti-mouse secondary antibody 
(0.002 mg/ml) (Invitrogen reference A32723) plus Hoechst 33342 
(0.005 mg/ml) (Invitrogen reference H3570) in PBS and incubated 
for 1 hour at RT. Cells were subsequently washed with PBS and im-
aged using a Zeiss LSM 980 with Airyscan 2 at ×63 magnification 
with oil immersion.

Calcium imaging of TRPV1 heat response
To measure the antibodies effect on hTRPV1 heat response (42°C), 
an optical heating system was used to deliver heat pulses to cells. A 
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microfluidic device, the Biopen Prime (Fluicell AB), was used to 
deliver the antibodies to cells.
Optical heating system
A laser heating system was used to locally increase the temperature 
to 42°C around selected cells. The laser heating system was built in-
house by Fluicell AB. This optical local heating system is based on a 
CW 4W 1470-nm semiconductor diode laser (4PN-106, Seminex 
Corporation, USA) driven by a 20-A benchtop power source 
(ARO-4320, Arroyo Instruments). This delivers a localized beam to 
the sample (a group of cells in our case) through a 105-m-core, 
0.22-NA (numerical aperture), broadband optical fiber (M63L01, 
Thorlabs). The optical fiber is coupled to a 5-mm fiber optic cannula 
(CFMLC21L05, 105 m, 0.22 NA, Thorlabs) so that it can be pre-
cisely positioned at any desired location in a petri dish.

A narrow beam of 1470-nm radiation, exiting the tip of the optical 
fiber, induces local heating of the water within its path. The extent 
of heating is determined by the beam intensity that is modulated by 
the current setting of the laser and the distance between the tip of 
the fiber and the sample. In this study, the current and distance are 
optimized to achieve a sample temperature of 42°C. The relationship 
between distance, applied current, and temperature was calibrated 
using a previously described technique (50).
Antibody delivery
A Biopen Prime (Fluicell AB) was used to deliver antibodies to cells. 
The Biopen is a free-standing microfluidic device that can be readily 
positioned using micromanipulators such that the tip can be aligned 
adjacent to a selected group of cells in a petri dish, to locally deliver 
a compound without contamination of the surrounding environment. 
The switching between solutions is controlled by dedicated software.
Imaging
Cells were imaged using a Bio-Rad MRC 1024 confocal unit fitted 
with a dual Calypso laser (Cobolt, Solna, Sweden) attached to a 
Nikon Diaphot 200 inverted microscope and a Nikon Plan Apo 20× 
dry objective (NA, 0.75; Nikon, Tokyo, Japan). Excitation wavelengths 
used were 491 nm (Fluo-3), and the emitted light was collected 
through a 522-nm filter. Images were acquired for the full view of 
the 20× objective. The frame rate was one image per 7 s and the 
pixel resolution 1024 × 1024.

Thirty minutes before imaging, the cell medium was changed 
to medium containing 36 M Fluo-3-AM (F1242, Thermo Fisher 
Scientific), and the samples were incubated for 30 min at RT and 
then washed. The Biopen was positioned above a group of cells using 
a micromanipulator. The heat probe was positioned 10 m above 
the dish bottom and at an approximately 100-m distance from the 
Biopen outlet. To define which cells are exposed to solution delivery 
from the Biopen, an initial pulse of sulforhodamine B was delivered. 
After the sulforhodamine B fluorescence declined, the cells were 
optically heated for 7 s (42°C), and the fluorescence response from 
Fluo-3 was recorded. Subsequently, antibody solution was delivered 
for 90 s, and a second heat pulse was applied during the last 7 s of 
application. All molecules, including Fluo-3 AM, were dissolved in 
140 mM NaCl, 5 mM KCl, 1 mM CaCl2, 1 mM MgCl2 10 mM 
Hepes, and 10 mM d-glucose (pH 7.4).

Inhibition of KRAS mediated GTP hydrolysis
KRAS activity was assessed using a fluorescent phosphate-sensing 
probe (Thermo Fisher Scientific catalog no. PV4406) allowing real- 
time measurement of released phosphate from GTP hydrolysis us-
ing a microplate reader (Clariostar, BMG Labtech). Recombinant 

KRAS was produced by the Protein Science Facility at Karolinska 
Institutet. KRAS (1 mg/ml), 1 M phosphate sensor, 6 M GTP, 
antibody (0.25 mg/ml) (n = 16), or vehicle control (n = 47) were 
prepared in buffer (50 mM tris, 100 mM NaCl, 10 mM MgCl2, 1 mM 
EDTA, 0.01% Triton X-100, and 1 mM dithiothreitol) and added to 
a 384-well plate, and fluorescence was measured during 4 hours.

Live cell imaging of aG12/13D antibody uptake
aG12/13D antibody 1 and 2 were labeled with Alexa Fluor 488 using 
a Alexa Fluor 488 protein labeling kit (catalog no. A10235, Thermo 
Fisher Scientific). HCT116, SK-LU-1, A431, and NCI-H1975 cells 
were cultured in glass bottom 96-well microplates (Corning Life 
Sciences). Cells were treated with 220 nM labeled aG12/13D anti-
body 1 or 2 for 24 hours, washed and counterstained using CellMask 
plasma membrane stain (Thermo Fisher Scientific) and Hoechst 
(Life Technologies). The fluorescence was imaged using a LSM 880 
confocal microscope (Zeiss) and settings were optimized for each 
cell line and antibody. Images were processed in Zeiss ZEN 2.6 
(blue edition).

Flow cytometry measurements of aG12/13D antibody uptake
aG12/13D antibody 1 and 2 were labeled with Alexa Fluor 488 using 
a Alexa Fluor 488 protein labeling kit (catalog no. A10235, Thermo 
Fisher Scientific). HCT116, SK-LU-1, A431 and NCI-H1975 cells 
were cultured in 12-well microplates (Invitrogen). Cells were treated 
with 220 nM labeled aG12/13D antibody 1 or 2 for 4 or 24 hours 
before measurements. Unstained cells were measured as a t(0) time 
point. Before measurements, cells were washed and harvested. 
Measurements were performed on a BD LSR II flow cytometer (BD 
Biosciences Inc.). Analysis was performed in FlowJo v.10 (BD Bio-
sciences). For each cell line and time point, n = 4. n equals one mea-
surement containing on average 4000 cells for HCT116, 8000 cells 
for SK-LU-1, 7000 cells for A431, and 4000 cells for NCI-H1975.

Antibody-induced apoptosis of  anti-KRAS antibodies
The RealTime-Glo Annexin V Apoptosis and Necrosis Assay kit 
(Promega, catalog no. JA1011) was used to measure apoptosis in real 
time. Cultured cells were harvested using trypsin and transferred to 
L-15 assay medium, consisting of Leibovitz’s L-15 Medium (Thermo 
Fisher Scientific catalog no. 21083027), 10% fetal bovine serum, and 
1% penicillin + streptomycin. Cells were counted and diluted to 
200,000 cells/ml with L-15 assay medium. Cells were added in 96-well 
plates (10,000 cells per well, Costar, white with clear opaque bottom, 
catalog no. 3903) and incubated overnight.

Antibodies were diluted in L-15 assay medium and the detec-
tion reagent and added to the wells in a final concentration of 
220 nM. The plates were the sealed with an optic film and placed in 
a CLARIOstar (BMG LABTECH) plate reader. Measurement of 
apoptosis was performed by reading of the luminescence signal.

Two to three biological replicates were performed for the follow-
ing cell lines: HCT116, SK-LU-1, SW 620, CRL-1831, and A431. 
The NCI-H1975 and MIA-PA-CA-2 cell lines were tested once.

Statistical analysis
Electrophysiological patch-clamp recordings of TRPV1 response
For all electrophysiological measurements, the recorded amplitude 
of the peak during stimulation with antibody + agonist or vehicle + 
agonist was divided by the amplitude of the preceding peak during 
stimulation with agonist only, i.e., the response was expressed as a 
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percentage of the preceding control stimulation. To take account 
for any effects from receptor desensitization, antibody + agonist 
experiments was normalized with corresponding value from vehicle + 
agonist experiments, i.e., remaining TRPV1 activity was expressed 
as “% of vehicle.” Percentage of inhibition is presented and calculated 
from 100% of vehicle. Normality was assessed using the Shapiro-Wilks 
test. n represents one cell. Statistical significance for inhibition of 
300 nM capsaicin induced currents was determined using Student’s 
t test (t = 6.392, df = 4, and P = 0.0031). Statistical significance for 
inhibition of 100 nM capsaicin induced currents was determined 
using a one-way analysis of variance (ANOVA) in combination with 
Dunnett’s multiple comparison test F(3,23) = 15.06; P < 0.0001. Sta-
tistical significance for inhibition of NADA-induced currents was 
determined using a one-way ANOVA in combination with Dunnett’s 
multiple comparison test F(2,19) = 28.21; P < 0.0001.
Calcium imaging of TRPV1 heat response
Data analyses were performed in ImageJ and GraphPad Prism. The 
sulforhodamine B pulse visualizes which cells are reached by Biopen 
solution delivery and thereby defines which cell will be included in 
the measurement. The fluorescence intensity of these cells was mea-
sured and averaged for each time point, to obtain an average curve 
for the cells stimulated in one experiment. Each n corresponds to an 
average of the cells stimulated in one experiment and are technical 
replicates. The height of peak 1 was measured to determine heat 
response without antibody present, and the height of peak 2 was mea-
sured to determine heat response with antibody present. The ratio 
of the peaks for OB1 was compared to vehicle. The level of heat re-
sponse after antibody treatment was normalized to vehicle. Normality 
was assessed using the Shapiro-Wilks test. Statistical significance for 
inhibition of heat-induced currents was determined to be nonsignif-
icant using Student’s t test (t = 0.3507, df = 17, and P = 0.73).
Inhibition of KRAS-mediated GTP hydrolysis
Fluorescence values after 4 hours were compared between treatments. 
n represents one well. The level of KRAS response after antibody 
treatment was normalized to vehicle. Normality was assessed using 
the Shapiro-Wilks test. Statistical analysis was performed using a 
two-tailed Mann Whitney test (due to non-normality) (Mann-Whitney  
U = 72, P > 0.0001).
Flow cytometry measurements of aG12/13D antibody uptake
Mean fluorescence for each time point after antibody addition was 
compared to t(0). Normality was assessed using the Shapiro-Wilks 
test. Statistical significance was determined using a one-way ANOVA 
in combination with Dunnett’s multiple comparison test, except for 
aG12/13D Ab 2 in SK-LU-1 cells where statistical significance was 
determined using a Kruskal-Wallis test in combination with Dunn’s 
multiple comparisons test (due to non-normality). For aG12/13D 
Ab 1: HCT116 cells F(2, 9) = 43.7, P < 0.0001, SK-LU-1 cells F(2,9) = 
213.5, P < 0.0001, A431 F(2,9) = 624.1, P < 0.0001 cells, and NCI-H1975 
cells F(2,9) = 319.1, P < 0.0001. For aG12/13D Ab 2: HCT116 cells 
F(2, 9) = 624.3, P < 0.0001, SK-LU-1 cells Kruskal-Wallis statistic = 
9.881, P = 0.0002, A431 F(2,9) = 589.7, P < 0.0001 cells, and NCI-H1975 
cells F(2,9) = 63.78, P < 0.0001.
Antibody-induced apoptosis of anti-KRAS antibodies
The level of apoptosis in antibody-treated wells at 24 and 48 hours 
was normalized to vehicle. Wells containing visible air bubbles were 
excluded. Data are presented as means ± SEM. Normality was as-
sessed using the Shapiro-Wilks test; n represents one well. Statistical 
significance was determined using one-way ANOVA in combina-
tion with Dunnett’s multiple comparisons test except for SK-LU-1 

cells at 24 hours of treatment, CRL-183 cells at 48 hours of treatment, 
and MIA-PA-CA-2 cells at 48 hours of treatment, where statistical 
significance was determined using a Kruskal-Wallis test in combi-
nation with Dunn’s multiple comparisons test (due to non-normality). 
Statistics at 24 hours: SK-LU-1 cells (Kruskal-Wallis statistic = 15.61; 
P = 0.0004). For A431 cells F(2,21) = 1.134, P = 0.3408. For SW 620 
cells F(2,21) = 0.00025; P = 0.9998. For HCT116 cells F(2,31) = 24.46, 
P < 0.0001. For CRL-183 cells F(2,19) = 1.271, P < 0.3033. For 
H1975 cells F(2,9) = 2.248, P = 0.1613. For MIA-PA-CA-2 cells 
F(2,9) = 0.8415, P = 0.4623. Statistics at 48 hours: SK-LU-1 cells 
F(2,21) = 45.09, P < 0.0001, P = 0.0004). For A431 cells F(2,21) = 
0.3220, P = 0.7282. For SW 620 cells F(2,21) = 7.252, P = 0.0040. 
For HCT116 cells F(2,31) = 26.61, P < 0.0001. For CRL-183 cells 
(Kruskal-Wallis statistic = 0.2194; P = 0.9041). For MIA-PA-CA-2 
cells (Kruskal-Wallis statistic = 3.038; P = 0.2345).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/16/eabe6397/DC1
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