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Abstract

The corneal stroma contains a population of mesenchymal cells subjacent to the limbal basement
membrane with characteristics of adult stem cells. These ‘niche cells’ support limbal epithelial
stem cell viability. In culture by themselves, the niche cells display a phenotype typical of
mesenchymal stem cells. These stromal stem cells exhibit a potential to differentiate to multiple
cell types, including keratocytes, thus providing an abundant source of these rare cells for
experimental and bioengineering applications. Stromal stem cells have also shown the ability to
remodel pathological stromal tissue, suppressing inflammation and restoring transparency.
Because stromal stem cells can be obtained by biopsy, they offer a potential for autologous stem
cell treatment for stromal opacities. This review provides an overview of the status of work on this
interesting cell population.
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[. Introduction

A. Corneal Stroma: Cells and Matrix

The physical strength and optical properties of the cornea derive mainly from the stroma, a
tough connective tissue composed of a combination of specialized extracellular matrix
(ECM) components organized with an elegant ultrastructure that provides both strength and
transparency to this unique tissue. The stroma is populated and maintained by keratocytes,
neural crest-derived mesenchymal cells, occupying about 3% of the stromal volume. After
birth, the number of dividing keratocytes decreases, and in adult mammals, keratocytes have
withdrawn from the cell cycle and become quiescent.1=> Thus, unlike the self-renewing
corneal epithelium, homeostasis of the stroma does not rely on the presence of an active
population of stem cells.
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B. Corneal Scarring

Scarring of the corneal stroma can occur in response to surgery, trauma, or infection.
Corneal scars are long-lasting and disrupt vision for millions of people worldwide.®
Currently, surgical replacement of the stroma is the primary approach to restoration of vision
in scarred corneas. The cells responsible for scar deposition are fibroblastic cells derived
from stromal keratocytes.” Upon wounding, keratocytes proximal to the site undergo
apoptosis, and keratocytes distal to the wound become motile, mitotically active fibroblasts.?
Expression of a-smooth muscle actin has become a marker for cells involved in fibrotic
ECM deposition.”:8 Secretion of fibrotic components is stable for months after healing in
rabbit cornea.? In humans, corneal scars can remain for decades.10

Damage to the corneal epithelium that does not involve the corneal stroma and retains some
of the limbal stem cells can heal without scarring.3 Such epithelial wounds cause keratocyte
apoptosis in the anterior stroma, and keratocytes peripheral to the injury migrate into the
region and replicate. After epithelial debridement, mouse corneal stromal cells regain
expression of stromal matrix components within 12 weeks after wounding.! Keratocytes
derived from the recipient have been identified in human donor keratoplasty tissue,
indicating a potential for human keratocytes to repopulate and maintain stromal tissue.1?
Such repopulation, however, is slow, sometimes requiring decades. It is clear from these
studies that keratocytes do not conform to the classic definition of ‘terminal differentiation,’
and at least some cells in the stroma maintain the capability of replication, migration, and
regeneration of transparent stromal tissue.

[l. Stem Cells in the Stroma

A. Progenitor Potential of Stromal Cells

In vitro expansion of adult keratocytes typically leads to transformation to cells with a
fibroblastic morphology, which produce a scar-like ECM rather than the specialized ECM
required for corneal transparency.!® This fibroblastic transformation was considered
irreversible, but recently it has become apparent that early-passage stromal cells maintain
some potential to re-express differentiated keratocyte characteristics.14 However, the ability
to differentiate to keratocytes after mitotic expansion is not equally distributed in the stromal
cell population. About 3% of freshly isolated adult bovine stromal cells were found to grow
clonally.1> These cells did not show keratocyte morphology or gene expression, rather
expressed a number of genes typical of mesenchymal stem cells. When these cloned cells
were shifted to a reducedmitogen culture medium, the clonal cells developed dendritic
morphology and upregulated expression of keratan sulfate, keratocan, and ALDH3A1, all
products highly expressed by differentiated keratocytes. The potential for keratocyte
differentiation was maintained through greater than 50 population doublings, indicating that
a progenitor phenotype was a stable property of these cells. These stromal progenitor cells
exhibited normal karyotype and reached replicative senescence after 70-80 population
doublings, demonstrating that they represent a population of non-transformed, adult diploid
cells. As these cells differentiate to keratocytes, mRNA for several gene products present in
embryonic neural and/or neural crest cells was markedly downregulated. The downregulated
genes involve several associated with early ocular development including Six2, Six3,
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Notch1, and PAX6.1> These results demonstrate that corneal stromal cells are heterogeneous
in their potential for self-renewal and include a small population of stem-like cells.

B. Mesenchymal Stem Cells in Human Corneal Stroma

Small populations of adult stem cells can be identified in many non-epithelial tissues. These
cells, generically termed mesenchymal stem cells (MSCs), do not typically participate in the
normal homeostasis of tissues in which they are located. MSCs share several key properties,
including clonal growth, multipotent differentiation, and self-renewal, and have also been
found to efflux fluorescent dyes, reducing the fluorescence of the MSCs, and thus allowing
their identification by flow cytometry as a ‘side population.’

Side populations have been detected in many mammalian tissues and are used to isolate
adult stem cells.16 Stem cells from human stroma were initially identified as such a side
population, effluxing the dye Hoechst 33342.17 These cells (termed corneal stromal stem
cells [CSSCs]) were present in early passage cells from human stroma at frequencies <1%.
Dye efflux was blocked by verapamil, an inhibitor of the ABC cassette membrane
transporter proteins responsible for the side population phenotype. FACS-isolated side
population cells could be expanded clonally, with clones showing properties of MSCs.
CSSC could be expanded through 100 cumulative population doublings.}” Gene array
analysis identified a panel of genes highly expressed in CSSC that were weakly expressed in
keratocytes, and vice versa. The CSSC-specific genes included MSC genes ABCG2, BMI1,
CXCR4, as well as genes present in early corneal development PAX6 and Six2.
Additionally, genes associated with neural development NGFR, NESTIN, and CDH2, as
well as expression of genes associated with pluripotent cells, SSEA4, SOX2, REX1,
NANOG, KLF4, OCT4 were observed (Figure 1).18 During expansion, cell surface proteins
considered as markers of MSC, CD166, CD90, and CD73, were expressed on most CSSCs,
whereas hematopoietic progenitor cell antigen CD34 was not (Figure 2).

The presence of MSCs in the stromas of other species was demonstrated at about the same
time as that of human CSSC. Stem cells from stroma of both mouse and rabbit could be
expanded clonally in attachment-free cultures as floating spheroids.19-21 Re-plating of the
spheres on plastic substratum led to expression of keratocan as well as neural specific
proteins, such as 3-111 tubulin, and of alpha smooth muscle actin. These results support the
idea that all mammalian corneas contain a population of multipotent MSCs.

As with most MSC populations, rabbit, mouse, and human CSSCs exhibit a broad
differentiation potential. CSSCs cultured in chondrogenic media underwent upregulation of
mRNA and protein for cartilage ECM molecules, including collagen 11, aggrecan and
collagen oligomatrix protein (COMP).17 Under these conditions, the CSSCs deposited ECM
staining with toluidine blue, a characteristic specific to cartilage. Similarly, when cultured in
a neural induction culture medium, CSSCs showed upregulation of glial fibrillary acidic
protein (GFAP) and neurofilament protein. Differentiation to distinct cellular lineages
demonstrates multipotency of CSSCs, a key identifier of stem cells. Importantly, when
CSSCs were placed in a serum-free medium supplemented with insulin and ascorbate, they
upregulated expression of keratocyte-specific markers ALDH3A1, CXADR, PTDGS, and
PDK4.17 These results are significant with regard to potential therapeutic use of these cells.
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Expansion of keratocytes in culture results in fibroblastic transformation and loss of
keratocyte phenotype. Expanding cultures of stem cells and then differentiating them to
keratocytes could provide cells useful for both bioengineering and for cell-based therapeutic
applications.

C. Tissue Localization of Stromal Stem Cells

Stromal stem cells were originally observed in the transitional zone between cornea and
sclera known as the limbus, based on immunostaining for ABCG2 and PAX6 proteins.1’ The
stained cells localized to anterior stroma immediately subjacent to the epithelial basement
membrane, in regions where the basement membrane has ripples and folds (Figure 3). These
anatomical features, termed the palisades of Vogt, provide the niche for limbal epithelial
stem cells (LESCs).22 The presence of MSCs in the limbal stroma was subsequently
confirmed in a number of independent studies. Optically, a population of highly reflective
cells was observed in the anterior limbal stroma of living patients using in vivo laser
scanning confocal microscopy.23 Immunostaining of corneal sections showed these cells to
express CD90 and CD105, markers typical of MSCs.

Polisetty et al observed that shallow biopsies of limbal tissue, carried out for the purpose of
isolating LESCs, contained mesenchymal cells with properties similar to those of bone
marrow MSCs.24 These cells exhibited clonal growth, multipotent differentiation, and
expression of an array of cell-surface markers similar to that of bone marrow-MSC and
distinct from LESC markers. Studies by Tseng and colleagues have shown that digestion of
limbal tissue with collagenase isolates clumps of limbal epithelial cells in association with
mesenchymal stromal cells.25-27 The stromal cells in these aggregates exhibited a number of
stem cell properties and associated with LESCs via interaction between CXCR4 and SDF-1,
a receptor/ligand pair that is active in localization of hematopoetic stem cells to their niche
in bone marrow.28

The association between LESCs and stromal cells was further explored by Higa et al, who
described cellular processes of N-cadherin-expressing epithelial cells passing through the
epithelial basement membrane and making contact with stromal mesenchymal cells, which
stained for aquaporin-1 and vimentin.2% These results support the idea of direct cell-cell
contacts between the LESCs and anterior stromal cells. Such contacts were confirmed in an
elegant anatomical study using serial block-face scanning electron microscopy (SBFSE) to
create a three-dimensional reconstruction of the LESC niche.30 In these images, Dziasko et
al showed long processes of stromal cells extending through fenestrations in the epithelial
basement membrane, making contact with basal epithelial cells. Identity of the LESC-
associated anterior stromal cells as CSSCs was confirmed by Basu et al, who isolated the
epithelial-mesenchymal cell aggregates from mock biopsies with collagenase treatment and
then compared the mesenchymal cells from these isolates to CSSC cells in terms of their
clonal growth, expression of stem cell genes, formation of spheres, and ability to
differentiate to functional keratocytes.3! This study showed that anterior limbal
mesenchymal ‘niche’ cells could not be distinguished in vitro from the previously
characterized CSSCs.3!
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In summary, data from multiple studies are consistent in support of a model that a
population of multipotent MSCs is present in stroma of human and other mammalian
corneas, and these cells are localized in the limbal palisades immediately subjacent to the
epithelial basement membrane, where they maintain a close association with LESCs.

D. Function of Corneal Stromal Stem Cells In Vivo

A number of studies contribute evidence that, in vivo, CSSCs provide a biological support
system for maintenance of the active population of LESCs in the limbal niche in which both
cell types reside.25:27:32-38 |n vitro, limbal fibroblasts supported expansion of LESCs better
than 3T3 cells32 or scleral fibroblasts,33 and this ability was enhanced by expansion of the
CSSCs in culture conditions that maintain the stem-like phenotype of the CSSCs.2” When
CSSCs and LESCs were co-isolated in clusters using collagenase digestion, the LESCs
expanded more rapidly and formed more holoclones, than without the niche cells.3* The co-
isolated cells were found to be associated via the interaction of SDF-1 and its receptor
CXCR4, a connection that reduced differentiation of LESCs.2 Disruption of the CXCR4/
SDF-1 axis using AMD3100 reduced sphere and holoclone formation by LESCs.26 In co-
cultures of limbal epithelial cells and limbal stromal cells, IL6 secretion was found to
activate STAT3 signaling in the epithelial cell population, and this signaling pathway was
proposed as an active component in the niche function of stromal cells.3°.

These studies and the anatomical proximity of these two cell populations provide convincing
evidence that a primary role for CSSCs in vivo is homeostatic maintenance of the LESC
population in the limbal niche. The potential for CSSCs to mediate immune responses and to
initiate stromal regeneration (discussed below) suggest other potential in vivo roles, but
currently little evidence documents those activity in vivo.

E. Embryonic Origins of Corneal Stromal Stem Cells In Vivo

Corneal epithelium is an ectodermal derivative, but stromal and endothelial cells are derived
from neural crest. Expression of PAX6, as well as Six2, Six3, and Notchl, by CSSCs
suggests a neural crest lineage for these CSSCs.15 Other origins are possible, however. Bone
marrow-derived cells are typically present in the corneal stroma, and some authors have
proposed a bone marrow origin for all MSCs.40 Another hypothesis proposes that adult
MSCs derive from perivascular cells (pericytes) in each tissue.! The plasticity of stem cells
makes it difficult to test this hypothesis in human CSSCs. Mice, however, have a population
of multipotent progenitor cells in the stromal limbus analogous to the human CSSCs. As
with human CSSCs, the mouse stromal stem cells do not express CD45, suggesting that they
are not bone marrow-derived cells.2! In lethally irradiated mice rescued by transplantation of
bone marrow cells expressing enhanced green fluorescent protein (EGFP), fluorescent cells
were present in the stoma, but clonal spheres formed by the stromal progenitor cells did not
contain bone marrow-derived cells, as indicated by the absence of green cells.?
Additionally, spheres from transgenic mice with PO-Cre/Floxed-stop-EGFP as well as Wnt1-
Cre/Floxed-stop-EGFP were EGFP-positive , indicating an ocular and neural crest
embryonic lineage of the stromal progenitor cells.21 These results were confirmed by the
expression of the embryonic neural crest markers Twist, Snail, Slug, and Sox9 in these
spheres. The similar character of CSSC and mouse stromal progenitor cells supports the idea
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that stromal stem cells are derivatives of ocular neural crest and are not derived from
pericytes or other bone marrow progenitor cells.

F. Differentiation to Keratocytes

When cultured in low-mitogen, ascorbate-containing media, CSSCs express an array of
genes characteristic of keratocytes.1” When the cells are removed from substratum and
cultured as a pellet, a more complete keratocyte gene expression pattern was observed and
significant amounts of ECM were deposited, some with tracts of aligned collagen fibrils,
similar to that seen in stroma in vivo.1® When cultured on substratum of parallel aligned
polymeric nanofibers, CSSCs produced layers of highly parallel collagen fibers with packing
and fibril diameter close to that of human stromal lamellae.*2 Additional studies
demonstrated that a stroma-like organization of the tissue by CSSCs could also be elicited
by silk or polycarbonate substrata with parallel grooves to align the cells, demonstrating a
role for topographical cues in guiding organization of tissue.*344 The presence of TGF-B3
and FGF2 in combination resulted in more abundant and stroma-like organization of the
ECM produced by CSSCs.4°

CSSCs also adopt keratocyte phenotype and function in vivo. When injected into mouse
corneal stroma, human CSSCs expressed keratocyte mRNA and protein, depositing human
corneal matrix components.® These injected cells remained viable for months, apparently
having permanently become quiescent keratocytes. These results suggest that keratocytes
represent a default lineage for the CSSC; the implication of this is that some aspect of the
limbal microenvironment maintains the stem/progenitor character of CSSCs in vivo, but, if
they enter the stroma the CSSCs spontaneously, differentiate to keratocytes. The proximity
of CSSCs and LESCs in vivo suggests the possibility that each of these populations provides
symbiotic support for maintenance of the stem cell phenotype of the other. Beyond these
observations, however, little is known about participation of CSSCs in normal stromal
homeostasis or in tissue healing and/or regeneration in response to trauma or pathology.

G. Immune Modulation by Corneal Stromal Stem Cells

There is a considerable body of evidence documenting the immune-modulatory properties of
MSCs, including the fact that these cells have therapeutic effectiveness in immune-
incompatible individuals in clinical trials.4’-50 Similar to other MSCs, CSSCs expanded in
culture are able to alter aspects of the cellular immune response. Injection of human CSSCs
into mouse corneal stroma in vivo resulted in no xenogeneic T-cell-mediated immune
rejection of these cells.* Injection of human corneal fibroblasts, on the other hand,
produced a marked increase in CD45+ cells after 1 week. Immunostaining of the injected
tissue at 2 weeks showed CD3+ T-cells associated with the injected human fibroblasts;
however, no T-cells were detected in corneas injected with CSSCs.46 The fibroblast-injected
eyes exhibited visible haze, increasing after 2 weeks, but the CSSC-injected eyes remained
clear. Finally, chimeric mice rescued with EGFP-bone marrow cells exhibited only a
transient influx of green cells after CSSC injection.#® Conversely, injected human corneal
fibroblasts elicited a strong influx of green cells into the cornea, lasting more than 10 days.
Inhibition of T-cell proliferation by limbal stromal MSCs has also been confirmed by in
vitro experiments with cells cultured from both human and rabbit corneas.36 These data all
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support an immunomodulatory function for CSSCs. Such properties may enhance the
effectiveness and stability of CSSCs in allogeneic cell-based or tissue engineered therapeutic
applications.

H. Corneal Stromal Stem Cells and Corneal Regeneration

Corneal scarring involves long-term alterations in the matrix structure of stromal ECM,
including changes in collagen molecular type, fibril diameter, and spacing.>! The deletion of
lumican, a major stromal proteoglycan, in mice results in a scar-like phenotype with hazy
corneas due to increases in the size and organization of stromal collagen fibrils.>1 When
CSSCs were injected into the stromas of lumican knockout mice, human lumican
accumulated in the cornea, indicating that the CSSCs were depositing human ECM.46
Additionally, the large heterogeneous collagen fibrils that characterize lumican knockout
ECM were no longer observed, and the architecture of the tissue became indistinguishable
from that of wild-type mice. Corneal thickness and transparency were similar to that of
normal corneas. A similar effect was observed if stem cells from human umbilical cord were
used.52 This kind of complete restructuring of existing connective tissue can take place only
by removal of existing ECM structures and deposition of new native tissue. To be able to
accomplish this process, it would appear that the CSSCs are capable of mediating the
remodeling and regeneration of stromal ECM.

The regenerative properties of CSSCs were further demonstrated in a model of mouse
corneal wound healing. Wounds were generated by debridement of epithelium and anterior
stromal tissue with a rotating burr, resulting in deposition of opaque scar tissue,
accompanied by loss of stromal lamellar organization, large and disorganized collagen
fibrils, and deposition of collagen type 111, hyaluronan, and fibronectin.>® When CSSCs were
layered on the surface of the cornea in fibrin gel at the time of wounding, the debrided
stromal tissue was replaced with ECM containing normal collagen organization and fibril
diameter. Fibrotic ECM components were absent and corneal transparency was normal.31 In
this model, human ECM components were detected close to the CSSCs at the anterior
surface of the stroma, but much of the wound region was replaced with mouse tissue. These
results support the concept that the CSSCs are not directly replacing the debrided stromal
tissue, but rather that they influence the tissue deposited by mouse cells during wound
healing in a paracrine fashion.

Regenerative responses to paracrine stimulation by MSCs have been documented in other
organs, including lung, liver, kidney, and heart. The mechanisms by which these effects are
mediated have been proposed to involve cytokines, chemokines, exosomes, and modulation
of the immune response by the stem cells.54-58 Considering the close association of
infiltrating immune cells (particularly T-cells) with corneal scarring,>%-67 and the
documented effect on Tcell infiltration by CSSCs in damaged mouse cornea (described
above), it seems likely that corneal regeneration by CSSCs involves their ability to alter
cellular immune response in the healing tissue.
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lll. Therapeutic Applications of Corneal Stromal Stem Cells

Although most studies of human CSSCs have been carried out with cadaveric tissue bank
material, limbal biopsies are being actively carried out in order to isolate autologous LESCs
for restoration of the this population to eyes with limbal stem cell deficiency.22:24:68.69
Mesenchymal cells present in this biopsy tissue have been shown to be fully potent CSSCs,
capable of generating stromal tissue in vitro and of preventing corneal scarring in mice.3!
This recent discovery opens the door to treatment of stromal scarring with autologous cells.
Corneas with anterior scarring that contain a competent endothelium are often treated with
use of a partial thickness anterior lamellar keratoplasty. The efficacy of this process is
similar to that of penetrating keratoplasty, but it is considered safer.”® Unfortunately, many
of these grafts are lost within 3-5 years.”

Clinical trials are already underway with an acellular collagen as partial thickness lamellar
grafts.”273 The ability of CSSCs to produce multilayer stromal tissue makes them an
excellent candidate for this application. Such grafts would represent a cellularized
alternative to the cross-linked collagen, and thus would not need to undergo extensive
remodeling. Since the CSSCs represent a pure, non-immune, autologous cell population, the
potential for rejection should be minimal in this application. Development of such stromal
replacement constructs with CSSCs is therefore a high priority in the therapeutic application
of CSSCs.

In addition to utility in bioengineering stromal tissue, CSSCs may have the potential to
provide direct cell-based therapy for corneal scarring. Application in human patients of the
procedure developed for mice, in which cell are layered on the cornea in fibrin gel, after
epithelial debridement, would leave the corneal essentially intact, reducing loss of strength
and potential for infection of sutures and glaucoma that can be associated with keratoplasty.
Applications to initiate clinical trials using this approach are in process (personal
communication, V. Sangwan, S. Basu 2015); thus, we may soon understand whether the
regenerative nature of CSSCs can be applied directly to therapy for human corneal scarring.

IV. Summary and Conclusions

Corneal stromal stem cells are a population of neural crest-derived mesenchymal stem cells
localized in the limbal stroma, subjacent to the epithelial basement membrane. Multiple
studies show that the CSSCs associate with and support the function of LESCs. In vitro,
CSSCs maintain an enhanced potential to become functional keratocytes after multiple
rounds of expansion compared to the majority of the cells in the stroma. CSSCs in vitro can
produce collective tissue similar in composition and structure to that of human stroma and
thus present an excellent potential for use in corneal bioengineering applications. Their
ability to regenerate normal stromal tissue in a mouse scar model and their
immunomodulatory properties present an exciting prospect for use of CSSCs in direct cell-
based therapy for human corneal scarring.
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Expression of Stem Cell Genes by CSSC
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Figure 1.

Expression of stem cell genes by CSSCs. CSSCs from digests of human limbal stroma were
expanded in a low serum-culture medium that maintains their stem cell phenotype, and the
relative expression of mMRNA from genes identified in stem cells was determined by RT-PCR
as described by Basu et al.3! The first group represents genes expressed in pluripotent cells
(SSEA4, OCT4, SOX2, KLF4, NANOG, REX1). The second group represents genes
expressed by MSC (BMI1, CXCR4, ABCG2). The third group represents markers of neural
stem and progenitor cells (NESTIN, CDH2, NGFR). The final group (PAX6, SIX6) are
expressed by ocular precursors in embryonic development. Delta Ct in the horizontal axis
estimates the difference in abundance between the mRNA in question and 18S RNA as a
power of 2.
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Figure 2.

CD73

MSC-surface markers on CSSCs. CSSCs, passage 3, were stained for cell surface antigens
and analyzed by flow cytometry. Horizontal and vertical lines show the maximum
fluorescence of cells stained with non-specific isotope control antibodies using procedures
described by Du et al.1” A. 98% of CSSCs stained for both CD90 (Thy-1) and CD166
(ALCAM). B. 97% of CSSCs stained for CD73 (NT5E), but <2% were positive for the
hematopoietic stem cell marker CD34.
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Figure 3.
Limbal localization of stromal stem cells. Cells in the anterior stroma of human cornea were

detected which express both PAX6 (red) and ABCG2 (green). (Arrows) Most of these cells
were near the folded region of the epithelial basement membrane known as the palisades of
Vogt. The white bar represents 50 pum. (Reprinted with permission from Du Y et al.1?)
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