
Park et al. Journal of Nanobiotechnology          (2022) 20:387  
https://doi.org/10.1186/s12951-022-01601-8

RESEARCH

Directing ricin-based immunotoxins 
with targeting affibodies and KDEL signal 
peptide to cancer cells effectively induces 
apoptosis and tumor suppression
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Abstract 

The plant toxin ricin, especially its cytotoxic A chain (RTA), can be genetically engineered with targeting ligands to 
develop specific anti-cancer recombinant immunotoxins (RITs). Here, we used affibody molecules targeting two 
cancer biomarkers, the receptors HER2 and EGFR, along with the KDEL signal peptide to construct two cancer-specific 
ricin-based RITs, HER2Afb-RTA-KDEL and EGFRAfb-RTA-KDEL. The affibodies successfully provided target-specificity 
and subsequent receptor-mediated endocytosis and the KDEL signal peptide routed the RITs through the retrograde 
transport pathway, effectively delivering RTA to the cytosol as well as avoiding the alternate recycling pathway that 
typical cancer cells frequently have. The in vivo efficacy of RITs was enhanced by introducing the albumin binding 
domain (AlBD) to construct AlBD/HER2Afb/RTA-KDEL. Systemic administration of AlBD-containing RITs to tumor-bear-
ing mice significantly suppressed tumor growth without any noticeable side-effects. Collectively, combining target-
selective affibody molecules, a cytotoxic RTA, and an intracellularly designating peptide, we successfully developed 
cancer-specific and efficacious ricin-based RITs. This approach can be applied to develop novel protein-based “magic 
bullets” to effectively suppress tumors that are resistant to conventional anti-cancer drugs.
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Drug delivery

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/. The Creative Commons Public Domain Dedication waiver (http:// creat iveco 
mmons. org/ publi cdoma in/ zero/1. 0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Open Access

Journal of Nanobiotechnology

†Seong Guk Park and Heeyeon Kim contributed equally to this work

*Correspondence:  csy4ycy2@gmail.com; ehkim@unist.ac.kr; sabsab7@unist.ac.kr

1 Department of Biological Sciences, Ulsan National Institute of Science 
and Technology (UNIST), Ulsan, Korea
2 Department of Medicine, Graduate School, Korea University, Seoul, 
Korea

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12951-022-01601-8&domain=pdf


Page 2 of 17Park et al. Journal of Nanobiotechnology          (2022) 20:387 

Background
Targeted delivery of anti-cancer drugs has been exten-
sively studied to improve their therapeutic efficacy 
while minimizing side-effects and non-specific dam-
ages to normal cells and tissues. Various therapeu-
tic agents, including small synthetic chemical drugs, 
radioisotopes, and therapeutic proteins, have often 
been conjugated to targeting ligands and selectively 
delivered to the tumor sites [1]. Among them, protein 
toxins are considered excellent candidates for develop-
ing target-specific anti-cancer drugs because they are 
highly potent and cytotoxic enzymes that have evolved 
to kill specific cells by enzymatically inactivating essen-
tial cellular processes [2]. Also, they can be engineered 
to incorporate targeting ligands and form recombinant 
immunotoxins (RITs), controlling cancer cells in a tar-
get-specific manner [1–4].

Ricin is a protein toxin produced by the seeds of the 
castor oil plant Ricinus communis [5]. It belongs to the 
AB toxin family, comprising A chain (RTA) and B chain 
(RTB) which are responsible for cytotoxic activity and 
target cell binding, respectively [6]. When the RTB of 
ricin holotoxin binds to a galactose moiety on the cell 
surface [7], the holotoxin is endocytosed. Subsequently, 
the RTB interacts with calreticulin, an endoplasmic 
reticulum (ER)-resident protein which retrogradely 
transports the bound holotoxin to the ER [8]. The RTA 
is cleaved from the holotoxin and delivered to the cyto-
sol through the ER-associated protein degradation 
(ERAD) pathway [3, 9]. The RTA is a ribosome-inacti-
vating protein and the delivered cytosolic RTA would 

hydrolyze adenine 4324 (A4324) in eukaryotic 28S 
rRNA, blocking host protein synthesis and eventually 
resulting in apoptotic cell death [10, 11].

By genetically replacing the native RTB of ricin holo-
toxin with cancer-targeting ligands, ricin-based RITs 
can become potential anti-cancer drugs. Various tar-
geting ligands, including natural receptor-binding 
ligands [4], targeting peptide [12–14], monoclonal 
antibodies [15], antibody derivatives [15, 16], and anti-
body mimetics [17–19], have been used to develop new 
target-specific RITs. Antibody mimetics are molecules 
that are not related to antibodies but show high affin-
ity and specificity towards particular molecules or 
antigens [20]. Affibody molecules are representative 
antibody mimetics derived from the Z domain of staph-
ylococcal protein A [21]. They are small (~ 10  kDa), 
easily produced in Escherichia coli in large quantities, 
show high affinity and selectivity for their targets even 
when genetically fused with other proteins [21], act 
as separated domains, and do not require any further 
chemical conjugation. However, replacing the RTB with 
other targeting ligands often lowers the cytotoxicity 
of the RIT due to the loss of ER-targeting capability of 
ricin. Therefore, it is necessary to preserve the intracel-
lular route of recombinant toxins. The KDEL (Lys-Asp-
Glu-Leu) signal peptide could be useful in this regard 
because it is a well-known ER-targeting sequence [22, 
23].

In this study, we constructed ricin-based RITs com-
prising the RTA, affibody molecules, and the KDEL 
signal peptide, and evaluated their target-specific 
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cytotoxicity against corresponding target cancer cells. 
In addition, we monitored the intracellular localization 
of the RTA in the presence or absence of the KDEL sig-
nal peptide using a fluorescence microscope. Finally, we 
explored the translational implications of ricin-based 
RITs by examining their efficacy in mouse models of 
cancer.

Results and discussion
KDEL signal peptide in combination with targeting 
affibody molecules improves cytotoxicity of RTA 
against target cancer cells
Human epidermal growth factor receptor 2 (HER2) and 
epidermal growth factor receptor (EGFR; HER1) are rep-
resentative cancer markers that are overexpressed on 
the surface of several cancer cells [24, 25]. Therefore, we 
used affibodies that target HER2- or EGFR-overexpress-
ing cancer cells [21] while designing our RITs. The cod-
ing sequence of an affibody molecule that binds to HER2 
(ZHER2:342; HER2Afb) or EGFR (ZEGFR:1907; EGF-
RAfb) [26, 27] was genetically fused to the N-terminus of 
RTA (residues 36–302) to obtain RTA-based RIT clones 
(Additional file  1: Fig. S2A and B). The constructed 
HER2Afb-RTA and EGFRAfb-RTA clones were over-
expressed in E.  coli BL21 (DE3) strain and purified by 
immobilized metal affinity chromatography (Additional 
file 1: Fig. S2C).

Next, we performed cell viability assays to quantita-
tively examine target-specific cytotoxicity of each RIT. 
We chose NIH3T6.7 (immortalized mouse fibroblast cell) 
and SK-BR-3 (human breast cancer cell) as HER2-over-
expressing cancer cell lines, and A431 (human skin can-
cer cell) and MDA-MB-468 (human breast cancer cell) 
as EGFR-overexpressing cancer cell lines. We treated 
them with HER2Afb-RTA or EGFRAfb-RTA. However, 
cytotoxic effects of the RITs against their corresponding 
target cells were much lower than expected (Additional 
file 1: Fig. S1). While the HER2Afb-RTA showed higher 
cytotoxicity against NIH3T6.7 cells than doxorubicin did, 
EGFRAfb-RTA exhibited similar cytotoxicity as doxoru-
bicin against MDA-MB-468 cells (Additional file  1: Fig. 
S1A and C). In addition, both the RITs showed almost no 
cytotoxicity against SK-BR-3 and A431 cells (Additional 
file 1: Fig. S1B and D). The RTB is known to not only bind 
to its receptor but also retrogradely transport the RTA to 
the ER [8] and replacement of the RTB with either HER-
2Afb or EGFRAfb may alter the destination of the RTA, 
resulting in the significant loss of cytotoxicity.

To restore the ER-targeting-capability, we geneti-
cally introduced the KDEL signal peptide [22, 23] at the 
C-termini of HER2Afb-RTA and EGFRAfb-RTA (Addi-
tional file 1: Fig. S2). We measured cell cytotoxicity in a 
dose-dependent manner with a cell counting kit-8 assay 

(Fig. 1A–E) and calculated  EC50 values of each immuno-
toxin against its corresponding target cell [28] (Fig. 1F). 
As we hypothesized, addition of the KDEL signal peptide 
significantly improved the cytotoxicity of both the RITs 
(Fig. 1, green triangles vs. red circles). The  EC50 value of 
HER2Afb-RTA-KDEL against NIH3T6.7 cells reduced 
from 3.97 to 0.02 nM, and that of EGFRAfb-RTA-KDEL 
against MDA-MB-468 cells reduced from 314.65 to 
0.17 nM (Fig. 1). More surprisingly, both the KDEL-con-
taining RITs showed dramatically enhanced cytotoxicity 
against SK-BR-3 and A431 cells which were resistant to 
the non-KDEL-containing RITs (Fig.  1, green triangles). 
However, MCF-10A, which is a non-tumorigenic nor-
mal epithelial cell line that neither overexpresses HER2 
nor EGFR, did not exhibit any noticeable cell death 
upon treatment with the RITs, implying that their mode 
of action was cancer-specific (Fig.  1E). Cells were also 
treated with RTA-KDEL, without the targeting ligands, 
to investigate the effect of KDEL alone (Fig. 1A–D; black 
squares). RTA-KDEL showed moderate cytotoxicity 
against NIH3T6.7 cells, lower than that of HER2Afb-
RTA and HER2Afb-RTA-KDEL. In the case of MDA-
MB-468 cells, RTA-KDEL showed similar cytotoxicity to 
that of EGFRAfb-RTA (Fig. 1A and C; black squares and 
red circles). In contrast, RTA-KDEL did not show any 
noticeable cytotoxicity against SK-BR-3 and A431 cells, 
like HER2Afb-RTA and EGFRAfb-RTA (Fig.  1B and D; 
black squares and red circles). These results suggest that 
the cytotoxicity of RTA-KDEL is correlated with the tar-
get cell’s sensitivity toward HER2Afb-RTA or EGFRAfb-
RTA. Although many cells have KDEL receptors on their 
surface, and RTA-KDEL may bind to them and direct 
the RTA to ER, SK-BR-3 and A431 cells were still resist-
ant to RTA-KDEL implying that binding to KDEL recep-
tors of SK-BR-3 and A431 cells would not be sufficient 
to kill them. Ricin-based RITs constructed here showed 
variable cytotoxicity toward different cell lines, but their 
cytotoxic efficacy was maximized when both the target-
ing ligand and the KDEL signal peptide were present.

HER2Afb‑RTA‑KDEL and EGFRAfb‑RTA‑KDEL induce 
effective apoptosis of their corresponding target cancer 
cells
Ricin holotoxin induces apoptosis by inactivating the 
ribosome and arresting protein synthesis in cells [10, 
11]. We investigated whether the KDEL-containing RITs 
could induce target-specific apoptosis using Annexin V/
propidium iodide (PI) staining, which measures apop-
tosis quantitatively based on the degree of cell mem-
brane integrity. NIH3T6.7 and SK-BR-3 cells were 
challenged with 0.5  μM of RTA-KDEL, HER2Afb-RTA, 
or HER2Afb-RTA-KDEL; MDA-MB-468 and A431 cells 
were challenged with the same amounts of RTA-KDEL, 
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Fig. 1 In vitro measurements of dose-dependent cytotoxicity. Dose-dependent cytotoxicity of RTA-KDEL, HER2Afb-RTA, HER2Afb-RTA-KDEL 
and doxorubicin in HER2-overexpressing A NIH3T6.7 and B SK-BR-3 cells; RTA-KDEL, EGFRAfb-RTA, EGFRAfb-RTA-KDEL and doxorubicin in 
EGFR-overexpressing C MDA-MB-468 and D A431 cells; HER2Afb-RTA, HER2Afb-RTA-KDEL, EGFRAfb-RTA, and EGFRAfb-RTA-KDEL in E MCF-10A, 
using CCK-8 assay. F Half-maximal effective concentration  (EC50) values of HER2Afb-RTA, HER2Afb-RTA-KDEL, EGFRAfb-RTA, EGFRAfb-RTA-KDEL, and 
doxorubicin against each cell. Curves were fitted using a Hill equation to determine  EC50 values. All data shown are means ± standard deviation 
(SD); n = 3
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EGFRAfb-RTA, or EGFRAfb-RTA-KDEL. Cells were 
then stained with annexin V-FITC and PI 48 h after sam-
ple treatment to prevent complete cell death in all popu-
lations. In all cell lines treated with phosphate-buffered 
saline (PBS), annexin V/PI double negative cells were 
dominant (Fig.  2A–D, lower left quadrants) indicat-
ing that the cells were alive. Either HER2Afb-RTA or 
HER2Afb-RTA-KDEL-treated NIH3T6.7 cells showed 
approximately 70% of annexin V/PI double positive 
populations, implying that the cells had undergone late 
apoptosis already (Fig.  2A, upper right quadrant). Con-
sistent with the cell viability data, both HER2Afb-RTA 
and HER2Afb-RTA-KDEL effectively induced apoptosis 
of NIH3T6.7 cells regardless of the KDEL signal peptide. 
While 63.9% of SK-BR-3 cells treated with HER2Afb-
RTA-KDEL were annexin V positive, but PI negative 
(lower right quadrants), indicating that they were in early 
apoptosis, only 7.81% shifted to an early apoptotic state 
upon HER2Afb-RTA treatment (Fig. 2B). Similarly, 81.3% 
of MDA-MB-468 cells treated with EGFRAfb-RTA-KDEL 
were in early apoptotic state, whereas 98.4% of cells were 
alive upon EGFRAfb-RTA or RTA-KDEL treatments 
(Fig. 2C). A431 cells also began to shift to early apoptotic 
phase only after the treatment of EGFRAfb-RTA-KDEL 
and 41.4% of cells were annexin V positive, but PI nega-
tive at 48  h incubation (Fig.  2D). MDA-MB-468 cells 
might shift to the apoptotic state more quickly than A431 
cells, because MDA-MB-468 cells were more susceptible 
to EGFRAfb-RTA-KDEL than A431 cells (Fig.  1C, D, F; 
 EC50 ~ 0.17 vs. 2.37 nM) and the flow cytometry analyses 
were performed at shorter timepoint (48  h) and lower 
sample concentration (0.5 μM) than the cell viability test 
to prevent complete cell death (Fig. 2).

To further confirm target-specific HER2Afb- or EGF-
RAfb-RTA-KDEL-induced apoptotic cell death at much 
lower concentration, cleaved caspase-3, a well-studied 
apoptosis marker, was visualized in the cells. Each cell 
line was treated with 5 nM of corresponding HER2Afb-
RTA, EGFRAfb-RTA, HER2Afb-RTA-KDEL, or EGF-
RAfb-RTA-KDEL, and then stained with anti-cleaved 
caspase-3 antibody conjugated with a fluorescent dye 
(Fig.  2E–H). NIH3T6.7 and SK-BR-3 cells treated with 
HER2Afb-RTA-KDEL, and MDA-MB-468 and A431 
cells treated with EGFRAfb-RTA-KDEL showed the 
fluorescent signals of cleaved caspase-3 (Fig. 2E–H, red) 
with fragmented nuclei, whereas there was no fluorescent 

signal or fragmented nuclei in other cells treated with 
either HER2Afb-RTA or EGFRAfb-RTA. These results 
suggest that RITs with the KDEL signal peptide (HER-
2Afb-RTA-KDEL and EGFRAfb-RTA-KDEL) success-
fully induced apoptosis in a target-dependent manner, 
leading to effective cancer cell death.

KDEL signal peptide allows effective intracellular delivery 
of the RTA 
To explore how the KDEL signal peptide enhances cyto-
toxicity, we first treated SK-BR-3 cells with either HER-
2Afb-RTA or HER2Afb-RTA-KDEL and visualized the 
intracellular localization of the RTA in each cell after var-
ious incubation times by fluorescence microscopy (Fig. 3, 
green in images). Both HER2Afb-RTA and HER2Afb-
RTA-KDEL selectively bound to the surface of SK-BR-3 
cells right after the treatment (Fig. 3A and C, 0 h). How-
ever, HER2Afb-RTA-KDEL bound more intensely than 
HER2Afb-RTA (Fig.  3E), probably due to surface-pre-
sented KDEL receptors on SK-BR-3 cells [29, 30]. HER-
2Afb-RTA dramatically disappeared from the cells with 
time, and was found outside the cells (Fig. 3A), whereas 
HER2Afb-RTA-KDEL was visualized inside the cells even 
after 4 h (Fig. 3C). Quantitative fluorescence analyses of 
the RTA revealed that most of the HER2Afb-RTA was 
removed from the cells within 1 h (Fig. 3B), whereas most 
of the HER2Afb-RTA-KDEL remained in the cytosol 
even after 4 h (Fig. 3D). Interestingly, we could observe 
budding microvesicle-like structures, which have the 
RTA and lysotracker signal together, only in SK-BR-3 
cells treated with HER2Afb-RTA (Fig. 3A and F).

NIH3T6.7 cells were also treated with either HER-
2Afb-RTA or HER2Afb-RTA-KDEL and intracellular 
localization of the RTA was monitored. Similar to the 
observations in SK-BR-3 cells, HER2Afb-RTA-KDEL 
bound more strongly to NIH3T6.7 cell surface and 
remained longer in the cytosol than HER2Afb-RTA 
(Additional file  1: Fig. S3). However, unlike in SK-BR-3 
cells, significant amounts of HER2Afb-RTA were still 
observed in the cytosol throughout the experiment and 
no microvesicle-like structures were observed in the 
cells (Additional file 1: Fig. S3A). These results imply that 
HER2Afb-RTAs selectively bind to HER2-overexpress-
ing SK-BR-3, but they may be recycled back to the cell 
surface to be removed through microvesicle-like struc-
tures, making SK-BR-3 cells resistant to HER2Afb-RTA. 

Fig. 2 Flow cytometry and immunocytochemical analysis of cells treated with different RITs. A NIH3T6.7 and B SK-BR-3 cells were treated with PBS, 
RTA-KDEL, HER2Afb-RTA, or HER2Afb-KDEL. C MDA-MB-468 and D A431 cells were treated with PBS, RTA-KDEL, EGFRAfb-RTA, or EGFRAfb-RTA-KDEL. 
In each plot, the upper left and right quadrants represent necrosis and late apoptosis, respectively, and the lower left and right quadrants represent 
normal state of cells and early apoptosis, respectively. Relative populations of each quadrant are individually marked. Immunocytochemical 
detection of cleaved caspase-3 (red) and nuclei (blue) in: E NIH3T6.7 and F SK-BR-3 cells treated with HER2Afb-RTA or HER2Afb-RTA-KDEL; G 
MDA-MB-468 and H A431 cells treated with EGFRAfb-RTA or EGFRAfb-RTA-KDEL. Scale bars, 10 μm

(See figure on next page.)



Page 6 of 17Park et al. Journal of Nanobiotechnology          (2022) 20:387 

Fig. 2 (See legend on previous page.)
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However, NIH3T6.7 cells were not resistant to HER2Afb-
RTA, probably because they lack a recycling machinery 
in the HER2-mediated endocytosis pathway, allowing 
HER2Afb-RTA to effectively enter the cells and induce 
apoptosis. The cytotoxicity in NIH3T6.7 cells may mainly 
depend on the initial amounts of the bound RITs rather 
than the presence of the KDEL signal peptide.

MDA-MB-468 cells were also treated with EGFRAfb-
RTA or EGFRAfb-RTA-KDEL, to investigate targeting 
ligand-dependency of RITs with or without the KDEL 
signal peptide. EGFRAfb-RTA-KDEL also bound to the 
cell surface more and remained longer in the cytosol 
(Additional file  1: Fig. S4A–E), justifying our rationale 
that the addition of the KDEL signal peptide to immuno-
toxins would enhance their target cell-binding capacity 
and intracellular delivery efficiency, regardless of the tar-
geting ligand species. Small amounts of EGFRAfb-RTA 
still remained inside MDA-MB-468 cells until 2  h post-
treatment and disappeared completely by 4 h (Additional 
file  1: Fig. S4A and B), supporting the moderate cyto-
toxicity of EGFRAfb-RTA against these cells (Fig.  1C). 
We could also observe surface-budding microvesicles 
of RTA in MDA-MB-468 cells, like those in HER2Afb-
RTA-treated SK-BR-3 cells (Additional file  1: Fig. S4F). 
These results imply that MDA-MB-468 cells also recycle 
EGFRAfb-RTA but less efficiently than SK-BR-3 cells, 
possibly resulting in their moderate sensitivity to EGF-
RAfb-RTA. These data strongly suggest that the KDEL 
signal peptide improves the cytotoxicity of both the RITs 
by circumventing a recycling pathway as well as directing 
them to the retrograde transport pathway to reach the ER 
to be delivered to the cytosol.

KDEL signal peptide enables the RTA to circumvent 
endosomal recycling
To further investigate which pathway HER2Afb-RTA or 
HER2Afb-RTA-KDEL followed when HER2Afb-RTA-
resistant cells, such as SK-BR-3 cells, were treated with 
them, we visualized the RTA in cells with a fluorescence 
microscope and compared their locations with trans-
ferrin receptors (TfR) [31] and VPS26A [32], which are 
recycling endosome and retromer markers, respectively. 
The fluorescent signals of HER2Afb-RTA (green) over-
lapped with those of TfR (red) 2 h after sample treatment, 
but completely disappeared 4 h after treatment (Fig. 4A); 

the fluorescent signals of HER2Afb-RTA-KDEL (green) 
and TfR (red) did not overlap, and both remained inside 
the cells even 4  h after treatment (Fig.  4B). These data 
suggest that the removal of HER2Afb-RTA observed in 
Fig. 3A is due to the recycling pathway acting between 2 
and 4 h after sample treatment.

In contrast, we could observe the fluorescent signals of 
HER2Afb-RTA-KDEL (green) co-localizing with those of 
VPS26A (red) from 2 h post-treatment and lasting till 4 h 
after treatment (Fig.  4D). However, the fluorescent sig-
nals of HER2Afb-RTA (green) did not overlap with those 
of VPS26A, and they mostly disappeared after 4 h post-
treatment (Fig. 4C). These results suggest that the addi-
tion of the KDEL signal peptide can overcome resistance 
of SK-BR-3 cells to HER2Afb-RTA, by switching from a 
recycling to a retrograde transport pathway, which seems 
to be a slower process (Fig. 4).

EGFRAfb-RTA and EGFRAfb-RTA-KDEL were also 
trafficked with TfR and VPS26A in MDA-MB-468 cells. 
Overlapping fluorescent signals of EGFRAfb-RTA 
(green) and TfR (red) were observed 2  h after sample 
treatment (Additional file  1: Fig. S5A). The fluorescent 
signals of EGFRAfb-RTA-KDEL (green) did not co-
localize with those of TfR (red), but they overlapped with 
those of VPS26A (red) between 2 and 4  h after sample 
treatment. However, the fluorescent signals of EGFRAfb-
RTA did not co-localize with those of VPS26A, again 
supporting the concept that the KDEL signal peptide re-
routes the RTA to the retrograde pathway (Additional 
file 1: Fig. S5B).

Albumin‑binding domain and protein ligation system were 
introduced for in vivo anti‑tumor experiment
Since HER2Afb-RTA-KDEL and EGFRAfb-RTA-
KDEL showed excellent target-specific intracellular 
RTA delivery with low  EC50 values in vitro, we decided 
to explore their in  vivo efficacy as well. However, the 
small-sized RITs can be quickly cleared from circula-
tion upon the systemic administration, before reaching 
the tumor site [33]. To increase blood circulation time 
and enhance in vivo therapeutic efficacy, we genetically 
introduced the previously developed albumin-binding 
domain (AlBD) [18, 19, 34–36] to the N-terminus of 
RTA-KDEL, constructing AlBD-RTA-KDEL. We and 

(See figure on next page.)
Fig. 3 Fluorescence images of SK-BR-3 cells treated with A HER2Afb-RTA or C HER2Afb-RTA-KDEL at various time points. Nuclei, RTA, ER, and 
lysosomes are shown in blue, green, red, and white, respectively. Scale bars, 20 μm. One of the cells in A and C was selected and fluorescence 
intensity profiles of B HER2Afb-RTA and D HER2Afb-RTA-KDEL in the selected area were analyzed. The fluorescence intensity of RTA is represented 
by a colorimetric scale bar, and 2D projection of the area was drawn on top of the 3D plot. E Fluorescence signal intensity of HER2Afb-RTA or 
HER2Afb-RTA-KDEL bound to the cell surface at 0 h was statistically measured by line intensity analysis and plotted as a bar graph. All data are 
shown as means ± SD; ***p < 0.001. F Microvesicle-like structures containing RTA at the surface of SK-BR-3 cells treated with HER2Afb-RTA were 
enlarged with DIC images
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Fig. 3 (See legend on previous page.)
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other groups previously showed that the AlBD-fused 
proteins bind with high affinity to human and mouse 
serum albumins in blood [15, 33], and stay approxi-
mately 10 times longer in blood than those without 
AlBD [33].

In addition, we genetically inserted SpyCatcher 
protein between AlBD and the RTA as illustrated in 
Fig. 5A. The SpyCatcher (SC) and SpyTag (ST) are split 
forms of a fibronectin-binding protein derived from 
Streptococcus pyogenes and they form a spontaneous 
and irreversible isopeptide bond upon recognizing 
each other [37]. We can utilize this post-translational 
ligation between SC and ST to modularly assemble SC-
fused RTA and ST-fused affibody molecules together. 
The usage of SC/ST would allow us to (i) bypass steric 

hindrance that AlBD exerts on the function of target-
ing ligand, (ii) give the toxin target-switchability, and 
(iii) adjust configuration of immunotoxins as Y-shape 
which makes them bulkier [18].

Newly constructed AlBD-SC-RTA-KDEL was suc-
cessfully ligated with ST-fused HER2Afb or EGF-
RAfb to form AlBD/HER2Afb/RTA-KDEL or AlBD/
EGFRAfb/RTA-KDEL (Fig.  5A and B). They exhibited 
almost identical target-specific cytotoxicity in  vitro 
to the values measured for HER2Afb-RTA-KDEL or 
EGFRAfb-RTA-KDEL (Fig. 5C, D and Additional file 1: 
Fig. S6). AlBD-SC-RTA without the KDEL signal pep-
tide was also constructed, ligated with either ST-fused 
HER2Afb or EGFRAfb, and examined as controls 
(Fig. 5B–D and Additional file 1: Fig. S6).

Fig. 4 Fluorescence images of SK-BR-3 cells treated with HER2Afb-RTA (A, C) or HER2Afb-RTA-KDEL (B, D) at various time points. A, B Nuclei, RTA, 
and TfR are shown in blue, green, and red, respectively. C, D Nuclei, RTA, and VPS26A are shown in blue, green, and red, respectively. Co-localization 
of RTA and TfR (A, B at 2 h) or RTA and VPS26A (C, D at 4 h) was also analyzed with a line intensity profile according to distance. The analyzed lines 
are indicated as white arrows. Scale bars, 10 μm
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AlBD/HER2Afb/RTA‑KDEL significantly suppresses growth 
of tumor resistant to HER2Afb‑RTA only
We established two in  vivo mouse models, NIH3T6.7- 
and SK-BR-3-tumor-bearing mice, because they showed 
different responses to immunotoxins with the same tar-
geting ligands with or without the KDEL signal peptide. 
We first investigated the anti-tumor effects of RTA vari-
ants on NIH3T6.7 tumor-bearing mice. NIH3T6.7 cells 
were allografted to immunodeficient nude mice and 5 μg 
of AlBD/HER2Afb/RTA-KDEL, AlBD/HER2Afb/RTA, 
AlBD-SC-RTA-KDEL or PBS were intravenously injected 
when the average tumor volume reached 100   mm3, 
approximately. Each group was injected every two or 
three days for eight times and body weights and tumor 
volumes were measured before injection (Additional 

file  1: Fig. S7A and B). Mice were sacrificed at day 28, 
and major organs (heart, lung, liver, kidney, and spleen) 
and tumor masses were biopsied (Additional file  1: Fig. 
S7C–E). Consistent with the in  vitro data, AlBD/HER-
2Afb/RTA-KDEL and AlBD/HER2Afb/RTA noticeably 
suppressed the growth of NIH3T6.7 tumors, but AlBD/
HER2Afb/RTA-KDEL exhibited a superior suppression 
effect without any significant side-effects to normal tis-
sue (Additional file 1: Fig. S7). However, AlBD-SC-RTA-
KDEL did not affect the growth of the tumors compared 
with controls (Additional file 1: Fig. S7A–D), suggesting 
that the targeting ligand is critical for in  vivo efficacy. 
Although the in vivo tumor suppression efficacy of HER-
2Afb-RTA-KDEL and HER2Afb-RTA was statistically 
significant, the in  vivo cytotoxic efficacy of both AlBD/

Fig. 5 Construction of AlBD-SC-RTA-KDEL by genetic fusion of AlBD and SC, and subsequent target ligand addition via an SC/ST protein 
ligation system. A Schematic illustration and B SDS-PAGE analysis of post-translationally ligated resultants between AlBD-SC-RTA (50.0 kDa) and 
ST-HER2Afb (10.3 kDa) or ST-EGFRAfb (10.1 kDa), or between AlBD-SC-RTA-KDEL (50.4 kDa) and ST-HER2Afb or ST-EGFRAfb, forming AlBD/HER2Afb/
RTA (60.3 kDa), AlBD/EGFRAfb/RTA (60.1 kDa), AlBD/HER2Afb/RTA-KDEL (60.7 kDa) and AlBD/EGFRAfb/RTA-KDEL (60.5 kDa), respectively. In vitro 
measurements of dose-dependent cytotoxicity of AlBD-containing RITs in C SK-BR-3 and D NIH3T6.7 cells, using CCK-8 assay. Each construct was 
indicated
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HER2Afb/RTA-KDEL and AlBD/HER2Afb/RTA was not 
good enough to completely suppress tumor growth prob-
ably because in vitro efficacy is indeed not always trans-
lated to in  vivo. The NIH3T6.7 tumors grew so quickly 
that AlBD/HER2Afb/RTA-KDEL was not potent enough 
to keep the tumors in check.

We next xenografted human breast cancer cells, 
SK-BR-3 cells, to immunodeficient nude mice and 
5  μg of AlBD/HER2Afb/RTA-KDEL, AlBD/HER2Afb/
RTA, AlBD-SC-RTA-KDEL or PBS were intravenously 
injected when the average tumor volume reached 
130  mm3, approximately. Each group was injected every 
two or three days for eight times, and body weights 
and tumor volumes were measured before injection 
(Fig.  6A and B). Mice were sacrificed at day 47, and 
major organs (heart, lung, liver, kidney, and spleen) 
and tumor masses were biopsied (Fig.  6C–E). Similar 
to in  vitro data, SK-BR-3 tumor growth was dramati-
cally suppressed only upon the administration of AlBD/
HER2Afb/RTA-KDEL, which has both the KDEL signal 
peptide and the targeting ligand; either AlBD/HER-
2Afb/RTA (without KDEL) or AlBD-SC-RTA-KDEL 
(without targeting ligand) did not influence SK-BR-3 
tumor growth at all (Fig. 6A–D). There was no notice-
able body weight change observed (Fig. 6B). Hematoxy-
lin and eosin (H&E)-stained tissue sections of biopsied 
organs did not show any noticeable difference in mor-
phology and structure of major organs among the dif-
ferent mice treatment groups, suggesting that there was 
no significant side-effect or off-target damage cause by 
RTA variants in major organs. However, H&E-stained 
tumor sections of the mice treated with AlBD/HER-
2Afb/RTA-KDEL showed a much loosely packed struc-
ture compared with the other tumor sections (Fig. 6E). 
Furthermore, terminal deoxynucleotidyl transferase 
dUTP nick end labeling (TUNEL) assay of tumor sec-
tions of the mice treated with AlBD/HER2Afb/RTA-
KDEL also showed high levels of fragmented DNA 
(Fig.  6E, brown stain), whereas no noticeable DNA 
fragmentation was observed in the tumor sections 
of mice from other treatment groups (Fig.  6E). Taken 
together, these results implicate that AlBD/HER2Afb/
RTA-KDEL circulated in the blood stream of the mice 
for a long time, specifically delivered to the SK-BR-3 
tumor site, successfully entered the cells, and effectively 

suppressed SK-BR-3 tumor growth by inducing apop-
totic cell death. Effective tumor suppression was possi-
ble only when the targeting ligand and the KDEL signal 
peptide simultaneously existed with the RTA.

There have been numerous reports on ricin-based 
RITs [38–40]. Although they have been actively devel-
oped against Hodgkin and non-Hodgkin lymphoma 
including clinical studies [41–44] as well as solid 
tumors preclinically [45–47], their anti-cancer effi-
cacy was rather moderate. When the RTB was replaced 
with another targeting moiety, ricin-based RITs were 
less efficient because the RTB has roles in intracel-
lular routing to the ER as well as binding to cell sur-
face galactoses [3, 40]. On the other hand, the RITs 
with the holotoxin were often less specific than those 
with the RTA alone, resulting in off-target effects [3]. 
Based on our results, we propose a working model for 
intracellular delivery of ricin-based RITs constructed 
in this study. When both the targeting ligand and the 
KDEL signal peptide are fused to the RTA, it undergoes 
receptor-mediated endocytosis upon cancer-cell bind-
ing, follows a retrograde transport pathway guided by 
the KDEL signal peptide to reach the ER [8], and is sub-
sequently released to the cytosol by the ERAD pathway 
[3, 9], resulting in apoptotic cell death (Fig. 7, left half ). 
In contrast, the RTA with the targeting ligand alone can 
still be endocytosed, but most of them will be recycled 
back to the cell surface to be removed from the cells, 
resulting in decreased therapeutic efficacy (Fig. 7, right 
half ).

Although it has been known that the KDEL signal 
peptide directs protein toxins to the ER and improves 
the cytotoxicity of the RTA [23, 48, 49], most previous 
studies demonstrated their cytotoxic efficacy in  vitro 
rather than in  vivo. Here, we constructed ricin-based 
RITs using both affibody molecule-based targeting 
ligands and the KDEL signal peptide. We successfully 
showed their excellent target-specific cytotoxic efficacy 
in vivo with the aid of albumin-binding domain. These 
findings offer a potential strategy to increase therapeu-
tic efficacy of protein-based immunotoxins by ration-
ally designing intracellular routes and incorporating 
guiding sequences to overcome the drug tolerance of 
tumors.

Fig. 6 In vivo therapeutic efficacy of AlBD/HER2Afb/RTA-KDEL and other AlBD-containing RITs in SK-BR-3 tumor-bearing mice. A Tumor volumes 
and B body weights were measured with a caliper and scaler, respectively. C Weight of biopsied tumors were measured and D a picture of the 
biopsied tumors are shown. E The hearts, kidneys, livers, lungs, spleens, and tumors collected from sacrificed mice treated with PBS, AlBD/HER2Afb/
RTA-KDEL, AlBD/HER2Afb/RTA, or AlBD-SC-RTA-KDEL were fixed, embedded in paraffin, and sectioned. The organ tissue and tumor sections 
were stained with hematoxylin and eosin (H&E) and extra tumor sections were independently stained with TUNEL. Images were captured using 
an Olympus virtual microscope. Scale bar, 100 μm at spleen and 50 μm at others. All data shown in A–C are the means ± SD; n = 4 per group; 
**p < 0.01; ns not significant

(See figure on next page.)
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Fig. 6 (See legend on previous page.)
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Conclusions
Here, we genetically combined the RTA, affibody mol-
ecules, and the KDEL signal peptide to construct two dif-
ferent types of ricin-based RITs: HER2Afb-RTA-KDEL 
and EGFRAfb-RTA-KDEL. They selectively bound to 
their corresponding target cancer cells, NIH3T6.7 and 
SK-BR-3 cells or MDA-MB-468 and A431 cells, respec-
tively, and effectively killed them with extremely low  EC50 
values. Flow cytofluorimetric analyses using Annexin V/
PI staining and the cleaved caspase-3 immunocytochem-
ical analyses of RIT-treated target cancer cells revealed 
that they successfully induced target-specific cellular 
apoptosis, leading to effective cancer cell death.

Upon the selective binding of the RITs to their cor-
responding target cancer cells, they were endocytosed 
and the RTAs were subsequently delivered to the cytosol 
through the retrograde transport pathway, avoiding the 
alternate recycling pathway of HER2Afb-RTA- or EGF-
RAfb-RTA-resistant cancer cells. The translational impli-
cations of these RITs were further evaluated by using 
SK-BR-3 tumor-bearing mice and additional construct 
modifications. To improve in  vivo therapeutic efficacy 

and adopt target-switchability, AlBD and SC proteins 
were further introduced. AlBD/HER2Afb/RTA-KDEL 
was finally constructed and systematically administered 
to the tumor-bearing mice, allowing specific delivery to 
the SK-BR-3 tumor sites and subsequent intracellular 
delivery of the RTA to cancer cells, resulting in effective 
tumor suppression by the RTA, inducing apoptotic cell 
death without any noticeable side-effects.

The strategy of developing multi-component RITs 
described here may offer new possibilities to develop 
“magic bullets” that can effectively suppress the growth 
of tumors which are resistant to conventional immuno-
toxins and anti-cancer drugs.

Methods
Cloning and purification of proteins
Gene of RTA was a gift from Vern Schramm (Addgene 
plasmid #64,029; http:// n2t. net/ addge ne: 64029; RRID: 
Addgene_64029) [50]. To make HER2Afb-RTA and EGF-
RAfb-RTA, RTA gene was inserted into a pETDuet-1 
vector containing HER2Afb or EGFRAfb gene with the 
C-terminal his-tag. KDEL signal peptide (KDEL) was 

Fig. 7 A proposed model for intracellular RTA delivery with or without KDEL signal peptide in RTA-resistant cells

http://n2t.net/addgene:64029
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genetically added to the C-termini of HER2Afb-RTA or 
EGFRAfb-RTA. The genes encoding albumin-binding 
domain (AlBD) [18] and SpyCatcher (SC) were assem-
bled with RTA and RTA-KDEL in pETDuet-1 vectors 
by the Gibson assembly to construct AlBD-SC-RTA and 
AlBD-SC-RTA-KDEL, respectively.

The plasmids encoding each recombinant pro-
tein were individually transformed into Escherichia 
coli, BL21 (DE3) strain and the recombinant proteins 
were overexpressed by inducing with isopropyl β-D-1-
thiogalactopyranoside (IPTG) at 18 ℃ overnight. The cul-
tured bacterial cells were harvested, lysed by lysozyme, 
sonicated, and supernatant containing soluble protein 
extracts were obtained by centrifugation. The protein 
extracts were loaded onto batch columns (Bio-Rad) filled 
with Ni Sepharose 6 fast flow (Cytiva) for immobilized 
metal affinity chromatography (IMAC). His-tagged pro-
teins were captured by the resin and eluted by an elution 
buffer (20 mM Na2HPO4, 500 mM NaCl, 1 M imidazole, 
pH 7.4). The eluted fractions that contain proteins we 
want were analyzed with SDS-PAGE and the purity and 
apparent molecular weights of them were determined. 
Fractionated proteins were collected and dialyzed against 
PBS extensively to remove imidazole and other compo-
nents. Purified protein concentrations were measured 
with Pierce™ BCA Protein Assay Kit (Thermo Fisher).

Cell culture
NIH3T6.7 cell line, an engineered mouse fibroblast cell, 
was generously gifted from Prof. Jeongsoo Yoo, Kyung-
pook National University, South Korea. A431 (human 
skin cancer cell), SK-BR-3 (human breast cancer cell), 
MDA-MB-468 (human breast cancer cell), and MCF-10A 
cells (non-tumorigenic human epithelial cell) were pur-
chased from ATCC. NIH3T6.7, A431, and MDA-MB-468 
cells were cultured with DMEM (Gibco), SK-BR-3 cells 
were cultured with RPMI1640 (Gibco), and MCF-10A 
was cultured with DMEM/F-12 (Gibco). DMEM and 
RPMI640 were supplemented with 10% FBS (Gibco) and 
1% antibiotic–antimycotic (Gibco). DMEM/F-12 was 
supplemented with 5% horse serum (Gibco), 1% antibi-
otic–antimycotic, 20 ng/ml of human EGF (Prospec Bio), 
0.5  mg/ml of hydrocortisone (Abcam), and 10  μg/ml of 
human insulin (Abcam). All cells were incubated in a 
humidified incubator (Thermo Fisher) at 37 ℃ and 5% of 
 CO2.

Cell viability test
To assess target-specific cytotoxicity of HER2Afb-RTA, 
EGFRAfb-RTA, HER2Afb-RTA-KDEL or EGFRAfb-
RTA-KDEL quantitatively, 5000 cells of each cell line 
were seeded each well of 96 well plates (Eppendorf ) over-
night. Subsequently, cells were challenged with 20  μM 

of doxorubicin hydrochloride (TCI) or 2  μM of RTA-
KDEL, HER2Afb-RTA, EGFRAfb-RTA, HER2Afb-RTA-
KDEL, or EGFRAfb-RTA-KDEL with a series of threefold 
dilutions for 1  h, washed with PBS to remove unbound 
samples, fed with corresponding culture media, and incu-
bated for 3 days further. Viability of the cells was meas-
ured with a cell counting kit-8 (CCK-8) assay (Dojindo). 
CCK-8 reagent mix solution was added onto each well, 
incubated for 2–4 h, and the absorption of each well was 
measured at 450 nm using a spectrophotometer.

Annexin V/PI staining and flow cytometry analysis
500,000 cells of each cell line were seeded each well of 6 
well plates (Thermo Fisher) and incubated overnight in 
a humidified incubator at 37  °C and 5% of  CO2. Subse-
quently, NIH3T6.7 and SK-BR-3 cells were challenged 
with PBS, 0.5  μM of RTA-KDEL, HER2Afb-RTA, or 
HER2Afb-RTA-KDEL. MDA-MB-468 and A431 were 
also challenged with PBS, 0.5  μM of RTA-KDEL, EGF-
RAfb-RTA, or EGFRAfb-RTA-KDEL. After 1  h incuba-
tion, cells were washed with clean PBS twice, filled with 
2  mL of complete media, and incubated for additional 
48  h. Subsequently, cells were treated with trypsin–
EDTA solution (Gibco), harvested, washed, and stained 
with dead cell apoptosis kit (Invitrogen). Cells were 
resuspended with annexin V-FITC and propidium iodide 
solution, and then analyzed by flow cytometry (BD LSR 
fortessa).

Immunocytochemistry
20,000 cells of NIH3T6.7 and 40,000 cells of SK-BR-3, 
MDA-MB-468, and A431 were seeded on the coverslip 
in 24 well plate (SPL) and incubated overnight in the 
humidified cell incubator. NIH3T6.7 and SK-BR-3 cells 
were treated with 5 nM of HER2Afb-RTA or HER2AFb-
RTA-KDEL. MDA-MB-468 and A431 were treated with 
5 nM of EGFRAfb-RTA or EGFRAfb-RTA-KDEL. After 
1 h treatments, cells were replaced with fresh media and 
incubated at least 8 h. Cells were washed with PBS, fixed 
with 4% paraformaldehyde (Electron Microscopy Sci-
ences) in PBS for 10 min at room temperature and per-
meabilized in 0.2% Triton X-100 containing PBS (PBST) 
for 10  min. Fixed cells were blocked in 5% normal goat 
serum (Thermo Fisher) for 30  min at room tempera-
ture and incubated overnight at 4 ℃ with anti-cleaved 
caspase-3 antibody (Cell signaling technology, #9964) 
diluted in 5% goat serum in PBST. The cells were washed 
three times with PBST and incubated for 1  h at room 
temperature with anti-rabbit antibody conjugated with 
Alexa 594 dye (Thermo Fisher, R37117). Nuclei were 
stained with 1  μg/ml Hoechst for 10  min, and cover-
slips were mounted with ProLong Diamond Antifade 
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Mountant (Thermo Fisher). Images were taken using a 
fluorescence microscope (Carl Zeiss AxioObserver 7).

Confocal microscopic imaging
150,000 cells were counted and seeded on the coverslip 
in 12 well plates (Thermo Fisher) overnight. NIH3T6.7 
and SK-BR-3 cells were treated with 1 µM of either HER-
2Afb-RTA or HER2Afb-RTA-KDEL and MDA-MB-468 
cells were treated with 1 µM of either EGFRAfb-RTA or 
EGFRAfb-RTA-KDEL and they were cultured for 0 (or 
15 min), 1, 2, and 4 h. Cells were washed and filled with 
new media after indicated culture times. Lysotracker 
RND-99 (Thermo Fisher) was added to each well 30 min 
before fixation. All cells were fixed and permeabilized 
with BD cytofix/cytoperm kit and blocked with cytoperm 
buffer containing 3% BSA. To visualize RTA, cells were 
treated with anti-RTA antibody (Kerafast, EMT011) for 
1 h, washed, and stained with Alexa Fluor Plus 488 dye-
conjugated anti-mouse goat secondary antibody (Thermo 
Fisher, A32723) for 1 h. After multiple washings, ProLong 
Diamond Antifade Mountant with DAPI (Thermo Fisher) 
was used for nuclear visualization.

To visualize subcellular components, anti-calnexin 
antibody for endoplasmic reticulum (Abcam, ab22595), 
anti-transferrin receptor antibody for recycling endo-
some (Abcam, ab84036), and anti-VPS26A antibody for 
retromer (Abcam, ab23892) were used. These antibodies 
were stained with Alexa flour Plus 647 dye-conjugated 
anti-rabbit goat secondary antibody (Thermo Fisher, 
A32733). All images were obtained with a FV-1000 con-
focal microscope (Olympus). The fluorescent signals 
of RTA variants bound at cell surface were selected by 
drawing lines along cell membrane of all cells, and the 
fluorescent intensity of the designated line was analyzed 
by ROI (region of interest) measurement of a FV10-ASW 
software (Olympus). The fluorescent intensity profiles of 
designated cell area were also analyzed by the same soft-
ware. To investigate co-localization between RTA vari-
ants and TfR or VPS26A, ROI lines were drawn across 
one of cells and the fluorescent intensity of each compo-
nent was measured.

In vivo anti‑tumor experiments & H&E staining
Nude mice at 4–5  weeks of age were purchased from 
Orient Bio. For a SK-BR-3 xenograft model, 20 million 
of SK-BR-3 cells were xenografted at the right flank of 
the mice with matrigel (Corning). After the volume of 
SK-BR-3 tumor reaches approximately 130  mm3, 6 µg of 
AlBD-SC-RTA-KDEL, AlBD/HER2Afb/RTA, or AlBD/
HER2Afb/RTA-KDEL were administrated intrave-
nously for each group (100  µl each) for 8 times in 2 or 
3-day intervals. Tumor volumes and body weights were 
measured with a caliper and weighing scale, respectively, 

and actual final weights of tumor masses were assessed 
by biopsy at day 47. Major organs (liver, kidney, spleen, 
heart, and lung) were also biopsied simultaneously and 
fixed with 10% formalin (Sigma-Aldrich). The biopsied 
and fixed organs and tumor masses were made into par-
affin blocks, sectioned, and stained with hematoxylin and 
eosin (H&E). DNA fragmentation in the paraffin section 
of the tumor masses were stained by TUNEL assay, to 
monitor apoptosis occurred in the tumors. H&E staining 
and TUNEL assays was done with the aid of LABCORE, 
Inc.

Statistical analysis
Microsoft Excel was utilized to calculate average ± stand-
ard deviation (Figs. 1, 3E, 5C, D, 6A–C, Additional file 1: 
Figs. S1, S3E, S4E, S6, and S7A–C) and two-sample Stu-
dent’s t-test for P-values (Figs.  3E, 6A, C, Additional 
file 1: Figs. S3E, S4E, S7A, C). Standard curves of cell via-
bility assay were fitted by Hill equation using Origin 2020 
(OriginLab) to determine  EC50 values of each experi-
mental group. (Figs.  1, 5C, D, Additional file  1: Figs. S1 
and S6). In vivo tumor volume and body weight data was 
drawn as a line graph (Fig.  6A, B and Additional file  1: 
Fig. S7A, B) with Origin 2020, too.
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Additional file 1: Figure S1. In vitro quantitative measurements of 
dose-dependent cytotoxicity of HER2Afb-RTA or doxorubicin to (A) 
NIH3T6.7 and (B) SK-BR-3 cells and EGFRAfb-RTA, or doxorubicin to (C) 
MDA-MB-468 and (D) A431 cells. HER2Afb-RTA and EGFRAfb-RTA exhibited 
moderate or low cytotoxicity against target cells, compared to doxoru-
bicin. All data shown are means ± standard deviation; n = 3. Curves are 
fitted using a Hill equation. Figure S2. Amino acid sequence informa-
tion of (A) HER2Afb-RTA and HER2Afb-RTA-KDEL and (B) EGFRAfb-RTA 
and EGFRAfb-RTA-KDEL. The sequences of HER2Afb and EGFRAfb are 
indicated in blue and that of RTA is indicated in red. Linkers, his-tag, and 
KDEL signal peptide are indicated in black. (C) HER2Afb-RTA, HER2Afb-
RTA-KDEL, EGFRAfb-RTA, EGFRAfb-RTA-KDEL, and RTA-KDEL were 
purified with IMAC and analyzed by SDS-PAGE. Figure S3. Fluorescence 
microscopic images of NIH3T6.7 cells treated with (A) HER2Afb-RTA or 
(C) HER2Afb-RTA-KDEL at various times. Nuclei, RTA, ER, and lysosomes 
are shown in blue, green, red, and white, respectively. Scale bars, 20 μm. 
One of cells in (A) and (C) was selected and fluorescent intensity profiles 
of (B) HER2Afb-RTA and (D) HER2Afb-RTA-KDEL in the selected area were 
analyzed. The fluorescent intensity of RTA is represented by colorimetric 
scale bar, and 2D projection of the area was drawn at the top of the 3D 
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Page 16 of 17Park et al. Journal of Nanobiotechnology          (2022) 20:387 

plot. (E) Fluorescent signal intensity of HER2Afb-RTA or HER2Afb-RTA-KDEL 
bound to the cell surface at 0 h was statistically measured by line intensity 
analysis and plotted as a bar graph. Data shown in the bar graph are the 
means ± SD; ****p < 0.0001. Figure S4. Fluorescence microscopic images 
of MDA-MB-468 cells treated with (A) EGFRAfb-RTA or (C) EGFRAfb-RTA-
KDEL at various times. Nuclei, RTA, ER, and lysosomes are shown in blue, 
green, red, and white, respectively. Scale bars, 20 μm. One of cells in (A) 
and (C) was selected and fluorescent intensity profiles of (B) EGFRAfb-RTA 
and (D) EGFRAfb-RTA-KDEL in the selected area were analyzed. The fluo-
rescent intensity of RTA is represented by colorimetric scale bar, and 2D 
projection of the area was drawn at the top of the 3D plot. (E) Fluorescent 
signal intensity of EGFRAfb-RTA or EGFRAfb-RTA-KDEL bound to the cell 
surface at 0 h was statistically measured by line intensity analysis and 
plotted as a bar graph. (F) Microvesicle-like structures containing RTA at 
the surface of MDA-MB-468 treated with EGFRAfb-RTA were enlarged with 
DIC images. Data shown in the bar graph are the means ± SD; *p < 0.05. 
Figure S5. Fluorescence microscopic images of MDA-MB-468 cells treated 
with EGFRAfb-RTA (A, C) or EGFRAfb-RTA-KDEL (B, D) at various times. (A, B) 
Nuclei, RTA, and TfR were shown in blue, green, and red, respectively. (C, D) 
Nuclei, RTA, and VPS26A were shown in blue, green, and red, respectively. 
Co-localization of RTA and TfR (A, B at 2 h) or RTA and VPS26A (C, D at 4 h) 
was also analyzed with a line intensity profile according to distance. The 
analyzed lines are indicated as white arrows. Scale bars, 10 μm. Figure S6. 
In vitro quantitative measurements of dose-dependent cytotoxicity of 
RTA variants to (A) MDA-MB-468 and (D) A431 cells with CCK-8 assay. All 
data shown are means ± standard deviation; n = 3. Curves are fitted using 
a Hill equation. Figure S7. In vivo therapeutic efficacy of AlBD/HER2Afb/
RTA-KDEL and other RTA variants against NIH3T6.7 tumor-bearing mice. 
NIH3T6.7 cells were allografted to nude mice on day 0. After the tumor 
volume reached approximately 100  mm3, PBS, AlBD/HER2Afb/RTA-KDEL, 
AlBD/HER2Afb/RTA, and AlBD-SC-RTA-KDEL (5 μg/100 μl each) were 
intravenously injected for a total of eight times in 2 or 3 day intervals. (A) 
tumor volumes and (B) body weights were measured with a caliper and 
scaler, respectively. (C) Weight of biopsied tumors were measured and (D) 
picture of the biopsied tumors are shown. (E) The hearts, kidneys, livers, 
lungs, spleens, and tumors collected from sacrificed mice treated with 
PBS, AlBD/HER2Afb/RTA-KDEL, AlBD/HER2Afb/RTA, and AlBD-SC-RTA-KDEL 
were fixed, embedded in paraffin, and sectioned. The organ tissue and 
tumor sections were stained with H&E. Images were captured using an 
Olympus virtual microscope. Scale bar, 50 μm. All data shown in (A-C) are 
the means ± SD; n = 5 per group; *p < 0.05; **p < 0.01; ***p < 0.001.
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