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Mesenchymal stem cell (MSC)–derived extracellular vesicles
(EVs) have been shown to stimulate regeneration in the treat-
ment of kidney injury. Renal regeneration is also thought to be
stimulated by the activation of Sox91 cells. However, whether
and how the activation mechanisms underlying EV treatment
and Sox91 cell–dependent regeneration intersect is unclear.
We reasoned that a high-resolution imaging platform in living
animals could help to untangle this system. To test this idea, we
first applied EVs derived from human placenta–derived MSCs
(hP-MSCs) to a Sox9-CreERT2; R26mTmG transgenic mouse
model of acute kidney injury (AKI). Then, we developed an ab-
dominal imaging window in the mouse and tracked the Sox91

cells in the inducible Sox9-Cre transgenic mice via in vivo line-
age tracing with two-photon intravital microscopy. Our results
demonstrated that EVs can travel to the injured kidneys post in-
travenous injection as visualized by Gaussia luciferase imaging
and markedly increase the activation of Sox91 cells. Moreover,
the two-photon living imaging of lineage-labeled Sox91 cells
showed that the EVs promoted the expansion of Sox91 cells in
kidneys post AKI. Histological staining results confirmed that
the descendants of Sox91 cells contributed to nephric tubule
regeneration which significantly ameliorated the renal function
after AKI. In summary, intravital lineage tracing with two-pho-
ton microscopy through an embedded abdominal imaging win-
dow provides a practical strategy to investigate the beneficial
functions and to clarify the mechanisms of regenerative thera-
pies in AKI.

Despite an increasing incidence of acute kidney injuries
(AKI) across the globe and poor prognosis of the survivors,
including chronic kidney disease, end-stage renal disease, and
ultimately death, only a few preventive and therapeutic treat-

ments exist (1, 2). With growing insight into the causes and
mechanisms of AKI, sex-determining region Y box 9 (Sox9) has
been demonstrated to play a pivotal role in renal regeneration
in AKI (3, 4). Sox9 was found to be expressed in the proximal
tubule cells, starting at an early stage (within 24 h) post AKI (3,
4). Moreover, the Sox9-positive (Sox91) cells were thought to
be the progenitor-like cells which possessed high proliferative
capacity and were the major contributors to kidney regenera-
tion after AKI (4). To date, however, the effective therapeutic
strategy to promote the endogenous Sox91 cells activation for
AKI treatment was little reported.
Extracellular vesicles (EVs) are considered a kind of intercellu-

lar communication vehicle with the ability to transport informa-
tional molecules in the form of nucleic acids, proteins, and lipids
(5–9). EVs derived from mesenchymal stem cells (MSCs) that
contain the functional compositions fromMSCs have been widely
employed in tissue repair and regenerative medicine (8, 10–13).
Recent studies have reported that MSC-derived EVs could
attenuate renal injury and improve renal outcomes in a series of
experimental AKI models (14–16). Besides, the possible thera-
peutic mechanism of MSC-derived EVs for AKI treatment was
related to the Sox9 expression (17). Unfortunately, there is still no
real-time monitoring method or precise assessment measure for
Sox91 cells activation and renal repair, which severely limits the
research and application ofMSC-derived EVs in AKI treatment.
Lineage tracing is recently being used as a powerful tool in

tissue regeneration and stem cell research by labeling a specific
type of cells, which offers an opportunity to visualize the cell
behavior in the context of the intact organism instead of the in
vitro environment (18–20). The research based on the lineage
tracing of Sox91 cell mouse models provides novel insight into
the Sox91 cells in renal development, the cell fate during renal
injury, and the potential mechanisms of renal regeneration (3,
4, 21). However, the conventional research method of lineage
tracing relying on sacrificing the animals to get the information
on the tissue sections is only a “snapshot” (19, 22), which is
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unable to dynamically monitor the Sox91 cell behavior in
action. The abdominal imaging window (AIW) successfully sol-
ves this problem, making researchers able to visualize as well as
quantify the cell fate and reparative process by lineage tracing
in real-time, in vivo in an individual mouse (23–25). In addition,
the application of two-photonmicroscopy (TPM) improves the
feasibility of lineage tracing by living imaging at a single-cell
level because of its advantages, such as deep tissue penetration
and little photodamage (22).
In this study, we used high-resolution intravital in situ imag-

ing techniques to examine the kinetics of Sox91 cells in mouse
AKI under the treatment of human placental MSCs (hP-
MSCs)–derived EVs. We utilized an inducible Sox9-Cre trans-
genic mice with AIW to evaluate the influence of EVs on Sox9
expression at a single-cell level and further assess the therapeu-
tic effect of EVs for AKI. The Sox91 cell–dependent repair pro-
cess in injured kidney was observed in real-time by TPM living
imaging. Our data suggested that EVs promoted the Sox91 cell
proliferation and further accelerated the renal regeneration via
the activation of Sox91 cells.

Results

Characteristics and biodistribution of EVs

The transmission electron microscope image showed that
the morphology of EVs was membrane-bound round-shaped
vesicles (Fig. 1A). Three categories of protein markers were
confirmed by Western blot analysis. The bands of the EVs and

donor cells demonstrated that the EVs we collected contained
the exosomal markers CD9 and Alix and excluded the protein
GM130, which is expressed in the Golgi complex (Fig. 1B). The
result of nanoparticle tracking analysis revealed that the diame-
ter of the EVs was;110 nm (Fig. 1C).
To trace the biodistribution of EVs in renal IRI mice after

intravenous injection, we utilized a bioluminescence report sys-
tem to label EVs as described previously (Fig. S1, A and B) (26).
The hP-MSCs were transduced with the lentivirus that carried
the gene sequence of Gluc-lactadherin fusion protein. As a con-
sequence, the membrane of EVs released from the transduced
hP-MSCs gathered the Gluc-lactadherin fusion protein, which
means the EVs were labeled by Gluc. After the IRI, we intrave-
nously injected Gluc-labeled EVs at a dose of 100 mg in a vol-
ume of 100 ml for 3 consecutive days. To avoid the blocking
from the skin and abdominal wall, we implanted an AIW in the
kidney region of the abdomen. The BLI images exhibited that
robust signals were emitted from the kidney region through the
AIW in the first 3 days and faded in subsequent days, which
indicated the successful arrival of EVs at the injured kidney af-
ter intravenous injections (Fig. 1D). In summary, the EVs that
were isolated from the conditional medium of hP-MSCs could
arrive at the injured kidney and be used in the AKI treatment.

EVs inhibited cell apoptosis

To investigate the therapeutic effects of EVs, it is necessary
to observe in real-time the bioprocesses in the injured kidneys

Figure 1. Characteristics and bioluminescence imaging of EVs. A, transmission electronmicroscope (TEM) image of EVs. Scale bar, 100 nm. B, Western blot
analysis confirmed the three categories of exosomal markers: CD9, Alix, and GM130. C, nanoparticle tracking analysis indicates the peak diameter of EVs is
113.7 nm. D, the biodistribution of EVs was traced in vivo by Gaussia luciferase (Gluc) imaging through the AIW.

Intravital imaging of Sox91 cells
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in vivo dynamically. The AIWs in renal IRI mice were useful for
freely and directly observing the injured kidneys and perform-
ing fluorescence imaging of renal tissues for an extended period
of time. Hoechst 33342, a bis-benzamide derivative that binds
specifically to DNA, could be utilized to trace the apoptosis
cells. Therefore, we intravenously injected 10 mg/kg Hoechst
33342 into renal IRI mice to evaluate the states of injured kid-
neys by using the fluorescence stereomicroscope. The images
of intravital Hoechst 33342 imaging revealed that EVs amelio-
rated the IRI-induced apoptosis of the injured kidney (Fig. 2A).
In addition, we assessed the renal cell apoptosis in tissue sec-
tions on day 3 post IRI by TUNEL assay. As the data show, IRI
resulted in massive tubule epithelial cells (TECs) death and EVs
alleviated TEC apoptosis compared with PBS (Fig. 2B). More-
over, the real-time qPCR analysis (Table S1) of the renal tissues
in each group showed that EVs significantly inhibited the TEC
apoptosis via suppressing apoptosis-related genes (Fig. 2C and
Fig. S2). These results indicated that EVs remarkably amelio-
rated the IRI induced TECs apoptosis in AKI treatment.

EVs activated Sox9 expression

The kidneys, to an extent, have some ability to regenerate af-
ter an acute injury, which appeared as a significant regenerative
response characterized by cell proliferation. Therefore, we
detected the cell proliferation in EVs treated kidney on day 3
post IRI by proliferating cell nuclear antigen (PCNA) immuno-
staining. Cells were largely quiescent in normal kidney, but IRI

invoked a discernible proliferative response 3 days post injury.
In addition, PCNA1 cells in the EV-treated kidney markedly
increased compared with the ones administrated with PBS
(Fig. 3A). The anti-Sox9 immunostaining studies confirmed
that injury stimulated Sox9 expression and EVs significantly
increased the protein expression of Sox9 on day 3 after IRI
(Fig. 3B). We found that Sox9 was mainly expressed in proxi-
mal tubule epithelial cells with evident epithelial polarity, an
apical and LTL-enriched brush border. Therefore, we used
the HK2 cells to further investigate the proliferation promo-
tion effect of EVs. After incubating DiI-labeled EVs with HK2
cells for 6 h, we observed the EVs were internalized by HK2
cells (Fig. S3A). Moreover, the cell proliferation assay indi-
cated that the EVs stimulated the HK2 cell proliferation in a
dose-dependent manner with a peak of 50 mg/ml (Fig. S3B).
Meanwhile, we performed the immunostaining of anti-Sox9
and anti-Ki67 to the HK2 cells which were incubated with
EVs for 24 h. The EVs remarkably activated the expression of
Sox9 and Ki67 in HK2 cells (Fig. 3C). The Western blotting
analysis also revealed that the EVs promoted the expression
of Sox9 in HK2 cells (Fig. 3D). All these data suggested that
the administration of EVs stimulated the Sox9 expression in
renal tubule epithelial cells after AKI.

Two-photon living imaging of Sox91 cells

To determine whether EV-induced Sox91 cells actively
contribute to renal regeneration, we performed intravital

Figure 2. EVs suppressed apoptosis of the kidney after ischemia-reperfusion injury. A, fluorescence stereomicroscope imaging of the injured kidney
stained by Hoechst 33342 through the embedded AIW. Scale bar, 100 mM. B, the TUNEL staining (green) of the kidney sections (rhodamine-labeled LCA, red,
proximal tubular) on day 3. Scale bar, 50 mM. C, real-time qPCR analysis of apoptosis-related genes in injured kidneys on days 1, 3, and 7 after IRI. Relative gene
expression was normalized to Gapdh. The experiments were performed in triplicate. Data are expressed as scatter plots with mean 6 S.D. *, P , 0.05 versus
Sham; #, P, 0.05 versus PBS.
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lineage tracing of Sox91 cells on renal IRI mice (Fig. 4A). To
this end, we generated a kind of tamoxifen-inducible mice
named Sox9-CreERT2; R26mTmG, specifically labeling the
Sox91 cells by cross-ing Sox9 promoter-driven CreERT2 mice
(Sox9-CreERT2) to R26mTmG mice. In this mice, intraperito-
neal injection of tamoxifen resulted in efficient labeling
Sox91 cells and their descendants with membrane-localized
EGFP, while other cells were marked with membrane-local-
ized tdTomato (Fig. 4B). To validate the mouse genetic
model, we inspected the Sox91 cells and EGFP fluorescence
co-location in kidney after three consecutive tamoxifen injec-
tion (corn oil as control) before and after AKI by anti-Sox9
immunostaining. The results revealed that EGFP was only
expressed in the Sox9 positive cells after tamoxifen induction
and no spontaneous AKI-induced Cre activation in Sox9-
CreERT2; R26mTmGmice (Fig. S4).
Then, we utilized the AIW again to implement intravital

imaging of Sox91 cells using two-photon microscope. In the
sham operation group, the substantially all renal cells were
tdTomato1, indicating that renal cells were largely Sox9 nega-
tive (Sox92) in normal adult kidney (Fig. 4C). Meanwhile, we
observed an expansion of Sox91 cells (displayed EGFP fluores-
cence) in kidney after injury (Fig. 4C), which were consistent
with literature reported (3, 4). Interestingly, compared with PBS
group, we found EVs significantly increased the number of the
EGFP1 cells, suggesting the EVs helped the injured kidney
replenished with abundant expanded clusters of Sox91 cells (Fig.
4, C and D). According to the lineage tracing, we demonstrated
the bulk of cells that repaired injury kidney derived from the
Sox91 cells, and the EVs further activated this process.

Increased nephric tubule regeneration by EVs

To observe the process of EVs promoted recovery, the two-
photon living imaging and 3D reconstruction technique were
used to track lineage-labeled EGFP1 cells and renal structures
in Sox9-CreERT2; R26mTmG mice. We identified the functional
renal tubules were formed by the descendants of Sox91 cells on
days 1, 3, 7, and 14 post IRI with EV treatment and observed
their detailed tubular morphologies in X, Y, and z axis with
high resolution (Fig. 5A and Videos S1–S4). Taking advantage
of the clarity of the AIW, we conducted two-photon imaging
up to a depth of 100 mM and visualized the renal structures. To
confirm our two-photon imaging data, the EGFP1 cells and re-
nal structures in the EVs treated kidneys were evaluated by im-
munostaining on day 14 after injury. In these three groups, the
newly formed EGFP1 cells were all E-cadherin1, which indi-
cated that the re-formation of functional renal tubules was
mainly attributed to the proliferation of pre-existing Sox91

cells in injured kidneys (Fig. 5B and Fig. S5A). Furthermore, we
found the renal tubules composed entirely of EGFP1 cells only
existed in the EVs treated kidney (Fig. 5C and Fig. S5, B and C).
Taken together, descendants of Sox91 cells regenerate the ma-
jority of injured renal tubules after IRI-induced reactivation of
Sox9 and this regenerative ability of Sox91 cells was signifi-
cantly accelerated by EV treatment.

EVs activated Sox9 expression and Sox91 cells proliferation

To obtain a better sense of the relationship between the EVs
and Sox9 activity during renal regeneration, we performed
an anti-Sox9 immunostaining analysis of the kidney samples

Figure 3. EVs improved the Sox9 activation in the injured kidney. A, anti-PCNA immunostaining (green) of proximal tubules (rhodamine-labeled LCA, red)
on day 3 post IRI. Scale bar, 50 mM. B, representative images and analysis of anti-Sox9 immunostaining (red) in kidney (FITC-labeled LTL, green, proximal
tubules) at 3 days after IRI. Scale bar, 100mM. C, immunostaining analysis for Sox9 (green) and Ki67 (red) in HK2 cells treated with EVs for 24 h. Scale bar, 100mM.
DAPI demarcates nuclei. D, Western blot analysis of Sox9 expression in HK2 cells treated with EVs for 24 h. Data are expressed as scatter plots with mean 6
S.D. *, P, 0.05 versus Sham; #, P, 0.05 versus PBS.
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collected from Sox9-CreERT2; R26mTmG mice on day 14 after
the last two-photon imaging. In the normal adult kidneys, there
were only rare EGFP1 cells, mostly Sox92. This suggested that
only a small number of renal cells were renewed from Sox91

cells and then lost their Sox91 characteristics (appeared as
Sox92) in the physiological situation. Post IRI, the injury stimu-
lated the expansion of EGFP1 cells as well as emerged the Sox9
expression, but most descendants of EGFP1 cells no longer
expressed the Sox9 gene. It was intriguing that EVs not only
promoted the expansion of EGFP1 cells but also maintained
their expression of Sox9 for a period of time (Fig. 6, A and B,
and Fig. S6). These data indicated that EVs could wake the
Sox9 emergence and promote the expansion of the EGFP1 cells
following maintaining their progenitor-like cell characteristics.
In addition, the immunostaining of anti-Ki67 showed similar
results, which may be the result of a possible correlation with
the Sox9 expression. After IRI, the Ki67 was expressed in a part
of TECs activated by the injury. Administration of EVs notably
increased the number of Ki671 cells compared with the PBS
group. Besides, the newly formed EGFP1 cells almost did not

express the Ki67 proteins in normal or injured kidneys, while
the newly formed EGFP1 cells could keep the Ki671 after treat-
ment with the EVs (Fig. 6, C and D, and Fig. S7). These results
revealed that EVs could activate the proliferation of the injured
TECs and promote the expansion of the EGFP1 cells following
holding their proliferation capacity. Taken together, these find-
ings indicated that the EVs promoted the expansion of EGFP1

cells while maintaining their progenitor-like cell characteris-
tics, in parallel, stimulated more cells to express Sox9 after
enhancing their proliferation capacity (Fig. 6E).

EVs ameliorated renal function

In the end, we examined the therapeutic effects of EV treat-
ment in AKI via histological analysis and renal function analy-
sis. Histological changes at the early stage (day 3 post IRI) were
evaluated by H&E staining. The IRI caused formation of a mass
of necrotic tubule accompanied by cast formation and brush
border loss and this process was significantly reduced with EVs
treatment (Fig. 7A and Fig. S8, A and B). In the meantime, im-
munostaining of kidney injury marker (Kim-1) revealed similar

Figure 4. Two-photon living imaging of Sox91 cells expansion following EV treatment. A, schematic illustration for two-photon living imaging of lineage
tracing marked Sox91 cells after renal IRI and EV treatment. Sox9-CreERT2; R26mTmG mice were injected intraperitoneally with tamoxifen once a day for 3 con-
tinuous days to label the Sox91 cells. 7 days after the final tamoxifen injection, the renal ischemia-reperfusion injurywas performed in thesemicewith simulta-
neous implantation of AIW. The EVs or PBS were intravenously injected once a day for 3 continuous days post IRI. The two-photon living imaging was carried
out on days 1, 3, 7, and 14 after IRI. The kidney tissues were collected on day 14 after the injury. B, the scheme of generation of a tamoxifen-inducible Sox9-
CreERT2; R26mTmG mice for genetic lineage tracing. C, the representative images of two-photon intravital tracing showed Sox91 cell-derived cells abundantly
expanded with the administration of EVs. Scale bar, 200 mM. D, whole-vision scans of the injured kidney from the same mouse treated with EVs through the
embedded AIW by using a two-photonmicroscope on days 1, 3, and 14 post IRI. Scale bars, 500mM.
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results. Compared with the PBS group, the kidney treated with
EVs showed fewer Kim-11 renal tubules on day 3 post injury
(Fig. 7B and Fig. S8C). After the injury, renal fibrosis usually led
to progressive dysfunction of the kidney which may ultimately
result in end-stage renal disease. Hence, we performedMasson
staining and anti-a-SMA immunostaining to evaluate renal fi-
brosis on day 28 post IRI. Quantification of the fibrotic area
exhibited that EVs significantly reduced the area of fibrosis
(Fig. 7, C and D, and Fig. S9A). Anti-a-SMA immunostaining
confirmed EVs could alleviate the renal fibrosis in parallel (Fig.
7, C and D, and Fig. S9B). Moreover, the histologic results were
confirmed by real-time qPCR analysis of fibrosis-related genes.
The gene expressions of fibronectin 1 (Fn1), collagen, type I-a1
(ColI-a1), and transforming growth factor-b1 (Tgf-b1) in kid-
neys were notably inhibited by EV treatment (Fig. S9C). The
BUN and SCr were measured on days 1, 3, and 7 post injury to
assess the renal function. After IRI, the concentrations of BUN

and SCr were increased, which reflected the deterioration of re-
nal function. Administration of EVs remarkably ameliorated
the renal function of the injured kidney, which was manifested
as the reduction in the BUN and SCr levels (Fig. 7E). Conclu-
sively, EV treatment promoted kidney regeneration via amelio-
ration of renal function and suppression of renal fibrosis.

Discussion

In this study, our results demonstrated that intravital TPM
could be used for lineage tracing Sox91 cells in situ through
AIW at single-cell level in a mouse model of AKI. We further
investigated the therapeutic effects of hP-MSC-derived EVs
and verified that EVs could remarkably activate the endoge-
nous Sox91 cells to form functional renal tubules, so as to assist
restoring the damaged renal tissue. The embedded AIW pro-
vided the feasibility to intravital monitor EV distribution and

Figure 5. EVs promoted the formation of functional renal tubules by descendants of the Sox91 cells. A, 3D reconstruction of the dynamic variation in
the injured kidney treated with EVs by using two-photon living imaging. Scale bar, 200 mM. B and C, representative images (B) and local zoom images (C) for
co-localization analysis of anti-E-cadherin immunostaining (gray) and Sox9-CreERT2–activated EGFP fluorescence in kidneys at 14 days post injury.White aster-
isks highlighted the tubules formed by descendants of Sox92 cells. Yellow asterisks highlighted the tubules formed by descendants of both Sox91 cells and
Sox92 cells. Black asterisks highlighted the tubules formed by descendants of only Sox91 cells. Scale bar, 100mM.
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renal repair process in real-time in an individual mouse. Con-
clusively, our research proposed an effective treatment strategy
for AKI and established a practical methodology to study in
real-time the development and regeneration of abdominal
organs via TPM living imaging through AIW (Fig. 8).
Recent studies have shown that Sox91 could maintain pro-

genitor-like cell states and the Sox91 cells could differentiate
into proximal tubule, distal tubule, and loop of Henle in the kid-
ney (4, 27). The cell-fate tracing of the descendants of Sox91

cells revealed that there were very rare Sox91 cells in the unin-
jured kidney but a significant increase after injury, which could
not be accounted for by expansion of a rare resident Sox91

population. The dedifferentiation of surviving quiescent renal
tubular epithelial cells into a progenitor-like cell state may link
to the increase of Sox91 cells. After AKI, a marked increase of
Sox91 cells with strongly proliferative ability contributed to
rapidly replace up to 80% of tubular epithelial cells to ensure
the renal regeneration (3). Although the MSC-derived EVs
have been reported to improve renal regeneration by increasing
the Sox91 population, the impact of the EVs on resident Sox91

cells and dedifferentiation of renal tubular epithelial cells was
still dimness (10, 14).
Therefore, the development of living imaging strategy, which

could in real-time distinguish resident Sox91 cells in vivo, is of
great importance to investigate the influence of exogenous
therapies on resident Sox91 cells and their responses in tissue
regeneration. In this study, we first confirmed the expansion of
resident Sox91 cells in injured kidney after EV treatment by
longitudinal tracking of lineage-labeled Sox91 cells at cellular
resolution through an AIW. Then, we performed anti-Sox9 im-
munostaining of the injured tissues to investigate the dediffer-
entiation of surviving tubular epithelial cells. Compared to the
significant expansion of EGFP1 cells, the Sox91/tdTomato1

cells did not discernibly increase in the injured kidney after EV
treatment, which illustrated the therapeutic effect of EVs
derived from hP-MSCs was relied on promoting expansion of
resident Sox91 cells in AKI treatment.
The Cre-loxP–based lineage tracing, which is increasingly

applied to developmental biology and tissue regeneration, pro-
vides information about the number, location, and the behavior

Figure 6. EVs activated Sox9 expression and Sox91 cells proliferation during renal regeneration. A and B, confocal images (A) and local zoom
images (B) for co-localization analysis of anti-Sox9 immunostaining (gray) and Sox9-CreERT2 activated EGFP fluorescence in kidneys at 14 days post injury.
White arrowheads highlighted Sox91/EGFP co-labeled cells, and yellow arrowheads highlighted the Sox92 but EGFP-labeled cells. Scale bar, 50 mM. C and
D, confocal images (C) and local zoom images (D) for co-localization analysis of anti-Ki67 immunostaining (gray) and Sox9-CreERT2–activated EGFP fluores-
cence in kidneys at 14 days post injury. White arrowheads highlighted Ki671/EGFP co-labeled cells, and yellow arrowheads highlighted the Ki672 but
EGFP-labeled cells. Scale bar, 100 mM. E, quantification of Sox91/EGFP co-labeled cells (A) and Ki671/EGFP co-labeled cells (C) in the kidneys of the mice
administrated with PBS or EVs on day 14 post IRI. Data are expressed as scatter plots with mean6 S.D. *, P, 0.05 versus Sham; #, P, 0.05 versus PBS.
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of the progenies of the founder cell in the intact organism, as
opposed to in the states of isolation or in vitro culture (19, 28–
30). The traditional lineage tracing results which usually are
acquired from the fixed and stained tissues sections are only a
“snapshot,” thus limiting the investigation and interpretation of
progenitor cells and their behavior in the pathological and
physiological status (31). TPM living imaging through an em-
bedded window, as a promising intravital imaging method to
observe deep-tissue in high resolution, has been increasingly
used in direct observation of individual cells and 3D recon-
struction of organs in the living animals (22, 32).
In previous studies, the TPM living imaging was chiefly per-

formed in the brain where the advantages were convenient fix-
ing and low pigment levels (22, 33, 34). In this study, we applied
the very challenging strategy composed of both an imaging
window for exposing the organs of interest and TPM living
imaging technique for long-term lineage tracing of the abdomi-
nal organ in living animals for the first time. This strategy com-
bines the intravital imaging with histopathologic analysis to
understand the lineage tracing results, providing a powerful

tool to uncover the spatiotemporal dynamics of MSC-derived
EVs–induced renal regeneration in high detail.
This strategy, however, has not been widely applied to date

in abdominal organs imaging as the motion artifacts caused by
breathing and heartbeat of the living animalmake image distor-
tions that are hard to compensate for computationally (32).
This means the difficulty in successful TPM living imaging of
abdominal organs lies not in the hardware or instrumentation
but in the ability to fix the living organs sufficiently during
imaging. In addition, another difficulty obstructing the large-
scale applications of TPM living imaging is the shallow penetra-
tion depth because vitrification of the living abdominal solid
organs is infeasible (35). To address this problem, a recent
study designed an ultradeep TMP with near-IR excitation and
emission to accomplish high-resolution bioimaging (36). The
near-IR imaging is a superior choice in terms of deep tissue
imaging by virtue of the low light–tissue interactions and good
penetration capacity of long-wavelength near-IR light, which
offers a new idea for lineage tracing imaging of the abdominal
solid organs in living animals.

Figure 7. EVs attenuated renal injury and promoted kidney regeneration in renal IRImousemodel. A, histological analysis of kidney injury by H&E stain-
ing and anti–Kim-1 immunostaining (red) on day 3 post IRI. The proximal tubules were co-stained by FITC-labeled LTL (green). Scale bar, 100mM. B, quantitative
assessments of Kim-1–positive injured tubules. C, quantitative assessments of fibrotic area inMasson staining and anti–a-SMA immunostaining.D, representa-
tive images of Masson staining and anti–a-SMA immunostaining (red) for renal tissues harvested on day 28 post IRI. The proximal tubules were co-stained by
FITC-labeled LTL (green). Scale bar, 100 mM. E, serum creatinine and blood urea nitrogen levels of each group were measured on days 1, 3, and 7 post IRI. Data
are expressed as scatter plots with mean6 S.D. *, P, 0.05 versus Sham; #, P, 0.05 versus PBS.
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In summary, we investigated the Sox91 cell–dependent renal
regeneration at a high resolution of cellular level after AKI with
the treatment of hP-MSC–derived EVs. By using lineage label-
ing methods and AIW, the longitudinal and temporal evolution
of Sox91 renal cells could be imaged in real-time in situ with
intravital TMP imaging. Moreover, our results revealed that
hP-MSC–derived EVs could ameliorate AKI by promoting the
proliferation of Sox91 cells. Taken together, intravital lineage
tracing with TPM through an AIW provides a novel strategy
for exploring the kinetic of progenitor cells in tissue regenera-
tion of abdominal organs.

Experimental Procedures

Mice and injury models

The double-fluorescence Cre reporter mice
Rosa26loxP-mtdTomato-stop-loxP–mEGFP (mTmG) and Sox9-CreERT2

mice were purchased from The Jackson Laboratory (Jax strains
007676 and 018829). Rosa26mTmGmice had the C57BL/6J strain
background and Sox9-CreERT2 mice were a hybrid strain of
C57BL/6 and BALB/c. These Rosa26mTmG mice contained a
loxP-flanked cell membrane–localized tdTomato (mtdTomato,
mT) transgene followed by cell membrane–localized EGFP
(mEGFP, mG) in the Rosa26 locus. Prior to Cre recombination,
tdTomato fluorescence expression was widespread in cells of
the mice. In the Sox9-CreERT2 mice, CreERT2 expression was
directed by the murine Sox9 promoter and restricted to the
cytoplasm. Until exposure to tamoxifen, the CreERT2 could gain
access to the nuclear compartment. In this study, we generated
a tamoxifen-inducible mouse line, specifically labeling the

Sox9-positive lineage by crossing Sox9-CreERT2 mice with
Rosa26mTmG mice (named as Sox9-CreERT2; R26mTmG mice).
Adult (8–10 weeks, 20–25 g) male mice were employed for all
experiments in this study. For induction of CreERT2 protein,
Sox9-CreERT2; R26mTmG mice were injected with tamoxifen
(Sigma-Aldrich, no. T5648) dissolved in corn oil (Sigma-
Aldrich, no. C8267), three times (100 mg/kg per day) intraperi-
toneally, which resulted in CreERT2-expressing cells. The future
cell lineages derived from these cells had EGFP fluorescence
expression replacing the tdTomato fluorescence.
The IRI model was established as described previously (37–

39). Animals were anesthetized by intraperitoneal injection of
2.5% avertin (Sigma-Aldrich) at a dose of 240 mg/kg, and their
eyes were covered with eye-protecting gel (Solcorin, Solco
Basie Ltd.). A dorsal longitudinal incision was made to expose
the left kidney. Then, the renal pedicle was clamped with a non-
traumatic microvascular clamp for 45 min. The clamp was
removed to induce blood reperfusion after the period of ische-
mia had concluded. Reperfusion was confirmed visually before
the incision was closed. As for mice used in intravital imaging,
the AIW was implanted as described previously (23, 40). The
AIW consisted of a reusable titanium ring with a groove on the
side and a coverslip on the top. The sterile AIW was tightly
secured on the skin and abdominal wall within the groove of
the ring using a purse-string suture, which ensured that there
was no direct opening to the abdomen. Then the mice received
three consecutive intravenous injections of EVs at a dose of 100
mg in a volume of 100 ml per day. The treatment of animals and
the experimental procedures of the present study adhere to the
Nankai University Animal Care and Use Committee Guidelines
that conform to the Guidelines for Animal Care approved by
the National Institutes of Health (NIH).

Fluorescence stereomicroscope imaging and two-photon
imaging in living mice

We used a fluorescence stereomicroscope system from
Nikon (AZ100; Nikon Co., Tokyo, Japan) and a two-photon
microscope system from Olympus (FV1000; Olympus, Tokyo,
Japan). All imaging experiments were performed in a dark and
nonvibrating environment. An AIW was implanted in the ab-
domen of the mouse which was fixed with an adapter and
maintained under anesthesia by injecting avertin. The objective
lens was 253 and was immersed in water on the AIW window
in the mouse abdomen. The two-photon excitation was per-
formed at a wavelength of 835 nm (10% laser transmissivity),
and the emission was collected at 495–540 nm (EGFP) and
575–630 nm (tdTomato) (Fig. S10). Scanning was advanced
with Z-steps of 5 mM, a 1 zoom under the 253 objective lens
(580mM3 580mM single scanning area) and an 8003 800 pixel
size.

Renal function analysis

For the renal function analysis, unilateral (left) 45-min ische-
mia/reperfusion injury plus contralateral nephrectomy was
performed on the animals. On days 1, 3, and 7 post injury, blood
samples were harvested from orbit and the sera were collected
for renal function analysis. The concentrations of blood urea

Figure 8. Schematic diagram of two-photon living imaging of dynamic
Sox9-dependent renal regeneration activated by EVs. Intravital lineage
tracing with two-photon intravital microscopy through an abdominal imag-
ing window provides a practical strategy for investigating Sox9-dependent
EVs treatment at a high resolution in Sox9-CreERT2; R26mTmGmouse.
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nitrogen (BUN) and serum creatinine (SCr) were measured by
using the BUN assay kit (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China) and the SCr assay kit (Nanjing Jian-
cheng Bioengineering Institute), respectively.

Histological analysis of renal tissue

At indicated time points, the animals were euthanized to har-
vest the kidney samples. For paraffin sections, the kidney sam-
ples were fixed with 4% paraformaldehyde, dehydrated with
ethyl alcohol, hyalinized with xylene, and eventually embedded
in paraffin (Leica Microsystems, Wetzlar, Germany). For cryo-
section, the kidney samples were fixed with 4% paraformalde-
hyde, dehydrated with 30% sucrose solution, and embedded
into Optimal Cutting Temperature Compound (Sakura Fine-
tek, Tokyo, Japan). All the samples were cut into a series of sec-
tions of 5mM in thickness. TheH&E staining andMasson stain-
ing were performed on paraffin sections according to a
standard protocol, whereas frozen sections were used for im-
munofluorescent staining.
For immunostaining, the cryosections were incubated with a

series of primary antibodies: anti-Sox9 (1:200; Cell Signaling
Technology), anti-PCNA (1:200; Abcam), anti-Ki67 (1:200;
Abcam), anti-E-cadherin (1:200; Abcam), anti-Kim-1 (1:200;
Abcam), and anti-a-SMA (1:200; Abcam) overnight at 4°C.
Then, the Alexa Fluor 488–, Alexa Fluor 594–, and Alexa Fluor
647–labeled goat anti-rabbit or goat anti-mouse antibodies
(1:400; Life Technologies) were used for the immunofluores-
cence staining. The FITC-labeled Lotus tetragonolobus lectin
(LTL, 1:400, Vector Laboratories, Burlingame, CA) and rhoda-
mine-labeled lens culinaris agglutinin (LCA, 1:400, Vector Lab-
oratories) were used to disclose renal structure, and 49-6-diami-
dino-2-phenylindole (DAPI) (1:500, Vector Laboratories) was
used to visualize the nucleus. The quantitative analysis of the
immunostaining wasmeasured by ImageJ software.

Statistical analysis

All results presented are from at least three independent
experiments for each condition. Data are expressed as scatter
plots with mean 6 S.D. Statistical analysis was performed by
one- or two-way analysis of variance using GraphPad (PRISM
software). Differences were considered statistically significant
at p, 0.05.
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