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Abstract

Background: The rate of re-epithelialization is the primary determinant of the morbidity and
mortality in patients with severe burn injuries. Laminin a5B1y1 (LM511) is an extracellular
structural protein that can support epithelial cell adhesion and migration. LM511-ES8 is a
functionally minimal form of LM511 with an efficacy similar to that of the full-length protein.
To investigate whether treatment of burn wounds with the LM511-E8 fragment improves
wound closure in a rat second-degree burn wound model.

Methods: Second-degree burn wounds were produced in vivo on the backs of rats. The rats
were separated into saline-treated control and LM511-E8-treated groups (n=9 per group),
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which were imaged on day 0 and on days 7, 14, 21 and 28 post-injury. Tissue sections were
processed for histological and immunochemical examination and scored based on the overall
pathology, epithelialization and presence of cytokeratin 10 and 14.

Results: Burn wound healing improved in the LM511-E8-treated group compared with that in
the control group from 7-28 days post-wounding (P < 0.01). The re-epithelialization of the
LM511-E8-treated group was significantly faster than that of the control group at 7-28 days
post-injury, with the largest improvement observed on days 7 and 14 (P < 0.001). The overall
pathological score of the LM511-E8-treated group was higher than that of the control group at
14-28 days post-injury; maximum improvement was observed on days 14 and 21.

Conclusion: The use of LM511-E8 is a promising therapeutic option for managing second-
degree burns.
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Introduction

The rate at which burns heal following injury is a primary determinant of the likelihood of
infection and slow healing is associated with prolonged hospital stays and severe patient
morbidity. Development of new methods to improve the rate of wound repair and thereby
improve outcomes would substantially benefit patients. One approach is the direct application
of biologically derived proteins, peptides or compounds to the wound bed, where the applied
material is known to be involved in the native wound healing response. Keratinocytes, the
primary cells of the epidermis, are important not only for their role as physical barriers to the
body, but also for rebuilding the injured layer via re-epithelialization [1]. This process involves
keratinocyte proliferation and interaction with a provisional extracellular substrate to migrate
to the wound bed, thereby closing the wound [2]. In this study, we hypothesized that an
extracellular matrix component that is known to promote keratinocyte adhesion and migration
could aid the re-epithelialization process, thereby improving the rate of wound healing.

Laminins (LMs) are extracellular macromolecules that play key roles in the regulation of a
plethora of core cell and tissue functions, including regulation of cell proliferation, adhesion
and migration [3]. Indeed, LMs are involved in most tissue remodeling processes, including
neovascularization processes during wound repair [4]. Each LM is an obligate heterotrimer
comprised of an a, B and y subunit with each subunit derived from a separate gene. Eighteen
different af}y isoforms of LMs have been identified [4,5]. Different LM isoforms display
distinct distribution profiles and differ in terms of their structure and in their specificity and
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affinity for cell surface receptors. For example, laminin a5B1yl (LM511) potently enhances
keratinocyte migration in in-vitro wound healing assays and in-vitro and in-vivo assays have
demonstrated that LM511 provides a robust culture platform for the expansion of epidermal
keratinocytes [6]. LM511 is also located in the endothelial basement membrane and supports
faster migration of cultured endothelial cells [7-9]. As each of these activities are associated
with the native wound response, supplying recombinant LM511 at wound sites may promote
re-epithelialization and angiogenesis [10,11].

The LM511 ES8 protein fragment (LM511-E8) is derived via elastin-mediated proteolytic
processing of the C-terminus of LM511. The fragment comprises of the C-terminal regions of
the a, B and y chains, which include the high-affinity integrin-binding sites within the laminin
globular domains (Fig. 1) [12,13]. Thus, although LM511-E8 is substantially smaller (~150
kDa) than the full-length protein (~800 kDa), it serves as a functionally minimal form of
LMS511 and retains the key characteristics of the full-length protein including integrin-binding
and dystroglycan binding sites that support adhesion and migration [9,14-16]. Recent studies
demonstrated that in biosynthetic scaffold-based approaches for corneal epithelial tissue
engineering, LM511-E8 supported human corneal epithelial keratinocyte regeneration with an
efficacy similar to that of full-length LM511 and LM521 [17-19]. Therefore, using this smaller
fragment may be sufficient for the effective treatment of burn wounds and have benefits over
the full-sized protein in terms of future manufacturing scale-up and therapeutic delivery.

In this study, we investigated the feasibility of using LM511-E8 to repair tissues in burn
wounds and its ability to promote wound closure and epithelialization at the wound edge.

Methods and Materials

Animal Experiments

Animal experiments were approved by the Animal Care and Use Committee of Chulalongkorn
University (approval number: 003/2562 on 03/2019).

Eighteen eight-week-old male Wistar rats (150-180 g) were obtained from the Namura Animal
Laboratory Center (Bangkok, Thailand). The rats were acclimatized for 7 days under a
controlled 12-h light/dark cycle and were fed chow and provided ad libitum access to water.
To create second-degree burns, rats were anesthetized using isoflurane and the dorsal skin was
shaved. Two burn wounds were created on the back of each rat using a 10 mm diameter
aluminum rod, which was heated to 100°C and applied to the skin for 10 s [20]. The rats were
divided into two groups of 9 rats per group. Normal saline solution (100 pL) or 2.5 pg LM511-
E8 (commercially available as iMatrix-511; Takara Bio Inc., Nippi, Tokyo, Japan) in 100 pL
Phosphate-Buffered Saline (PBS), was applied daily to each wound on the rats in the control
and treatment groups, respectively.
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For four animals/group (8 wounds), the wounds were imaged on days 0, 7, 14, 21 and 28 after
injury and the wound areas were measured using the Image] software version 1.52t (NIH,
Bethesda, MA, USA) using the freehand selection tool. Wound areas are reported as percentage
area relative to day 0. For five animals/group, rats were euthanized after 3, 7, 14, 21 and 28
days, the wound tissues were excised, immediately fixed in 10% neutral-buffered formalin for
at least 48 h then embedded in paraffin.

Histopathology and Immunohistochemistry

The formalin-fixed paraffin-embedded tissues were cut into 3 pm sections using a Leica RM
2125 microtome (Leica, Heidelberg, Germany). Hematoxylin and eosin (H and E) staining was
performed. In addition, immunohistochemistry of the tissue sections was performed using
monoclonal antibodies against cytokeratin 10 (Dako Corp., Carpinteria, CA, USA) and
cytokeratin 14 (Neomarkers, Inc., Fremont, CA, USA), followed by detection using a
benchmark staining platform: ultraView Universal DAB for cytokeratin 10 and ultraView
Universal Alkaline Phosphatase Red Detection Kit for cytokeratin 14 (Ventana Medical
Systems Inc., Tucson, AZ, USA) [21].

Histological sections of the wounds were graded using a histopathological scoring system
following the published method [22-26]. In addition, three dermatopathologists (authors MA,
AS and JW), who were blinded to the treatment regime, independently scored the H and E -
stained sections based on five criteria: epithelialization, Polymorphonuclear Leukocyte
(PMNL) infiltration, collagen formation, the number of fibroblasts and presence of new blood
vessels. A score of 0 was assigned where there was no evident epithelialization and no increase
in the number of fibroblasts, PMNL or newly formed blood vessels. A score of 1 indicated an
increased thickness of the edges of cut epithelial tissue sections or the presence of few
fibroblasts, PMNL and small numbers of newly formed blood vessels; 2 indicated epithelial
cell migration or the presence of moderate numbers of fibroblasts, PMNL and newly formed
blood vessels; 3 indicated epithelial bridging of the incision or the presence of many fibroblasts,
PMNL and newly formed blood vessels; 4 was assigned for sections where there was complete
regeneration of the epithelium or when excessive numbers of fibroblasts, PMNL and newly
formed blood vessels were present. The mean scores from the three scorers were determined
and combined to give an overall pathology score. The anti-cytokeratin immunohistochemistry
sections were scored in a similar manner, with three dermatopathologists scoring the sections
on a scale of 0-4, starting from no staining to strong staining.

Statistical Analysis

Data were determined for normal distribution by the Shapiro-Wilk test (P > 0.05). For normally
distributed data, one-way Analysis of Variance (ANOVA) followed by Bonferroni’s post hoc
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test were used to compare groups, or two-way mixed ANOVA was used to determine the
difference between groups and times. For non-normally distributed data, the Kruskal-Wallis
test was used to test the difference between groups. GraphPad Prism version 8.0.0 for Windows
(GraphPad Software, San Diego, CA, USA) was used for all statistical analyses. P-values <
0.05 were considered statistically significant.

Results

Treatment with LMS511-E8 Increased Healing of Second-degree Burn
Wounds

LM511-E8 has been extensively tested for its ability to support cell adhesion, migration and
proliferation in-vitro [15-17]. We extended these studies by analyzing the effect of treatment
upon Rat Dermal Fibroblast (RDF) scratch wound closure (Fig. 1). Mean migration velocities
increased compared with controls when treated at concentrations of 1.0, 2.5 and 5.0 pg/uL,
reaching statistical significance at 2.5 pg/uL (Supplemental Figure 1b, mean + SD for control,
0.76 £ 0.07 pm/min, LM511ES, 0.5 ng/pL 0.75 £ 0.23 pum/min, 1.0 pg/uL 0.89 + 0.17 um/min,
2.5 pg/ul 0.99 + 0.082 um/min and 5.0 pg/uL, 0.79 £ 0.16 um/min; one-way ANOVA F (4,
40) =4.06, P = 0.007 and post hoc p=0.025 for 2.5 pg/uL for treated cells vs. control).

Next, rat back-skin second-degree burn wounds were treated with 2.5 pg LM511-E8 per wound
per day or normal saline as control. Wound areas were measured at day 0 and days 7, 14, 21
and 28 after injury. Visually, the LM511-E8-treated wounds appeared to heal more rapidly than
the saline-treated controls (Fig. 1). This observation was reinforced by measurements of the
percentage wound closure, which were statistically significantly improved in the LM511-E8-
treated wounds compared to the control at all time points (Figure 1c, % wound healing = SD
in control vs. LM511-E8-treated wound day 7: 15.6 = 0.9% vs. 21.3 = 0.7%, P < 0.001; day
14: 57.8 £ 0.4% vs. 61.4 £ 0.8%, P <0.001; day 21: 74.7 £ 1.1% vs. 78.1 £ 0.4%, P < 0.01;
and day 28: 95.8 £ 0.5% vs. 99.1 + 0.5%, P < 0.05; two-way ANOVA).

One wound per time point at days 3, 7, 14, 21 and 28 was processed for histological and
immunohistochemistry analyses (Fig. 2). Blinded scoring of the histology sections by the three
dermatopathologists supported that the LM511-E8-treated animals had considerably improved
wound response, with higher re-epithelialization than the saline-treated animals in the control
group (Fig. 2, mean epithelialization score in control vs. LM511-E8-treated day 7: 1.7 vs. 3.0,
day 14: 2.3 vs. 3.7, day 21: 3.0 vs. 4.0; day 28: 3.0 vs. 4.0). There were no differences in the
histopathological scores for PMNL infiltration, collagen formation, fibroblast numbers and
presence of new blood vessels. The combined score for each of these measures were higher in
the LM511-E8-treated group from day 14 onwards (overall pathological score in control vs.
LMS511-E8-treated wound: day 7: 7.7 vs. 8.0; day 14: 12.3 vs. 15.0; day 21: 13.3 vs. 15.7; day
28:15.0 vs. 17.3).
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Qualitative assessment of cytokeratin 10 and 14 were also conducted by
immunohistochemistry (Fig. 2). Increased staining of the epithelial cells covering the wound
bed in these images indicates greater post-wound re-epithelialization. The LM511-E8-treated
group showed higher levels of anti-cytokeratin 14 immunoreactivity from days 7-21 (Fig. 2)
and higher levels of anti-cytokeratin 10 than the control group on days 14 and 21 (Fig. 2 control
vs. LM511-E8-treated group, for cytokeratin 14: day 7: 0.66 vs. 2.00, day 14: 2.00 vs. 3.66,
day 21: 2.66 vs. 4.00 and day 28: 3.33 vs. 4.00. Cytokeratin 10: day 7: 0.66 vs. 2.00, day 14:
1.33 vs. 3.00, day 21: 1.66 vs. 3.33 and day 28: 3.33 vs. 4.00).

Wound Closure

Control .

NP LMs11-€8
g +Control

CLMstHES

Percentage wound closure

[ 3
L=
" 1

TN T I AT

0 I 1 1 I 1
LM511  LM511-E8 0 7 % 2 28
(800kDa) (151kDa) Time from wounding (days)

Figure 1: LM511-ES8 treatment improves the healing rate of second-degree burn wounds. (a)
Diagrammatic representation of laminin a581y1 (LM511) and LM511-E8 fragment. (b)
Representative images of second-degree burn wounds in rats treated daily with 2.5 pg of

LM511-E8 and rats treated with normal saline solution (control). (c) Wound healing plotted

as a percentage of the original wound area. Bars represent mean with each point representing

one wound. ** P<0.01 and ***P<0.001.
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Figure 2: LM511-E8 treatment improves the histology and cytokeratin expression of burn
wounds. Rat back-skin burn wounds were treated daily with either normal saline solution
(control) or 2.5 pg of LM511-E8 then euthanized at 3, 7, 14, 21, or 28 days. Tissues were
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paraffin-fixed and formalin embedded for histology and immunohistochemistry. (a)
Representative images from hematoxylin and eosin-stained sections. (b and c) sections
processed for immunohistochemistry with antibodies against cytokeratin 14 (CK14, b) or
cytokeratin 10 (CK10, c). Scale bar represents 2000 pm.

Discussion

The results presented in this study demonstrate that the repair process of burn wounds can be
improved using a short protein fragment derived from LMS511. Specifically, LM511-E8
treatment reduces the wound area rapidly and induces a qualitative improvement in
epithelialization, cytokeratin 10 and 14 expression and overall pathological score. Together,
these data suggest that the use of LM511-E8 is a promising new treatment for patients with
burn injuries.

We believe that these findings will be of clinical relevance for large and slow-to-heal wounds,
where provision of an exogenous substrate to promote repair would be most beneficial for
recovery. Although we have not investigated its precise mechanism of action, LM511 has been
widely studied and the E8 portion in particular contains high-affinity cell surface receptor
binding sites, including that for integrin o631 and it is likely that the improved wound repair
is due to the activation of the signaling pathways that promote epithelialization [27,28].
Moreover, LM511 is usually found in mature endothelial basement membrane and therefore,
LM511-E8 fragment could be involved in the maturation of endothelial cells [7,29].

Conclusion

The main question that remains unanswered regards the optimal mode of delivery. Here, we
applied LM511-ES8 in a drop wise manner to the wounds. While this was effective in these
small studies, it would be prohibitively expensive in applying to large wounds in a clinical
setting. Integration of LM511-ES into an artificial substrate should be explored as a treatment

option in the future. Further studies to assess the efficacy of LM511-E8 on patients or
preclinical models of severe burn wounds and comorbidities such as diabetes.

Conflict of Interest

It is stated that there are no conflicts of interest between the proponents and participants in the
present work.

Meevassana J | Volume 3; Issue 1 (2022) | JSRP-3(1)-030 | Research Article

Citation: Meevassana J, et al. Laminin 511-E8 Fragment Improves Second-Degree Burn Wound Healing
in a Rat Model. Surg Res Prac. 2022;3(1):1-12.

DOI: http://dx.doi.org/10.46889/JSRP.2022.3101



http://dx.doi.org/10.46889/JSRP.2022.3101

Ethics Section

Animal experiments were approved by the Animal Care and Use Committee of Chulalongkorn
University (approval number: 003/2562 on 03/2019).

Funding

This work was supported by the Thailand Research Fund (RSA 6280053), National Science
and Technology Development Agency (FDA-CO-2561-8477-TH) and Grants for Development
of New Faculty Staff, Ratchadaphiseksomphot Endowment Fund, Chulalongkorn University
(DNS63006300031). The funders had no role in study design; in the collection, analysis and
interpretation of data; in the writing of the report; and in the decision to submit the paper for
publication.

References

1. Pastar I, Stojadinovic O, Yin NC, Ramirez H, Nusbaum AG, Sawaya A, et al. Epithelialization in wound
healing: a comprehensive review. Adv Wound Care. 2014;3:445-64.

2. Rowan MP, Cancio LC, Elster EA, Burmeister DM, Rose LF, Natesan S, et al. Burn wound healing and
treatment: review and advancements. Crit Care. 2015;19:243.

3. Hamill KJ, Kligys K, Hopkinson SB, Jones JCR. Laminin deposition in the extracellular matrix: a complex
picture emerges. J Cell Sci. 2009;122:4409-17.

4. Iorio V, Troughton LD, Hamill KJ. Laminins: roles and utility in wound repair. Adv Wound Care. 2015;4:250-
63.

5. Senyurek I, Kempf WE, Klein G, Maurer A, Kalbacher H, Schafer L, et al. Processing of laminin alpha chains
generates peptides involved in wound healing and host defense. J Innate Immun. 2014;6:467-84.

6. Tjin MS, Chua AWC, Moreno-Moral A, Chong LY, Tang PY, Harmston NP, et al. Biologically relevant laminin
as chemically defined and fully human platform for human epidermal keratinocyte culture. Nat Commun.
2018;9:4432.

7. Hallmann R, Horn N, Selg M, Wendler O, Pausch F, Sorokin LM. Expression and function of laminins in the
embryonic and mature vasculature. Physiol Rev. 2005;85:979-1000.

8. Simon-Assmann P, Orend G, Mammadova-Bach E, Spenle C, Lefebvre O. Role of laminins in physiological
and pathological angiogenesis. Int J Dev Biol. 2011;55:455-65.

9. Doi M, Thyboll J, Kortesmaa J, Jansson K, Livanainen A, Parvardeh M, et al. Recombinant human laminin-10
(alphaSbetal gammal). Production, purification and migration-promoting activity on vascular endothelial cells. J
Biol Chem. 2002;277:12741-8.

10. Durbeej M. Laminins. Cell Tissue Res. 2010;339:259-68.

11. Pouliot N, Saunders NA, Kaur P. Laminin 10/11: an alternative adhesive ligand for epidermal keratinocytes
with a functional role in promoting proliferation and migration. Exp Dermatol. 2002;11:387-97.

12. Taniguchi Y, Ido H, Sanzen N, Hayashi M, Sato-Nishiuchi R, Futaki S, et al. The C-terminal region of laminin
beta chains modulates the integrin binding affinities of laminins. J Biol Chem. 2009;284:7820-31.

Meevassana J | Volume 3; Issue 1 (2022) | JSRP-3(1)-030 | Research Article

Citation: Meevassana J, et al. Laminin 511-E8 Fragment Improves Second-Degree Burn Wound Healing
in a Rat Model. Surg Res Prac. 2022;3(1):1-12.

DOI: http://dx.doi.org/10.46889/JSRP.2022.3101



http://dx.doi.org/10.46889/JSRP.2022.3101

10

13. Deutzmann R, Aumailley M, Wiedemann H, Pysny W, Timpl R, Edgar D. Cell adhesion, spreading and neurite
stimulation by laminin fragment E8 depends on maintenance of secondary and tertiary structure in its rod and
globular domain. Eur J Biochem. 1990;191:513-22.

14. Sugawara Y, Hamada K, Yamada Y, Kumai J, Kanagawa M, Kobayashi K, et al. Characterization of
dystroglycan binding in adhesion of human induced pluripotent stem cells to laminin-511 E8 fragment. Sci Rep.
2019;9:130-37.

15. Kumai J, Yamada Y, Hamada K, Katagiri F, Hozumi K, Kikkawa Y, et al. Identification of active sequences
in human laminin a5 G domain. J Pept Sci. 2019;25:¢3218.

16. Miyazaki T, Futaki S, Suemori H, Taniguchi Y, Yamada M, Kawasaki M, et al. Laminin E8 fragments support
efficient adhesion and expansion of dissociated human pluripotent stem cells. Nat Commun. 2012;3:1236.

17. Polisetti N, Sorokin L, Okumura N, Koizumi N, Kinoshita S, Kruse FE, et al. Laminin-511 and -521-based
matrices for efficient ex vivo-expansion of human limbal epithelial progenitor cells. Sci Rep. 2017;7:5152.

18. Aumailley M, Nurcombe V, Edgar D, Paulsson M, Timpl R. The cellular interactions of laminin fragments.
Cell adhesion correlates with two fragment-specific high affinity binding sites. J Biol Chem. 1987;262:11532-8.

19. Okumura N, Kakutani K, Numata R, Nakahara M, Schlotzer-Schrehardt U, Kruse F, et al. Laminin-511 and -
521 enable efficient in vitro expansion of human corneal endothelial cells. Invest Ophthalmol Vis Sci.
2015;56:2933-42.

20. Cai EZ, Ang CH, Raju A, Tan KB, Hing ECH, Loo Y, et al. Creation of consistent burn wounds: a rat model.
Arch Plast Surg. 2014;41:317-24.

21. Wang F, Zieman A, Coulombe PA. Skin keratins. Methods Enzymol. 2016;568:303-50.

22. Tanideh N, Rokhsari P, Mehrabani D, Samani SM, Sarvestani FS, Ashraf MJ, et al. The healing effect of
licorice on Pseudomonas aeruginosa infected burn wounds in experimental rat model. World J Plast Surg.
2014;3:99-106.

23. Farghali HA, AbdEIKader NA, Khattab MS, AbuBakr HO. Evaluation of subcutaneous infiltration of
autologous platelet-rich plasma on skin-wound healing in dogs. Biosci Rep. 2017;37:BSR20160503.

24. Tavares Pereira Ddos S, Lima-Ribeiro MH, de Pontes-Filho NT, Carneiro-Leao AMdos A, Correia MTdos S.
Development of animal model for studying deep second-degree thermal burns. J Biomed Biotechnol.
2012;2012:460841.

25. Haghdoost F, Baradaran Mahdavi MM, Zandifar A, Sanei MH, Zolfaghari B, Javanmard SH. Pistacia atlantica
resin has a dose-dependent effect on angiogenesis and skin burn wound healing in rat. Evid Based Complementary
Alternat Med. 2013;2013:893425.

26. Edraki M, Akbarzadeh A, Hosseinzadeh M, Tanideh N, Salehi A, Koohi-Hosseinabadi O. Healing effect of
sea buckthorn, olive oil, and their mixture on full-thickness burn wounds. Adv Skin Wound Care. 2014;27:317-
23.

27. Takizawa M, Arimori T, Taniguchi Y, Kitago Y, Yamashita E, Takagi J, et al. Mechanistic basis for the
recognition of laminin-511 by a6f1 integrin. Sci Adv. 2017;3:¢1701497.

28. Pouliot N, Kusuma N. Laminin-511: a multi-functional adhesion protein regulating cell migration, tumor
invasion and metastasis. Cell Adh Migr. 2013;7:142-9.

29. Sorokin LM, Pausch F, Frieser M, Kroger S, Ohage E, Deutzmann R. Developmental regulation of the laminin
alpha5 chain suggests a role in epithelial and endothelial cell maturation. Dev Biol. 1997;189:285-300.

Meevassana J | Volume 3; Issue 1 (2022) | JSRP-3(1)-030 | Research Article

Citation: Meevassana J, et al. Laminin 511-E8 Fragment Improves Second-Degree Burn Wound Healing
in a Rat Model. Surg Res Prac. 2022;3(1):1-12.

DOI: http://dx.doi.org/10.46889/JSRP.2022.3101



http://dx.doi.org/10.46889/JSRP.2022.3101

