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Background: Deep second-degree burns impair skin regeneration and carry high
risks of scarring and infection. Achieving healing with minimal immune rejection
remains challenging. Platelet-rich brin (PRF), an autologous biomaterial,
promotes angiogenesis and repair via sustained growth factor release.
CTLA4lg, an immunomodulatory agent, can suppress T-cell-mediated
rejection. We hypothesized that combining PRF with CTLA4lg gene-
transfected porcine skin would synergistically enhance wound healing by
concurrently stimulating regeneration and modulating local immunity.
Methods: A standardized deep second-degree burn was created on the dorsum
of 32 Sprague-Dawley rats, randomly divided into four groups (n=8): Vaseline
group, PRF group, Pigskin group, and PRF+pigskin group. Wound closure was
tracked macroscopically for 21 days. Histological analysis (H&E, Masson’s
trichrome), immunohistochemistry for CD31, VEGF, the pro-in ammatory
cytokines IL-6 and TNF-a, and immuno uorescence staining for the
antioxidant enzymes catalase (CAT) and superoxide dismutase 1 (SOD1) were
performed on days 4, 7, 14, and 21.

Results: The combination treatment (PRF+pigskin group) demonstrated a
signi cant acceleration in wound closure compared to all other groups, with
near-complete re-epithelialization observed by day 14. Statistical analysis
con rmed a signi cant interaction between Treatment and Time (p<0.001),
suggesting a synergistic healing pattern. Histological examination revealed
more organized and dense collagen bers, with the most pronounced effect in
PRF+pigskin group. Immunohistochemical and immuno uorescence analyses
indicated a marked upregulation of CD31-positive vessels, VEGF expression, and
antioxidant enzymes (CAT and SOD1) in the combination group, indicating a
trend towards enhanced angiogenesis and an augmented capacity to mitigate
oxidative stress. Concurrently, immunohistochemistry for IL-6 and TNF-a
revealed a signi cant attenuation of these pro-in ammatory cytokines in the
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PRF+pigskin group and the pigskin group, particularly at the later stages of
healing (D14, D21), indicating a modulation of the local in ammatory response.
Conclusion: The concomitant application of PRF and CTLA4Ig gene-transfected
porcine skin suggests a synergistic effect, creating a pro-regenerative,
immunomodulatory, anti-in ammatory, and antioxidative microenvironment.
This resulted in signi cantly accelerated and improved healing of deep
second-degree burn wounds, representing a promising and innovative
therapeutic paradigm for the management of severe burns.

KEYWORDS

angiogenesis, burn wound healing, CTLA4lg, gene therapy, immunomodulation,
in ammation, platelet-rich brin, synergistic effect

1 Introduction

Burn injuries represent a major global health burden, with deep
second-degree burns constituting a particularly complex clinical
entity (1). These burns are characterized by the destruction of the
entire epidermis and a signi cant portion of the dermis, including
hair follicles, sweat glands, and other dermal appendages. The
inherent healing process for such injuries is often protracted,
fraught with complications such as infection, excessive
in ammation, aberrant collagen deposition leading to
hypertrophic scarring, and functional impairment (2). The
ultimate goal of burn wound management is to achieve rapid,
cosmetically acceptable, and functional skin regeneration while
minimizing contracture and scar formation (3).

The standard of care for deep partial-thickness burns has
evolved beyond simple coverage with passive dressings like
Vaseline gauze (4). The paradigm has shifted towards the use of
bioactive wound coverings (5) that actively participate in the
healing process. Biological dressings, particularly xenografts like
porcine skin, have been used for decades as temporary wound

Abbreviations: Analysis of Variance (ANOVA); Average Optical Density
(AOD); Bovine Serum Albumin (BSA); Catalase (CAT); Cluster of
Differentiation 31 (CD31); Cytotoxic T-Lymphocyte-Associated protein 4
(CTLA4); CTLA4 Immunoglobulin fusion protein (CTLA4lg); Collagen
Volume Fraction (CVF); 3,3-Diaminobenzidine (DAB); 4’,6-Diamidino-2-
Phenylindole (DAPI); Extracellular Matrix (ECM); Ethylenediaminetetraacetic
acid (EDTA); Epidermal Growth Factor (EGF); Hematoxylin and Eosin (H&E);
High-Power Field (HPF); Horseradish Peroxidase (HRP); Immuno uorescence
(IF); Immunohistochemistry (IHC); Interleukin-6 (IL-6); Microvessel Density
(MVD); Phosphate-Buffered Saline (PBS); Platelet-Derived Growth Factor
(PDGF); Platelet-Rich Fibrin (PRF); Relative Centrifugal Force (RCF); Sprague-
Dawley (SD); Standard Deviation (SD); Scanning Electron Microscopy (SEM);
Superoxide Dismutase 1 (SOD1); Streptavidin-Peroxidase (SP); Speci ¢
Pathogen-Free (SPF): Tris-Buffered Saline with Tween® 20 (TBST);
Transforming Growth Factor-beta (TGF-b); Tumor Necrosis Factor-alpha
(TNF-a); Vascular Endothelial Growth Factor (VEGF).
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covers. They provide a barrier against infection, reduce pain and

uid loss, and prepare the wound bed for eventual autografting.
However, their widespread application is limited by the inevitable
host immune rejection response (6), which can exacerbate local
in ammation and impede the healing process.

To address the issue of immunogenicity, genetic engineering of
donor tissues offers a compelling solution. Cytotoxic T-lymphocyte-
associated protein 4 (CTLA4) is a pivotal immune checkpoint
molecule that functions as a negative regulator of T-cell activation
(7). CTLA4Ig, a recombinant fusion protein, binds to CD80/CD86 on
antigen-presenting cells with high af nity (8), effectively blocking the
CD28-mediated co-stimulatory signal necessary for full T-cell
activation. The use of CTLA4Ig, including its gene therapy delivery,
has been explored in transplantation and autoimmune contexts to
induce immune tolerance (9, 10). The local expression of CTLA4lg
via gene-transfected porcine skin grafts represents a sophisticated
strategy to create an immunoprivileged microenvironment at the
wound site, thereby dampening the adaptive immune response
against the xenogeneic tissue and allowing it to function longer as a
bioactive scaffold. Furthermore, excessive in ammation and the
associated oxidative stress are hallmarks of burn wounds that
impair healing by damaging cells and tissues (11, 12). Therefore,
evaluating the antioxidant capacity of a combined therapy provides
crucial mechanistic insight into its overall ef cacy. Strategies that
combine immunomodulation with antioxidative and pro-
regenerative stimuli are therefore highly desirable.

Concurrently, the eld of regenerative medicine has embraced
the use of autologous platelet concentrates for their potent wound-
healing properties. Platelet-rich brin (PRF) is a second-generation
platelet concentrate that has gained considerable attention. It is a
completely autologous, leukocyte-rich  brin matrix created through
the slow polymerization of brinogen without the addition of
bovine thrombin or other exogenous agents (13). This natural
polymerization process results in a three-dimensional architecture
that ef ciently entraps platelets, leukocytes, and a myriad of growth
factors, including platelet-derived growth factor (PDGF),
transforming growth factor-b (TGF-b), vascular endothelial

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1756818
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Lietal.

growth factor (VEGF), and epidermal growth factor (EGF) (9, 10).
The gradual and sustained release of these bioactive molecules over
7-14 days makes PRF an ideal biomaterial for promoting key phases
of wound healing (14): it enhances angiogenesis, stimulates

broblast proliferation and migration, facilitates extracellular
matrix (ECM) deposition (15, 16), and exhibits antimicrobial
properties due to the presence of leukocytes.

While both CTLA4lg-transfected xenografts and PRF have
individually demonstrated ef cacy in improving wound healing
outcomes, their combination presents a novel, synergistic
therapeutic approach. We hypothesize that CTLA4Ig-transfected
porcine skin will provide a temporary, immunologically tolerated
biological dressing that actively modulates the wound environment.
Simultaneously, the application of PRF underneath the xenograft
will directly supply a high concentration of growth factors and
cytokines to the wound bed, powerfully stimulating angiogenesis,
granulation tissue formation, and re-epithelialization from the
wound margins and any remaining dermal appendages. The PRF
membrane may also serve as an ideal interface between the host
wound bed and the xenogeneic graft, further enhancing graft take
and integration. Therefore, this study was designed to systematically
evaluate the individual and combined effects of PRF and CTLA4Ig
gene-transfected porcine skin on the healing of deep second-degree
burns in a rat model. We assessed the outcomes through
macroscopic wound closure rates, histological analysis of tissue
architecture and collagen deposition, and immunohistochemical
evaluation of angiogenic markers. Our ndings aim to establish a
proof-of-concept for this combinatory therapy as a superior
strategy for managing deep burn wounds.

2 Materials and methods

A total of 32 male Sprague-Dawley (SD) rats, aged 6—8 weeks
and weighing 250-300 g, were used in this study. All animals were
housed under standard laboratory conditions (12-h light/dark cycle,
22 + 2 °C, 50 + 10% humidity) with ad libitum access to food and
water. The study protocol was approved by the Institutional Animal
Care and Use Committee of Zhejiang Huitong Test & Evaluation
Technology Group Co., Ltd ([Approval No: HT-2025-LWFB-
0036]), and all procedures were conducted in strict accordance
with the National Institutes of Health Guide for the Care and Use of
Laboratory Animals (17). The animal use permit number is SYXK
(Zhe) 2022-0041.

2.2 Preparation and characterization of PRF

2.2.1 Blood donor animals

Forty-eight healthy, speci ¢ pathogen-free (SPF) Sprague-
Dawley rats (weight 250-300 g) served as blood donors for PRF
preparation (18). These rats were housed under standard laboratory
conditions for one week prior to the procedure to ensure
acclimatization and health status. Rats exhibiting any signs of
illness or stress were excluded.
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2.2.2 Rat anesthesia

Rats were anesthetized by intraperitoneal injection of Avertin
(tribromoethanol, 2% solution, 1.5 mI/100 g body weight). A 2%
Avertin anesthetic solution (1.5 ml/100 g body weight) was
prepared in advance: 1g of tribromoethanol powder was weighed,
1ml of tert-amyl alcohol was added, and stirred thoroughly until
completely dissolved. The solution was Itered through a 0.22mm

Iter membrane for sterilization, aliquoted into sterile reagent
bottles, and stored at 4 °C, returning to room temperature before
use. The anesthetic working solution was prepared at a ratio of
Avertin stock solution: normal saline = 1:40.

Before anesthesia, rats were fasted for 6 hours (to prevent
vomiting and aspiration after anesthesia) but not water-restricted.
Rats were placed in a transparent housing box, restrained, and
injected with the 2% 1.5 m1/100 g dose of Avertin anesthetic.

After injection, rats were placed in an observation cage for 5-10
minutes to assess anesthetic effect: disappearance of corneal re ex,
relaxation of limb muscles, and no response to hind limb pinprick
were considered satisfactory anesthesia. If the anesthetic effect was
insuf cient (e.g., rats still had limb movement, corneal re ex
present), an additional 1/3 dose of 2% Avertin anesthetic was
administered, avoiding excessive dosage leading to overdose.

2.2.3 Abdominal aorta blood collection

Blood collection instruments were prepared: sterile hemostatic
forceps, tweezers, 10ml sterile syringe, 20G sterile needle,
sterile gauze.

The satisfactorily anesthetized rat was xed in a supine position
on the operating table. The abdominal skin was thoroughly
disinfected with 75% alcohol cotton balls, wiping the area from
the xiphoid process to the pubic symphysis three times.

Using sterile tweezers, the rat’s abdominal skin was lifted, and a
1-2cm longitudinal incision was made along the midline of the
abdomen. Subcutaneous tissue and muscle layers were sequentially
separated to expose the abdominal aorta (located anterior to the
spine, presenting as a pulsating cord-like structure).

The abdominal aorta was gently lifted with hemostatic forceps.
The syringe needle was inserted into the abdominal aorta at a 30°
angle, and blood was drawn, collecting 8-10ml per rat (avoiding
rapid blood collection causing vascular collapse, blood collection
time controlled within 1 minute). If blood showed a tendency to clot
during collection, the syringe angle was adjusted appropriately to
ensure the needle remained within the vessel.

2.2.4 PRF acquisition and processing

Centrifugation equipment was prepared: a desktop centrifuge,
calibrated in advance (ensuring accurate centrifugal force of 408xg
[relative centrifugal force, RCF]), centrifugation time set to 14
minutes, centrifuge temperature pre-adjusted to room
temperature (to avoid temperature effects on PRF components).

The collected rat abdominal aortic blood was immediately
transferred into sterile centrifuge tubes, 5ml blood per tube
(avoiding excessive or insuf cient blood volume affecting the
effect of centrifugation). Following abdominal aortic puncture,
whole blood was collected directly into sterile, non-coated 5 ml
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centrifuge tubes. For each individual donor rat, the elapsed time
from the completion of the blood draw to the moment the
centrifuge rotor reached its set speed of 408xg was rigorously
standardized and recorded. This critical interval was consistently
maintained at under 120 seconds ( 2 minutes). This rapid
processing protocol was implemented to minimize pre-
centrifugation clot formation, thereby ensuring the reproducible
generation of a PRF clot characterized by a dense, three-
dimensional brin architecture optimally entrapping platelets,
leukocytes, and the associated cocktail of growth factors and
cytokines. Tube caps were tightened, tube weights were balanced
(error  0.1g), and tubes were placed symmetrically in the
centrifuge rotor.

The centrifuge was started and operated at 408xg for 14
minutes. The process was uninterrupted, and parameters were
not adjusted. After centrifugation, the centrifuge was turned off.
After the rotor came to a complete stop, centrifuge tubes were
slowly removed. Three distinct layers were visible: upper light
yellow serum layer, middle milky white PRF gel layer, and lower
deep red blood cell gel layer.

The upper serum layer was gently removed with sterile tweezers
(serum could be collected for subsequent related tests). The lower
red blood cell gel layer was then cut away along the tube wall using
sterile scissors, avoiding damage to the middle PRF gel layer.

The middle PRF gel was grasped with sterile tweezers and
placed in a sterile Petri dish. The PRF gel was wrapped in sterile
gauze and pressed with moderate force (force not damaging the
PRF gel structure) to absorb excess serum until no signi cant liquid
seeped from the PRF gel surface. The PRF gel was then shaped into
a membrane disc of 2cm diameter and 2mm thickness, placed in a
sterile Petri dish, and stored at 4 °C for use within 24 hours.

2.2.5 PRF morphological characterization

The prepared autologous PRF membranes were characterized to
con rm their structural integrity and typical composition, which
are essential for their function as a growth factor delivery scaffold.
Macroscopically, the compressed membranes appeared as resilient,
yellowish, elastic brin clots (Figure 1A).

Histological examination using Hematoxylin and Eosin (H&E)
staining con rmed the characteristic microstructure of PRF. Under
light microscopy, the PRF membrane exhibited a dense, three-
dimensional brin network serving as a scaffold. Within this
network, numerous platelets and leukocytes were visibly
entrapped, consistent with the expected composition of leukocyte-
rich PRF (Figure 1B).

The ultrastructure of the brin matrix was further analyzed by
Scanning Electron Microscopy (SEM). SEM images revealed an
intricate, porous architecture formed by thin brin bers. This
speci ¢ microstructure is crucial as it provides the surface area and
matrix necessary for the gradual entrapment and sustained release
of platelets, leukocytes, and their contained bioactive factors over
time (Figure 1C).

The detailed, step-by-step protocols for H&E staining and SEM
sample processing are provided in Supplementary File S1.
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2.3 Establishment of SD rat dorsal skin
deep second-degree burn model and

grouping

2.3.1 Experimental animals and ethical approval

Thirty-two 6-8 week-old male Sprague-Dawley (SD) rats
(weighing 250—-300 g) were purchased from Beijing Sibefu
Experimental Animal Co., Ltd. (Production License: SCXK (Jing)
2024-0001). Male rats were selected to minimize potential
confounding effects of the female estrous cycle on skin physiology
and wound healing (19). All animals were housed under standard
laboratory conditions (12-h light/dark cycle, 22 + 2 °C, 50 + 10%
humidity) with ad libitum access to food and water. After a 3-day
acclimatization period, with daily health monitoring to screen for
any pre-existing skin conditions or other abnormalities, the rats
were randomly numbered (1-32) by ear tagging one day prior to the
experiment for subsequent grouping. All procedures were approved
by the Institutional Animal Care and Use Committee of Zhejiang
Huitong Test & Evaluation Technology Group Co., Ltd ([Approval
No: HT-2025-LWFB-0036]) and conducted in accordance with the
institutional guidelines for animal welfare (JAnimal Use License:
SYXK (Zhe) 2022-0041)).

2.3.2 Rat dorsal hair removal

Before depilation, rats were placed in restrainers, heads and
limbs gently xed to avoid struggle. Dorsal hair was cut short to 1-
2mm with sterile scissors (avoiding long hair affecting depilatory
cream effect), careful to avoid scissor cuts.

A depilatory cream (Veet) was applied evenly with a sterile
cotton swab to the dorsal depilation area (approx. 5cmx5cm,
ensuring coverage of subsequent burn creation area), thickness
suf cient to completely cover hair, avoiding ow to other areas
(eyes, abdominal skin).

After application, left for 3-5 minutes, observing hair
dissolution: when hair roots turned white and could be wiped off
gently, the dorsal skin was immediately rinsed thoroughly with
sterile distilled water for 5-10 minutes, ensuring complete removal
of residual sodium sul de solution to avoid skin burns.

After rinsing, dorsal skin was gently dried with sterile gauze,
observed for redness, swelling, or damage. If mild redness occurred,
a small amount of Vaseline was applied, waiting for skin to return to
normal before proceeding; if skin damage occurred, the rat was
excluded and replaced with a spare.

2.3.3 Deep second-degree burn wound creation
2.3.3.1 Pre-creation preparation

Burn instruments: at-bottom glass tube (a custom-made brass
rod with a 20-mm diameter contact surface) diameter 20mm, height
100mm (pre-washed with distilled water, dried), constant
temperature water bath, sterile normal saline, 75% alcohol cotton
balls, sterile gauze, marker pen, ruler.

Water bath temperature set to 95 °C, suf cient distilled water
added, waiting for temperature stabilization at 90-100 °C
(monitored with thermometer).
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FIGURE 1

Preparation and characterization of autologous platelet-rich brin. (A) Schematic diagram and macroscopic view illustrating PRF membrane
preparation; (B) Hematoxylin and Eosin (H&E) staining of PRF at (i) 40x and (ii) 100x magni cation. The images display a dense, three-dimensional
brin network (asterisks) with platelets and leukocytes embedded within the meshwork (characterized by round/oval nuclei scattered in the brin
matrix). Scale bars: 500 mm (i), 50 mm (ii); (C) Scanning Electron Microscopy (SEM) image (3000x magni cation) detailing the porous

microarchitecture of the brin matrix, which is critical for sustained growth factor release.

Satisfactorily anesthetized rat xed in prone position on
experimental table, sterile gauze padded under chest and
abdomen to fully extend and atten dorsal skin, avoiding folds
affecting wound size/depth.

Dorsal depilated area disinfected with 75% alcohol cotton balls,
wiping from center outwards 3 times. After alcohol evaporation,
burn center point measured and marked with ruler (on dorsal
midline, approx. 2cm from scapulae).

Frontiers in Immunology

2.3.3.2 Burn wound creation

A at-bottom glass tube (diameter 2cm) was grasped with
tweezers, mouth down, vertically placed into the constant
temperature water bath, lled with 90-100 °C hot water, held for
5 minutes ensuring tube wall temperature reached 90-100 °C.

Tube removed, external water quickly wiped dry. The tube
mouth was pressed rmly against the marked site for 40 seconds to
ensure complete and gap-free skin contact.
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