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Translational Statement

Despite the recent advancements in understanding of
the pathophysiology of acute kidney injury (AKI), no
drug with proven clinical efficacy and safety is available
for AKI treatment. By using a novel optogenetically
engineered exosome technology to deliver the exoso-
mal super-repressor inhibitor of nuclear factor (NF)-kB
(Exo-srIkB) into mice before or after kidney ischemia-
reperfusion surgery, our study showed that the sys-
temic delivery of Exo-srIkB alleviated renal damage in
experimental ischemic AKI. This result suggests that
modulating NF-kB signaling through exosomal delivery
can be used as a novel therapeutic method for AKI. Our
plan for future first-in-human study using Exo-srIkB in
AKI will shed more light on its potential clinical
applicability.
Ischemia-reperfusion injury is a major cause of acute
kidney injury. Recent studies on the pathophysiology of
ischemia-reperfusion-induced acute kidney injury showed
that immunologic responses significantly affect kidney
ischemia-reperfusion injury and repair. Nuclear factor (NF)-
kB signaling, which controls cytokine production and cell
survival, is significantly involved in ischemia-reperfusion-
induced acute kidney injury, and its inhibition can
ameliorate ischemic acute kidney injury. Using EXPLOR, a
novel, optogenetically engineered exosome technology,
we successfully delivered the exosomal super-repressor
inhibitor of NF-kB (Exo-srIkB) into B6 wild type mice before/
after kidney ischemia-reperfusion surgery, and compared
outcomes with those of a control exosome (Exo-Naïve)-
injected group. Exo-srIkB treatment resulted in lower levels
of serum blood urea nitrogen, creatinine, and neutrophil
gelatinase-associated lipocalin in post-ischemic mice than
in the Exo-Naïve treatment group. Systemic delivery of Exo-
srIkB decreased NF-kB activity in post-ischemic kidneys and
reduced apoptosis. Post-ischemic kidneys showed
decreased gene expression of pro-inflammatory cytokines
and adhesion molecules with Exo-srIkB treatment as
compared with the control. Intravital imaging confirmed
the uptake of exosomes in neutrophils and macrophages.
Exo-srIkB treatment also significantly affected post-
ischemic kidney immune cell populations, lowering
neutrophil, monocyte/macrophage, and T cell frequencies
than those in the control. Thus, modulation of NF-kB
signaling through exosomal delivery can be used as a novel
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I schemia-reperfusion (IR)–induced acute kidney injury
(AKI) is a relatively common but severe medical condition
that can happen with systemic hypoperfusion followed by

restoration of blood flow and reoxygenation.1 Renal IR injury
(IRI) is associated with a high morbidity and mortality and is
known to induce dysfunction in other distant organs,
including the heart, lung, and liver.2

In IR-induced AKI, hypoxia and reperfusion generate
reactive oxygen species, followed by a cascade response,
including cell death and inflammation, and subsequent renal
failure.3 Recent advancements in understanding of the detailed
mechanism of IR-induced AKI have highlighted the impor-
tance of immunologic responses in the course of renal IRI.4–7
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Nuclear factor (NF)-kB plays a pivotal role in ischemic AKI,
and orchestrates the inflammatory response and cell survival.8

More than 800 synthetic and natural materials are known to
be partly involved in modulating NF-kB activation.9 Several
studies have shown that NF-kB signaling blockades, such as the
renin–angiotensin–aldosterone system blockade or tumor ne-
crosis factor-a (TNF-a) blocker, can alleviate kidney dam-
age.10–12 However, their mechanisms of action are pleiotropic
and lack specificity. Recent advancements in nanotechnology
made it feasible to produce specific gene sequences or nano-
particles to target NF-kB signaling. These specific NF-kB in-
hibitors showed better renal outcomes in various types of
experimental AKI models.13–15 However, no NF-kB inhibitor
has been commercially approved for human use yet.

Successful gene and drug delivery require the selection of
an appropriate vector for delivering target molecules stably to
the site of action, without causing adverse effects to the
recipient. Various types of vectors, including recombinant
adenoviruses, liposomes, ligand-conjugated nanoparticles,
and ultrasound microbubbles, are reportedly efficient for
drug delivery, because of their stability and high loading ca-
pacity.16,17 However, they are rapidly recognized and cleared
by the reticuloendothelial system, and their nonuniform
particle size as well as their nonspecific uptake pattern limit
their use as bio-carriers.18 The high immunogenicity of
adenoviral vectors and the potential hypersensitivity reactions
of liposomes are additional limitations.19,20

Recently, exosomes received significant attention as novel
biocarriers for gene and drug delivery. Exosomes are extra-
cellular vesicles that play an important role in cell-to-cell
communication, by transferring bioactive materials to recip-
ient cells or affecting signaling pathways of target cells.21

Exosomes are easier to store, and they exhibit greater stabil-
ity.22 Exosomes have a high capacity to overcome biological
barriers, and they can carry surface molecules targeting specific
cell types, thus causing fewer off-target effects.23 However, in
the clinical application of exosomes, it was a significant chal-
lenge to obtain high amounts of pure exosomes and load
soluble proteins into exosomes. Using “exosomes for protein
loading via optically reversible protein-protein interactions”
(EXPLOR), a novel, optogenetically engineered exosome
technology developed by Yim et al., significant advancements
in the production efficiency and biological compatibility of
exosomes were achieved.24 Briefly, EXPLOR technology in-
duces the reversible conjugation between 2 photo-reactive
binding proteins, CRY2 and CIBN, which are fused with
either a cargo protein or an exosome marker by using blue-
light illumination. This process results in the guidance of the
cargo protein into the inner surface of the early endosomes and
ultimately the secretion of cargo protein–carrying exosomes.
These exosomes can be easily isolated and purified from the
producing cell supernatant with blue-light removal, which al-
lows the cargo protein to be present in free form in the luminal
side of the exosomes. This EXPLOR technology has been
adopted recently in the experimental sepsis model by Choi
et al.; they administered exosomes containing the super-
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repressor IkB (srIkB) to mice.25 This was a nondegradable
form of kappa B inhibitor (IkB) that prevented the nuclear
translocation of NF-kB. Their study showed that treatment
with srIkB-containing exosomes (Exo-srIkB) ameliorated the
systemic proinflammatory response and subsequent organ
dysfunction in the mouse sepsis model.

In the present study, we used the same EXPLOR tech-
nology to load srIkB into exosomes and systemically deliver
Exo-srIkB, to assess their effect on the course of ischemic
AKI. Human embryonic kidney (HEK) 293T cell lines that
produced 2 recombinant proteins, CIBN-EGFP-CD9 and
srIkB-mCherry-CRY2, were used for producing Exo-srIkB, by
inducing the transient docking of CRY2 and CIBN using
blue-light illumination (Figure 1a). Control exosomes (Exo-
Naïve) were generated from intact HEK293T cells. We aimed
to examine whether optogenetically engineered Exo-srIkB
could alleviate IR-induced kidney damage and whether it has
a modulatory effect on inflammation and apoptosis.

METHODS
Animals
Most of the experiments used male C57BL/6J mice, which were bred
under specific pathogen-free conditions at the central animal facility of
the Yonsei Medical Center (Seoul, South Korea). An intravital imaging
study was conducted using C57BL/6N mice at IVIM Technology
(Daejeon, South Korea), due to a technical capacity issue. All exper-
iments used male mice, aged 6–7 weeks. All animal procedures were
performed in accordance with the Principles of Laboratory Animal
Care (National Institutes of Health Publication no. 85-23, revised
1985) and were approved by the Institutional Animal Care and Use
Committee (IACUC) at Yonsei University College of Medicine in
Seoul, South Korea (IACUC Approval No. 2020-0060) and at IVIM
Technology (IACUC Approval No. 2019-06.1).

Exosome isolation and characterization
The generation and isolation of Exo-srIkB have been thoroughly described
previously.24,25 The morphology of exosomes and the distribution of
exosome particle numbers and sizes were confirmed by transmission
electron microscopy and nanoparticle tracking analysis, respectively. De-
tails of this process are provided in the Supplementary Methods.

Statistics
Data are expressed as means � SD values. Statistical differences were
analyzed using one-way analysis of variance with Bonferroni post hoc test
for comparisons on more than 3 groups and the Mann-WhitneyU test for
nonparametric analysis between 2 groups using Prism 8 (GraphPad, San
Diego, CA). Results were considered statistically significant when P< 0.05.

RESULTS
Characterization and analysis of engineered exosomes
The production, collection, and purification of exosomes have
been thoroughly described in previous studies.24,25 The size of
particles mostly ranged from 30 to 120 nm, with a mean size of
101 nm. Transmission electron microscopy revealed intact cup-
shaped membrane vesicles with sizes in accordance with
nanoparticle tracking analysis results (Figure 1b and c).
Immunoblotting analysis results for Exo-srIkB revealed the
robust expression of target proteins, including srIkB, mCherry,
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Figure 1 | Characterization of engineered exosomes produced from human embryonic kidney (HEK)293T. (a) Schematic diagram of
DNA constructs used for producing super-repressor kappaB inhibitor (IkB)–loaded exosomes (Exo-srIkB) (upper), and biogenesis of cargo
protein–carrying exosomes using optically reversible protein–protein interactions, so-called exosomes for protein loading via optically
reversible protein-protein interactions (EXPLOR) technology (lower). (b) Representative transmission electron microscopy images of a control
exosome (Exo-Naïve) and Exo-srIkB. Bar ¼ 100 nm. (c) Concentrations and size distributions of Exo-Naïve (left) and Exo-srIkB (right) were
determined by a Zetaview instrument (Particle Metrix, Germany). (d) Immunoblotting HEK293T cells and HEK293T cell–derived exosomes to
analyze the expression of target proteins (srIkB, mCherry, CD9, and green fluorescent protein [GFP]), exosome-positive markers (CD63, TSG101,
Alix, and glyceraldehyde-3-phosphate dehydrogenase [GAPDH]), and exosome-negative markers (cell organelle markers; prohibitin, calnexin,
GM130, and nucleoporin p62). Naïve cells and Exo-Naïve cells were used as negative controls of Exo-srIkB. CIBN, N-terminal fragment
of cryptochrom-interacting basic-helix-loop-helix 1; EGFP, enhanced green fluorescent protein.
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CD9, and green fluorescent protein (GFP), with positive exo-
some markers, such as CD63, TSG101, Alix, and glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH). Exo-srIkB lacked
the expression of cell organelle markers, including prohibitin,
calnexin, GM130, and nucleoporin p62. Exo-Naïve did not
express any marker except exosome markers (Figure 1d).

Injection of Exo-srIkB ameliorates renal IRI
First, we investigated the role of Exo-srIkB in the course
of renal IRI. Each experimental group was i.p. injected with
3 � 109 pn of Exo-srIkB or with Exo-Naïve 3 times in 1-hour
intervals (total of 9 � 109 pn), either before or after renal IRI
572
(pretreatment: 3, 2, and 1 hour before IRI surgery; post-
treatment: 1, 2, and 3 hours after IRI surgery). This injec-
tion schedule was empirically determined to ensure delivery
of exosomes to the target cells and tissues. Mice were sacri-
ficed either 24 or 48 hours after surgery (Figure 2a).

Interestingly, the mouse group that received Exo-srIkB
showed a significantly lower level of serum blood urea nitrogen
and creatinine than the Exo-Naïve–injected group after IRI
surgery, in both pretreatment and post-treatment models
(blood urea nitrogen and creatinine at 24 hours and 48 hours
in both models, P < 0.001; Figure 2b and c). Serum neutrophil
gelatinase-associated lipocalin levels were significantly reduced
Kidney International (2021) 100, 570–584



Figure 2 | Renal protective effects of super-repressor kappaB inhibitor–loaded exosomes (Exo-srIkB) after kidney ischemia–
reperfusion injury (IRI). (a) Experimental scheme of kidney IRI surgery and exosome delivery. Each mouse group was i.p. injected with 3 � 109

pn of control exosomes (Exo-Naïve) or Exo-srIkB 3 times in a 1-hour (h) interval (total of 9 � 109 pn). Mice were killed either 24 hours (24-h) or
48 h (48-h) after IRI surgery, and serum and tissues were collected for further evaluation. (b–d) Serum levels of blood urea nitrogen (BUN),
creatinine, and neutrophil gelatinase–associated lipocalin (NGAL) among different groups depending on treatment type (Exo-Naïve vs. Exo-
srIkB), drug delivery timing (pretreatment vs. post-treatment), and follow-up time point (24-h and 48-h), which shows the renal protective
effect of Exo-srIkB treatment (pretreatment 24-h, n ¼ 10; pretreatment 48-h, n ¼ 4–5; post-treatment 24-h, n ¼ 5–10; post-treatment 48-h,
n ¼ 4–11). (e) (Left) Representative periodic acid–Schiff (PAS) staining images of cortical tubular cells in kidney sections from Exo-Naïve and
Exo-srIkB treatment groups after renal IRI surgery. Normal proximal tubular brush border (*) or loss of brush border (o); chromatin
condensation (black arrows); denuded basement membrane (black arrowheads); vacuolization (yellow arrows); bar ¼ 100 mm. (Right)
Pathologic tubular injury; kidney samples from each group show fewer tubular injuries with Exo-srIkB treatment than with Exo-Naïve
treatment (pretreatment 24-h, n ¼ 5; post-treatment 24-h, n ¼ 5). Comparisons between groups were assessed using one-way analysis of
variance with Bonferroni post hoc test and Mann-Whitney U test. Data are represented as mean � SD values. ***P < 0.001 for comparison of
the Exo-Naïve-Sham and Exo-Naïve-IRI surgery groups. #P < 0.05 and ###P < 0.001 for comparison of the Exo-Naïve-IRI and Exo-srIkB-IRI
surgery groups. To optimize viewing of this image, please see the online version of this article at www.kidney-international.org.
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in the Exo-srIkB–injected group, compared with those in the
Exo-Naïve group, in the pretreatment and post-treatment
models (P < 0.001; Figure 2d). Histologic evaluation results
also revealed lower tubular injury scores in the mouse group
receiving the Exo-srIkB treatment, compared with those in the
Exo-Naïve group, in the pretreatment and post-treatment
models (P < 0.05 vs. Exo-Naïve–injected group; Figure 2e).
Collectively, these data demonstrate that the systemic delivery
of Exo-srIkB directly prevents the course of ischemic AKI.

Systemic Exo-srIkB treatment represses renal NF-kB signaling
in IR-injured kidney
To understand the underlying mechanism by which systemic
Exo-srIkB treatment affects the course of IR-induced AKI, we
Kidney International (2021) 100, 570–584
first checked whether the systemic delivery of Exo-srIkB re-
presses local NF-kB signaling in kidneys. We measured the
expression of NF-kB p65 protein in renal nuclear extracts
from each different experimental group via Western blotting.
Systemic treatment with 9 � 109 pn of Exo-srIkB significantly
decreased IR-induced NF-kB nuclear translocation, compared
with that in the Exo-Naïve–treated group, in the pre-IRI (24
hours after IRI, P < 0.05; 48 hours after IRI, P < 0.001) and
post-IRI (24 and 48 hours after IRI, P < 0.01; Figure 3a)
treatment models. We reconfirmed this finding by measuring
the DNA binding activity of p65 using renal nuclear extracts
from each experimental group. Exo-srIkB treatment signifi-
cantly downregulated the DNA binding activity of NF-kB
after kidney IRI, compared with that in the Exo-Naïve group,
573
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Figure 3 | Suppression of ischemia–reperfusion injury (IRI)–induced nuclear factor (NF)–kB activation following super-repressor
kappaB inhibitor–loaded exosome (Exo-srIkB) treatment. (a) Western blot analysis of NF-kB p65 expression using renal nuclear extracts
from each experimental mouse group. Nuclear extracts were biochemically separated from cytoplasmic fractions, and NF-kB p65 and Lamin
B1 expression was analyzed via Western blotting. IRI-induced activation of NF-kB signaling was significantly repressed with perioperative Exo-
srIkB treatment. (b) Elevated DNA-binding activity of NF-kB p65 following renal IRI was suppressed with perioperative Exo-srIkB treatment. (c)
(Left) Representative immunohistochemical images with NF-kB p65 antibody from each treatment group. Bar ¼ 50 mm. (Right) Graphical
representation showing immunohistochemical detection of NF-kB p65 in each experimental group. Treatment with Exo-srIkB (continued)

bas i c re sea r ch S Kim et al.: Exosomal therapies in ischemic AKI

574 Kidney International (2021) 100, 570–584



S Kim et al.: Exosomal therapies in ischemic AKI ba s i c re sea r ch
regardless of treatment timings (pretreatment: 24 and 48
hours after IRI, P < 0.05; post-treatment: 24 and 48 hours
after IRI, P < 0.01; Figure 3b). Further validation through
NF-kB immunohistochemical staining showed a significant
reduction in NF-kB expression in the Exo-srIkB–treated
group, compared with that of the control treatment group
(pretreatment: 24 and 48 hours after IRI, P < 0.05; post-
treatment: 24 and 48 hours after IRI, P < 0.01; Figure 3c).
Thus, systemic Exo-srIkB treatment can reduce renal NF-kB
signaling in post-IR kidneys.

Exo-srIkB ameliorates inflammation in post-ischemic kidneys
To further investigate whether systemic exosomal srIkB
treatment locally alleviates renal IRI-induced inflammation,
we determined gene expression levels of pivotal inflammatory
mediators, including Il-1a, Il-1b, Il-2, Il-4, Il-6, Il-10, Il-17a,
Ccl2, Ccl3, Ccl5, Cxcl2, Ifn-g, and Tnf-a through quantitative
real-time polymerase chain reaction. Treatment with 9 � 109

pn of Exo-srIkB before IRI significantly suppressed the
expression levels of Il-1b, Il-6, Tnf- a, Ccl2, Ccl5, and Cxcl2,
compared with those of the Exo-Naïve–treated group in IR-
injured kidneys (Figure 4a). Multiplex cytokine analysis was
also performed using serum from different experimental
groups. Results were less significant than kidney transcrip-
tional data, but there was an obvious tendency for decreased
expression of inflammatory cytokines, including IL-6, tumor
necrosis factor–a, CCL2, CCL5, and CXCL2 in the Exo-srIkB
treatment group, compared with that in the control group
(Figure 4b).

Additionally, we evaluated the effect of exosomal srIkB
treatment on the expression of adhesion molecules, by
comparing transcriptomic and translational intercellular
adhesion molecule 1 levels among treatment groups. Quan-
titative real-time polymerase chain reaction results revealed
the significantly lower level of Icam-1 expression in the Exo-
srIkB treatment group compared with that in the Exo-Naïve
treatment group, in both the pretreatment and post-treatment
models (Figure 4c). This result was reproduced in the trans-
lational level via Western blotting and immunohistochemical
staining (Figure 4d and e). Thus, systemic Exo-srIkB delivery
can downregulate the expression of proinflammatory cyto-
kines, chemokines, and adhesion molecules in IR-induced
AKI.

Exo-srIkB alleviates apoptosis in post-ischemic kidneys
Based on the well-known role of NF-kB in modulating pro-
grammed cell death, we investigated how Exo-srIkB affected
apoptosis in post-ischemic kidneys. Kidney IRI surgery
induced significant apoptosis in renal cells, which showed an
=

Figure 3 | (continued) decreased NF-kB expression, compared with that
pretreatment 48-h, n ¼ 4–5; post-treatment 24-h, n ¼ 5–10; post-treatm
using one-way analysis of variance with Bonferroni post hoc test. Data ar
the Exo-Naïve-Sham (control) and Exo-Naïve-IRI surgery groups. #P< 0.05
srIkB-IRI surgery groups. HPF, high-power field. To optimize viewing of th
international.org.
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abrupt increase in cleaved caspase-3 and cleaved Poly
(adenosine diphosphate–ribose) polymerase (PARP) levels in
Western blot analysis. Systemic delivery of Exo-srIkB either
before or after the injury could substantially downregulate the
expression level of cleaved caspase-3 and cleaved PARP, sug-
gesting that Exo-srIkB has protective effects on apoptosis in
post-ischemic kidneys (Figure 5a). Terminal deoxynucleotidyl
transferase dUTP nick-end labeling staining was used to
determine the extent of renal cell injury. Compared with the
controls, Exo-srIkB–treated kidneys showed a significantly
lower number of terminal deoxynucleotidyl transferase dUTP
nick-end labeling–positive cells in the pretreatment and post-
treatment models (Figure 5b).

Biodistribution of exosomes after renal IRI
Next, we investigated the biodistribution of Exo-srIkB in the
renal IRI model, to better understand which cell types are
orchestrating the protective effect of Exo-srIkB in post-
ischemic kidneys. Mice were i.v. injected with
fluorochrome-labeled lymphocyte antigen 6 complex, locus G
(Ly-6G) and F4/80 antibodies 1 hour before IRI surgery, and
i.v. injected with 9 � 109 pn of Exo-srIkB 1 hour after
reperfusion. Intravital imaging was performed at 10 minutes,
5 hours, and 24 hours after reperfusion (Figure 6a). Intravital
imaging following injection of DiD (green)-labeled exosomes
as well as anti–Ly-6G antibody to visualize neutrophils (Fluor
555, red) and anti-F4/80 antibody to visualize macrophages
(Fluor 488, blue) confirmed that both Exo-srIkB and Exo-
Naïve are taken up by neutrophils (Ly-6Gþ) and macrophages
(F4/80þ) in post-ischemic kidneys (Figure 6b and
Supplementary Figure S1A). We observed a mild increase in
DiD signal in renal tubules after IRI, raising the possibility of
exosome uptake by renal tubular cells, but the signal intensity
was not significantly increased compared to the intensity
before DiD-labeled exosome injection (data not shown).
Spleens were observed at the same time and showed exosomal
uptake in the neutrophils and macrophages in the outer
parenchymal area (Figure 6c and Supplementary Figure S1B).
The inner parenchymal area did not show any significant
uptake (data not shown). Due to the limitations of intravital
imaging, which allows observation of only superficial regions,
we additionally performed immunohistochemical staining to
examine the extent of exosome delivery, especially in the
outer medulla, which is known to be the site of the most
prominent immune cell infiltration in post-ischemic kid-
neys.26 We confirmed the successful delivery of mCherryþ

Exo-srIkB to the outer medulla of IR-injured kidneys
(Supplementary Figure S1C).
of the control group (pretreatment 24-hours [h], n ¼ 5–8;
ent 48-h, n ¼ 4–11). Comparisons between groups were assessed
e represented as mean � SD values. ***P < 0.001 for comparison of
, ##P< 0.01, ###P < 0.001 for comparison of the Exo-Naïve-IRI and Exo-
is image, please see the online version of this article at www.kidney-
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Figure 4 | The expression of proinflammatory cytokines, chemokines, and adhesion molecules is negatively affected by super-
repressor kappaB inhibitor–loaded exosome (Exo-srIkB) treatment, both locally and systemically. (a) Whole kidney lysates from each
experimental group were used for quantitative real-time polymerase chain reaction to measure expression levels of proinflammatory
cytokines, including Il-1b, Il-6, Tnf-a, Ccl2, Ccl5, and Cxcl2. The mRNA levels of those genes increased significantly after ischemia–reperfusion
(IR) damage in the kidney, and this effect was alleviated with Exo-srIkB treatment (pretreatment 24 hours [h], n ¼ 5–8; pretreatment 48-h, n ¼
4–5; post-treatment 24-h, n ¼ 5–10; post-treatment 48-h, n ¼ 4–11). (b) Multiplex cytokine studies using serum from each experimental
group also showed a similar tendency of reduction in proinflammatory cytokine levels in the post-ischemic mouse group with Exo-srIkB
treatment (pretreatment 24-h, n ¼ 5; pretreatment 48-h, n ¼ 4–5; post-treatment at 24-h, n ¼ 5; post-treatment 48-h, n ¼ 3–6). (Continued)
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Figure 4 | (Continued) (c) Quantitative real-time polymerase chain reaction data show increased levels of Icam-1mRNA in the post-ischemic Exo-
Naïve (control) treatment group, and significant reduction of Icam-1 mRNA with Exo-srIkB treatment. (d) Western blot analysis results of whole
kidney lysates from each group demonstrated decreased expression of ICAM-1 in IR-injured kidneys with Exo-srIkB treatment. (e) Representative
kidney sections exhibiting ICAM-1 immunohistochemical staining (left) and the graphical representation of ICAM-1 immunohistochemical (right)
show that Exo-srIkB treatment reduced ICAM-1 expression in post-ischemic kidneys of C57BL/6J mice. Bar ¼ 50 mm (c–e: pretreatment 24-h, n ¼
5; pretreatment 48-h, n¼ 4–5; post-treatment 24-h, n¼ 5; post-treatment 48-h, n¼ 3–6). Comparisons between groups were assessed using one-
way analysis of variance with Bonferroni post hoc test. Data are represented as mean � SD values. *P < 0.05, **P < 0.01, ***P < 0.001 for
comparisons of the Exo-Naïve-Sham and Exo-Naïve-ischemia–reperfusion (IRI) surgery groups. #P < 0.05, ##P < 0.01, ###P < 0.001 for comparisons
of the Exo-Naïve-IRI and Exo-srIkB-IRI surgery groups. To optimize viewing of this image, please see the online version of this article at www.
kidney-international.org.
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Figure 5 | Super-repressor kappaB inhibitor–loaded exosome (exo-srIkB) treatment improves ischemia–reperfusion (IR)–induced
kidney apoptosis. (a) (Left) Western blot analysis results comparing the expression of cleaved caspase-3 and cleaved poly (adenosine
diphosphate–ribose) polymerase (PARP) protein in kidneys from each experimental group. (Right) Graphical representation shows that
Exo-srIkB treatment lowered cleaved caspase-3 levels and cleaved PARP, compared with the Exo-Naïve (control) treatment. (b) (Left)
Representative images of terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) staining (fluorescein isothiocyanate–labelled)
are shown. Apoptotic cells are green (white arrows), and 40,6-diamidino-2-phenylindole (DAPI) was used as a counterstain. (Continued)
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Systemic delivery of Exo-srIkB affects the renal immune cell
population after kidney IRI
Based on the biodistribution data, we evaluated whether
providing exosomal srIkB treatment before IRI surgery could
affect the population of each immune cell type. After 24 hours
of ischemic AKI, there was no difference between the
experimental groups in the total number of renal cells isolated
through multiple steps of mechanical disruption, enzymatic
digestion, and the Percoll density gradient method, but the
Exo-srIkB–treated group had a significantly lower frequency
of kidney mononuclear cells than did the Exo-Naïve–treated
group (P < 0.05; Figure 7a and b). Further analysis showed
that the Exo-srIkB–injected group had a significantly lower
frequency of neutrophils (CD45þLy-6Gþ; P < 0.01), pro-
inflammatory mononuclear phagocytic cells (CD45þLy-
6Cþ), anti-inflammatory mononuclear phagocytic cells
(CD45þF4/80þ; P < 0.01 and P < 0.05, respectively), and T
cells (CD45þCD3þ; P < 0.05) among total kidney mono-
nuclear cells than those in the Exo-Naïve–injected group
(Figure 7c). Results of immunofluorescence of IR-damaged
kidneys also showed decreased neutrophil and mononuclear
phagocytic cell frequencies in Exo-srIkB–injected kidneys
(Figure 7d–f and Supplementary Figure S2A–C). However,
Exo-srIkB treatment did not have significant effects on the
total immune cell numbers or frequencies in the spleen after
ischemic AKI. There were no differences in numbers and
frequencies of total immune cells (CD45þ), neutrophils
(CD45þLy-6Gþ), pro- or anti-inflammatory mononuclear
phagocytic cells (CD45þLy-6Cþ or CD45þF4/80þ), except T
cells (CD45þCD3þ) between the Exo-srIkB and Exo-Naïve
treatment groups (Supplementary Figure S3A–C). This sug-
gests that systemic Exo-srIkB treatment before ischemic AKI
has significant local effects on renal immune cell proliferation
and trafficking, but not on splenic immune cells.

DISCUSSION
Despite recent noteworthy advancements in understanding of
the pathophysiology of IR-induced AKI, no drug with proven
clinical efficacy and safety to treat ischemic AKI has been
developed; thus, the associated mortality and morbidity levels
are significant. Given that NF-kB signaling is deeply involved
in the course of IR-induced AKI,27 we assessed whether the
systemic delivery of the NF-kB inhibitor using exosomes
could alleviate the course of ischemic AKI. Through opto-
genetically controlled biogenesis of exosomes using EXPLOR
technology, we delivered Exo-srIkB to mice either before or
after IRI surgery and compared outcomes with those of the
control group. Our results show that the mouse group
receiving the Exo-srIkB treatment was protected from IR-
=

Figure 5 | (Continued) Bar ¼ 50 mm. (Right) A bar graph showing TUNE
treatment induced a lower number of apoptotic cells (pretreatment 24-h
5; post-treatment 48-h, n ¼ 3–6). Comparisons between groups were asse
test. Data are represented as mean � SD values. ***P < 0.001 for comp
groups. #P < 0.05 and ###P < 0.001 for comparison of the Exo-Naïve-IRI
please see the online version of this article at www.kidney-international
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induced AKI; this group showed better biochemical and
histologic outcomes than the control group. Systemic delivery
of Exo-srIkB suppressed NF-kB signaling in post-ischemic
kidneys, which led to decreased expression of proin-
flammatory cytokines, chemokines, and adhesion molecules
and alleviation of apoptosis. Finally, we compared whether
NF-kB treatment affected the renal immune cell population
and observed a significant reduction in frequencies of mul-
tiple immune cell populations, including neutrophils,
monocytes, macrophages, and T cells, through flow cyto-
metric and immunofluorescent analysis.

During the early course of IRI, proinflammatory cascade
and oxidative stress results in NF-kB pathway activation,
subsequently leading to the regulation of cell survival and
inflammation.28 Multiple endogenous factors are released
during the early stages of hypoxia and reperfusion, including
high mobility group box 1, heat shock proteins, pathogen-
associated molecular patterns, and damage-associated mo-
lecular patterns,29 and these molecules stimulate pattern
recognition receptors, such as Toll-like receptors and the
interleukin-1 receptor. This process subsequently activates
IkB kinase, which leads to IkB degradation by proteasomes.27

Next, heterodimers (e.g., p50/p65) translocate from the
cytosol to the nucleus, where they promote the transcription
of inflammatory mediators, including tumor necrosis factor–
a, IL-1, IL-6, and IL-8, which in turn further promote NF-kB
signaling.27,30,31 This proinflammatory cascade modulates
surrounding microenvironments, by inducing apoptosis in
renal tubular cells subjected to IRI and promoting leukocyte
migration and activation. Our experimental ischemic AKI
model could reproduce the activation of NF-kB signaling
following renal IRI, leading to the increased expression of
multiple inflammatory cytokines, chemokines, and tissue
apoptosis, which significantly affect renal immune cell
populations.

Recent experimental studies have shown more detailed
evidence regarding the effect of NF-kB blockade on IRI, using
selective pharmacologic inhibitors of NF-kB signaling,
including Toll-like receptor antagonists,32,33 cytokine antag-
onists,34 IKK complex antagonists,35,36 proteasome in-
hibitors,37 and decoy oligodeoxynucleotides specific to a
particular NF-kB complex,15,38,39 in various organs. srIkB is a
nondegradable IkBa protein with mutations at serine residues
32 and 36. This protein prevents NF-kB nuclear translocation
and subsequent NF-kB signaling.40 srIkB has proven protec-
tive effects in the lung IRI model, as it decreases neutrophil
infiltration and pulmonary edema, and is also known to have
anti-tumor effects, because it decreases chemoresistance.41,42

Recently, Markó et al. generated mice expressing srIkB in
L-positive cells in kidney sections from each group. Exo-srIkB
ours [h], n ¼ 5; pretreatment 48-h, n ¼ 4–5; post-treatment 24-h, n ¼
ssed using one-way analysis of variance with the Bonferroni post hoc
arison of the Exo-Naïve-Sham and Exo-Naïve-IR injury (IRI) surgery
and Exo-srIkB-IRI surgery groups. To optimize viewing of this image,
.org.
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Figure 6 | Super-repressor kappaB inhibitor–loaded exosome (Exo-srIkB) primarily target immune cells in post-ischemic kidneys. (a)
Experimental scheme of intravital imaging and exosome delivery. (b) Sequential intravital imaging shows the uptake of 1,10-dioctadecyl-3,3,30,30-
tetramethylindodicarbocyanine, 4-chlorobenzenesulfonate salt (DiD)–labeled exosome (green pseudocolor) into neutrophils (Ly-6Gþ, red pseudocolor)
and macrophages (F4/80þ, blue pseudocolor) in the post-ischemic kidneys treated with i.v. Exo-srIkB. White arrows indicate DiD-labeled exosomes
engulfed in immune cells. White dashed lines indicate renal interstitium. (c) The biodistribution of DiD-labeled exosomes (green) in the spleen after kidney
ischemia–reperfusion injury surgery shows exosomal uptake into neutrophils (Ly-6Gþ, red) and macrophages (F4/80þ, blue) in the outer parenchyma.
Elapsed time is indicated. Bar ¼ 20 mm. To optimize viewing of this image, please see the online version of this article at www.kidney-international.org.
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Figure 7 | Super-repressor kappaB inhibitor–loaded exosome (Exo-srIkB) treatment modulates kidney immune cell populations
following ischemia–reperfusion (IR)–induced acute kidney injury. (a) Mice were sacrificed 24 hours (h) after surgery. Kidney mononuclear
cells were enriched using enzymatic digestion, mechanical disruption, and Percoll density gradients. Total kidney cell numbers determined
using those methods showed no statistical differences among the experimental groups. (b) Graphical representation of flow cytometric
analysis showed a higher percentage of kidney CD45þ cells after IR injury among isolated kidney cells using enzymatic digestion, mechanical
disruption, and Percoll density gradients. Exo-srIkB treatment alleviated the post-ischemic surge of renal immune cells. (Continued)
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renal tubular cells, and these mice were protected from
ischemic AKI.43 By using bioengineered exosomes as a vector,
Choi et al. recently showed the therapeutic benefits of srIkB
treatment in the septic AKI model.25 Our study also dem-
onstrates the protective effects of Exo-srIkB treatment in the
renal IRI model, expanding the therapeutic potential of srIkB
delivery through exosomes in various types of AKI.

Modulation of the inflammatory process has been a major
therapeutic consideration in the field of ischemic AKI. A study
by Nagata et al. showed that splenectomy, as well as use of the
anti-TNF-a agent infliximab, showed protective effects in the
experimental ischemic AKI model, by lowering inflammatory
cytokine expression and accumulation of monocytes and
macrophages.44 Inoue et al., on the other hand, showed that
vagus nerve stimulation could protect kidneys from ischemic
AKI through the cholinergic anti-inflammatory pathway.45

However, splenectomy had no effect on the course of
ischemic AKI in this study. Inhibiting the migration of leu-
kocytes and macrophages also preserved renal function and
alleviated cell death.46,47 We have shown that Exo-srIkB treat-
ment downregulates the expression of proinflammatory cyto-
kines, chemokines, and adhesion molecules, reduces apoptosis,
and alleviates multi-lineage immune cell accumulation in IR-
injured kidneys. These results suggest that Exo-srIkB mod-
ifies the course of ischemic AKI through proinflammatory
cascade downregulation, limiting subsequent migration and
activation of leukocytes, and preventing apoptosis.

Exosomes can have several advantages over the use of other
types of vectors as conveyors. First, extracellular vesicles are
naturally protected from degradation during circulation and are
non-immunogenic when used autologously.48 Exosomes can
overcome natural barriers, such as the blood–brain barrier,
through their intrinsic cell-targeting properties.49 Additionally,
exosomes use intrinsic mechanisms of recipient cells in the course
of uptake, intracellular trafficking, and the final delivery of cargoes
to target cells.50 While maintaining these properties, EXPLOR
technology made it possible to significantly increase intracellular
levels of cargo proteins through controllable, reversible detach-
ment from exosomes.24 Our study showed that efficient delivery
of Exo-srIkB using EXPLOR technology could bring significant
improvement in renal outcome after experimental IRI. Also, our
preliminary toxicity data with 1.0 � 1010 pn of Exo-srIkB did not
show any significant adverse reaction (data not shown).

Our study showed that exosomal srIkB treatment could
suppress NF-kB signaling in post-ischemic kidneys and lead
=

Figure 7 | (Continued) (c) Results of further staining with additional immun
including neutrophils (CD45þLy-6Gþ), pro-inflammatory mononuclear phag
cells (CD45þF4/80þ), and T cells (CD45þCD3þ), among enriched kidney mo
ischemic kidneys (n ¼ 5 per each experimental group). (d–f) Immunofluore
experimental group, targeting Ly-6G, Ly-6C, and F4/80. Secondary antibodies
experiments. Data showed a decreased frequency of Alexa Fluor 647 staine
treatment, suggesting that there were fewer neutrophils (Ly-6Gþ), pro-, and
srIkB-treated kidneys. Proximal tubular cells were stained with lotus tetrago
counterstaining. Bar ¼ 50 mm (n ¼ 5 per experimental group). Data are rep
comparisons of the Exo-Naive-Sham and Exo-Naive-ischemia–reperfusion (IRI
IRI and Exo-srIkB-IRI surgery groups. To optimize viewing of this image, plea
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to a decreased level of inflammation and apoptosis. It is so far
uncertain whether these effects originate primarily from
NF-kB signaling modulation in renal tubular cells or
secondarily from regulating NF-kB signaling in immune cells.
However, our bio-distribution data showed more vigorous
exosomal uptake in neutrophils and macrophages, and our
previous study also showed prompt exosomal uptake in im-
mune cells—within a few minutes, which differs from other
major organs, including kidney, which takes several hours to
reach its peak uptake of exosomes.25 Therefore, it seems
reasonable to postulate that these protective effects from Exo-
srIkB treatment in ischemic AKI are primarily mediated by
the immune cells. Further in vivo studies using immunode-
ficient mice or in vitro co-culture studies of tubular cells with
or without immune cells under ischemic conditions will be
able to provide additional answers to this question.

Of note, exosomes were delivered through the i.p. route in
most of our studies. However, the pilot study for intravital
imaging showed significant aggregation of exosomes after i.p.
injection, limiting accurate interpretation. Therefore, the i.v.
route was chosen for the bio-distribution study. To determine
whether similar protective effects from i.p. exosomal delivery are
found with i.p. delivery, we repeated some experiments using the
i.v. injection method. We were able to reproduce the improved
biochemical outcomes, as well as the decreased level of NF-kB
signaling and intercellular adhesion molecule 1-1 expression,
with i.v. delivery of Exo-srIkB (Supplementary Figure S4).

Our study has several limitations. First, our study is limited
to the murine model. Future in vivo renal IRI experiments
using humanized mice, or in vitro hypoxia–reperfusion ex-
periments using human monocytes will need to be conducted
to assess the therapeutic potential of human applications. Also,
our experiment focused on only the early stages of renal IRI.
However, several recent studies have highlighted the significant
role of NF-kB signaling in hypoxia-induced renal fibrosis, via
the effects on the regulation of inflammation, oxidative stress,
and epithelial-to-mesenchymal transition.43,51 Additional ex-
periments focusing on the effects of Exo-srIkB in renal fibrosis
and the repair process after IRI would potentially broaden the
clinical applicability of Exo-srIkB treatment.

In conclusion, our study shows that using the exosome as a
carrier is a safe and efficient method for delivering srIkB into
the IR-induced AKI model. Exo-srIkB treatment alleviates IR-
induced AKI in mice by downregulating NF-kB signaling and
ameliorating inflammation and apoptosis in the ischemic
e-cell markers showed that the frequency of multilineage immune cells,
ocytic cells (CD45þLy-6Cþ), anti-inflammatory mononuclear phagocytic
nonuclear cells were also decreased with Exo-srIkB treatment in post-
scence studies were performed on post-ischemic kidneys from each
conjugated with Alexa Fluor 647 were used for all immunofluorescence
d cells (white arrows) in post-ischemic kidneys following Exo-srIkB
anti-inflammatory mononuclear phagocytic cells (Ly-6CþF4/80þ) in Exo-
nolobus lectin (green), and 40 ,6-diamidino-2-phenylindole was used for
resented as mean � SD values. *P < 0.05, **P < 0.01, ***P < 0.001 for
) surgery groups. #P < 0.05, ##P< 0.01 for comparisons of the Exo-Naive-
se see the online version of this article at www.kidney-international.org.
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injured kidney. The direct intracellular delivery of immuno-
suppressive proteins into target cells using exosomes can be
used as a promising therapeutic tool in IR-induced AKI, and
the therapeutic potential of Exo-srIkB in human kidney IRI
should be explored further.
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SUPPLEMENTARY MATERIAL
Supplementary File (PDF)
Supplementary Methods.
Table S1. Primer sequences.
Figure S1. Intravital imaging of Exo-Naïve and successful delivery of
Exo-Naïve into outer medulla in post-ischemic kidneys. (A) Sequential
intravital imaging shows the uptake of DiD-labeled exosome (green
pseudocolor) into neutrophils (Ly-6Gþ, red pseudocolor) and mac-
rophages (F4/80þ, blue pseudocolor) in the post-ischemic kidneys
treated with i.v. Exo-Naïve. White dashed line indicates renal inter-
stitium. (B) The biodistribution of DiD-labeled exosomes (green) in
spleen after kidney IRI surgery shows exosomal uptake into neutro-
phils (Ly-6Gþ, red) and macrophages (F4/80þ, blue) in the outer
parenchyma. Elapsed time is indicated. Bar ¼ 20 mm. (C) Represen-
tative kidney sections of mCherry immunohistochemical staining
showing Exo-srIkB in the outer medulla of post-ischemic kidneys. Red
dashed line indicates the existence of mCherryþ srIkB. The control
group did not receive any exosome treatment. Bar ¼ 20 mm.
Figure S2. Exo-srIkB treatment has no effect on kidney immune cell
populations following sham surgery. (A–C) Immunofluorescence
studies were performed after sham surgery from each experimental
group, targeting Ly-6G, Ly-6C, and F4/80. Secondary antibodies
conjugated with Alexa Fluor 647 were used for all immunofluores-
cence experiments. Data showed no significant immune cell infiltra-
tion in both Exo-Naïve-Sham and Exo-srIkB-Sham groups. Ly-6Gþ, Ly-
6Cþand F4/80þ were stained with Alexa Fluor 647 (red), proximal
tubular cells were stained with LTL (green), and DAPI was used for
counterstaining. Bar ¼ 50 mm.
Kidney International (2021) 100, 570–584
Figure S3. Exo-srIkB treatment has no effect on splenic immune cell
populations following ischemic AKI. (A,B) Splenocytes were isolated
via mechanical digestion. Results of flow cytometric analysis showed
no significant differences in (A) total splenocyte counts and (B)
frequencies of CD45þ cells among the total splenocytes between
experimental groups. (C) The frequencies of splenic neutrophils
(CD45þLy-6Gþ) and pro-inflammatory (CD45þLy-6Cþ) as well as anti-
inflammatory mononuclear phagocytic cells (CD45þF4/80þ) increased
after kidney IRI, but treatment with Exo-srIkB did not cause
differences between the Exo-Naïve and Exo-srIkB treatment groups.
Frequencies of splenic T cells (CD45þCD3þ) remained unchanged
after kidney IRI, and Exo-srIkB treatment slightly increased splenic T
cell frequencies, compared with those in the Exo-Naïve treatment
group (n ¼ 5 per experimental group). Comparisons between groups
were assessed using one-way ANOVA with the Bonferroni post hoc
test. Data are represented as mean � SD values. *P < 0.05, **P < 0.01,
***P < 0.001, for comparisons of the Exo-Naïve-Sham and Exo-Naïve-
IRI surgery groups. #P < 0.05, for comparison of the Exo-Naïve-IRI and
Exo-srIkB-IRI surgery groups.
Figure S4. I.v. delivery of Exo-srIkB shows similar biologic effects
compared to i.p. delivery in the ischemic AKI model. (A) Experimental
scheme of kidney IRI surgery and exosome delivery. Each mouse
group was i.v. injected with 9 � 109 pn of Exo-Naïve, Exo-srIkB, or PBS
1 hour after reperfusion. Mice were killed either 24 or 48 hours after
IRI surgery, and serum and tissues were collected for further
evaluation. (B–D) Serum levels of BUN, creatinine, and NGAL among
different groups depending on treatment type (PBS vs. Exo-Naïve vs.
Exo-srIkB), renal injury (sham vs. IRI), and follow-up time point (24-h
and 48-h), which shows the renal protective effect of Exo-srIkB
treatment (n ¼ 5 per experimental group). (E) Western blot analysis of
NF-kB p65 expression using renal nuclear extracts from each experi-
mental mouse group. Nuclear extracts were biochemically separated
from cytoplasmic fractions, and NF-kB p65 and Lamin B1 expression
was analyzed via Western blotting. IRI-induced activation of NF-kB
signaling was significantly repressed with postoperative Exo-srIkB
treatment. (F) Elevated DNA-binding activity of NF-kB p65 following
renal IRI was suppressed with postoperative Exo-srIkB treatment. (G)
qRT-PCR data show increased levels of Icam-1 mRNA in the post-
ischemic Exo-Naïve treatment group and significant reduction of
Icam-1 mRNA with Exo-srIkB treatment. (H) Western blot analysis
results of whole kidney lysates from each group demonstrated
decreased expression of ICAM-1 in IR-injured kidneys with Exo-srIkB
treatment. Comparisons between groups were assessed using one-
way ANOVA with Bonferroni post hoc test. Data are represented as
mean � SD values. ns, not significant, **P < 0.01, ***P < 0.001, for
comparison of the PBS-Sham and Exo-Naïve-IRI surgery groups. #P <

0.05, ##P < 0.01, ###P < 0.001 for comparison of the Exo-Naïve-IRI and
Exo-srIkB-IRI surgery groups.
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