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C A N C E R

Engineered collagen-binding serum albumin as a drug 
conjugate carrier for cancer therapy
Koichi Sasaki*†, Jun Ishihara†, Ako Ishihara, Risako Miura‡, Aslan Mansurov,  
Kazuto Fukunaga, Jeffrey A. Hubbell§

Serum albumin (SA) is used as a carrier to deliver cytotoxic agents to tumors via passive targeting. To further 
improve SA’s tumor targeting capacity, we sought to develop an approach to retain SA-drug conjugates within 
tumors through a combination of passive and active targeting. SA was recombinantly fused with a collagen-binding 
domain (CBD) of von Willebrand factor to bind within the tumor stroma after extravasation due to tumor vascular 
permeability. Doxorubicin (Dox) was conjugated to the CBD-SA via a pH-sensitive linker. Dox-CBD-SA treatment 
significantly suppressed tumor growth compared to both Dox-SA and aldoxorubicin treatment in a mouse model 
of breast cancer. Dox-CBD-SA efficiently stimulated host antitumor immunity, resulting in the complete eradication 
of MC38 colon carcinoma when used in combination with anti–PD-1 checkpoint inhibitor. Dox-CBD-SA decreased 
adverse events compared to aldoxorubicin. Thus, engineered CBD-SA could be a versatile and clinically relevant 
drug conjugate carrier protein for treatment of solid tumors.

INTRODUCTION
Serum albumin (SA) is the most abundant protein in blood (1). A 
number of compounds including small molecules, peptides, and 
cytokines have been fused to, conjugated to, or coformulated with 
SA for improved drug delivery to disease lesions. SA-binding fatty 
acid–modified insulin analog (2), SA-fused interferon- (IFN-) 
(3), and SA nanoparticle–formulated paclitaxel (Abraxane) have been 
developed (4). In these cases, the exceptionally long plasma half-life 
and/or hydrophilicity of SA contributes to improved pharmacokinetics, 
safety, and efficacy of the drugs (1). Moreover, SA can passively target 
tumors through the pathological permeability of the tumor vascula-
ture (5), which is an advantage of SA-based drugs for cancer therapy.

On the basis of the rationale that combined passive and active 
targeting is beneficial in tumor drug delivery (6), molecular engi-
neering approaches aiming for further improvement of SA-based 
drugs have been explored, such as incorporation of the targeting ligands 
cyclic arginylglycylaspartic acid peptide (7) or mannose-6-phosphate 
to SA (8). However, superior antitumor efficacy of modified SA has 
been shown compared to free drugs but not to drugs associated with 
unmodified SA in either case. Recently, we have shown the targeted 
delivery of checkpoint inhibitor (CPI) antibodies and the cytokine 
interleukin-2 (IL-2) using a collagen-binding domain (CBD), namely, 
the A3 domain of von Willebrand factor (VWF) (9). The A3 domain 
of VWF has the highest affinity for collagen type I and type III among 
reported nonbacterial origin proteins/peptides (10). Collagens are 
not accessible in most tissues due to the low permeability of the 
vasculature, yet are abnormally exposed to the bloodstream in the 
tumor microenvironment due to the hyperpermeability of the tumor 
vasculature (6). Thus, collagens are promising targets for cancer drug 
delivery. In addition, collagens are overexpressed in multiple types 
of cancers (11, 12). CBD-CPI and CBD–interleukin-2 (IL-2) showed 

significantly stronger antitumor effects compared with their un-
modified forms in multiple murine cancer models (9). In addition, 
treatment-related adverse events of CPI and IL-2 were greatly sup-
pressed by conjugating or fusing CBD, which demonstrates the 
usefulness of the CBD-based tumor-targeting strategy (9). Here, we 
hypothesized that the CBD would be compatible with SA-based 
drug delivery carriers, because both CBD and SA target vasculature 
permeability, and CBD fusion adds active targeting ability to SA.

Doxorubicin (Dox) is a small-molecule anticancer drug that is 
approved for treating a broad spectrum of cancers by the U.S. Food 
and Drug Administration. Dox internalizes within cells via passive 
transmembrane diffusion and interferes with DNA functions, leading 
to death of proliferating cells. Although Dox treatment prolongs 
survival of some populations of patients, antitumor efficacy is not 
notable partially due to acquired drug resistance. The poor thera-
peutic index of Dox also limits its therapeutic use. Considerable 
toxicity of Dox has been reported in the clinic, including bone marrow 
suppression, excessive inflammation, and cardiotoxicity (13, 14). To 
improve efficacy, Dox is often used in combination with other 
chemotherapeutic agents. Recently, Dox has been reported to facilitate 
immune cell infiltration into tumors through induction of immu-
nogenic cell death (ICD) (15), suggesting the possibility of synergizing 
in combination treatment with CPI (16). Other approaches to im-
proving efficacy and maximum tolerated dose of Dox are liposomal 
formulation (Doxil) (17) and use of a maleimide derivative of Dox 
with a pH-sensitive cleavable linker (aldoxorubicin), which was 
developed to achieve conjugation with cysteine-34 (in the human 
sequence) of circulating SA in situ (18). Aldoxorubicin displays 
extended blood half-life and accumulation within tumors through 
passive tumor targeting. The low pH within the tumor tissue 
(reportedly pH 6.5) allows Dox release from the conjugate with 
SA. Aldoxorubicin showed improved maximum tolerated dose and 
efficacy in mouse cancer models (18, 19) and in a clinical trial (20) 
compared to unmodified Dox.

Here, we designed recombinant mouse SA (CBD-SA) in which 
the N terminus is fused with the C terminus of the VWF A3 domain, and 
aldoxorubicin was conjugated to CBD-SA via a pH-dependent cleavable 
hydrazone linkage before injection (namely, Dox-CBD-SA) (21). 
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We evaluated engineered CBD-SA as a tumor-targeted drug carrier, 
leading to improved antitumor efficacy by efficient Dox delivery 
to the tumor microenvironment.

RESULTS
CBD-SA binds to collagen and can be conjugated to Dox
We synthesized Dox-CBD-SA conjugates to target the tumor 
microenvironment (Fig. 1, A and B). We first investigated the binding 
abilities of CBD-SA to recombinant collagen protein in vitro. SA 
was expressed recombinantly with the CBD on the N terminus of 
mouse SA using a (GGGS)2 linker (table S1). The molecular weight 
of CBD-SA was analyzed by matrix-assisted laser desorption/
ionization–time-of-flight mass spectrometry (MALDI-TOF MS) 
(fig. S1). We observed strong binding affinities [nanomolar range 
dissociation constant (Kd) values] of CBD-SA to collagen type I and 
type III (Fig. 1C and fig. S2). For Dox conjugation, we first thiolated 
the lysine residues of CBD-SA using 2-iminothiolane (also known 
as Traut’s reagent). Then, aldoxorubicin was covalently conjugated 
to CBD-SA. Unmodified SA was also conjugated with aldoxorubicin 
in the same way (Dox-SA). SDS–polyacrylamide gel electrophoresis 
(PAGE) under nonreducing conditions showed that purified Dox-SA 
and Dox-CBD-SA are monomeric (fig. S3). Before and after Dox 
conjugation, the hydrodynamic size of CBD-SA was measured (fig. S4). 
The results also showed that CBD-SA exists in a monomeric form, 
and Dox conjugation did not alter this character even after a 
lyophilization/reconstitution cycle. Approximately three Dox 
molecules were conjugated per SA molecule and per CBD-SA 
molecule (Fig. 1D). Notably, our conjugation method would not 
affect the binding ability of CBD-SA to collagens since there are no 
cysteine or lysine residues at the binding interface between the VWF 
A3 domain and human collagen III (Protein Data Bank: 4DMU; fig. S5) 
(22). This interface is also far from the C-terminal fusion site to the 
SA domain.

Dox is released under acidic pH conditions
Because Dox is linked to SA with a pH-sensitive cleavable linker, we 
examined the release kinetics of Dox from conjugates under different 
pH conditions (Fig. 1E). After 48 hours of incubation, Dox release 
from Dox-CBD-SA reached a maximum at pH 5.0 and 6.5 (reported 
tumor microenvironment condition). In contrast, only about 20% 
of Dox was released at pH 7.4 after 48 hours. Dox-SA showed similar 
release profiles (fig. S6). These data show the pH-dependent release 
of Dox from conjugates, consistent with previously reported release 
kinetics of small chemicals linked via a hydrazone linkage (21).

Dox conjugates are taken up by cancer cells  
and retain cytotoxicity
We compared the intracellular localization of Dox conjugates with 
free drug using confocal laser scanning microscopy by detecting the 
fluorescence of Dox. Because Dox is a major drug for breast cancer 
(23), here we chose mouse mammary tumor virus-polyomavirus 
middle T antigen (MMTV-PyMT) murine breast cancer as an ex-
perimental model. The MMTV-PyMT cells were cultured in the 
presence of Dox or Dox conjugates, and then their intracellular 
uptake was assessed (Fig. 1F). After 1 hour of incubation, free Dox 
was detected in the cytoplasm, intracellular acidic organelles, and 
preferentially in the nucleus, indicating that its delivery is mediated 
by passive transmembrane diffusion. In contrast, 1 hour after addition 

of either Dox-SA or Dox-CBD-SA, the cytoplasm did not show 
strong fluorescence compared to the unconjugated Dox. Rather, 
punctate fluorescence was observed, with some puncta colocalized 
with lysosomes, suggesting that Dox-SA and Dox-CBD-SA were 
both internalized via endocytosis. Twenty-four hours after the 
addition of Dox conjugates, we observed Dox-derived fluorescence 
in the nucleus as well, suggesting that the acidic pH in intracellular 
organelles induced drug liberation from the conjugates. We next 
examined the cytotoxicity of the different Dox forms in vitro. 
MMTV-PyMT cells or MC38 colon carcinoma cells were seeded 
and incubated in the presence of the Dox forms for 3 days. Viability 
tests showed that all three Dox forms have comparable cytotoxicity 
in vitro (Fig. 1, G and H).

Dox-CBD-SA demonstrates comparable blood plasma 
pharmacokinetics as aldoxorubicin and accumulates 
in tumors
Aldoxorubicin reacts with endogenous SA rapidly after intravenous 
administration; therefore it possesses substantially longer blood 
plasma half-life compared with Dox (1, 18, 19). We tested the plasma 
pharmacokinetics of aldoxorubicin with or without prior conjugation 
of SA and CBD-SA using tumor-free FVB mice. After intravenous 
injection, similar blood plasma half-lives of aldoxorubicin, Dox-SA, 
and Dox-CBD-SA were observed (Fig. 2, A and B). We also examined 
the plasma pharmacokinetics of fluorescently labeled SA and CBD-SA 
with a pH-insensitive linker (fig. S7). The result showed that the 
half-lives of each protein conjugated with either Dox or dye were 
similar, suggesting that Dox liberation from the conjugates does not 
occur in the blood circulation.

We next hypothesized that CBD fusion to SA would increase the 
amount of Dox within the tumor via active targeting against colla-
gens within the tumor microenvironment. To test this hypothesis, 
we measured the amounts of Dox within tumor tissues after a single 
intravenous administration. Dox-CBD-SA showed significantly higher 
tumor accumulation of Dox compared to aldoxorubicin and Dox-SA 
at 2 hours after administration (Fig. 2C). Conjugation with CBD-SA 
achieved the highest tumor accumulation of Dox after 24 hours of 
injection as well, showing a significant increase compared to al-
doxorubicin. Histological analysis revealed that fluorescently labeled 
CBD-SA colocalized with CD31 staining within tumor tissue, demon-
strating that CBD-SA targets the tumor vasculature (Fig. 2D). These 
data demonstrate that CBD fusion to SA to which Dox is conjugated 
enables Dox to target tumors, resulting in enhanced tumor accu-
mulation of Dox.

Dox-CBD-SA demonstrates superior efficacy in the  
MMTV-PyMT murine breast cancer model
Motivated by the plasma pharmacokinetics and tumor accumula-
tion studies, we evaluated the antitumor effects of Dox-CBD-SA 
in vivo. MMTV-PyMT orthotopic tumor-bearing mice received a 
single intravenous injection of the Dox forms (5 mg/kg on a Dox basis) 
via the tail vein. Dox-SA and Dox-CBD-SA significantly suppressed 
tumor growth, whereas aldoxorubicin did not (Fig. 3, A and C to F). 
This suggests that preconjugation of Dox with SA would provide a 
higher therapeutic effect than in situ conjugation of aldoxorubicin 
with endogenous SA. Notably, Dox-CBD-SA showed a greater thera-
peutic effect compared to Dox-SA. Dox-CBD-SA treatment signifi-
cantly extended the survival rate compared to all the other groups 
(Fig. 3B) and induced complete tumor remission in 2 of 12 mice. 
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Fig. 1. Synthesis and characterization of Dox-CBD-SA. (A) Schematic of CBD-SA mediated drug delivery. (B) Synthesis scheme of Dox-CBD-SA. (C) Affinities [dissociation 
constant (Kd) values are shown] of CBD-SA and SA against collagen type I and collagen type III were measured by enzyme-linked immunosorbent assay (ELISA). N.D., not 
determined due to low signal. Graphs with [concentrations] versus [signals] are shown in fig. S2. Two experimental replicates. (D) Dox conjugation ratio per protein is 
presented. Values were calculated on the basis of the results of bicinchoninic acid assay protein quantification assay (proteins) and absorbance at 495 nm (Dox) 
(mean ± SD of three experimental replicates). (E) Dox release kinetics from Dox-CBD-SA under three different pH conditions was evaluated by fluorescence (excitation at 
495 nm, emission at 590 nm) (n = 3, mean ± SD; two experimental replicates). (F) MMTV-PyMT cells were seeded and incubated overnight. Dox, Dox-SA, or Dox-CBD-SA 
was added (red). Cells were also stained with LysoTracker (green). Scale bars, 20 m. Representative pictures are presented. Two experimental replicates. (G and H) Cytotoxicity 
of Dox variants against MMTV-PyMT cells or MC38 cells in vitro (n = 6, mean ± SEM). Two experimental replicates. IC50, half maximal inhibitory concentration.
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These data demonstrate that CBD-fused SA functions as a superi-
or Dox carrier compared to unmodified SA in terms of antitumor 
efficacy.

Dox-CBD-SA enhances tumor infiltration of lymphocytes
Dox reportedly induces ICD, which stimulates immune responses 
against antigens from necrotic cells (15). ICD increases the number 
of tumor-infiltrating lymphocytes (TILs), which is a marker of 
favorable prognosis in multiple types of cancers such as colorectal cancer 
and breast cancer (24, 25). We analyzed the TILs after Dox-CBD-SA 
treatment, particularly T cells and natural killer (NK) cells. Lym-
phocytes were extracted from the tumor and analyzed by flow 
cytometry 7 days after treatment with the various Dox forms. 
Dox-CBD-SA, but not aldoxorubicin or Dox-SA, significantly increased 
the numbers of CD8+ T cells, CD4+ T cells, and NK cells within the 
tumor per unit tumor mass (Fig. 3, G to I). In particular, Dox-CBD-SA 
treatment increased the number of CD8+ T cells more than twofold 
higher than the other treatment groups (Fig. 3G). Plots of individual 
tumor size and TIL cell number revealed that Dox-CBD-SA indeed 
induced a correlation between small tumor size and the number 
of tumor-infiltrated CD8+ T cells, CD4+ T cells, and NK cells 
(Fig. 3, J to L). These data suggest that enhanced infiltration of lym-
phocytes, particularly CD8+ cytotoxic T cells, may contribute to the 
superior antitumor effects of Dox-CBD-SA.

Dox-CBD-SA shows reduced toxicity
Because conjugated aldoxorubicin is only released very slowly from SA 
under physiological pH (Fig. 1E), we hypothesized that Dox-CBD-SA 
shows reduced toxicity compared to aldoxorubicin. We evaluated 
adverse events after a single injection of aldoxorubicin or Dox-CBD-SA 
(20 mg/kg on a Dox basis) using tumor-free FVB mice. Administra-
tion of aldoxorubicin increased the plasma concentration of inflam-
matory cytokines such as IFN-, TNF- (tumor necrosis factor–), IL-5, 
and IL-6, whereas Dox-CBD-SA did not (Fig. 4, A to D). Aldoxorubicin 
treatment also induced a significant decrease in red blood cell counts, 
white blood cell (WBC) counts, hematocrit, and hemoglobin con-
centration (Fig. 4, E and F, and fig. S8). In contrast, adverse effects of 
Dox-CBD-SA on hematological values were mild. Only a significant 
decrease in WBC counts compared to the untreated group was observed. 
Aldoxorubicin administration induced splenomegaly, whereas Dox-
CBD-SA treatment did not (Fig. 4G). Histological analysis revealed 
that Dox-CBD-SA treatment provided no observable damage in 
heart, liver, kidney, or lung (fig. S9). These data suggest that precon-
jugation of Dox with CBD-SA reduced toxicity in various aspects.

Dox-CBD-SA in combination with anti–PD-1 antibody 
eradicates MC38 tumor
On the basis of the observation of increased TILs induced by 
Dox-CBD-SA treatment (Fig. 3, G to L), we hypothesized that 
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Fig. 2. Dox-CBD-SA shows comparable plasma pharmacokinetics with Dox-SA and higher tumor accumulation than aldoxorubicin and Dox-SA. (A) Aldoxorubicin, 
Dox-SA, or Dox-CBD-SA (5 mg/kg on a Dox basis) was administered to tumor-free FVB mice via tail vein injection. Blood plasma was collected at the indicated time points. 
Plasma concentration of Dox was measured by fluorescence (mean ± SEM; n = 4 for aldoxorubicin, n = 5 for Dox-SA and Dox-CBD-SA). (B) Plasma half-lives of Dox were 
calculated using two-phase exponential decay: MFI (t) = Ae−t + Be−t. t½, , fast clearance half-life; t½, , slow clearance half-life (mean ± SEM; n = 4 for aldoxorubicin, n = 5 
for Dox-SA and Dox-CBD-SA). (C) MMTV-PyMT tumor-bearing mice were treated with aldoxorubicin, Dox-SA, or Dox-CBD-SA (4.16 mg/kg on a Dox basis). At the indicated 
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488–labeled SA (100 g) or equimolar amounts of DyLight 488–labeled CBD-SA were injected intravenously to MMTV-PyMT tumor-bearing mice. One hour after injection, 
tumors were harvested and fluorescence was analyzed by confocal microscopy. Tissues were also stained with 4′,6-diamidino-2-phenylindole (DAPI) and anti-CD31 antibody. 
Scale bars, 100 m. Representative images of three tumors each. Two experimental replicates. Statistical analyses were done using analysis of variance (ANOVA) with 
Tukey’s test. *P < 0.05; **P < 0.01; N.S., not significant.
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Fig. 3. Dox-CBD-SA shows enhanced antitumor efficacy and infiltration of lymphocytes into tumor in the MMTV-PyMT breast cancer model. (A) MMTV-PyMT cells 
(5 × 105) were inoculated into FVB mice on day 0. Aldoxorubicin, Dox-SA, or Dox-CBD-SA (5 mg/kg on a Dox basis) was injected intravenously on day 7. Graphs depict 
tumor volume until the first mouse died (mean ± SEM). (B) Survival rate. (C to F) Individual tumor growth curves. CR indicates complete response frequency. Three experi-
mental replicates. (G to L) MMTV-PyMT cells (5 × 105) were inoculated on day 0. Aldoxorubicin, Dox-SA, or Dox-CBD-SA (5 mg/kg on a Dox basis) was injected intravenously 
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Dox-CBD-SA combination therapy with CPI would show a greater 
therapeutic effect compared to aldoxorubicin combination therapy 
with CPI. To test this hypothesis, we selected anti–programmed 
cell death-1 antibody (PD-1) as the most widely used CPI in the clinic 
(26). PD-1 is used in combination with Dox in clinical trials (e.g., 
NCT02648477). We examined the antitumor effect of aldoxorubicin 
and Dox-CBD-SA in combination with PD-1 using the MC38 
colon carcinoma model, which is immunogenic (27) but not curable 
by Dox monotherapy (28). C57BL/6 mice were inoculated subcuta-
neously with 5 × 105 MC38 cells. The treatment schedule is shown 
in Fig. 5A. Aldoxorubicin or Dox-CBD-SA was administered to 
mice 6, 9, and 12 days after tumor inoculation. Since Dox-CBD-SA 
increases the number of TILs, we injected 100 g of PD-1 1 day after 
Dox treatment two times (on days 10 and 13). Dox-CBD-SA + PD-1 
therapy completely eradicated established MC38 tumors (average 
tumor volume was about 100 mm3 on day 6; Fig. 5, B and G) and 
significantly prolonged the survival of mice compared to all the other 
groups (Fig. 5C). In other treatment groups, a fraction of mice failed to 
show a complete response, and average tumor size increased gradually 
(Fig. 5, B and D to F). In Dox-CBD-SA + PD-1–treated survivors, 
no mice rechallenged with MC38 cells without additional therapy 
developed palpable tumors, demonstrating that they had acquired 
strong immunologic antitumor memory (Fig. 5H and fig. S10A). 
During the treatments, no mouse showed more than 15% body 
weight loss (fig. S10B). These data show that Dox-CBD-SA, through 
induction of ICD, synergizes with PD-1 to show further anti-

tumor effects that could not be achieved by equivalent doses of 
aldoxorubicin + PD-1.

DISCUSSION
Because small-molecule anticancer drugs broadly distribute to 
tissues and induce systemic side effects, modifications of drugs to 
improve their pharmacokinetics and biodistribution have been 
attempted. Nanoparticle-formulated (17) or SA-reactive (18, 19) 
Dox exhibits improved pharmacokinetics and accumulation within 
tumors based in part on their pathologically abnormal vasculature 
(5). However, this effect may not always be effective in human cancers 
because of their heterogeneity (29). Thus, drugs that are dependent 
on passive targeting alone may have room for improvement. Active 
targeting of tumor-specific or tumor-associated antigens for drug 
delivery is another therapeutic strategy. However, this intrinsically 
limits the applicable range of cancers and may also lead to acquired 
drug resistance due to antigen-selective cell targeting and killing, in 
which antigen may be lost by mutation (30). Here, we engineered 
CBD-SA to overcome these issues. Unlike other active targeting 
strategies, CBD-SA does not require the prior investigation of tumor-
associated antigen expression because collagen is nearly ubiquitously 
expressed in tumors, and the CBD gains access to the tumor stroma 
via the abnormal blood vessel structure within the tumor micro-
environment (6). Subsequently, the CBD-SA binds to exposed collagen 
(Figs. 1C and 2D; fig. S2) and converts the tumor stroma into a 
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Fig. 4. Dox-CBD-SA treatment shows reduced toxicity. Aldoxorubicin or Dox-CBD-SA (20 mg/kg on a Dox basis) was administered to tumor-free FVB mice via tail vein 
injection on day 0. (A to D) Plasma cytokine concentrations on day 3. (E) Red blood cell (RBC) counts on day 6. (F) White blood cell (WBC) counts on day 3. (G) Spleen weights 
on day 16. Data represent mean ± SEM. Two experimental replicates. Statistical analyses were done using ANOVA with Tukey’s test. *P < 0.05; **P < 0.01.
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reservoir for chemotherapeutics. Dox conjugation to CBD-SA showed 
significantly higher accumulation of Dox within tumor tissue com-
pared to aldoxorubicin and Dox-SA (Fig. 2C). After accumulation of 
Dox-CBD-SA within the tumor tissue, the hydrazone linkage, which 
can be cleaved under the slightly acidic conditions in the tumor 
microenvironment (Fig. 1E) (21), enables the sustained release of 
Dox from CBD-SA. At the same time, it is known that tumor cells 
uptake SA (1). Notably, CBD fusion did not alter the cellular uptake 
of SA (Fig. 1F), indicating that Dox-CBD-SA can also be delivered 
intracellularly as efficient as Dox-SA. Thus, part of the Dox re-
lease may occur in the tumor stroma, while the Dox-CBD-SA is 
still matrix-bound, and part may occur in the endolysosomal com-
partment following endocytosis. Incidentally, cancer stromal targeting 
(CAST) therapy using stroma-targeting antibodies has been proposed 
recently (31). The relatively low molecular mass of CBD-SA (88 kDa; 
fig. S1) may be a benefit compared to stroma-targeting antibodies in 
terms of diffusion into tumor tissues (32).

Regarding the payload of Dox, we conjugated about three Dox 
molecules per CBD-SA (Fig. 1D). The drug-to-protein ratio of antibody-
drug conjugates is typically close to 4 (33). Considering that CBD-SA 
is 59% of the molecular weight of an immunoglobulin G (IgG) 
antibody, CBD-SA at a ratio of 3 achieved a high payload of Dox 
compared to typical antibody-drug conjugates. In addition, SA 

fusion increases the solubility of the CBD, which is important for 
hydrophobic drugs (4).

In terms of antitumor efficacy, Dox-CBD-SA significantly sup-
pressed the growth of MMTV-PyMT breast cancer and extended the 
survival of mice compared to aldoxorubicin and Dox-SA (Fig. 3, A to F). 
Because Dox-CBD-SA showed the highest accumulation into tumor 
tissue in vivo, Dox-CBD-SA should induce tumor cell death more 
efficiently via inhibition of tumor cell proliferation. In addition to 
this effect, a single injection of Dox-CBD-SA brought a long-lasting 
therapeutic effect in spite of its faster plasma clearance half-life 
(Fig. 2, A and B). This could be explained by our observation that 
Dox-CBD-SA treatment induces a higher number and density of 
TILs compared to Dox-SA and aldoxorubicin treatments (Fig. 3, G to L). 
Therefore, the antitumor mechanism of action of Dox-CBD-SA 
may be not only direct cell killing but also the stimulation of host 
antitumor immunity. Since Dox-CBD-SA efficiently accumulates 
within tumors, it may induce ICD and tumor antigen exposure to the 
immune system more efficiently than aldoxorubicin and Dox-SA. 
As a consequence, Dox-CBD-SA synergistically eradicated MC38 
colon carcinoma when administered in combination with PD-1 
(Fig. 5, B and G). Improved therapeutic efficacy of Dox-SA and 
Dox-CBD-SA in comparison with aldoxorubicin (Fig. 3, A to F) also 
indicates that preconjugation of Dox before injection would provide 
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higher antitumor efficacy. In addition to rapid clearance from blood 
circulation, in situ conjugation of aldoxorubicin with other sulfhydryl 
compounds such as cysteine, glutathione, fibronectin, or 1-antitrypsin 
in plasma (18) is also a possible cause of inefficient therapeutic efficacy 
of aldoxorubicin.

Cardiac toxicity is a major drawback of Dox, which limits the 
lifetime cumulative dose of Dox (13). Histological analysis revealed 
that even Dox-CBD-SA administration (20 mg/kg) did not show 
any signs of cardiac damage (fig. S9). This suggests that Dox pre-
conjugated with CBD-SA is less cardiotoxic than free Dox, which 
irreversibly damages cardiac tissue at a cumulative dose of 15 mg/kg 
in mouse (34). A cumulative dose of 15 mg/kg is nearly equiva-
lent to the maximum cumulative dose in human (35). We hypothesize 
that unconjugated Dox could penetrate into and damage cardiac 
tissue, whereas its preconjugated form would not penetrate into tissues 
or release Dox under physiological pH (i.e., within nonmalignant 
tissue or blood), contributing to reduced adverse events.

In terms of the manufacturing process, we conjugated Dox using 
Traut’s reagent, which allows precise control of the drug conjuga-
tion ratio (36). This method has little risk to abrogate binding 
between the CBD and collagen since there are no lysine residues at 
the binding interface between the VWF A3 domain and collagen 
(fig. S5) (22). Moreover, SA contains approximately sevenfold the 
number of lysine residues as the CBD sequence (table S1), also 
suggesting the low risk of unfavorable conformational changes in 
the CBD due to conjugation. Traut’s reagent is also used for an 
ADC targeting CD70 (MDX-1203, Bristol-Myers Squibb) (37), in-
dicating its translational applicability. As CBD-SA is produced with 
high yield [human embryonic kidney 293 (HEK293) cell culture 
(~70 to 100 mg/liter)], we propose that preconjugation of Dox to 
CBD-SA produces high antitumor efficacy with a simple and trans-
latable production method.

As a potential limitation, CBD-SA might accumulate in undesirable 
sites in the body such as liver, kidney, and wounds, where collagens 
may be exposed via a fenestrated or leaky endothelium, although 
Dox would not be released from the CBD-SA if such locations are at 
neutral pH. At least, we did not observe pathological damage in the 
liver and kidney after Dox-CBD-SA administration (20 mg/kg) (fig. S9). 
As another limitation, chemical conjugation may decrease the half-
life of SA in general. Methotrexate conjugation reportedly acceler-
ated the clearance of methotrexate-SA conjugates from circulation 
in a drug-to-protein ratio–dependent manner (38). In this study, the 
half-lives of Dox-SA and Dox-CBD-SA were shorter than the reported 
half-life of native mouse SA [t½,  = 35 (hours)] (39). The reason why 
aldoxorubicin showed a relatively longer half-life than Dox-SA con-
jugates is probably that it reacted with endogenous SA at a 1:1 ratio 
due to the abundance of SA in circulation.

In conclusion, Dox-CBD-SA accumulated into tumors and acti-
vated host antitumor immunity. As a consequence, monotherapy of 
Dox-CBD-SA suppressed orthotopic MMTV-PyMT breast tumor 
growth and prolonged survival. Combination therapy of Dox-CBD-SA 
with immune checkpoint inhibition via PD-1 completely eradicated 
tumors in the immunogenic MC38 model. CBD fusion provided an 
active targeting ability to SA, which is classically used as a passively 
targeted drug carrier, enabling effective drug delivery to tumors from 
the systemic circulation. CBD-SA is expected to be nonimmunogenic 
and biologically acceptable because it is composed of two proteins 
(VWF A3 domain and SA) that naturally exist in the blood. Fur-
thermore, CBD-SA acts independently of tumor type–specific antigens 

and thus provides broad applicability to various types of solid tumors 
as a drug carrier. Therefore, CBD-SA may hold potential for clinical 
translation to cancer therapy as an antitumor drug carrier.

MATERIALS AND METHODS
Study design
This study was designed to verify the strategy for anticancer drug 
delivery to tumors by engineered collagen-binding SA as a drug 
conjugation carrier. Specifically, we tested whether antitumor efficacy 
of Dox-CBD-SA against mouse models of breast cancer and colon 
carcinoma is improved compared to their unmodified forms. The 
adverse effects of Dox-CBD-SA were also tested using tumor-free 
mice. We measured tumor growth, anticancer immune responses, 
and multiple aspects of toxicity after treatment. Statistical methods 
were not used to predetermine required sample size, but sample sizes 
were determined on the basis of estimates from pilot experiments 
and previously published results such that appropriate statistical 
tests could yield significant results. CBD-SA was produced by mul-
tiple individuals to ensure reproducibility. All experiments were 
replicated at least twice except for fig. S7 (once). For animal studies, 
mice were randomized into treatment groups within a cage imme-
diately before the first Dox-CBD-SA injection and treated in the 
same way. Samples were excluded from analysis only when an animal 
developed a health problem for a non–treatment-related reason, 
according to the animal care guidelines. The survival endpoint was 
reached when the tumor volume reached more than 500 mm3 for 
the MMTV-PyMT model and 600 mm3 for the MC38 model. The 
n values used to calculate statistics are indicated in the figures or in 
the figure legends. Drug administration and pathological analyses 
were performed in a blinded fashion. Statistical methods are described 
in the “Statistical analysis” section.

Cell culture
MMTV-PyMT cells were obtained from spontaneously developed 
breast cancer in FVB-Tg (MMTV-PyMT) transgenic mice as described 
previously (9). The MC38 colon carcinoma cell line was provided by 
the R. Weichselbaum laboratory (University of Chicago). Dulbecco’s 
modified Eagle’s medium (DMEM; Gibco) supplemented with sodium 
pyruvate (110 mg/liter), 10% heat-inactivated fetal bovine serum 
(FBS), and 1% penicillin-streptomycin was used for both cell lines. 
The cell lines were checked for mycoplasma contamination by an 
IMPACT I pathogen test (IDEXX BioResearch).

Mice
Female FVB mice, ages 8 to 12 weeks, were obtained from Charles 
River and the Jackson Laboratory. Female C57BL/6 mice, ages 8 to 
12 weeks, were obtained from the Jackson Laboratory. All the animal 
experiments performed in this work were approved by the Institu-
tional Animal Care and Use Committee of the University of Chicago.

Production and purification of CBD-SA
CBD-SA protein was designed, produced, and purified similarly to 
previously reported CBD proteins (9). The sequences encoding for 
the fusion of human VWF A3 domain residues Cys1670-Gly1874 
(907-1111 of mature VWF) and mouse SA without pro-peptide (25 
to 608 amino acids of whole SA) were synthesized and subcloned 
into the mammalian expression vector pcDNA3.1(+) by GenScript. 
A sequence encoding for a His-tag (6-His) was inserted at the C terminus 
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for further purification of the recombinant protein. Suspension-
adapted HEK293F cells were routinely maintained in serum-free 
FreeStyle 293 Expression Medium (Gibco). On the day of transfec-
tion, cells were diluted into fresh medium at a density of 1 × 106 
cells/ml. Plasmid DNA (2 g/ml), linear 25-kDa polyethylenimine 
(2 g/ml; Polysciences), and OptiPRO SFM medium (4% final con-
centration; Thermo fisher Scientific) were added. The culture 
flask was agitated by orbital shaking at 135 rpm at 37°C in the pres-
ence of 5% CO2. Seven days after transfection, the cell culture medium 
was collected by centrifugation and filtered through a 0.22-m filter. 
Culture medium was loaded into a HisTrap HP 5-ml column (GE 
Healthcare), using an ÄKTA pure 25 (GE Healthcare). After washing 
of the column with wash buffer [20 mM imidazole, 20 mM NaH2PO4, 
and 0.5 M NaCl (pH 7.4)], protein was eluted with a gradient of 500 mM 
imidazole [in 20 mM NaH2PO4 and 0.5 M NaCl (pH 7.4)]. The eluent 
was further purified with size exclusion chromatography using a 
HiLoad Superdex 200PG column (GE Healthcare). All purification 
steps were carried out at 4°C. The protein was verified as >90% pure 
by SDS-PAGE.

Matrix-assisted laser desorption/ionization–time-of-flight 
mass spectrometry
Purified CBD-SA was analyzed by MALDI-TOF MS (Bruker 
Ultraflextreme MALDI TOF/TOF) as described previously (9). Bruker 
flexControl was used for data acquisition, and Bruker flexAnalysis 
was used for data processing. First, a saturated solution of -cyano-4-
hydroxycinnamic acid (Sigma-Aldrich) was prepared in 50:50 
acetonitrile:1% trifluoroacetic acid in water as a solvent. CBD-SA in 
phosphate-buffered saline (PBS; 5 l, 0.1 mg/ml) and the matrix 
solution (25 l) were mixed, and 1 l of that mixture was dropped 
on the MTP 384 ground steel target plate. The drop was dried in a 
nitrogen gas flow. All samples were analyzed using high mass linear 
positive mode method with 2500 laser shots at a laser intensity of 
75%. The measurements were externally calibrated at three points 
with a mix of carbonic anhydrase, phosphorylase B, and bovine 
SA (BSA).

Binding affinity assay
The binding affinity of CBD-SA to collagens was tested as described 
previously (9). Ninety-six–well enzyme-linked immunosorbent 
assay (ELISA) plates (Greiner Bio-One) were coated with collagen I 
or collagen III (10 g/ml each in PBS) overnight at 37°C, followed 
by blocking with 2% BSA in PBS with 0.05% Tween 20 (PBS-T) for 
1 hour at room temperature. Then, wells were washed with PBS-T 
and further incubated with CBD-SA at increasing concentrations 
for 2 hours at room temperature. After three washes with PBS-T, 
wells were incubated for 1 hour at room temperature with biotin-
conjugated antibodies against mouse SA. After washes, bound CBD-SA 
was detected with tetramethylbenzidine substrate by measurement 
of the absorbance at 450 nm with subtraction of the absorbance at 
570 nm. The apparent Kd values were obtained by nonlinear re-
gression analysis in Prism software (version 7, GraphPad) assuming 
one-site-specific binding.

Synthesis of Dox conjugates
Mouse SA or CBD-SA was solubilized in PBS containing 2 mM 
EDTA. Four molar equivalents of Traut’s reagents solved in PBS 
containing 2 mM EDTA were added and incubated for 1 hour at 
room temperature in the dark. Excess Traut’s reagents were removed 

by a Zeba spin desalting column (Thermo Fisher Scientific). Fifteen 
molar equivalents of aldoxorubicin (MedChemExpress) dissolved 
in 10 mM sodium phosphate buffer (pH 5.9) was added and incubated 
for 1 hour at room temperature and overnight at 4°C in the dark. To 
quench the reaction, 20 molar equivalents of l-cysteine [dissolved in 
PBS containing 2 mM EDTA; Sigma-Aldrich (pharma-grade)] against 
aldoxorubicin was added. Unreacted Dox precipitates were removed 
by centrifugation (10,000g, 5 min). Supernatant was further purified 
by a Zeba spin desalting column, followed by ultrafiltration using 
Amicon Ultra (Merck, 10 kDa molecular mass cutoff). Concentration of 
Dox in the final product was quantitated by absorbance at 495 nm, 
using a molar extinction coefficient of 10,650 (L mol−1 cm−1). The 
concentration of protein content was measured by Pierce BCA 
(bicinchoninic acid assay) Protein Assay Kit (Thermo Fisher Scientific) 
according to the manufacturer’s instructions.

Dynamic light scattering
The hydrodynamic size of Dox conjugates in PBS was measured using 
Zetasizer Nano ZS (Malvern Panalytical). Conjugates were analyzed 
immediately after synthesis or lyophilized and stored at −20°C until use.

SDS–polyacrylamide gel electrophoresis
SDS-PAGE was performed as described in our previous work (9). A 
4 to 20% gradient gel (Bio-Rad) was used, and 0.5 g of each Dox 
conjugate was loaded with or without reduction with 10 mM 
dithiothreitol. After electrophoresis, SimplyBlue SafeStain (Thermo Fisher 
Scientific) was used for gel staining according to the manufacturer’s 
instruction. ChemiDoc XRS+ system (Bio-Rad) was used for image 
acquisition.

pH-dependent release of Dox from conjugates
Slide-A-Lyzer MINI Dialysis Device (Thermo Fisher Scientific, 10 kDa 
molecular mass cutoff) was used to determine the release profile 
of Dox from conjugates. Dox conjugates were diluted in either PBS 
(pH 6.5 or 7.4) or 0.1 M acetate buffer (pH 5.0) to a final concentration 
of 100 M (Dox basis). Each sample (150 l) was loaded into the 
device and dialyzed with buffer (50 ml). Dialysis was performed using 
a magnetic stirrer. The temperature of the stage was set to 37°C, and 
samples were protected from light during dialysis. Dialysate was 
collected at various time points and stored at 4°C until the sample 
collection was finished. Dialysate was loaded onto a 96-well black 
plate in duplicate (90 l/well). Fluorescence was determined using 
excitation at 495 nm and emission at 590 nm. Serial dilution of 
Dox hydrochloride was prepared in the same buffer to create a 
standard curve.

Cellular uptake of Dox conjugates
To evaluate the cellular uptake of Dox conjugates, MMTV-PyMT 
cells were seeded in a 96-well high-content imaging plate (Corning) 
at 5000 cells per well and incubated overnight. Cells were washed 
with PBS and treated with free Dox, Dox-SA, or Dox-CBD-SA 
dissolved in DMEM [sodium pyruvate (110 mg/liter), 10% heat-
inactivated FBS, 1% penicillin-streptomycin, and Phenol red (−)] at 
a concentration of 50 M equivalent of Dox. After incubation, cells 
were washed twice, treated with 75 nM LysoTracker Deep Red, and 
further incubated for 30 min at 37°C. Cells were washed twice and 
observed by an IX83 microscope (Olympus) with ×60 magnification. 
Images were processed using ImageJ software (National Institutes 
of Health, NIH). Scale bar, 20 m.
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In vitro cytotoxicity
MMTV-PyMT cells or MC38 cells were seeded in a 96-well tissue 
culture plate (BD Falcon) at 3000 cells per well and incubated overnight. 
Cells were washed with DMEM [sodium pyruvate (110 mg/liter), 
10% heat-inactivated FBS, 1% penicillin-streptomycin, and Phenol 
red (−)], and DMEM (80 l/well) was added. Then, serial dilutions 
of aldoxorubicin, Dox-SA, or Dox-CBD-SA in PBS were added 
(20 l/well). Cells were incubated 3 days at 37°C, and the viability 
was determined using CellTiter 96 AQueous One Solution Cell 
Proliferation Assay Kit (Promega) according to the manufacturer’s 
instructions. Cells treated with DMEM (80 l/well) and PBS (20 l/well) 
were defined as 100% viable, whereas the cell-free wells with the 
same mixture were defined as 0% viable. Half maximal inhibitory 
concentration (IC50) values were obtained by nonlinear regression 
analysis in Prism software ([inhibitor] versus normalized response).

Plasma pharmacokinetics of Dox conjugates
A previous report about polypeptide-Dox nanoparticles was referred 
(40). To measure pharmacokinetics of Dox, 5 mg/kg Dox equivalent of 
aldoxorubicin, Dox-SA, or Dox-CBD-SA was injected intravenously 
into female FVB mice. Blood samples were collected in EDTA-coated 
tubes at 5 min, 30 min, 1 hour, 4 hours, 12 hours, 25 hours, 50 hours, 
and 75 hours after injection. Blood samples were stored at 4°C until 
the end of sample collection. The samples were centrifuged (2000g, 
5 min), and plasma was collected. Plasma samples diluted in acidified 
isopropanol (75 mM HCl, 10% water, 90% isopropanol) were loaded 
onto a 96-well black plate (100 l/well). Fluorescence was measured 
as described above. Plasma samples were also collected from mice, 
which received no injections, diluted in acidified isopropanol, and 
measured to create the standard curve of background fluorescence. 
Exponential two-phase decay (Y = Ae−t + Be−t) fitting was used to cal-
culate the plasma half-life. Fast clearance half-life, t1/2,; slow clearance 
half-life, t1/2,. Data were analyzed using Prism software (v7, GraphPad).

Plasma pharmacokinetics of SA and CBD-SA
SA and CBD-SA were labeled with DyLight 800 NHS ester (Thermo 
Fisher Scientific) according to the manufacturer’s instructions. 
Unreacted dye was removed by a Zeba spin desalting column as 
described above. After labeling, 200 g of each protein was injected 
intravenously into female FVB mice. Blood samples were collected 
in EDTA-coated tubes at 1 min, 1 hour, 4 hours, 24 hours, 74 hours, 
and 120 hours after injection. Blood samples were stored at 4°C until 
the end of sample collection. The samples were centrifuged (2000g, 
5 min), and plasma was collected. Plasma samples were diluted in 
PBS and loaded into a 96-well black plate (100 l/well). The concen-
tration of each protein in plasma was measured with a LI-COR 
Infrared Odyssey Imager (Li-COR Biosciences). The method of curve 
fitting and calculation of plasma half-life was described above.

MMTV-PyMT tumor inoculation and treatments
The MMTV-PyMT murine breast cancer model was prepared as 
described previously (9). A total of 5 × 105 MMTV-PyMT cells sus-
pended in 50 l of PBS were injected subcutaneously into the mammary 
gland on the right side of each mouse. Mice were treated with 
aldoxorubicin, Dox-SA, or Dox-CBD-SA on day 7 (5 mg/kg) via tail 
vein injection. Tumors were measured with a digital caliper at the 
indicated time points, and volumes were calculated as ellipsoids, 
where V = 4/3 × 3.14 × depth/2 × width/2 × height/2. Mice were 
euthanized when tumor volume had reached more than 500 mm3 

or when active ulceration was observed. For the therapeutic experi-
ment, FVB mice that originated from Charles River were used. For 
the TIL analysis, FVB mice that originated from both the Jackson 
Laboratory and Charles River were used. The proportion of mice 
from different providers was equalized among all groups.

MC38 tumor inoculation and treatments
The MC38 murine colon carcinoma model was prepared similarly 
to the B16F10 melanoma model as described previously (9). A total 
of 5 × 105 MC38 cells suspended in 50 l of PBS were injected intra-
dermally on the left side of the back of each C57BL/6 mouse. Mice 
were injected intravenously on days 6, 9, and 12 with aldoxorubicin, 
Dox-SA, or Dox-CBD-SA (5 mg/kg). Mice were also treated intra-
peritoneally with 100 g of anti–PD-1 (clone 29F.1A12, Bio X Cell) 
on days 10 and 13. Tumor growth was monitored as described above. 
Mice were euthanized when tumor volume had reached more than 
600 mm3 or when active ulceration was observed. On day 60, naïve 
C57BL/6 mice or tumor-free survivors were rechallenged by intra-
dermal injection of 5 × 105 MC38 cells.

Tumor accumulation study
A previous report about polypeptide-Dox nanoparticles was referred 
(40). Aldoxorubicin, Dox-SA, or Dox-CBD-SA was injected into FVB 
mice with established tumors at 4.16 mg/kg via tail vein. Tumor was 
collected, weighed, and put on ice for 2 or 24 hours after injection. 
Tumor tissues were suspended in 1 ml of acidified isopropanol and 
homogenized using Lysing Matrix D and FastPrep-24 5G (MP 
Biomedical) for 40 s at 5000 beats/min. After homogenization, samples 
were protected from light and incubated overnight at 4°C. Samples 
were centrifuged (5000g, 5 min), and the supernatants were loaded 
onto a 96-well black plate (100 l/well, triplicate). Fluorescence was 
measured to quantify the amount of Dox in tissue extracts as de-
scribed above. Tumors from untreated mice were also processed, 
and serial dilutions of tissue extracts were measured to obtain the 
standard curves of tissue-derived autofluorescence.

Histological analysis of injected CBD-SA within tumor
Mouse SA (Sigma-Aldrich) and CBD-SA were conjugated with 
NHS-DyLight 488 according to the manufacturer’s instructions. 
Unreacted dye was removed by a Zeba spin desalting column and then 
fluorescent protein solution was stored at 4°C until use. Fluorescent-
labeled SA (100 g) or CBD-SA labeled with equimolar amounts of 
dye was intravenously injected into MMTV-PyMT tumor-bearing 
mice. One hour after injection, tumors were harvested and frozen in 
dry ice with optimal cutting temperature compound. Tissue slices 
(10 m) were obtained by cryo-sectioning. The tissues were fixed 
with 2% paraformaldehyde in PBS for 15 min at room temperature. 
After washing with PBS-T, the tissues were blocked with 2% BSA in 
PBS-T for 1 hour at room temperature. The tissues were stained with 
biotin-labeled anti-mouse CD31 antibody (1:100, BioLegend) and Alexa 
Fluor 647 streptavidin (1:1000, BioLegend). The tissues were washed 
three times and then covered with ProLong gold antifade mountant 
with 4′,6-diamidino-2-phenylindole (DAPI; Thermo Fisher Scientific). 
An IX83 microscope (Olympus) was used for imaging with ×60 
magnification. Images were processed using ImageJ software (NIH).

Flow cytometry and antibodies
The MMTV-PyMT model was prepared as described above. Mice 
were treated on day 7 with aldoxorubicin, Dox-SA, or Dox-CBD-SA 
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(5 mg/kg). Mice were euthanized on day 14. Cell suspensions were 
obtained from each tumor as described previously (9). Tumors were 
harvested and digested in DMEM supplemented with 2% FBS, 
collagenase D (2 mg/ml), and DNase I (40 g/ml) (Roche) for 30 min 
at 37°C. Single-cell suspensions were obtained by gently disrupting 
the organs through a 70-m cell strainer. Red blood cells were lysed 
with ACK lysing buffer (Quality Biological). Fixable live/dead cell 
discrimination was performed using Fixable Viability Dye eFluor 
455 (eBioscience) according to the manufacturer’s instructions. 
Following a washing step, cells were stained with specific antibodies 
for 20 min on ice before fixation. The following antibodies were 
used to stain the cells: CD3 (145-2C11, BD Biosciences), CD4 (RM4-5, 
BD Biosciences), CD8 (53-6.7, BD Biosciences), CD45 (30-F11, 
BD Biosciences), and NK1.1 (PK136, BD Biosciences). All flow 
cytometric analyses were done using a Fortessa flow cytometer 
(BD Biosciences) and analyzed using FlowJo software (Tree Star).

Toxicity profiles
Tumor-free FVB mice received aldoxorubicin or Dox-CBD-SA 
(20 mg/kg) by intravenous injection. Blood samples were collected 
from each mouse in an EDTA-coated tube by submandibular bleeding 
on days 3 and 6 after injection for plasma cytokine analysis and 
hematological analysis. Body weight of each mouse was measured 
at the indicated time points. On day 16, mice were euthanized and 
organs were harvested. Spleens were weighed, and the other organs 
were used for histological analysis. Mice were euthanized when more 
than 15% decrease of initial body weight was observed.

Hematological analysis
Blood samples were analyzed using a COULTER Ac•T 5diff CP hematol-
ogy analyzer (Beckman Coulter) according to the manufacturer’s instructions.

Measurement of plasma cytokines
Blood plasma was collected from whole-blood sample as described above 
and stored at −20°C until use. Cytokine concentrations in plasma were 
measured using Ready-SET-Go! ELISA kits (eBioscience) and Can Get 
Signal solution (TOYOBO) according to the manufacturer’s instructions.

Histological analysis of heart, liver, kidney, and lung
Organs were fixed with 2% paraformaldehyde in PBS overnight. After 
embedding in paraffin, blocks were cut into 5-m sections, followed 
by hematoxylin and eosin staining.

Statistical analysis
Statistically significant differences between experimental groups were 
determined using Prism software (v7, GraphPad) as described pre-
viously (9). Where one-way analysis of variance (ANOVA) followed by 
Tukey’s honestly significant difference post hoc test was used, variance 
between groups was found to be similar by Brown-Forsythe test. For 
nonparametric data (Fig. 3G), Kruskal-Wallis test followed by Dunn’s 
multiple comparison test was used. Survival curves were analyzed 
by using the log-rank (Mantel-Cox) test. The symbols * and ** indicate 
P values less than 0.05 and 0.01, respectively; N.S., not significant.

SUPPLEMENTARY MATERIALS
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