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Lymphedema is chronic limb swelling resulting from lymphatic
dysfunction. There is no cure for the disease. Clinically, a pre-
ventive surgical approach called immediate lymphatic recon-
struction (ILR) has gained traction. Experimental gene-based
therapeutic approaches (e.g., using viral vectors) have had
limited translational applicability. Tissue nanotransfection
(TNT) technology uses a direct, transcutaneous nonviral vec-
tor, gene delivery using a chip with nanochannel poration in
response to a rapid (<100 ms) focused electric field. The pur-
pose of this study was to experimentally prevent lymphedema
using focal delivery of a specific gene Prox1 (a master regulator
of lymphangiogenesis). TNTwas applied to the previously opti-
mized lymphedematous mice tail (day 0) directly at the surgical
site with genetic cargo loaded into the TNT reservoir: group I
(sham) was given pCMV6 (expression vector backbone alone)
and group II was treated with pCMV6-Prox1. Group II mice
had decreased tail volume (47.8%) compared to sham and
greater lymphatic clearance on lymphangiography. Immuno-
histochemistry showed greater lymphatic vessel density and
RNA sequencing exhibited reduced inflammatory markers in
group II compared to group I. Prox1 prophylactically delivered
using TNT to the surgical site on the day of injury decreased the
manifestations of lymphedema in the murine tail model
compared to control.
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INTRODUCTION
Lymphedema is chronic limb swelling from lymphatic dysfunction,
with 250 million affected people worldwide.1 It occurs in one-third
of breast cancer patients who have axillary lymph node dissection
during treatment.1,2 Fluid, adipose, and fibrosis from inflammation
result in progressive limb enlargement.3 Lymphedema affects quality
of life and has a high health cost burden.4

Lymphedema is managed nonsurgically (compression, decongestive
therapy) and surgically (excisional and microsurgical proced-
ures).5–7 Current treatments may variably improve limb size and
symptoms but do not cure lymphedema.5 Progressive limb enlarge-
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ment from interstitial fluid retention, followed by inflammation and
fibrosis over time are difficult to reverse.5,8 A surgical approach
called immediate lymphatic reconstruction (ILR) has recently
emerged to prophylactically decrease the frequency of lymphe-
dema.9 At the time of axillary lymph node excision in breast cancer
patients, disrupted afferent lymphatic vessels in the axilla are iden-
tified and microsurgically anastomosed into adjacent venules.10 ILR
can decrease the risk of acquiring lymphedema after lymphadenec-
tomy from 30.5% to 6.6%.10 However, access to ILR is limited
because it requires specialized microsurgical training, equipment,
and hospital resources.10

Experimental models have attempted to address the gap in manage-
ment for lymphedema using gene-based strategies and proangiogenic
factors.11 Viral vector-based gene therapy or lymphangiogenesis-
inducing treatments have had limited clinical translational applica-
bility.12 Viral vectors have raised potential oncological concern for
lymphangiogenesis at unintended sites in cancer survivors who
have developed lymphedema.13 Tissue nanotransfection technology
(TNT) achieves transcutaneous gene delivery using nanoelectropora-
tion.14 The feasibility of TNT for gene delivery has been established
and validated for in vivo vasculogenic and neurogenic tissue
reprogramming.15,16

Experimental therapies have primarily focused on treating animal
models once lymphedema has been induced.11 Parallel to the recent
clinical focus on the prevention of lymphedema, the purpose of this
investigation was to prophylactically manage lymphedema at the
time of lymphatic injury in a murine tail model with focal delivery
of prolymphangiogenic Prospero Homeobox 1 (Prox1) using TNT.
Prox1 is a transcription factor that is a master switch for lymphatic
herapy: Nucleic Acids Vol. 35 March 2024 ª 2024 The Author(s). 1
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endothelial cell (LEC) specification, maintenance, and sprouting.17,18

Prox1 binds to the promoter of fibroblast growth factor receptor
(FRFR-3) in LECs, inducing its transcription, which supports
lymphatic development.19

RESULTS
Sustained lymphatic function following TNT delivery of Prox1

plasmid

A mouse tail model of secondary lymphedema was used by excising
a 3-mm-wide skin section of the mouse tail and disconnecting the
collecting lymphatic vessels. Surgical disruption of mouse tail lym-
phatics resulted in progressive tail swelling within the first 2 weeks
(Figures 1A–1C). The model created a pathological change that
mimics the obstruction of lymphatic drainage in patients. Indocya-
nine green (ICG) near-infrared imaging was performed to study
whether lymphatic drainage was effectively blocked (Figure 1C). To
help determine the efficiency of Prox1 on lymphedema prevention,
TNT-mediated focal delivery of Prox1 was performed on the murine
tail surgical site (day 0) (Figures 1D, 1E, and S1). Successful delivery
and increased expression of Prox1 in TNTProx1 animals was observed
through qRT-PCR (3- to 4-fold) and immunohistochemistry when
compared with TNTSham (day 3) (Figures 1F and 1G). Prox1 expres-
sion levels in mice tail tissue were quantified by qPCR. There was no
significant difference in Prox1 mRNA transcripts between normal
and lymphedematous (postoperative day 14) mice tail tissue (Fig-
ure S2). Thus, the Prox1 baseline levels were enhanced using TNT.
In addition to Prox1, we also studied vascular endothelial growth fac-
tor (VegfC). TNTProx1 treatment significantly reduced postsurgical
lymphedema by 47.8% and the TNTVegf-C treatment by 34.5% when
relative to TNTSham (post-TNT day 28) (Figures 1H, 1I, and S3).
These results demonstrate the efficiency of Prox1 delivery through
TNT and its preventive effect on lymphedema in the murine tail
model.

TNTProx1 improves and restores lymphatic function

A histological analysis of operated mouse tail was performed to
further characterize changes of postsurgical lymphedema following
TNT (day 28). Thickening of tissue has been observed in a murine
tail model of lymphedema.20 More lymphatic vessels were observed
in the upper dermal layers of a mouse tail treated with TNTProx1

when compared to the TNTSham animals as depicted through H&E
and podoplanin staining (Figure S4). Tail histology revealed reduced
tail edema and dermal/epidermal thickening in TNTProx1 compared
Figure 1. Preventive therapy with TNTProx1 to minimize lymphedema progressi

(A) Schematic representation of mouse tail model of acquired lymphedema surgically ind

progression of mouse tail model of lymphedema. Change in tail volume over a period of

postsurgery validated through near-infrared imaging of tail using ICG dye. The green a

section. (D) Scanning electron microscopy of TNT2.0 showing the nanoneedles and por

model on the day of surgery (day 0). The positive and negative electrical probes are att

pulses, 250 V, 10 mA) facilitating focal, nonviral, transcutaneous transfection. (F an

(F) qRT-PCR and (G) immunostaining with anti-Prox1 antibody using TNT2.0. Mean ± SE

TNTsham. (H) Representative image of the murine tail in 2 groups at days 0 and 28 follow

TNTSham versus TNTProx1 (day 14, p = 0.013) and (day 28, p = 0.008). TheMann-Whitney

0.05 is considered as statistally significant.
to TNTSham group, 4 weeks postsurgery (Figures 2A, 2B, and S5A–
S5D). Lymphedema results in tissue fibrosis mediated by increased
collagen deposition. We quantified collagen density by measuring
the percentage of picrosirius red–stained dermis (Figures S5E–
S5H). Reduced (13%) picrosirius red staining was observed in
TNTProx1 compared to the TNTSham group, indicating a reduced
fibrotic response to lymphedema in the TNTProx1 cohort (Figure 2C).
Immunohistochemistry staining (molecular assessment) exhibited an
increased abundance of lymphatic endothelial-specific marker (podo-
planin and Prox1) in TNTProx1 animals (Figures 2D and S6) and sig-
nificant reduction of the tissue area covered by lymphatic vessels
(Lyve1) (Figure 2E). ICG lymphangiography (functional assessment)
was carried out at postoperative day 28 on TNTSham versus TNTProx1

group. At day 28 (post-TNT), the relative mice tail volume of the
TNTSham animals remained significantly increased relative to
TNTProx1 animals. It was observed that TNTSham animals had a
consistent fluorescent signal for up to 96 h when compared with
TNTProx1. ICG clearance was significantly faster in the TNTProx1 an-
imals at 48, 72, and 96 h, indicating improved lymphatic clearance
(Figures 2F and 2G).

TNTProx1 reduces lymphedema-associated inflammation

Lymphedema tissue exhibits upregulated inflammatory genes similar
to that found in acute inflammation.20 Inflammatory response after
lymphatic dysfunction results in soft tissue fibrosis and adipose depo-
sition.8,21 Comprehensive transcriptomic analyses using bulk RNA
sequencing (RNA-seq) revealed a reduced abundance of genes
involved in the inflammatory pathway in the TNTProx1 compared
to the TNTSham group 4 weeks postsurgery (Figures 3A and 3B).
The TNTProx1 cohort also exhibited a reduced abundance of CD4+

T cells, indicative of faster resolution or reduced infiltration of inflam-
matory immune cells (Figure 3B). In addition, volcano plot gene
enrichment shows the differential gene expression between two
groups (TNTSham versus TNTProx1) (Figure S7). Downregulation of
Ccl1 (involved with T cell response) and miR-146b (microRNA
[miR] associated with inflammatory response) was observed in the
TNTProx1 cohort (Figures 3C and 3D). In addition, the downregula-
tion of Ccr4, Ccl27, Tac1 and others was noted (Figures 3C and
3D). Tac1 is a member of Tachykinin family. It is associated with
the inflammatory pain response.22 Also, the reduced lipid content
(perilipin staining) (Figure 3E) and increased proliferating lymphatic
endothelial marker (Ki67 staining) were observed in TNTProx1 ani-
mals (Figure 3F).
on

uced in the tails of C57BL/6mice through transection of lymphatic trunks. (B) Natural

56 days measured using truncated cone equation. (C) Blockage of lymphatic trunk

rrows mark the base of the tail, and the red arrow marks the site of lymphatic tran-

e diameter of 3.9 mm. (E) Topical delivery of pCMV6-Prox1 using TNT2.0 in mice tail

ached, and a brief square wave pulse electric stimulation is delivered (10 � 10-ms

d G) Validation of TNT-mediated pCMV6-Prox1 delivery and expression through

M. (H and I) Prevention of lymphedema progression following TNTProx1 compared to

ing TNT. (I) Comparative line graph of 2 groups TNTProx1 (red) and TNTsham (black).

test was performed for statistical analysis to compare TNTSham versus TNTProx1. p <
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Figure 2. TNTProx1 improves tail anatomy and lymphatic function

(A) Lymphedema-induced murine tail. The red circle indicates the site distal to lymphatic transection surgery used for histological analyses. (B and C) Histological analyses of

lymphedema-induced murine tail cross-sections at post-TNT day 28. (B) Dermal thickening analyses by H&E staining. Mean dermal thickness in mice tail skin is significantly

less in TNTProx1 animals when compared to TNTSham (p = 0.017) cohort. (C) Collagen deposition analyses by picrosirius red staining. Reduced abundance of collagen

deposition in the TNTProx1 animals when compared to TNTSham (p = 0.004). (D) Increased expression of lymphatic marker podoplanin (Pdpn) as quantified using immu-

nochemistry with antipodoplanin (red) in mice tail (post-TNT day 28). (E) Improvement in lymphatic dilation (i.e., restoration of lymphatic structure) in TNTProx1 animals when

(legend continued on next page)
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DISCUSSION
Lymphedema is a challenging problem and difficult to reverse. Thus,
prevention of lymphedema has become a recent area of emphasis,
such as with microsurgical lymphovenous anastomosis of disrupted
axillary lymphatics during axillary dissection.23 We demonstrate the
first report of the prophylactic management of lymphedema using a
TNT-based approach for gene delivery. Other investigators have
used intraperitoneal/drug depot of 9-cis retinoic acid, Vegf-C
mRNA-lipid nanoparticles and tacrolimus to minimize lymphedema
in a mouse model.24–26 Nonviral, focal TNT delivery can address the
concerns of global prolymphangiogenic genes promoting tumor
recurrence in postcancer lymphedema.27,28 The results of Prox1 deliv-
ery with TNT demonstrate an effective, novel, focal nanotechnology
approach for genetic cargo delivery in the murine tail lymphedema
model to prevent lymphedema.

Lymphedema does not reduce the expression of Prox1. As exhibited
in the results, there was no significant difference in Prox1 mRNA
transcripts between normal and lymphedematous mice tail tissue
on postoperative day 14. Hence, delivery of Prox1 through TNT in-
creases the basal level of Prox1 and increases lymphangiogenesis.
Although TNT was able to be used to topically deliver Prox1 in the
mouse tail model and limit lymphedema, precise penetration depth
is necessary for efficacy. TNT is focal and nonsystemic; therefore,
the depth of local delivery transcutaneously must reach the intended
cells. A previous study14 reported that the depth of penetration of
fluorescently labeled fluorescein amidite-DNA (FAM-DNA) can be
controlled by adjusting the voltage of the electrical pulse. In our pre-
vious report,28 we demonstrated that the delivery of genetic cargo
(FAM-labeled DNA) in the murine tail lymphedema model using
TNT had a depth of transfection of �800–1000 mm. Although this
was effective in the mouse tail model of lymphedema, human skin
is multilayered, with variable thickness and conduction properties.29

Exfoliation has been shown to enhance TNT delivery.29 In a potential
clinical application in lymph node dissection, an open wound for sur-
gical access would allow for direct transfection to the disrupted
lymphatics.

After validation of TNT for focal gene delivery in the murine tail lym-
phedema model, we further compared the TNT treatment of Prox1
and Vegf-C in the mouse tail lymphedema model. The reduction in
lymphedema swelling occurred more through Prox1 delivery as
compared to VegfC. This could be due to the fact that Prox1 is a mas-
ter regulator of lymphangiogenesis and sits upstream in lymphatic
development compared to VegfC, which is downstream and involved
in lymphatic maturation. Hence, we have focused on TNTProx1 in this
study. We showed that Prox1 prevented the development of chronic
lymphedematous skin changes, with animals exhibiting reduced
compared to TNTSham. Representative Lyve1-stained cross-section of operated mice tai

space of tail tip in TNTProx1 cohort when compared to TNTSham. Representative photogr

were plotted as a function of time (G). The collecting lymphatic function was tracked b

images were captured for 96 h postinjection. Mean ± SEM. The Mann-Whitney test was

considered as statistally significant.
fibrosis, lipid accumulation, and collagen compared to TNTSham. His-
tology revealed an increased abundance of lymphatic molecular
marker podoplanin and Prox1 in TNTProx1 animals. This greater
lymphatic density indicates lymphangiogenesis, which may permit
lymphatic fluid to drain faster in the TNTProx1 animal. In addition,
RNA-seq and qPCR analysis revealed reduced inflammatory response
in the TNTProx1 animals when compared to the TNTSham animals.
Overall, the Prox1 prevented the secondary changes associated with
the postsurgical lymphedema.

In summary, we present a feasible method of gene therapy for the pre-
vention of postsurgical lymphedema. There is high clinical transla-
tional applicability with focal and in situ delivery of lymphangiogenic
factors to lymphedema severity by promoting functional neolym-
phangiogenesis. This mode of therapeutic management could facili-
tate disease prevention and avoid the inflammatory cascade of
chronic lymphedema, which is difficult to reverse.

MATERIALS AND METHODS
Animals

All of the animal (mice) experiments were performed in accordance
with protocol 22020 approved by the Indiana University School of
Medicine Institutional Animal Care and Use Committee. Animals
were maintained under a 12-h light:dark cycle with ad libitum access
to food and water.

Surgical disruption of mouse tail lymphatics

Acquired lymphedema was surgically induced in the tails of C57BL/6
mice through lymphatic surgery, using a protocol that has been pre-
viously developed20 and optimized.28 Under isoflurane-inhaled anes-
thesia (2%), a 3-mm full-thickness skin excision was performed in the
murine tail 2 cm from the base. Methylene blue (0.1 mL) was injected
into the distal portion of the tail to facilitate the identification of lym-
phatics. Using a surgical microscope, the lymphatic vessels adjacent to
the lateral veins in the tail were localized and transected. The under-
lying bone, muscle, major blood vessels, and tendons were left intact.

TNT for in vivo reprogramming

A murine tail lymphedema model was used to deliver the Prox1 and
VegfC through TNT. TNT was performed immediately after the sur-
gical disruption of lymphatics on mice tails. The TNT device was used
as described previously.27 TNT was applied in a tangential contact
point at the surgical site and distal regions of the mouse tail
(Figure S1).

The skin was exfoliated at the distal region of the tail to eliminate
the dead/keratin cell layers to expose nucleated cells in the
epidermis. Prox1/Vegf-C plasmid cocktail was loaded in the
l post-TNT day 28. (F and G) Faster resolution of fluorescent dye injected in interstitial

aphs from near-infrared imaging of murine tail (F) and fluorescence (in arbitrary units)

y imaging the clearance of ICG dye in the vessels on post-TNT day 28. Time-lapse

performed for statistical analysis to compare TNTSham versus TNTProx1. p < 0.05 is
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reservoir at a concentration of 0.05–0.1 mg mL�1. A gold-coated
electrode (cathode) was immersed in the plasmid solution, and a
30G needle counterelectrode (anode) was inserted into the dermis
below the tail juxtaposed to the TNT platform surface. TNT was
applied to the murine tail (day 0) directly at the occlusion site
and distal region, with genetic cargo loaded into the TNT reservoir:
group I (control) was given pCMV6 (expression vector backbone
alone) (n = 6); group II was given pCMV6-Prox1/Vegf-C (n = 6).
TNT was applied with square wave pulse electric stimulation
(10 � 10-ms pulses, 250 V, 10 mA).

Mouse tail volume quantification

Mouse tail volume quantification was performed before and after the
lymphatic disruption surgery at regular intervals. The mouse tail
diameter was measured at 5-mm increments starting 20 mm from
the base of the tail using a digital caliper. These tail measurements
were used to calculate the volume using the truncated cone equa-
tion.30 Mice tail images were captured at regular intervals with a fixed
distance.

Histological procedures and immunostaining

After 72 h of TNTProx1, the mouse tail was collected from proximal,
occlusion, and distal sites and stored in optimal cutting temperature
(OCT) medium to validate the delivery and expression of Prox1. To
monitor the proliferation of the lymphatic vessels and assessment
of postsurgical lymphedema, immunohistochemistry was performed
post-TNT (day 28) on the distal region of the mouse tail. Mice tail tis-
sue harvested at euthanasia was fixed in 10% neutral buffered
formalin, decalcified, embedded in paraffin, and sectioned in 3- to
5-mm intervals. Samples were stained with H&E using standard tech-
niques. Picrosirius red staining was performed by bathing cross-sec-
tions in picrosirius red solution for 40 min, followed by dehydration
and mounting. Immunohistochemical staining of the sections was
performed using standard procedures with the following primary an-
tibodies: a-Prox1 antibody (ThermoFisher, catalog no. PA526170;
dilution; 1:100), a-podoplanin (Abcam, catalog no. ab92319; dilution
0.2:100), a-endomucin (Abcam, catalog no. ab106100; dilution
1:200), a-LYVE-1 (R&D Systems, catalog no. AF2125), a-Ki67 (Ab-
cam, catalog no. ab16667), and a-perilipin (Abcam, catalog no.
ab61682; dilution 1:200). To enable fluorescence detection, sections
were incubated with appropriate Alexa Fluor 488 (green, Molecular
Probes), or Alexa Fluor 564 (red, Molecular Probes)-conjugated sec-
ondary antibodies. For 3,3-diaminobenzidine (DAB) staining, the
Figure 3. TNTProx1 reduces lymphedema-associated inflammation and lipid co

(A) TNTProx1 resulted in changed transcriptome profile exhibited in mouse tails via hiera

rate < 0.05 of TNTSham and TNTProx1. (B) Reduced abundance of transcripts in the inflamm

inflammatory response was used to compare the differential expressed genes between

genes and miRs. Ccl1, Ccr4, Ccl27, Tac1, and miR-146b in TNTProx1 compared to TNT

Tac1 in TNTProx1 as measured by quantitative real-time PCR compared with TNTSham.

compared to TNTSham. RNA quantity was expressed relative to the corresponding b-ac

expression levels through immunohistochemistry compared to TNTSham. (F) Increased p

lymphatic marker Lyve1 in the TNTProx1 cohort compared to TNTSham. Mean ± SEM. T

versus TNTProx1. p < 0.05 is considered as statistally significant.
slides were incubated with horseradish peroxidase–conjugated rab-
bit/goat immunoglobulin G for 1 h at 37�C, followed by staining
with DAB and H&E. Cells coexpressing brown (DAB) and blue (nu-
cleus) colors were considered for analyses. Images were collected us-
ing an Axio Scan.Z1 (Zeiss). The image analysis software Zen (Zeiss)
was used to quantitate fluorescence intensity. Detailed key resources
are provided in Table S1.

qRT-PCR

Mouse tail tissue was pulverized using tissue pulverizer (6770 Freezer/
Mill), and total RNA was extracted using the NucleoSpin RNA kit
(Macherey-Nagel). cDNA was made using SuperScript VILO cDNA
Synthesis Kit (Invitrogen). The quantitative or real-time PCR
(SYBR Green) approach was used for mRNA quantification. The
primer sequences used in this study are provided in Table S2.

ICG lymphangiography

ICG lymphangiography was adapted from techniques previously
described for mice hindlimbs.24 Briefly, anesthetized mice were
administered 10-mL subdermal injections of 2.5 mg/mL ICG (LUNA)
into the distal region of the tail. Fluorescence imaging was recorded
using the SPY device (Stryker). ICG clearancewas evaluated by plotting
the fluorescence intensity as a function of time.

RNA-seq

RNA-seq was performed on total RNA extracted from mouse tail tis-
sue. Sequencing reads were covered at 50 million.

RNA extraction

Homogenization of the tissue was done with Bead Bug 6 homoge-
nizer (Benchmark Scientific) in a cold room. Frozen tissue cores
were transferred into 2-mL prefilled tubes containing 3-mm zirco-
nium beads (Benchmark Scientific, catalog no. D1032-30), 350-mL
RLT Lysis Buffer (from the kit), and 2-mercaptoethanol per kit in-
structions. Homogenization conditions: 4,000 rpm for 45 s was
repeated 2 times with 90-s rest time between repeats. The extraction
process was completed per the kit instructions. RNA was eluted
with 30 mL RNase-free water.

Library preparation

The bulk RNA-seq libraries were generated using the TruSeq
Stranded mRNA kit protocol. In brief, the integrity of the RNA was
checked with the Agilent Tape station. The mRNA was purified
ntent and promotes the proliferation of LECs in mice

rchical clustering of differentially expressed genes and controlled by false discovery

atory pathway following TNTProx1 compared to TNTSham. The canonical pathway for

the 2 cohorts. (C) RNA-seq analyses–based reduction of inflammatory responsive

Sham. (D) Decreased expression of inflammatory responsive genes Ccl1, Ccr4, and

Increased expression of lymphangiogenic gene Vegf-C was observed in TNTProx1
tin. (E) Decreased lipid content was observed in TNTProx1 as measured by perilipin

roliferation of cells as exhibited via Ki67 staining in lymphatic lumens co-stained with

he Mann-Whitney test was performed for statistical analysis to compare TNTSham

Molecular Therapy: Nucleic Acids Vol. 35 March 2024 7

http://www.moleculartherapy.org


Molecular Therapy: Nucleic Acids
from 1 mg of total RNA for each sample. After cDNA synthesis and
adapter ligation, the library was amplified with 12 rounds of PCR.
Bioinformatic analyses were performed (details in supplemental in-
formation). The RNA-Seq data have been deposited in the NCBI
Gene Expression Omnibus (accession# GSE214301).

Quantification and statistical analysis

Samples were coded, and data collection was performed in a blinded
fashion. Data are reported as mean ± SE of 6–8 biological replicates.
Failed transfections (e.g., due to poor contact between the skin and
the nanochannels, or nanochannel clogging) were omitted from the
analysis. Statistical differences were determined using parametric/
nonparametric tests, as appropriate, with GraphPad Prism version
9. The Mann-Whitney test was performed.

DATA AND CODE AVAILABILITY
RNA-seq data are available in the NCBI Gene Expression Omnibus
(GEO: GSE214301).

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
1016/j.omtn.2024.102121.
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