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1 Introduction

Electrospun polymer fibers modified with FK506
for the long-term treatment of acute cardiac
allograft rejection in a heart transplantation model

Cheng Deng,1*< Qiaofeng Jin, 1> Jia Xu,*>< Wenpei Fu,*>< Mengrong He,*"<
Lingling Xu,>®€ Yishu Song,>®¢ Wenyuan Wang,?®< Luyang Yi,>®€ Yihan Chen, "¢
Tang Gao,*” Jing Wang,®>< Qing Lv,*"€ Yali Yang,?® Li Zhang**"< and
Mingxing Xie () *a-P<

FK506, a first-line immunosuppressant, is routinely administered orally and intravenously following heart
transplantation. However, frequent administration can result in a substantial psychological burden to
patients, resulting in non-adherence to medication. The purpose of our study is to overcome the disad-
vantages of systemic drug administration by developing a polymer-based delivery system that is tunable
and biodegradable and that can release highly hydrophobic FK506 over extended periods to treat or
prevent acute cardiac allograft rejection. Using an electrospinning method, long-acting microfibers were
prepared, and FK506 appeared to be continuously released for up to 14 days based on the in vitro release
profiles. After implanting the microfiber subcutaneously into the abdominals of transplanted rats, it was
found that the infiltration of T cells and macrophages and the secretion of interleukin-2 (IL-2) and IL-1p
were significantly reduced compared with those of the free FK506 groups. More importantly, the mean
survival time (MST) of the PCL-FK506 group was significantly extended in comparison with that of
untreated control recipients and free FK506 (MST of untreated control recipients, free FK506, and
PCL-FK506 was 8, 26.1, and 37, respectively). In conclusion, we propose that this drug delivery approach
would be suitable for developing long-lasting immunomodulatory agents that prolong cardiac graft survi-
val safely and effectively.

chotic drugs and steroidal hormones have been successfully
commercialized as long-acting therapeutic alternatives.®

Heart transplantation is the definitive treatment for patients
with advanced heart failure." Patients need to take immuno-
suppressants, like FK506 or CsA, to prevent acute rejection
after transplantation. However, frequent administration is a
substantial psychological burden to patients, contributing to
an incidence of medication nonadherence, and it often greatly
influences effective therapy and outcomes.” Therefore, long-
acting drug delivery systems, widely used to deliver drugs over
a long period, have been considered an attractive solution.’
These formulations can achieve release profiles from days to
months and improve patient adherence.*” Notably, antipsy-

“Department of Ultrasound Medicine, Union Hospital, Tongji Medical College,
Huazhong University of Science and Technology, Wuhan 430022, China.
E-mail: zli429@hust.edu.cn, xiemx@hust.edu.cn

bHubei Province Clinical Research Center for Medical Imaging, Wuhan, 430022,
China

‘Hubei Province Key Laboratory of Molecular Imaging, Wuhan, 430022, China
tThese authors contributed equally to this work.

4032 | Biomater. Sci, 2023, 11, 4032-4042

However, there are still some troubles in constructing long-
acting drug delivery systems.

Fortunately, new advanced techniques in drug delivery have
emerged to overcome some of the obstacles and limitations of
long-acting formulations, like nanotechnology, 3D printing,
and electrospinning.” Specifically, electrospinning has
emerged as a powerful technique to produce fibrous struc-
tures, and it is a simple and efficient method for preparing
long-acting formulations.® ' It applies a high voltage to spray
charged threads of the drug-loaded polymer solution and
results in nano/microfibers on solvent evaporation.'’ Recently,
various electrospinning drug delivery systems have been pre-
pared for the local delivery of therapeutic agents owing to the
ease of drug encapsulation and high versatility in drug
formulations.’"? It has also shown great potential in tissue
engineering, regenerative medicine, tumor treatment, skin
repair and antibacterial fields.'*"?

In recent years, polycaprolactone (PCL) has been used
extensively for electrospinning to deliver drugs. Various dosage
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forms have been developed, including patches, implants, and
films.’*"® The PCL films fabricated by electrospinning are
highly porous, have high surface-to-volume ratios, and have
excellent mechanical properties, making them a suitable
choice for biomedical applications.>**' PCL film-based long-
acting drug delivery systems have been widely used to treat
chronic diseases like diabetes, cancer, and brain
disorders.>>>* Hence, we hypothesize that PCL-based nano/
microfibers can be used to deliver immunosuppressants for
treating acute cardiac allograft rejection.

FK506, a widely used immunosuppressive agent, has
achieved great progress in heart transplantation. Our group
recently introduced a sustained-release formulation of FK506
for treating acute cardiac allograft rejection.>® According to
studies, nano-drugs delivered subcutaneously can prolong allo-
graft survival much longer than those administered intra-
venously, so locally sustained drug delivery might be a viable
alternative to intravenous injections. Furthermore, previous
studies have found that local drug delivery can alleviate several
problems, such as first-pass metabolism and gastrointestinal
degradation.>®*” However, subcutaneous implantation of long-
acting systems must be determined whether it can provide sus-
tained drug delivery to treat acute cardiac allograft rejection.

In this study, we explored the potential of microfibers as
long-acting systems for the sustained release of highly hydro-
phobic FK506 in treating acute cardiac allograft rejection.
Microfibers were prepared through the blending electro-
spinning method. Then, we characterized their physical and
chemical properties and the sustained release profiles of
PCL-FK506 films in vitro and the safety of PCL-FK506 in vivo
using SD rats. Finally, we examined their immunosuppressive
effects in a heart transplantation model.

2 Materials and methods
2.1 Materials

FK506 was purchased from MedChem Express (Monmouth
Junction, NJ, USA). Polycaprolactone (PCL, MW = 70 kDa-
90 kDa) was obtained from the Qingdao Pansi Technology Co.,
Ltd. Acetone (ACE) and chloroform (DCM) were purchased
from Sinopharm Group. 1,1-Dioctadecyl-3,3,3',3"-tetramethyl-
indotricarbocyanine iodide (DiR) was purchased from AAT
Bioquest (California, USA). All other chemicals used were of
analytical grade.

2.2 Preparation of PCL-FK506 microfibers

The electrospinning solution was prepared by dissolving PCL
(8 2) and FK506 (80, 160 and 400 mg) in a mixture of solvents
DCM and ACE (v/v, 5:1) and finally a 40 mL solution (w/v,
20%) was obtained. The resulting solution was pumped
through an 18 G blunt needle with a flow rate of 4 mL h™*, and
the distance between the fiber collector and syringe was kept
within 15 cm. A high voltage of 15 kv and 1 mA current were
supplied by a high-voltage power supply (TCM600iP30-30-N,
Teslaman, Dalian, China). Humidity and temperature were
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kept constant at 50% and 25 °C, respectively. PCL/DiR microfi-
bers were prepared in the same manner by adding 100 pL of
DiR (10 mg mL™") to the initial organic mixture.

2.3 Characterization of PCL-FK506

A scanning electron microscope (SEM, Hitachi HT7700, Tokyo,
Japan) was used to observe the morphology of PCL-FK506. In
order to verify that FK506 has been successfully modified on
the surface of PCL, a Fourier transform infrared spectrometer
(FTIR, PerkinElmer, USA) was used to detect FK506.>° Data
were collected over the range of 400 to 4000 cm™'. DSC ana-
lyses of samples were performed on a DSC2500 (TA
Instruments, USA). Samples were typically heated from 20 to
200 °C at 10 °C min~".

2.4 Drug release from PCL-FK506 microfibers

The sustained release profiles of FK506 from
PCL-FK506 microfibers were determined within 14 days using
the shaking method. All in vitro drug release experiments were
performed in a release medium (0.2% Tween solution), as pre-
viously reported.”® In brief, approximately 20 mg of the
different PCL-FK506 microfibers were immersed in 40 mL of
0.2% Tween solution in a 50 mL centrifuge tube, respectively.
The dissolution study was performed in a shaker incubator at
100 rpm (revolutions per minute) and 37 °C. The FK506 con-
centration was quantified by high-performance liquid chrom-
atography (HPLC) with a C18 column (4.6 mm x 250 mm,
5 pm) at 40 °C and a mixture of acetonitrile/0.1% phosphoric
acid solution in water (70/30, v/v) was adopted as the mobile
phase. The flow rate was 1 mL min~". FK506 was detected at a
wavelength of 215 nm. EE and LE were calculated as follows:
encapsulation efficiency (%) = (weight of FK506 in PCL/weight
of FK506 added) x 100; loading efficiency (%) = (weight of

FK506 in PCL/weight of PCL) x 100.

2.5 In vivo biodistribution

Male Lewis rats were used to study biodistribution. The rats (n
= 3) were implanted with PCL/DiR microfibers subcutaneously.
Trafficking of the PCL/DiR microfibers was evaluated using a
small animal imaging system (In vivo FX PRO, Bruker, USA)
equipped with a 750 nm excitation filter and a 790 nm emis-
sion filter at POD 1, 4, 7, and 14. The rats were anesthetized
before imaging and placed in a dark box in a prone position.
The major organs, such as the heart, liver, spleen, lungs and
kidneys, were collected and analyzed to evaluate the biodistri-
bution of the PCL/DiR microfibers.

2.6 Heterotopic abdominal heart transplantation and
implantation of the PCL-FK506 microfibers

All experiments were carried out using BN and Lewis rats
(male, 200-250 g) purchased from Vital River Laboratory
(Beijing, China). All animal procedures were performed follow-
ing the Guidelines for Care and Use of Laboratory Animals of
the Huazhong University of Science and Technology and
approved by the Animal Ethics Committee of Tongji Medical
College, HUST. BN rats and Lewis rats were used as donors
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and recipients, respectively. As previously described, heart
transplantation was performed using a microsurgical tech-
nique.?® Briefly, the donor rat was anesthetized and hepari-
nized (500 U kg™" i.v.). The superior and inferior vena cava
(IVC) and pulmonary veins of the donor’s heart were ligated
with a 6.0 silk suture, and the ascending aorta and pulmonary
artery were sheared with microscopic scissors. The donor’s
heart was immediately immersed in 4 °C saline. After the
abdominal aorta and vena cava were isolated, the donor aorta
and pulmonary artery were anastomosed to the recipient’s
abdominal aorta and IVC using a 9.0 suture.
PCL-FK506 membranes were implanted under the skin of the
abdomen. The survival time was defined as the complete ces-
sation of heartbeat evaluated by palpation. The cardiac graft
that stopped beating within 3 days was excluded from the ana-
lysis. The rat heterotopic heart transplantation model was ran-
domized into four groups (n = 6) to analyze the immunosup-
pressive effect of PCL-FK506.

2.7 Histological staining and immunohistochemical staining

Allografts were harvested at POD 7 or 14 for pathological exam-
ination. The samples were fixed in formalin, embedded in
paraffin, and stained with hematoxylin and eosin (H&E).
Histological evaluation was done according to the criteria of
ISHLT.*® T lymphocyte and macrophage infiltration of the allo-
grafts was determined by immunohistochemical staining
(IHC) with the anti-CD3 antibody (ab5690, Abcam, Cambridge,
UK) and the anti-CD68 antibody (GB11067, Servicebio).

2.8 Flow cytometry and plasma cytokine levels

Blood and inguinal lymph nodes were harvested at POD 7 or
14 for flow cytometric analysis (n = 4-6). Briefly, the blood was
collected, and a single-cell suspension was prepared according
to the manufacturer’s instructions (P8630, Solarbio). The ingu-
inal lymph nodes were dissected from rats and passed through
70 pm filters. Each lymphocyte population was stained with anti-
rat CD3-FITC (201403; BioLegend, San Diego, CA), anti-rat CD4-
PE (201507; BioLegend, San Diego, CA), anti-rat CDS8-APC
(201716; BioLegend, San Diego, CA) antibodies. Cells were run
on FACSCanto II (BD Biosciences) instrument. Data were ana-
lyzed using FlowJo software. The expressions of IL-2 (AF-502-SP,
R&D), IL-1f (GB13463, Servicebio) and IL-6 (GB11117, Servicebio)
in the allografts were evaluated by immunofluorescence staining
at POD 7 and 14. The levels of interleukins (IL)-2 (EK302), IL-6
(EK306), and IL-1p (EK301B) in the plasma were evaluated at
POD 7 and 14 by using ELISA kits according to the manufac-
turer’s instructions (Multi Sciences, Hangzhou).

2.9 Statistical analysis

Statistical analysis was performed with Prism8.0 GraphPad soft-
ware (GraphPad Software, La Jolla, CA). The data are calculated
as mean + standard deviation (SD). The significance of the differ-
ences was determined using the Student’s ¢-test or one-way ana-
lysis of variance (ANOVA). The survival of cardiac grafts was exam-
ined by Kaplan-Meier’s analysis. Differences were considered sig-
nificant for *P < 0.05, **P < 0.01, and ***P < 0.001.
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3 Results and discussion
3.1 Characterization of materials

PCL-FK506 microfibers were successfully prepared by electro-
spinning with different amounts of FK506 (1%, 2%, and 5%).
A scanning electron microscope (SEM) was employed to
observe the morphology of the PCL-FK506 microfibers. As
shown in Fig. 1A-D, incorporating FK506 did not impact the
morphology. Furthermore, the average diameter of
PCL-FK506 microfibers was maintained at 10 pm with uniform
morphology, and no drug crystals were visible on the surfaces
of PCL-FK506, suggesting that smooth and cylindrical microfi-
bers were successfully produced. In addition, the size was
slightly influenced by the addition of FK506. It is reported that
precisely controlling the fiber diameter remains a significant
obstacle.*’ In our study, there was no significant difference in
the diameter and morphology of these PCL-FK506 microfibers.
Selected DSC thermograms are shown in Fig. 1E. The melting
endotherms for FK506 and PCL are observed at around 127
and 57 °C, respectively. In addition, the endothermic peak of
FK506 was also visible in the pattern obtained from the physi-
cal mixture of FK506 and PCL. However, such peaks disappear
in the PCL-FK506 group. The FTIR spectra of PCL-FK506 are
presented in Fig. 1F. The characteristic peaks of FK506 are
located at 1630 cm™", consistent with a previous study.*” As
shown in Fig. 1G and H, the encapsulation efficiency was
97.68 * 3.46%, 97.68 + 3.46%, and 95.73 + 3.90%, respectively.
The loading efficiency was 0.97 + 0.03%, 1.91 + 0.07%, and
4.79 + 0.19%, respectively. From these results, it can be con-
cluded that FK506 was successfully encapsulated in PCL.

3.2 Sustained release and degradation performance of
PCL-FK506 microfibers in vitro

The sustained release profiles and long-term degradation be-
havior of the PCL-FK506 microfibers within 14 days are pre-
sented in Fig. 2. As shown in Fig. 2A, the surface morphology
of the degraded samples was observed by SEM on day 1, day 3,
day 7, day 10 and day 14, respectively. The results revealed that
all the PCL-FK506 microfibers maintained their integrity, and
no significant degradation was observed within 14 days.
According to the literature, the PCL polymer matrix main-
tained an intact shape in vivo for at least 2 years. It was ulti-
mately excreted through urine and feces.®® As shown in
Fig. 2B, the PCL-FK506 microfibers exhibited a burst release
on the first day in three groups. In particular, FK506 release in
1%, 2% or 5% PCL-FK506 microfiber coatings could reach as
high as 23.67 + 2.80%, 31.46 + 5.10%, and 42.41 + 0.43% on
the first day, respectively, and the PCL-FK506 microfibers con-
taining a higher amount of FK506 exhibited higher burst
release. We can see that large-burst drug release is exhibited
among the three groups, and this could be attributed to the
higher solubility of FK506 in 0.2% Tween solution. The release
rate of FK506 slowed down and lasted for about 14 days to
reach a plateau. The cumulative release percentages of 1%, 2%
or 5% PCL-FK506 microfibers at the end of the drug release
experiments were calculated to be 30.72 + 3.23%, 41.86 *

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Characterization of PCL-FK506. (A—D) The physical image and SEM of PCL, PCL-1%FK506, PCL-2%FK506, and PCL-5%FK506. (E-J) DSC and
(K) FTIR spectra of FK506, PCL, PCL-1%FK506, PCL-2%FK506, and PCL-5%FK506. (L) FK506 encapsulation and (M) loading efficiency in four groups.

Scale bar = 100 pm.

6.00% and 51.78 + 1.72%, respectively. Therefore, the drug was
still released after 14 days. In addition, it may be noted that the
amount of released FK506 was higher in 5% PCL-FK506, and the
reason may be the increased amount of drug as observed by
Dilsiz et al.,** Saudi et al.>® and Bajpai et al>® in a similar study.
It was reported that the drug release profiles could be divided
into three stages. In stages I and I, the drug release is induced by
fiber swelling and drug diffusion that dominate the burst release
and gentle release. In stage III, the drug release is induced by the
degradation of the polymers, which exhibit long-term drug

This journal is © The Royal Society of Chemistry 2023

release.’”*® These data show that PCL-FK506 exhibited long-term
release profiles, demonstrating the promise of using this formu-
lation as a long-acting drug delivery system. However, large-burst
drug release, uncontrolled duration of drug release and incom-
plete drug release are still challenging to solve. Therefore, when
designing these long-acting drug delivery systems in the future, it
is important to consider all contributing factors to obtain the
optimal release kinetics to achieve better therapeutic efficacy.*®
Thus, PCL-FK506 microfibers were shown to be a sustainable for-
mulation for long-term drug release.
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Fig. 2 Sustained release of FK506 in vitro. (A) The morphology of PCL,
PCL-1%FK506, PCL-2%FK506, and PCL-5%FK506 within 14 days in the
release experiment. (B) The in vitro release profiles of PCL-1%FK506,
PCL-2%FK506, and PCL-5%FK506. Scale bar = 100 pm.

3.3 Biodistribution of fluorescence in organs

In order to simulate PCL-FK506 microfibers’ drug release,
absorption and metabolism in vivo, DiR-labelled PCL microfi-
bers were prepared and subcutaneously implanted on the
abdominal skin of each rat. A small animal imaging system
was used to evaluate the drug release, absorption and metab-
olism in vivo during 14 days of observation. As shown in
Fig. 3A, the results revealed that the fluorescence intensity was
mainly accumulated in DiR-labelled PCL microfibers and it
gradually decreased from day 1 to day 14. About 50% of the
dye was still retained on day 14 of the observation (Fig. 3B).
These results demonstrated that DiR loaded in the microfibers
could be released sustainably for an extended period in vivo.
Furthermore, the fluorescence intensity in all the major
organs was weak and close to the background level on days 1
and 4 after implantation. Interestingly, the fluorescence inten-
sity was mainly accumulated in the kidneys on days 7 and 14
(Fig. 3C). In addition, DiR-labelled PCL microfibers in all
organs had no statistically significant difference after implan-
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tation for 14 days (Fig. 3D). These results confirmed that DiR
was released from microfibers and then excreted mainly
through the kidneys. Nevertheless, the in vivo metabolism of
DiR might be slightly different from that of FK506, which is
metabolized in the liver and excreted via bile.*

3.4 Invivo animal experiments

3.4.1 In vivo immunosuppressive effect of PCL-FK506 on
day 7. To investigate the effects of PCL-FK506 microfibers on
acute cardiac allograft rejection, we implanted the microfibers
(PCL-5%FK506) in the region of the abdomen subcutaneously
after heart transplantation. Then, the rats received free FK506
(1 mg kg™", once daily, subcutaneously) or PCL-FK506 microfi-
ber (14 mg kg™') treatment and were sacrificed on day 7 or 14
after heart transplantation. Next, the PCL-FK506 microfibers
and allografts were harvested, sliced, and stained with HE and
IHC. The results revealed that the PCL-FK506 microfibers sig-
nificantly alleviate acute rejection compared with the
untreated group. As shown in Fig. 4A, the untreated group
exhibited grade 3R rejection as a positive control with massive
inflammatory cell infiltration and myocyte necrosis. The
PCL-FK506 group revealed only mild inflammatory cell infiltra-
tion in most situations and exhibited grade OR or 1R acute
rejection (Fig. 4B). The extent of CD3+ T lymphocyte and
CD68+ macrophage infiltration was further assessed in the
myocardium using IHC staining. Fig. 4C and E show that the
untreated group suffered serious T lymphocyte and macro-
phage infiltration. In contrast, almost no CD3+ T lymphocyte
and CD68+ macrophage infiltration was observed in the
PCL-FK506 and free FK506 groups. The quantitative analysis of
the CD3+ T lymphocyte (Fig. 4D) and CD68+ macrophage infil-
tration (Fig. 4F) indicated that both treatment groups effec-
tively inhibit acute rejection in comparison with no treatment
group. In recent decades, several treatment options, such as
FK506-loaded microspheres*' and microneedle patches,** have
been applied to deal with acute rejection in islet and skin
transplantation. In this study, sustained release of FK506 also
effectively suppressed the intra-graft influxes of T cells and
macrophages. Next, we sought to evaluate the lymphocyte in
peripheral blood. As shown in Fig. 4G-]J, the proportion of
CD3+CD4+ T cells in blood was 38.7% + 1.3% and 28.6% =
2.6% in the FK506 and PCL-FK506 groups (***P < 0.001, n =
4-6 rats per group), respectively. Moreover, the proportion of
CD3+CD8+ T cells was 10.5% = 0.3% and 8.6% + 0.6% in the
FK506 and PCL-FK506 groups (**P < 0.01, n = 4-6 rats per
group), respectively. Remarkably, the CD4+ and CD8+ effector
T cells in peripheral blood were more effectively suppressed by
PCL-FK506 microfibers than the free FK506 treatment. This
phenomenon may be related to the massive release of FK506
by PCL-FK506 microfibers in the early stage, when a large
amount of FK506 was absorbed into the blood, resulting in a
high concentration of FK506 in the blood and strongly inhibit-
ing the proliferation and activation of effector T cells.
Furthermore, the proportion of CD3+CD4+ and CD3+CD8+ T
cells in the inguinal lymph nodes was assessed. As shown in
Fig. 4K-N, the proportion of CD3+CD4+ T cells was 45.9% =

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Immunosuppressive effects of PCL-FK506 on the cardiac allograft on POD 7. (A) H&E staining of the allograft tissue sections, scale bar =
100 pm and (B) grade of the allograft tissues evaluated on POD 7. (C) Immunohistochemical staining with CD3 T lymphocytes and (E)
CD68 macrophages in allograft tissues, scale bar = 20 pm. (D—F) Quantification analysis of the number of lymphocytes and macrophages in the allo-
graft tissues. FACS analysis of CD3+CD4+ (G and H) and CD3+CD8+ (I and J) lymphocytes in blood and inguinal lymph nodes (K-N) from heart
transplant recipients treated with free FK506 and PCL-FK506 (n = 4-6). **P < 0.01, and ***P < 0.001.
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6.7% and 44.1% =+ 3.5% in the FK506 and PCL-FK506 groups
(n = 4-6 rats per group), respectively. Moreover, the proportion
of CD3+CD8+ T cells was 19.9% =+ 1.5% and 18.8% =+ 0.7% in
the FK506 and PCL-FK506 groups (n = 4-6 rats per group),
respectively. Notably, there is no significant difference between
the FK506 and PCL-FK506 groups in terms of the proportion
of CD4+ and CD8+ effector T cells in the inguinal lymph node.
The results indicated that both treatment groups effectively
suppressed the number of effector T cells in the lymph nodes.
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14 Days
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m
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3.4.2 In vivo immunosuppressive effects of PCL-FK506 on
day 14. To test the long-term immunosuppressive effects of
PCL-FK506, the histology of the grafts and the levels of effector
T cells in the graft tissues, blood and lymph nodes were evalu-
ated on POD 14. As shown in Fig. 5A and B, the
PCL-FK506 group revealed only mild lymphocyte infiltration in
most situations and exhibited grade OR or 1R acute rejection
on POD 14. The extent of CD3+ T lymphocyte and CD68+
macrophage infiltration was further assessed in the myocar-
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Fig. 5 Immunosuppressive effects of PCL-FK506 on the cardiac allograft on POD 14. (A) H&E staining of the allograft tissue sections, scale bar =

100 pm and (B) grade of the allograft tissues

evaluated on POD 7. (C) Immunohistochemical staining with CD3 T lymphocytes and (E)

CD68 macrophages in allograft tissues, scale bar = 20 pm. (D—F) Quantification analysis of the number of lymphocytes and macrophages in the allo-

graft tissues. FACS analysis of CD3+CD4+ (G and H) and CD3+CD8+ (I

and J) lymphocytes in blood and inguinal lymph nodes (K-N) from heart

transplant recipients treated with free FK506 and PCL-FK506 (n = 4-6). *P < 0.05.
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dium using immunohistochemical staining (Fig. 5C-F).
Fig. 5C and E show that there was only mild CD3+ T lympho-
cyte and CD68+ macrophage infiltration in the
PCL-FK506 group and free FK506 group compared with the
ISO group. The quantitative analysis of the CD3+ T lymphocyte
(Fig. 5D) and CD68+ macrophage infiltration (Fig. 5F) indi-
cated that PCL-FK506 microfibers effectively inhibit acute
rejection for up to 14 days and maintain acute rejection at a
low level compared with the ISO group. As shown in Fig. 5G
and I, the proportion of CD3+CD4+ T cells was 42.9% + 3.1%
and 40.0% =+ 1.3% in the FK506 and PCL-FK506 groups (n =
4-6 rats per group), respectively. Moreover, the results in
Fig. 5H and ] show that the proportion of CD3+CD8+ T cells
was 11.0% + 1.2% and 12.1% + 1.2% in the FK506 and
PCL-FK506 groups (n = 4-6 rats per group), respectively. To
further evaluate the immune response in inguinal lymph
nodes, we assessed the proportion of CD3+CD4+ and
CD3+CD8+ T cells. As shown in Fig. 5K and M, the proportion
of CD3+CD4+ T cells was 41.9% + 2.9% and 46.7% + 5.4% in
the FK506 and PCL-FK506 groups (n = 4-6 rats per group),
respectively. Moreover, as shown in Fig. 5L and N, the pro-
portion of CD3+CD8+ T cells was 14.0% + 3.6% and 14.3% =+
1.1% in the FK506 and PCL-FK506 groups (n = 4-6 rats per
group), respectively. Notably, there is no significant difference
between the FK506 and PCL-FK506 groups in terms of the pro-
portion of CD4+ and CD8+ effector T cells in the inguinal
lymph node. These results indicated that
PCL-FK506 microfibers effectively inhibited the proliferation
of effector T cells as free FK506 treatment did on POD 14. We
think it may be related to the effective concentration of FK506
in the inguinal lymph node, which is accumulatively released
from PCL-FK506 microfibers locally, and it was previously
described in similar studies.*>**

3.5 Secretion of cytokines in serum and allograft tissues

According to the literature, the cytokines interleukin-2
(IL-2), IL-1p and IL-6 have been suggested as indicators of
an anti-graft immune response.’>*® Hence, the expressions
of IL-2, IL-1p and IL-6 in the allografts were evaluated by
immunofluorescence staining on POD 7 and 14 after heart
transplantation. Interestingly, there is no significant differ-
ence in the expression level of IL-2, IL-1p, and IL-6 among
the free FK506, PCL-FK506 and the ISO groups on POD 7
(Fig. 6A-C). Furthermore, the expression levels of pro-
inflammatory cytokines in the serum of rats were detected
by ELISA on POD 7 and 14 after free FK506 and PCL-FK506
treatment. On POD 7, no difference was noted in the levels
of IL-2, IL-1f and IL-6 among the treatment groups
(Fig. 6D). It is worth noting that with the treatment of
PCL-FK506 14 days after heart transplantation, the
expressions of IL-2, IL-6 and IL-1f in the allografts
remained at a low level compared with the ISO group
(Fig. 7A-C). Moreover, the results in Fig. 7D revealed that
higher levels of inflammatory cytokines IL-2 and IL-1p were
observed in the free FK506 treatment group in comparison
with those of the PCL-FK506 group on POD 14 (free FK506

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

7 days
A FK506 PCL-FK506

IL-18 L-6

IL-2/DAPI

IL-1B/DAPI

IL-6/DAPI

IL-2 (pg/mL)
16 (pg/mL)

Fig. 6 Secretion of cytokines in the allografts and serum on POD 7.
Immunofluorescence staining of IL-2 (A), IL-p (B), and IL-6 (C) secretion
in allografts. (D) The concentrations of IL-2, IL-B, and IL-6 in serum.
Each value represents the mean + SD (n = 4-6). Scale bar = 50 pm.
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Fig. 7 Secretion of cytokines in the allografts and serum on POD 14.
Immunofluorescence staining of IL-2 (A), IL-p (B), and IL-6 (C) secretion
in allografts. (D) The concentrations of IL-2, IL-p, and IL-6 in serum.
Each value represents the mean + SD (n = 4-6). *P < 0.05, **P < 0.01,
and ***P < 0.001. Scale bar = 50 pm.
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vs. PCL-FK506: 64.23 + 7.32 vs. 48.05 + 4.67 pg mL™" for
IL-2 and 88.29 + 31.47 vs. 67.08 + 11.57 for IL-1p, *P <
0.05, ***P < 0.001, n = 4 rats per group). However, there is
no significant difference in the level of IL-6 among the
three groups. The results demonstrated that inflammatory
cytokines were effectively suppressed in the free FK506 and
PCL-FK506 groups on POD 7, and PCL-FK506 treatment
exhibited better therapeutic outcomes on POD 14. Taken
together, the PCL-FK506 microfibers maintain the immuno-
suppressive functions of FK506, reducing the expression of
inflammatory cytokines and improving the prognosis of
heart transplantation.
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Fig. 8 Kaplan—Meier’s survival curves of the cardiac allograft treated
with FK506 and PCL-FK506 (n = 6).
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3.6 PCL-FK506 prolongs cardiac transplant survival

To further evaluate the effects of PCL-FK506 microfibers in
long-term allograft survival, Lewis rats that underwent trans-
plantation were treated with free FK506 (1 mg kg ™) from day 1
to day 14 or subcutaneous implantation  of
PCL-FK506 microfibers (14 mg kg™') after heart transplan-
tation, respectively. The control groups were no treatment
group and the ISO group. As shown in Fig. 8, we observed a
significant prolongation of cardiac transplant survival follow-
ing treatment with PCL-FK506 microfibers (mean survival time
of untreated control recipients, free FK506, PCL-FK506 and
negative control recipients was 8, 26.1, 37, and >56 days,
respectively, n = 6 rats per group). It was noted that about 50%
of the allografts in the PCL-FK506-treated group survived more
than 40 days. Our data indicate that the treatment with
PCL-FK506 microfibers significantly prolonged the cardiac
allograft survival time compared with that with FK506 alone
(PCL-FK506 vs. free FK506: 37 vs. 26.1 days). Therefore,
PCL-FK506 microfibers exhibited a better therapeutic efficacy
than free FK506 treatment. In this regard, multiple studies
have reported that topical application of FK506 microspheres
effectively prevented acute rejection and prolonged the survival
time in vascularized composite allotransplantation and islet
transplantation.*>*>*” To the best of our knowledge, it is the
first time that PCL-FK506 microfibers, as a robust long-acting
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Fig. 9 In vivo toxicity evaluation of PCL-FK506. (A) Serum levels of AST, ALT, BUN, and CRE. (B) H&E staining of PCL-FK506 and the major organs.

Each value represents the mean + SD (n = 3). Scale bar = 100 pm.
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FK506 delivery system, effectively prevented acute rejection
and extended the survival time beyond 30 days in heart trans-
plantation. Hence, we believe that this new approach may be a
safe and effective way to treat acute rejection in the future in
heart transplantation.

3.7 Invivo biocompatibility evaluation

Subcutaneous implantation of the PCL-FK506 microfibers into
SD rats was carried out to evaluate in vivo compatibility. 7 days
and 14 days after implantation, the implants and the major
organs were removed and sectioned for H&E staining.
Furthermore, the toxicity of implants was assessed by measur-
ing the liver and kidney function indicators, such as alanine
aminotransferase (ALT), aspartate aminotransferase (AST),
blood urine nitrogen (BUN), and creatinine (CRE). As shown in
Fig. 9A, there was no significant difference among these
groups. These results indicate that subcutaneous implantation
of the long-acting sustained-release microfibers does not cause
liver and kidney toxicity. Moreover, the histology analysis
revealed no toxicity differences among the major organs, and
there is almost no infiltration of inflammatory cells in
PCL-FK506 microfibers (Fig. 9B).

4 Conclusion

In summary, we have developed a long-acting drug delivery
system and achieved adequate immunosuppression in a heart
transplantation model. Our results indicated that the sub-
cutaneous implantation of biodegradable PCL-FK506 rep-
resents an effective, safe and simple method to achieve ade-
quate immunosuppression in organ transplantation. We pro-
posed that this drug delivery approach would be suitable for
developing long-lasting immunomodulatory agents that safely
and effectively prolong cardiac graft survival.
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