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Introduction

Stem cell factors (SCFs), also known as kit ligands, steel 
factor, or mast cell growth factor,1 play a critical role in 
various biological processes, notably bone renewal. 
Serving as a hematopoietic cytokine within stem cell 
niches,2 SCFs support and regulate hematopoietic stem 
cells (HSCs) in the bone marrow (BM) niche, enhancing 
HSC survival and facilitating their self-renewal and main-
tenance.3 SCF engages its receptor, c-kit, on the cellular 
surface. This binding initiates the activation of various 
signaling pathways, including those crucial for cell prolif-
eration, survival, and migration, and facilitates their hom-
ing to sites requiring tissue repair or regeneration.4

Moreover, SCF has been shown to enhance adhesion, 
thereby ensuring the retention of HSCs within the niche 
and potentially facilitating their homing back to the BM 
environment. The SCF also serves with the related 
cytokines for the in vitro cultivation of HSCs and hemat-
opoietic precursors, which are significant for the transplant 
of BM and blood formation. The HSCs and hematopoietic 
progenitor cells (HPCs) developmental facts are also 
assumed to be influenced by the original hematopoietic 

organs, such as in the adult BMs of vascular endothelial 
cells (ECs) that carry out distinct roles. This role extends 
to malignant conditions, where aberrant vascular niche 
cells are recruited to enhance the propagation of leukemic 
cells.5 Arterial (A)ECs interact with HSCs in the BM, cre-
ating a specialized microenvironment tailored to HSC 
maintenance and regulation. It has been demonstrated that 
AECs selectively secrete SCF and support the concept of 
an arterial-associated HSC niche.6 Research indicates that 
AECs contribute to the proliferation of human cord blood 
hematopoietic stem and progenitor cells (HSPCs), 
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suggesting their involvement in establishing a supportive 
environment for HSCs.7

Furthermore, AECs have been found to express specific 
markers that distinguish them from other subtypes of ECs, 
and they have been shown to regulate HSC maintenance 
and localization within the BM.8 ECs, working in collabo-
ration with stromal cells, represent substantial origins of 
the leading niche factors, SCF and C-X-C motif chemokine 
ligand 12 (CXCL12). The concurrent secretion of SCF and 
CXCL12 by stromal cells and ECs facilitates the mainte-
nance and positioning of HSCs within the perivascular 
niche. While stromal cells typically exhibit higher expres-
sion levels of these factors, the synthesis of SCF and 
CXCL12 by ECs is essential for sustaining the proper 
function of the niche. Depleting SCF or CXCL12 from 
ECs using Tie2-Cre, receptor tyrosine kinase specific to 
the ECs, within the perivascular niche leads to the reduc-
tion of stem cells in the BM. This evidence highlights the 
significant interaction between ECs and HSCs, emphasiz-
ing the role of the former in regulating HSC maintenance 
and creating a specialized microenvironment tailored to 
HSC subsets.9–12

The scarcity of SCF in BM adipose tissue (AT) substan-
tially affects both hematopoiesis and systemic metabolism. 
SCF, produced by various cells within the BM niche, 
including ECs, leptin receptor+ (LepR+) stromal cells, and 
adipocytes, maintains stable hematopoiesis. Furthermore, 
it supports the differentiation process of human pluripotent 
stem cell-derived brown adipocytes and is indispensable 
for regulating systemic metabolism through its cellular 
source.13 Deleting SCFin adipocytes results in reduced 
platelets, neutrophils, monocytes, lymphocytes, eosino-
phils, and basophils in male and female mice, indicating 
that adipocytes create a niche responsible for producing 
SCF to promote uninterrupted hematopoiesis. BM adipo-
cytes (A) stem from osterix-positive progenitor cells and 
release SCF, adiponectin, and other functional factors. 
SCF from BMA is essential for maintaining hematopoietic 
balance during aging, irradiation, and obesity, as well as in 
response to β3-adrenergic agonists.

Under homeostatic conditions, SCF deficiency in 
BMAT results in decreased HSPCs, as well as common 
myeloid progenitors (CMPs), megakaryocyte-erythrocyte 
progenitors (MEPs), and granulocyte-monocyte progeni-
tors (GMPs). Mice that lack SCF from adipocytes are 
characterized by macrocytic anemia and depletion of cir-
culating neutrophils, monocytes, and lymphocytes before 
transplants.13,14 Furthermore, the role of BMAT in bone 
health and regeneration is complex. While BMAT accu-
mulation is often associated with detrimental effects on 
bone health, evidence implies that BMAT might play sig-
nificant roles within the bone microenvironment. The bio-
chemical characteristics of BMAT include its ability to 
store energy and release nutrients, such as free fatty acids, 
in response to suitable stimuli.15

A comprehensive literature review of SCF for bone 
regeneration can become a critical basis for further devel-
opment of our comprehension of the mechanisms of bone 
healing, the improvement of tissue engineering techniques, 
and an assessment of the potential of SCF-based therapies 
in clinical settings. Given the significance of bone regen-
eration in clinical applications and medical science, stem 
cell-driven bone regeneration is a meticulously researched 
field that has remained a crucial focus for decades. We 
conducted a citation analysis (Supplemental Information) 
to assess the importance and evolving interest in this field 
from 2014 to 2023. The findings of this analysis are pre-
sented in Figure 1. Figure 1(a) and (b) show the number of 
publications and citations, respectively, for the keywords 
“bone regeneration,” “bone repair,” and “bone renewal” 
using stem cells. Similarly, Figure 1(c) and (d) present the 
number of publications and citations, respectively, for the 
keywords “stem cell factors,” “C-kit receptors,” and 
“SCF/c-kit.” The growing number of citations, reflecting 
expanding interest and research activity, underscores the 
significance of this field. Despite the high demand in the 
field of bone regeneration, significant challenges remain to 
be addressed. Bone regeneration therapies face numerous 
challenges and limitations, such as the lower regenerative 
capacity of large bone defects than small ones; insufficient 
vascularization for regenerated bones to supply oxygen, 
nutrients, biological cues or cells in pre-clinical studies-
and challenges translating results into clinical practice.16 
The difficulty to optimize mechanical properties is still a 
challenge of the engineered scaffolds, as natural polymers 
have poor strength and synthetic materials may lack bioac-
tivity.17,18 Cell sourcing and controlling stem cell behavior 
in vivo is complex, and there is a lack of comprehensive 
long-term studies on the efficacy and safety of tissue engi-
neering approaches.19 The scalability and manufacture of 
tissue constructs for clinical application is a significant 
challenge, with some approaches also raising concerns 
about immunological morbidity.20,21 Regulatory hurdles 
and cost issues also impede clinical translation of many 
promising laboratory techniques.22,23 The major research 
gaps include the lack of vascularization strategies com-
bined with bone regeneration, development of materials 
that can truly mimic native bone and innovative strategies 
to control the behavior or implanted stem cells.24–28 
Furthermore, long-term clinical evaluations of tissue-engi-
neering strategies are warranted to identify viable solu-
tions for treating segmental defects using engineered bone 
constructs that can be manufactured on a large scale and in 
an open regulatory guideline-compatible environment 
when combined with the necessary advances needed in 
understanding bone healing biology.29–31 Addressing these 
challenges and research gaps is crucial for advancing bone 
regeneration therapies toward widespread clinical use, 
potentially through the integration of multiple strategies 
such as combining advanced biomaterials with cell and 
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growth factor therapies. This review focuses on the main 
attributes and role of SCF as a fundamental trophic factor, 
highlighting the effects, sources, and pathways of this 
mediator in the context of bone regeneration. Additionally, 
we dig into recent research on the interactions and impacts 
of SCF on niche cells and HSCs within the BM microenvi-
ronment. Furthermore, we address the challenges associ-
ated with utilizing SCF as a regenerative tool and propose 
potential solutions based on our current understanding. To 
provide a comprehensive overview of the key points dis-
cussed, scheme 1 and S1 summarize the core aspects cov-
ered in this review. Following the introduction to the 
significance of SCF in regenerative medicine, it is vital to 
understand the several sources of these cell-derived growth 
factors fully. In the next section, we examine the genesis of 
SCF and many other diverse sources supporting its acces-
sibility and functionality.

Sources of SCF

The crucial origins of SCF encompass a diverse array of 
tissues and cellular sources. Stem cells exhibit provenance 
from adult bodily tissues such as BM, blood, and AT. 

Furthermore, their derivation extends to embryonic origins 
and alternative reservoirs like umbilical cord blood. 
Notably, induced pluripotent stem cells (iPSCs) can be 
synthetically induced within laboratory settings, utilizing 
skin cells and other tissue-specific counterparts. 
Functionally akin to embryonic stem cells, iPSCs harbor 
considerable therapeutic promise across various applica-
tions. Moreover, the SCF reservoir includes BM stromal 
cells, brain tissue, liver, kidney, lung, placenta, fibroblasts, 
oocytes, and testicular tissue. This expansive diversity 
shows the richness of stem cell research and its potential 
clinical implications.

Numerous researchers (Kim et al. 2021) have explained 
the production of SCF in granulosa cells and its conse-
quential impacts on cellular development and growth. 
Within follicular fluid (FF), SCF is predominantly secreted 
by granulosa cells (GCs). Through entangled ligand-recep-
tor interactions, SCF fosters communication between 
oocytes and GCs, actively participating in the develop-
ment and enlargement of primordial follicles, as well as 
the emergence of preovulatory dominant follicles. 
Moreover, this signaling pathway holds pivotal impor-
tance in early embryonic development and the subsequent 

Figure 1.  Growing interest in stem cell-based therapy in bone regeneration: (a) number of publications and, (b) number of 
citations per year related to keywords like bone regeneration, bone renewal, and bone repair using stem cells, (c) number of 
publications, and (d) number of citations per year related to keywords like stem cell factors, c-kit receptor, and SCF/c-kit.
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formation of blastocysts.32 Notably, SCF expression has 
been detected in granulosa cells across various mamma-
lian species, including mice,33 humans,34 and porcine35 
(Figure S1a).

When the SCF/kit signaling pathways are disrupted, 
stem cell maintenance and function are compromised, 
which holds a significant relevance to the function of HSPCs 
in vivo. A functionally compromised kit receptor reduces 
the competitiveness of HSPCs and, consequently, enables 
HSPC transplantation without conditioning possible.36,37 
Additionally, SCF-mediated signals have distinct effects on 

HSCs that express different amounts of the kit receptor indi-
cating that the origin and quantity of the available SCF may 
impact the activity of HSPC.38 LepR+ perivascular mesen-
chymal stromal cells (MSCs) and ECs contribute the major-
ity of the SCFs in the BM,39 with SCFs from both sources 
being essential to sustain normal HSC numbers and func-
tion in vivo.40 A significant discovery was made  
(Zhou et  al. 2017) regarding the fundamental sources of 
SCF in 2-month-old Leprcre; R26tdTomato; SCF-GFP 
(Green fluorescent protein) mice, particularly following 
irradiation. They identified LepR+ stromal cells and 

Scheme 1.  Summary of the core aspects discussed in this review. The aspects include critical sources, functional properties, 
repairing and regenerative abilities, key roles in maintaining hematopoietic homeostasis, mechanisms in bone regeneration, clinical 
implications on disease therapy and limitations of SCFs. The crucial sources of SCF encompass a diverse array of tissues (brain, 
liver, kidney, lung, placenta, fibroblasts, etc.) and cellular (BM stromal). In vitro, SCFs singlehandedly promote the viability and self-
performance of HSCs and play a crucial role in mast cell biology. There exist various potential applications of SCFs, including but 
not limited to improving dental pulp’s regenerative abilities, remodeling tissue and repair, facilitating 3D scaffold stem, cell transplant 
via mobilization, improving and exerting paracrine effects in the field of regenerative medicine. SCFs are important to help BM 
function properly for the production and differentiation of HSCs. The scarcity of SCFs affects the ability of BM to facilitate the HSC 
function, leading to development of hematological diseases. Mechanistically, SCF plays a pivotal role in bone repair by bridging BMA 
with the hematopoietic system and through their interactions with skeletal stem cells. SCFs are used in clinically to treat diseases 
such as aplastic anemia and skin disorders. SCFs are potential tools for regeneration and recovery of ischemic injuries. SCFs, despite 
showing great potential in regenerative medicine, possess several limitations including mast cell-driven cytotoxicity, challenges 
associated with available cell sources, poor quality biomaterials insufficient supply of blood and oxygen to defect sites and negative 
regulation of SCFs/c-kit signaling. These limitations need to be addressed to maximize the efficacy of SCFs.



Karima and Kim	 5

adipocytes as the main contributors of SCF within the BM 
microenvironment. Notably, SCF-GFP expression was sub-
stantially elevated in Tomato+CD45Ter119 stromal cells 
while relatively lower in VE-cadherin+CD45Ter119 ECs.

Interestingly, irradiation did not significantly alter the 
expression levels of SCF-GFP within these cell popula-
tions, with the majority of high SCF-GFP expressing cells 
remaining Tomato+ both pre- and post-irradiation in the 
BM. Furthermore, Tomato+ stromal cells surrounding 
sinusoids and small-diameter arterioles consistently exhib-
ited positive SCF-GFP expression, contrasting with those 
around large-diameter arterioles, which remained nega-
tive. Following a 2-week post-irradiation period, SCF-
GFP+ Tomato+ stromal cells were predominantly localized 
around sinusoids and small-diameter arterioles within the 
BM. In the BM of these mice, SCF-GFP generation was 
absent in hematopoietic cells or osteoblasts/osteocytes 
regardless of the irradiation status.41

In the complex microenvironment of hematopoietic 
niches, the contribution of different cell types in supplying 
essential cues for hematopoiesis has been the focus of 
extensive research. (Stefano et al., 2019) shed light on the 
nuanced dynamics of SCF provision within this context. 
Contrary to previous assumptions, their findings suggest an 
operational specialization among niche cell types in deliv-
ering SCF to support hematopoietic progenitors. Through 
the targeted depletion of SCF from LepR+-expressing 
MSCs and Tie2-expressing ECs using mouse models 
(Stefano et al., 2019), it was demonstrated that while MSC-
derived SCF is crucial for the maintenance and function of 
HSCs as well as specific lineage-restricted progenitors, 
such as common lymphoid progenitors (CLPs), CMPs, 
MEPs, and GMPs, EC-derived SCF appears to be exclu-
sively vital for HSC function. Importantly, they observed 
comparable effects on progenitor cell populations irrespec-
tive of the dosage of SCF depletion, suggesting a robust 
dependence on MSC-derived SCF. Notably, despite the 
reduction in progenitor cell numbers, mature cell popula-
tions, particularly B and T lymphocytes, have remained 
largely unaffected, underscoring the resilience of lympho-
cyte pool size to fluctuations in progenitor numbers.

Further investigations are warranted to elucidate the 
fate of committed lymphoid progenitor cells upon loss of 
SCF production by MSCs. Microscopic examination 
revealed a close association between LepR-expressing 
MSCs and erythroid progenitors, providing visual valida-
tion of the niche role played by these cells in supporting 
erythroid lineage development. Questions persist regard-
ing the homogeneity of MSC populations and their spe-
cific contributions to HSC versus progenitor cell 
maintenance. Although LepR-expressing MSCs outnum-
ber HSCs significantly, their abundance alone may not be 
the sole determinant of HSC pool size. Researchers  
(Comazzetto et al. 2019 and Kara et al. 2023) introduced 
the concept of cellular specialization within 

the niche environment, where distinct niche cell subsets 
provide tailored support to different hematopoietic cell 
populations, thereby contributing to the precise regulation 
of HSPCs’ dynamics. As demonstrated in Figure 2, in the 
early postnatal BM, LepR+ and ECs express significant 
and high amounts of SCF, which is vital for preserving 
progenitors and HSCs. In early postnatal BM, LepR+/
Prx1+ cell-derived SCF is required to activate myeloid and 
erythroid progenitors, while ECs-derived SCF is essential 
for HSC maintenance. Also, early postnatally, ECs, espe-
cially AECs and SECs, secrete high SCF levels, promoting 
HSC maintenance. LepR+ cells are significant sources of 
SCF in adult BM; however, their scarcity in the early post-
natal phases is not vital for maintaining HSCs.42,43

Schwann cells (SCs), along with LepR-expressing cells 
and ECs, represent another source of SCF, kit Ligand. 
Researchers (Feng-Chun et  al., 2003) discovered that 
homozygous Nf1 mutant (Nf1–/–) SC secrete SCF, stimu-
lating mast cell migration, particularly in Nf1+/– mast 
cells displaying heightened motility in response to SCF. 
This finding indicates the potent chemotactic stimulus pro-
vided by Nf1–/– SC through the secretion of soluble SCF 
and subsequent activation of specific rat sarcoma (Ras) 
effector-signaling pathways in mast cells.

Current studies specify the importance of hematopoietic 
cell attachment to integrins alpha 4 beta 1 (α4β1) and α5β1 
for mast cell migration in response to SCF. Notably, the 
mast cells expressed both integrins. For instance, they 
(Kara et al. 2023 and Yang et al. 2003) found that condi-
tioned media (CM)-derived from both wild type (WT) and 
Nf1–/– SCs proved to have elevated levels of several 
chemokines and growth factors, including vascular 
endothelial growth factor (VEGF), monocyte chemotactic 
factor 1 (MCP-1), chemokine; chemokine (C-C motif) 
ligand 5 (CCL5); and SCF. However, higher concentrations 
of the discussed factors were observed in Nf1–/– CM. At 
the same time, recombinant VEGF, MCP-1, or CCL5, sepa-
rately or in combination, did not cause robust migration of 
the mast cells either WT or Nf1+/–, except for slight 
enhancement detected in the presence of recombinant SCF. 
Further experiments involved preincubating mast cells with 
an anti-c-kit antibody, which significantly inhibited their 
migration toward both WT and Nf1–/– CM, indicating the 
significance of the secreted SCF/c-kit signaling pathway in 
mast cell migration.43,44 Having elucidated the genesis of 
SCF, it is vital to comprehend how SCF regulates the stem 
cell microenvironment. Stem cell behavior and their func-
tional properties are directly or indirectly connected to 
sources of the SCF, as the stem cell niches and extracellular 
matrix in which these factors are secreted can significantly 
influence their biological activity.45 Table 1. summarizes 
the physical forms of SCF and highlights the critical cellu-
lar sources that produce and secrete SCF, including fibro-
blasts, ECs, BM-derived stromal cells, granulosa, 
adipocytes and thymic epithelial cells.



6	 Journal of Tissue Engineering ﻿

In the following section, we discussed the functional 
properties of the SCF and how their sources perform spe-
cific roles in stem cell maintenance, differentiation, and 
regeneration.

Functional properties of SCF

SCF is essential for maintaining a proportion of HSCs and 
c-kit+ -limited progenitors and viral in promoting erythro-
poiesis, mast cell development, and lymphopoiesis (Figure 
S1b).46,47 In vitro experiments suggested that SCF may sus-
tain HSCs and hemopoietic progenitors by facilitating their 
growth and differentiation in specific cellular lineages, 

including the erythroid cells.48,49 SCF is highly required in 
vivo to sustain the replication and survival of the youngest 
hematopoietic precursors. SCF alone promotes the survival 
and self-renewal of HSCs in in vitro research. As hemat-
opoiesis proceeds, SCF, in synergy with other cytokines, 
promotes the cloning efficacy of HPCs from all lineages.

In addition, SCF is also pertinent for the survival of 
primordial germ cells and melanocyte precursors during 
development. Moreover, in vitro experiments show that 
SCF increases the number of mast cells and activates 
various other functions, including chemotaxis, adher-
ence, adhesion, and secretory and degranulation 
responsiveness.

Table 1.  Summary of existing forms and critical sources of SCFs discussed in the indicated references.

Forms Critical sources Reference

Liquid form (Protein supplementation) Granulosa cells and pig ovaries Kim et al.32

Membrane-associated KL proteins Human ovaries, cultured granulosa-luteal cells, 
gonadotropins

Laitinen et al.34

Soluble forms of SCF (full-length and 
internal isoforms)

Granulosa cell layer, endothelial tissue, theca 
layer, oocytes, corpus luteum

Brankin et al.35

Membrane-bound and soluble forms BM-derived stromal cells Cosgun et al.37

Cytokine form BM-derived stromal cells Grinenko et al.38

Soluble and membrane-bound forms BM-derived endothelial and perivascular cells Ding et al.40

Human SCF and SCF-GFP forms Adipocytes, Lepr+ cells, and ECs Zhou et al.41

Human SCF Lepr+ cells, and ECs Comazzetto et al.42

Membrane-bound and secreted forms Lepr+ cells, and ECs Kara et al.43

Soluble SCF Schwann cells (nf1 mutant) Yang et al.44

Figure 2.  Early postnatal BM shows HSCs adjacent to sinusoidal blood vessels. Both LepR+ and ECs display elevated SCF levels 
within the BM. Myeloerythroid progenitors such as CMP depend on LepR+ cell-derived SCF for activation, while ECs-derived SCF is 
essential for HSC maintenance during this early postnatal period.
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Hematopoiesis and cell cycle

SCF is necessary in vivo to preserve the integrity of the 
most primitive hematopoietic precursors. In vitro, SCF 
alone is enough to promote the viability and self-perfor-
mance of HSCs. Similarly, with the advancement of 
hematopoiesis, SCF boosts proliferation in lymphoid and 
myeloid cells as long as extra growth factors are stimu-
lated. In vitro experiments also reveal that SCF fosters the 
growth of mast cells and stimulates various functions, 
including chemotaxis, adhesion, and secretion. Mice defi-
cient in SCF, such as the natural mutant Sl (steel), typically 
succumb before or shortly after birth due to severe anemia. 
It is proposed that SCF primarily primes stem cells to 
respond to the influence of other cytokines. It is essential 
to know that SCF has a synergistic impact with cytokines 
such as erythropoietin (EPO), interleukin-3 (IL-3), granu-
locyte-macrophage colony-stimulating factor (GM-CSF), 
and G-CSF for the direct colony growth of multiple pro-
genitor cells including burst-forming unit-erythroid (BFU-
E), colony-forming unit-granulocyte, macrophage 
(CFU-GM), and colony-forming unit-granulocyte/eryth-
roid/macrophage/megakaryocyte (CFU-GEMM) in semi-
solid media. In addition, it promotes the survival of 
progenitor cells and enhances their stem cell’s progression 
in the cell cycle. It also acts as a chemokine and chemotac-
tic factor for these cells. Its potent chemoattractant proper-
ties draw mucosal and connective tissue-type mast cells to 
specific locations within tissues.50–52

Lymphopoiesis and supporting the immune 
system

Regarding lymphopoiesis, SCF is vital for increasing the 
proliferative reaction of pre-B cells to IL-7, and it also has a 
role in the early stages of T-cell development.53 Moreover, it 
supports differentiating CD34+ human hematopoietic cells 
into natural killer (NK) cells in the presence of IL-2 to help 
the immune response to viral infections and tumors.54 
Besides, SCF increases the expansion of dendritic cell (DC) 
progenitors, which is important for effective antigen presen-
tation and T-cell immunity. DCs, efficient antigen-present-
ing cells involved in T-cell immunity, can be amplified in 
number by SCF. When certain types of cells, such as CD34+ 
human BM, are exposed to substances like GM-CSF and 
tumor necrosis factor (TNF-α), SCF notably boosts the 
growth of dendritic precursor cells for cells in a lab setting. 
This highlights capacity of SCFs to enhance the production 
of cell precursors in vitro. Besides, SCF works together with 
GM-CSF and TNF-α to directly improve the development 
of cells from these BM cells. These resulting DCs can acti-
vate T-cells during a response involving different genetic 
backgrounds.54,55 According to research studies, SCF is 
essential for B lymphopoiesis since it efficiently maintains 
the B-lymphoid potential of primitive hematopoietic cells 
conditioned in combinations of hematopoietic growth 

factors, especially when combined with IL-7. In the case of 
in vitro B cell lymphopoiesis, it appears that despite the syn-
ergistic effect of SCF and IL-7 on pre-B cell replication, the 
synergistic effect of SCF being recruited to this pre-B cell 
replication and caused pre-B cells to differentiate into sur-
face Ig+ B lymphocytes. This is because SCF was not the 
only requirement for the reaction. In addition, the SCF/c-kit 
receptor interaction does not rely on the proliferative 
response of B lymphocytes, which was not required for 
mitogens and vice versa. This shows that in the case of in 
vitro B cell lymphopoiesis, SCF affects B lymphopoiesis by 
enhancing the pre-B cells’ proliferative response to 
IL-7.56–59

In living organisms, SCF contributes to the initial 
phases of T-cell formation.60,61 Research conducted on 
W/W mice has shown that the developed thymocyte group 
is notably smaller than their counterparts. When W/W fetal 
liver cells are transplanted into recombination activating 
gene 2 (RAG 2)−/− mice, they do not contribute to thymo-
cyte production. Additionally, when SCF and IL-7 are 
combined, they can stimulate the growth of typical CD4− 
CD8− CD3− thymocytes in a laboratory setting, indicating 
how important SCF is in developing T-cells. Moreover, 
SCF presentation by the thymic microenvironment is cru-
cial for T-cell differentiation, as indicated by experiments 
using thymic tissue implants. The dysregulation of intesti-
nal intraepithelial lymphocyte populations in W/Wv and 
Sl/Sld mice further determines the significance of SCF/c-
kit receptor interaction in the normal function of the intes-
tinal immune system. The function of T-cells could be 
influenced by SCF, which might boost the mixed lympho-
cyte reaction.62,63

NK cells, crucial for combating infections and cancers, 
can be generated from CD34+ hematopoietic cells in a lab-
oratory setting with the help of SCF and IL-2. Additionally, 
SCF increases the capacity of NK cells to proliferate in 
response to IL-2. However, SCF induction does not increase 
the cell toxicity of CD56 bright NK cells against human 
erythroleukemic K562 cells (NK activity) or augment IL-2–
induced lymphokine-activated killer activity.64–66

In another context, eosinophils from blood contribute to 
the development and maturation of mast cells by produc-
ing SCF, which controls these processes and ensures mast 
cell survival. This highlights the significance of SCF in 
fostering the growth and functionality of mast cells within 
the immune system.67,68

Mast cell functions

Mast cells originate from BM progenitors, migrating into 
the bloodstream and peripheral tissues. There, they 
undergo expansion and maturation influenced by cytokines 
in the local environment.69 SCF plays a pivotal role in mast 
cell biology. It is essential for their proliferation, differen-
tiation, activation, secretory function, and chemotaxis, 
uncovering their significance in allergic responses and 
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immune regulation. As a result of the binding of its ligand 
SCF secreted in tissues by stromal cells, Kit activation is 
crucial for the progression of mast cells from BM progeni-
tor cells and their eventful buildup, maturation, and sur-
vival in tissues.70 In mice, SCF regulates mast cell 
development. Studies (Galli et al. 1993) demonstrated that 
treatment with recombinant human SCF in baboons and 
cynomolgus monkeys led to significant expansions of 
mast cell populations.

The mast cell expansion depends on mice-driven SCF 
secretion, which mirrors cytokine-induced proliferation 
and maturation—however, the influence of SCF on human 
mast cell development changes across experiments. 
Discontinuation of SCF treatment resulted in a decline in 
mast cell numbers. Additionally, local variations in endog-
enous SCF levels may influence tissue mast cell densities. 
Notably, animals treated with SCF did not exhibit clini-
cally apparent issues related to mast cell activation.71 SCF 
treatment enhances pro-survival B cell lymphoma (Bcl)-2 
family proteins Bcl-2 and Bcl-XL (extra-large) levels in 
mast cells. However, it does not impact the expression of 
Bcl-2-related protein A1 (A1/Bfl-1), crucial for mast cell 
survival upon high-affinity receptor for the Fc region of 
immunoglobulin E (FcεR1) activation. SCF exerts its 
effects via the kit receptor, activating downstream path-
ways like phosphoinositide 3-kinase (PI3-K) and the Ak 
strain transforming gene (Akt). It is unclear how important 
the BH3(Bcl-2 homology 3)-only protein Bad (Bcl-2-
associated death promoter) is for the survival of hemat-
opoietic cells. However, Akt phosphorylation may render 
it inactive. Additionally, forkhead transcription factors 
(FKHR/FOXO1a, FKHRL1/FOXO3a, AFX/FOXO4) are 
phosphorylated by Akt, which inhibits their transcriptional 
activity. For instance, FOXO3a controls the expression of 
the proapoptotic Bim (Bcl-2 interacting mediator of cell 
death) gene.72 Taylor et al.73 investigated the function of 
SCF in developing various cell lineages. They observed 
increased responsiveness of rat peritoneal mast cells to 
SCF and anti-IgE during culture, possibly due to altera-
tions in receptor expression and shared signaling path-
ways. SCF, produced by different cell types, elicits diverse 
effects. Mast cells cultured for varying durations exhibit 
heightened responsiveness to SCF and anti-IgE, independ-
ent of exogenous factors or purification procedures. In 
vivo, peritoneal mast cells degranulate in response to SCF 
and anti-IgE. Cultured tissue mast cells may better reflect 
in vivo secretory function and are thus suitable for investi-
gating SCF- or IgE-dependent responses. Antigen-induced 
mast cell activation via FcεR1 triggers the release of 
inflammatory mediators, contributing to allergic reactions 
in atopic disease. These findings suggest that cultured tis-
sue mast cells offer a more representative model for study-
ing SCF- or IgE-mediated secretory responses in vivo.  
Unlike human mast cells, mouse mast cell development 
and survival are promoted by IL-3 in SCF-free culture.74,75 

However, adding SCF as a supplementary markedly 
improves the cell proliferative rate. It is explored to alter 
the development of the cells to that of a serosal/connective 
tissue phenotype. In contrast, cells cultured solely in IL-3 
are assumed to more closely mimic the mucosal pheno-
type, as indicated by the kind of proteases they express.76,77

Limited understanding exists regarding how SCF and 
other external factors influence mast cell phenotype and 
responsiveness to antigens. Under acute experimental con-
ditions, SCF accelerates antigen-mediated mast cell degran-
ulation and cytokine secretion, among other endogenous 
agents. However, repetitive subcutaneous SCF injection 
over 21 days in mice may protect against fatal anaphylactic 
reactions, with mast cells at injection sites showing minimal 
degranulation after IgE-induced anaphylaxis, suggesting a 
differential impact of chronic SCF exposure on mast cell 
activation. It was hypothesized (Ito et al. 2012 and Grabarek 
et al. 1994) that prolonged SCF exposure induces transcrip-
tional modifications in mast cells, potentially altering their 
activation properties.78,79

Cell adhesion and trafficking

SCF functions in cell adhesion and trafficking processes, 
functioning as both an adhesion structure for megakaryo-
cytes and a growth factor for these cells. Additionally, SCF 
generates progenitor cell adhesion to fibronectin, possibly 
by altering integrin avidity or binding directly to the c-kit 
receptor on HSCs. This interaction supports anchor HSCs 
within the BM microenvironment, facilitating cellular traf-
ficking. Bendall et al.80 investigated this phenomenon and 
found that exposure of Acute myeloid leukemia (AML) 
cells to SCF improves their adhesion to fibronectin, a pro-
tein abundant in the BM. The increased adhesion occurs 
through the b-1 integrin VLA-5, with a 5-min swift onset 
and persistent effects lasting beyond 2 h, unlike the tran-
sient response observed in mast cells. Using the c-kit 
receptor, hemopoietic progenitors may initially attach to 
stromal fibroblasts that express transmembrane (tm) SCFs. 
This is followed by acceleration in adhesion to fibronectin-
containing environments via VLA-5. Loss of c-kit during 
normal myeloid maturation may reduce independent adhe-
sion ligands and increase binding through VLA-5.80,81

Similarly, Pesce et  al.81 provided the initial evidence 
suggesting that the SCF/c-kit interaction mediates primor-
dial germ cells’ (PGCs) adhesion to somatic cells, possibly 
in conjunction with other molecules. Their study demon-
strated that in vitro, PGC adhesion to cell monolayers 
expressing membrane-bound SCF (such as TM4, gonadal 
somatic cells, STO (Sandoz inbred mouse strain Thymic 
Organism) fibroblasts, and BM stromal cells) was signifi-
cantly decreased by antibodies against the c-kit receptor or 
SCF, or by soluble SCF. However, these therapies did not 
completely prevent PGC adhesion, but they suggest the 
involvement of additional mechanisms in PGC adhesion in 
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these systems. The presence of both SCF/c-kit-dependent 
and -independent adhesion mechanisms in embryonic 
germ cells is also reinforced by the observation that PGCs 
demonstrated a constant but limited ability (15%–30%) to 
bind to cells with no tmSCF (such as Sl/Sld -1 BM stromal 
cells). Other epitopes will likely contribute to adhesive 
connections between PGCs and somatic cells. Notably, 
oocytes from 14.5 dpc (days post coitum) expressing low 
levels of the c-kit receptor demonstrated efficient SCF/c-
kit-independent mechanisms for adhesion to TM4 cells, 
indicating the presence of distinct and developmentally 
regulated mechanisms modulating germ cell adhesiveness 
to somatic cells.82 For easy understanding, we have sum-
marized the functional properties of SCF in Table 2.  
Understanding the functional properties of SCF offers a 
fundamental insight into their respective roles in many 
biological processes. The key role of SCFs in fostering 
regeneration makes them stand out among other growth 
factors. Based on the functional attributes we discussed, 
we now probed into SCF as a regenerative key, focusing 
on its unique roles and signaling pathways in tissue repair 
and regeneration.

SCF as a regenerative key

Several methodologies and factors could be considered to 
uncover the regenerative characteristics of SCF in bone 
repair. Studies indicate that MSCs are essential for the 
regeneration of bone tissue. These versatile cells can be 
obtained from sources like BM and fat tissue and have 
been utilized in bone regeneration studies for many years.83 
Researchers have also found results by combining human-
derived biomaterials, such as scaffolds, with stem cells to 
improve bone regeneration. The impact of stem cells’ par-
acrine effects on bone healing is currently a research sub-
ject focusing on the factors released by MSCs during their 
transformation into bone-forming cells that could attract 
and develop progenitor cells.

Additionally, the use of growth factors like transform-
ing growth factor-beta (TGF-β), VEGF, and SCF has been 
shown to promote bone regeneration by stimulating blood 
vessel growth and enhancing bone formation. For instance, 
VEGF, a crucial angiogenic growth factor involved in 
bone healing, plays a vital role in bone repair by enhancing 
angiogenesis and stimulating important skeletal cell popu-
lations, including osteoblasts, chondrocytes, and osteo-
clasts. Animal studies have demonstrated that combining 
scaffolds with stem cells and growth factors improves 
bone healing outcomes.84,85 To fully utilize the potential of 
SCFs in renewing bones, a comprehensive approach 
involving MSCs, biomaterials, and growth factors like 
SCF, TGF-β, and VEGF is recommended. These methods 
hold promise for advancing bone regeneration efforts and 
warrant exploration for potential clinical applications. The 
versatility of SCF in addressing tissues and conditions 

highlights its applicability in regenerative medicine. SCF 
acting as a growth stimulant is essential for encouraging 
stem cells’ growth, specialization, and survival, which 
play a role in regenerative treatments. Herein, we elucidate 
various potential applications of SCF, summarized in 
Figure S1c, including improving dental pulp’s regenera-
tive abilities, remodeling tissue and repair, facilitating 3D 
scaffold stem cell transplant via mobilization, and improv-
ing and exerting paracrine effects in the field of regenera-
tive medicine.

Dental pulp regeneration

Another crucial factor in bone regeneration is the sur-
rounding environment. In cell therapy for bone regenera-
tion, the injected cells interact with and influence the 
surrounding cells.86 SCF has shown promise in dental pulp 
regeneration, especially in enhancing the angiogenic and 
neurogenic properties of dental pulp stem cells (DPSCs). 
Treatments for pulpitis and other dental disorders may 
benefit from this function, which is significant for the 
regeneration of tooth pulp tissue.87,88 Using SCF in dental 
pulp regeneration stimulates stem cell proliferation and 
differentiation, which promotes the repair and regenera-
tion of damaged pulp tissue, as a detailed illustration is 
presented in Figure 3(a). SCF plays a significant role in 
tissue regeneration, extending beyond its applications in 
dental and liver tissues. Its ability to promote cell migra-
tion, angiogenesis, and tissue remodeling makes it a versa-
tile agent in regenerative medicine. For example, SCF has 
been shown to promote the migration and proliferation of 
dental pulp progenitor cells, thereby speeding up tissue 
repair. In studies using collagen sponges, SCF application 
led to a significant increase in cell numbers and capillary 
formation, demonstrating its potential in regenerating vari-
ous mesenchymal tissues.88–90 Beyond dental applications, 
the properties of SCF can be used to treat issues including 
cardiac ischemia and neurodegenerative diseases-in cases 
when stem cells are needed for tissue repair. In tissue engi-
neering, SCF  has been successfully employed to promote 
cardiac repair, liver regeneration, neurogenesis, corneal 
wound healing and to maintain germ cells.91–95 Given the 
multipotency and accessibility of dental stem cells, SCF 
could form a part of diverse tissue engineering strategies to 
help generate bone and nerve tissues. Despite the consider-
able promise that SCF offers in a number of regenerative 
contexts, however, the complexity of tissue interactions 
and different needs for individual tissues remain problems 
which need further investigation.

Liver tissue remodeling and regeneration

SCF plays a critical role in liver tissue remodeling and 
regeneration in the liver illness and injury paradigm, espe-
cially when combined with other growth factors such as 
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Table 2.  Summary of functional properties of SCFs.

Functional properties Potential applications Target cells Reference

Regulating cell survival, proliferation, 
hematopoiesis, and development
Activating and binding to c-kit to turn on 
tyrosine kinase pathways for proliferation

Regulates cell survival, proliferation, and 
stem cell maintenance
plays a role in melanogenesis and tumor 
progression

Mast Annese et al.46

Regulating of hematopoiesis and cell survival
Affecting fetal and adult compartments

Shows therapeutic potential in stem cell 
mobilization and transplantation
crucial for hematopoiesis and 
lymphopoiesis in adult life
plays a pivotal role in the maintenance of 
lymphocyte development

HSCs Waskow et al.47

Regulating quiescence and long-term 
maintenance in BM

Stimulates HSC proliferation and survival
induces rapid proliferation in HSCs
provides a strong proliferative stimulus to 
HSCs

HSCs Domen and 
Weissman48

Providing strong proliferative stimulus
Facilitating differentiation and preventing 
apoptosis

Essential for hematopoietic stem cell 
maintenance and differentiation
Plays a role in controlling the number of 
HSCs and MPPs
Regulates hematopoietic cell lineage-
restricted progenitors

HSCs Cordeiro Gomes 
et al.49

Preserving HSCs’ proliferation and 
differentiation
Enhancing cloning efficacy and stimulating 
growth of
Reducing chemotherapy-induced apoptosis in 
CD34+

Plays a role in thymocyte development and 
expansion.
SCF-c-kit interactions are involved in 
erythropoiesis and myelopoiesis.
SCF-driven expansion affects very early 
thymic immigrants

Leukemic 
progenitor

Rodewald et al.50

Maintaining self-renewal and differentiation
Playing avital role for long-term hematopoiesis 
post-transplantation
Enhancing self-renewability of isolated HSCs

Stimulates growth of CD34+ leukemic 
progenitor cells in AML
Reduces chemotherapy-induced apoptosis 
in CD34+ human leukemia

HSCs Hassan and 
Zander51

Activating progenitor cells to protect against 
irradiation, and eliciting hematopoietic 
responses
Enhancing BM cellularity, boosts mobilization in 
clinical studies

Increases PBPC mobilization clinically
SCF combined with filgrastim shows 
enhanced PBPC mobilization clinically

Peripheral blood 
progenitor

Glaspy et al.52

Driving expansion in vivo
Promoting intrathymic proliferation of recent 
thymic immigrants

Supports T-cell survival, differentiation, 
and proliferation.
Used in optimizing cytokine 
concentrations for T-cell maturation.

Thymocyte John and Peter53

Facilitating cell proliferation and differentiation
Exerting positive effects on DP stages

Possess clinical applications in HSC 
transplantation.
Used in the treatment of certain types of 
anemia

Pro T Lee et al.54

Supporting differentiation of multiple 
hematopoietic lineages from progenitors and 
facilitating cell differentiation in vivo

Enhances DC production by expanding 
lineage-restricted precursors

Human DC Curti et al.55

Maintaining CFU-DC in long-term cultures
Collaborating with FLT3-L in DC progenitor 
expansion
Increasing CFU-DC by 10-fold

Enhances pre-B cell expansion and inhibits 
maturation into B cells
Used in the study of early human B cell 
development

CD34DR Kraus et al.56

Improving cell expansion and inhibiting 
maturation into B cells
Suppressing differentiation into immature B cells
Enhancing proliferation rate of CLP

Plays a role in hematopoiesis and immune 
system regulation
Essential for HSC maintenance and 
differentiation in the BM

Pre-B, B, pro-B 
& CLPs

Ichii et al.57

Supporting maintenance and differentiation
Regulating HSC stemness and differentiation via 
ligand-receptor interactions

Supports the production of mature 
granulocytes in vitro

BM stromal cells 
(OP9)

Cho et al.58

 (Continued)
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Functional properties Potential applications Target cells Reference

Enhancing cell lineage commitment and 
differentiation
Synergizing with IL-7 to induce B cell progenitor 
proliferation
Contributing to the generation of antigen-
specific surface Ig

Serves as a growth factor for B-cell 
precursors

B cell progenitor LeBien59

Improving growth Promotes T-cell proliferation and 
differentiation in clinical applications
Enhances proT-cell proliferation and 
differentiation in T-cell development

HSC, fibroblast 
& ECs

Edgar et al.60

Promoting cell proliferation and differentiation
Inhibiting differentiation to the double-positive 
stage in T-cell development

Served in clinical settings for HSC 
transplantation

Pro T Famili et al.61

Regulating cell survival
Promoting cell proliferation and differentiation

Impacts mucosal immune responses and 
lymphoid tissue

HSCs Yoshino et al.62

Playing a vital role in lymphocyte and Peyer’s 
patches’ development
Contributing to the organogenesis

Regulates thymocyte growth in T cell 
development
Initiates early developing thymocytes

Mesenteric 
lymph node

Han and Zúñiga-
Pflücker63

Regulating thymocyte survival and proliferation 
via Notch signaling
Contributing to early thymocyte development 
by providing survival signals

boosts innate immune surveillance against 
malignancy and infection

Double-negative Fehniger et al.64

Enhancing cell proliferation, differentiation and 
expansion

Influences cell growth, useful in cancer 
therapy, and can enhance immunotherapy. 
studying SCF helps understand 
lymphopoiesis and leukemia, guiding 
targeted treatments

IL-2-induced NK Benson et al.65

Inducing cell differentiation in cord blood cells
Promoting cell proliferation and maturation
Enhancing cell cytotoxic activities against tumor

Crucial for blood cell development, gene 
therapy efficiency, and enhancing NK cell 
activity in cancer treatment

NK Cavazzana-Calvo 
et al.66

Influencing cell activation and degranulation
Enhancing cell adhesion to ECM proteins
Playing a central part to hematopoiesis and 
encoded by the Steel locus

Vital for blood cell formation, mast cell 
activity, suggesting its use in treating blood 
disorders and allergic diseases

Mast Hartman et al.67

Promoting proliferation and proteoglycan 
accumulation in tissues
Contributing to extracellular matrix protein 
synthesis in autoimmune diseases

Influences immune cell activity, aiding in 
the regulation of immune responses and 
potentially offering therapeutic strategies

Fibroblast Diny et al.68

Regulating cell activation and degranulation
Producing a multimolecular signaling complex 
for cell activation
Collaborating with LAT-scaffolded signaling 
complex for cellular responses

Could enhance immune responses and 
improve vaccine efficacy

Mast Rivera and 
Gilfillan69

Acting as a major chemotactic factor
Facilitating cell proliferation, survival, and 
differentiation

Manages allergic diseases by modulating 
mast cell activity

Mast Okayama and 
Kawakami70

Regulating cell development in primates rhSCF-treated monkeys can model 
systemic mastocytosis, improving 
treatment development

Mouse & human 
mast

Galli et al.71

Promoting cell survival through inactivation of 
FOXO3a
Inducing phosphorylation of Akt and FOXO3a
Regulating cell survival via PI3-K-dependent 
pathway
Increasing levels of prosurvival Bcl-2 family 
members

Supports mast cell survival, aiding in allergy 
and asthma treatment
Highlights the potential in cancer therapy, 
regenerative medicine, autoimmune 
disease treatment
improving transplant success by enhancing 
cell survival and integration

Mast Möller et al.72

Table 2.  (Continued)

 (Continued)
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Functional properties Potential applications Target cells Reference

Inducing cell degranulation in vitro and in vivo
Acting as a potent activator

Shows clinical applications in stem cell 
development and mast cells
Potent activator of mast cell degranulation
Induces direct degranulation of rat 
peritoneal mast cells

Rat peritoneal 
mast

Taylor et al.73

Playing a key role for cell development and 
survival
Serving CD34 cells gives rise to mast cells
Helping define mast cell lineage in CD34 cells

Shows potential applications in mast cell 
lineage commitment studies
Crucial for the development of human 
mast cells

Mast & CD34 Kirshenbaum  
et al.74

Promoting mast cell growth and differentiation
Enhancing lipid mediator production in mast 
cells

Stimulates hematopoiesis and enhances 
stem cell survival
Serves in research for cell culture and 
regenerative medicine studies

Mast Razin et al.75

Exerting synergistic effects with IL-3 and GM-
CSF in human megakaryocytopoiesis
Increasing colony growth and number of M, 
GMM, GM, and MAST colonies

Enhances proliferation of murine 
megakaryocytic progenitors in serum-free 
culture
Interacts with IL-3 to increase colony 
formation in mice
shows synergism with IL-3 and GM-CSF in 
human megakaryocytopoiesis

BM-derived 
mast

Tanaka et al.76

Enhancing proliferation Used in pulmonary mast cell activation for 
allergic responses
Critical for histamine release in mast cells

progenitors Lukacs et al.77

Programming cell activation phenotype
Inducing graded hypo-responsiveness
Downregulating mediator release based on a 
concentration
Affecting the responses of cells mediated by 
tyrosine kinases
Protecting against fatal anaphylactic reactions 
under chronic exposure

May offer novel treatments for allergic 
disorders like asthma
Can program mast cell activation 
phenotype for potential therapeutic 
strategies
Can lead to hypo-responsive mast cells in 
allergic responses
Downregulates mediator release in a 
concentration-dependent manner

Mast Ito et al.78

Inducing proliferation
Modulating platelet activation and serotonin 
secretion in vitro
Interacting with c-Kit receptor to mediate 
pleiotropic effects

May modulate hemostasis through platelet 
interaction
could potentiate platelet activation and 
aggregation
May play a role in wound healing and 
atherosclerosis

Progenitor 
megakaryocyte& 
mast

Grabarek et al.79

Enhancing AML cell adhesion to fibronectin
Inhibiting AML cell apoptosis and enhancing 
proliferation
Augmenting fibronectin-mediated anti-apoptotic 
and proliferative signals

Enhances AML cell adhesion to fibronectin
Augments anti-apoptotic and proliferative 
signals in AML cells

Fibronectin Bendall et al.80

Promoting survival, proliferation, and migration
Functioning as an adhesion molecule

Informs therapies for cancer and genetic 
disorders
Enhances stem cell growth in lab settings, 
and targeting the SCF/c-kit pathway may 
improve outcomes in stem cell-related 
diseases

Mouse 
primordial germ

Pesce et al.81

Table 2.  (Continued)

GM-CSF.96 Liver tissue regeneration is aided by the syner-
gistic interaction of GM-CSF and SCF, which is made pos-
sible via pathways such as TGF-β signaling. The key 
components of TGF-β signaling pathway are the TGF-β 
receptor complex containing Type I (TβRI) and Type II 

(TβRII) receptors, which initialize the process upon bind-
ing to TGF-β ligands.97 Other components include suppres-
sor of mothers against decapentaplegic (SMAD) proteins 
such as SMAD2, SMAD 3, and SMAD 4 which act as 
downstream mediators of the signaling.98 Disruption of 
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Figure 3.  The role of SCF in regeneration. (a) SCFs are administered into the pulp using a syringe after cleaning damaged 
tooth areas. The interaction between dental stem cells and SCF helps in the regeneration of dental pulp. (b) Mechanism for the 
regeneration of liver tissue. The combined effect of SCF, TGF-β and GM-CSF with their respective signaling pathways facilitates 
the liver cell proliferation and survival, which aid in inducing liver regeneration. (c) SCF facilitates the construction of scaffolds as a 
basis for tissue regeneration. The cocktail of stem cells and biological growth factors are introduced separately into the biomaterials 
of choice. Cocktail laden biomaterials are implanted symmetrically in vivo, enhancing tissue regeneration. (d) The paracrine 
effects of SCFs exerted on stem cells for activation and mobilization into blood circulation from BM. SCFs and G-CSF secreted 
by ECs act as mobilizing agents that activate dormant stem cells. The activated stem cells trespass into blood vessel form bone 
microenvironment.
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TGF-β signaling pathways, as observed in the β2SP knock-
out mouse model, results in a notable two to fourfold 
increase in the density of Oct3/4-positive cells with acti-
vated wingless/integrated (Wnt) signaling, occupying a 
progenitor cell niche after a partial hepatectomy. This indi-
cates that TGF-β signaling is crucial in regulating hepato-
cyte proliferation, transitional phenotypes, and activation 
of hepatic progenitor cells during liver regeneration.98 The 
TGF-β signaling pathway is vital for the synergistic effects 
of SCF and GM-CSF on stem/progenitor cell properties 
such as self-renewal, differentiation, and their involvement 
in liver regeneration following injury (Figure 3(b)).96,98–100 
This application gains significance due to the remarkable 
regenerative capacity of liver, rendering SCF a valuable 
asset in therapies targeting liver repair and recovery from 
conditions like chronic hepatitis C (CHC).101 Mahla et al.102 
investigated the role of SCFs in the liver using a murine 
model of acetaminophen-induced liver toxicity. Their find-
ings reveal a substantial presence of SCF in the liver of 
normal mice, which significantly diminishes during injury 
concomitant with hepatocyte damage. As the liver initiates 
the regenerative process, SCF levels rebound, correlating 
with hepatocyte proliferation. Neutralizing SCF during the 
acetaminophen response markedly attenuates regeneration, 
exacerbating liver damage. Conversely, administering 
exogenous SCFs to acetaminophen-treated animals miti-
gates lethality. These studies depict significant role of SCFs 
in liver function and protection from injury.

Tissue engineering and organoid development

In tissue engineering and organoid development, the influ-
ence of SCF is significant. By promoting the proliferation 
and differentiation of diverse stem cells, SCF facilitates 
the construction of 3D scaffolds and organoids that repli-
cate the structure and functionality of natural tissues.103 An 
important role of SCF in organoid development and cul-
ture has been observed, specifically for some types of 
organoids such as neural and hematopoietic organoid 
development. SCF is one of the growth factors that are 
employed to induce formation of brain organoids from 
iPSCs and embryonic stem cells in vitro.104 Sequential 
treatment of SCF with other factors can mimic the early 
stages of brain development (e.g., neurepithelium forma-
tion, neural progenitor generation, and neuronal birth) in 
brain organoids. SCF might be a hematopoietic cytokine 
during development of hematopoietic organoids arising 
from pluripotent stem cells or hematopoietic stem/progen-
itor cells.96 Hematopoiesis critically depends on self-
renewal coupled with differentiation capacities exhibited 
by HSCs; hence, defects thereof result in non-functional 
blood organs for developmental research or therapy. 
Commonly used to expand various types of stem cells 
including MSCs and HSCs before starting the organoid 
generation process, SCF serves as a reliable tool in such 

endeavors. Successful creation of functional human liver 
organs primarily relies on adequate multiplication rates 
which facilitate cellular organization into tissue like struc-
tures termed liver buds having hepatocytes at their core. 
Similar to other tissue engineering applications, extracel-
lular matrix components (e.g., Matrigel) used for prepar-
ing an ideal environment for growing organoids may be 
potentially supplemented with immobilized molecules like 
SCFs so as to stimulate the formation and full maturation 
processes.105 However, the specific role of SCFs in orga-
noids formed from adult stem cells (of intestine, liver, pan-
creas and others) is yet to be investigated. However, the 
need for SCF may differ depending on the type of organoid 
and the source of stem cells. Generally, SCF appears as a 
crucial determinant in organoid systems that are either 
based on pluripotent stem cells or include hematopoietic 
lineages. SCF is an essential cytokine for expanding HSCs 
ex vivo for BM transplantation and other applications 
when used in combination with other biological factors. It 
also enhances stem cell proliferation and mobilization sin-
glehandedly, which makes mobilized stem cells useful in 
regenerating ischemic tissues and for therapeutic use, thus 
making SCF a good candidate for MSC expansion for tis-
sue engineering applications.106 The immobilization of 
SCF on biomaterial surfaces results in increased cell adhe-
sion, proliferation, and differentiation for tissue engineer-
ing purposes. It is more effective than soluble form of the 
protein to expand HSCs. Besides this, it promotes angio-
genesis by enlisting endothelial progenitor cells as well as 
aiding the formation of new blood vessels which are indis-
pensable in vascularizing engineered tissues. Furthermore, 
SCF enhances survival, migration, and differentiation of 
neural stem/progenitor cells during neural tissue engineer-
ing implying its potential application in repair of spinal 
cord injuries.96,106 This utilization holds immense impor-
tance for restoring damaged tissues and organs, opening 
up innovative approaches for addressing severe injuries 
and chronic diseases (Figure 3(c)).

Stem cell mobilization and transplantation

Beyond its direct regeneration capabilities, SCF is essen-
tial for recruiting stem cells for transplantation. The ability 
of this substance to specifically target HSCs and facilitate 
their growth and survival is a prerequisite for the effective 
treatment of BM transplants and other stem cell-based 
treatments. This feature is crucial for treating hematologi-
cal ailments and enhancing the efficacy of stem cell trans-
plants. Studies have shown that SCF induces heightened 
mobilization of long-term repopulating stem cells across 
various species, including mice, dogs, baboons, and 
humans.107 When combined with G-CSF, SCF is an effec-
tive mobilizing agent for stem cells. The mechanism 
underlying SCF-driven mobilization of stem cells involves 
factors such as the upregulation of surface (C-X-C 
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chemokine receptor type 4) CXCR4 expression on human 
CD34 cells and the release of membrane-bound SCF, 
which stimulates the proliferation of dormant stem cells in 
the BM before their release into circulation.107,108 
Moreover, SCF directly promotes the development of spe-
cific cell populations, such as granulocyte-macrophage 
colony-forming cells.109 This features critical role of SCFs 
in enhancing the efficiency and success of stem cell trans-
plantation procedures through its mobilization effects 
(Figure 3(d)).

Paracrine actions and tissue regeneration

SCF, alongside other growth factors released by stem cells, 
can exert paracrine effects that enhance tissue repair and 
regeneration.110,111 These paracrine actions involve modu-
lating the local tissue environment to facilitate the recruit-
ment and function of progenitor cells, thereby aiding in the 
healing process. Leveraging paracrine effects of SCFs 
introduces novel strategies for regenerative medicine, 
emphasizing the indirect mechanisms by which stem cells 
promote tissue repair. The potential applications of SCF in 
regenerative medicine are vast, encompassing direct tissue 
regeneration and engineering, supporting stem cell trans-
plantation, and utilizing paracrine effects for tissue 
repair.112 These applications highlight the crucial role of 
SCF in advancing regenerative therapies and improving 
outcomes for patients with diverse diseases and injuries, 
including bone defects. After establishing a pivotal role of 
SCF as a regenerative key, exploring its specific role in 
bone regeneration is necessary. SCF’s regenerative quali-
ties extend and apply to the skeletal stem cell system, pro-
moting bone remodeling and renewal.113 In the following 
section, we investigated how SCF deficiency interrupts the 
function of the BM, affecting the production and differen-
tiation of HSC.

Role of SCFs in BM homeostasis

The deficiency of SCFs is detrimental to function BM as it 
is essential for the production and differentiation of HSCs. 
This tight regulation is required to ensure the balance 
between HSC self-renewal and differentiation, which 
maintains hematopoietic homeostasis. The BM microenvi-
ronment, or niche, provides essential signals for HSC 
maintenance and function. Growth factors like CXCL12 
and SCF, secreted by niche cells, are critical for HSC pro-
liferation and quiescence. A deficiency in these factors can 
lead to the depletion of HSCs, as they are unable to receive 
the necessary signals for survival and proliferation, ulti-
mately disrupting the BM microenvironment.114,115 SCFs 
also influence the differentiation of HSCs into specific 
blood cell lineages. SCF deficiency significantly disrupts 
the BM niche, leading to impaired HSC self-renewal and 

differentiation. This disruption manifests through various 
mechanisms, such as c-kit signaling pathway, PI3K/Akt 
pathway and MAPK pathway (Figure 4). Deficiencies in 
SCFs can skew this process, potentially leading to an 
imbalance in blood cell types, such as an increase in mye-
loid cells over lymphoid cells. This imbalance can contrib-
ute to diseases like myeloproliferative disorders and 
leukemia, which are associated with altered hematopoietic 
lineage commitment.116 SCFs play a pivotal role in con-
trolling the proliferation and differentiation of HSCs, help-
ing to maintain a balance between self-renewal and 
differentiation across various blood cell lineages. Without 
adequate levels of these factors, this balance is disrupted, 
leading to insufficient production of blood cells and poten-
tial hematological disorders.116,117 Quiescence, a state of 
dormancy, protects HSCs from exhaustion and maintains 
their long-term functionality. SCFs are involved in regulat-
ing this quiescent state. A deficiency can cause HSCs to 
exit quiescence inappropriately, leading to premature 
exhaustion, a reduction in the HSC pool, and loss of HSC 
quiescence.3,117 SCF deficiency affects the ability of BM to 
provide support for HSC function with significant effects 
on hematopoiesis and is a potential cause of hematological 
diseases. This knowledge is key for the development of 
therapeutic solutions against these deficiencies. In the fol-
lowing section, we investigated how SCF induces regen-
erative properties, emphasizing the therapeutic potential in 
curing bone-related ailments.

Mechanisms of SCF in bone renewal

Bone possesses strong regenerative potential, yet its 
ability to repair critical-sized defects is limited.118 Bone 
cells, including osteoblasts, osteoclasts, bone lining 
cells, and osteocytes, act as mechanosensors (Figure 5).85 
Bone regeneration involves a complex and well-coordi-
nated physiological process of bone formation. A healthy 
bone exhibits an intrinsic capacity to regenerate and 
repair itself at optimal conditions. However, when the 
ossification becomes extensive, as we see after fractures 
or in significant bone defects, the lifespan of bone repair 
cannot be overcome. Therefore, effective interventions 
are of utmost desire.119,120 SCF plays a pivotal role in 
bone regeneration by bridging BMA with the hemat-
opoietic system. It supports the self-renewal and mainte-
nance of HSCs and influences the BM microenvironment, 
crucial for stem cell regeneration and hematopoiesis. 
These processes are vital for maintaining the balance 
and functionality of blood cells and contribute signifi-
cantly to skeletal system health. SCF, primarily secreted 
by BMA, substantially aids in HSC regeneration and 
hematopoiesis, especially following irradiation-induced 
stress, thus ensuring blood cells’ continued balance and 
function.121,122
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Figure 4.  SCF binds with its receptor c-kit present on 
the surface of HSCs, which then activates downstream 
signaling pathways vital for the survival and self-renewal. 
Downregulation of SCFs decreases activation inherent to 
this pathway, leading to impaired HSC maintenance and 
function loss. The c-kit signaling activates PI3K/Akt pathway, 
an important regulator of cell survival. Consider that failure 
to induce AKT by SCF could result in increased apoptosis 
and reduced HSC viability. SCF also upregulates the MAPK 
pathway, a key cellular signaling network that controls cell 
proliferation and differentiation. SCF-deficiency disrupts this 
pathway and the differentiation of HSC into multiple blood cell 
lineages is impaired.

Furthermore, the role of SCFs in bone regeneration is 
skillfully linked to its interaction with skeletal stem cells 
(SSCs), essential for bone development, homeostasis, and 
repair. SSCs exhibit an impressive ability to differentiate 
into crucial cell types necessary for bone regeneration, 
such as chondrocytes, osteoblasts, and marrow stromal 
cells. The responsiveness and versatility of SSCs in regen-
erative environments depict the complex and compelling 
nature of bone repair mechanisms. SCF, among other fac-
tors, contributes to attracting and retaining HPCs within 
the marrow space, thereby supporting the regenerative 
functions of SSCs. In addition, modifications to the stem 
cells’ milieu caused by biomolecules may affect the trophic 
factors secreted by stem cells, affecting their functioning. 
Research has indicated that brief exposure of human osteo-
blasts to TNF-α might enhance osteogenic differentiation 
and trigger the release of soluble molecules that support 
osteogenic differentiation in adipose-derived stem cells 
(ADSC). Likewise, a brief stimulation period with IL-1β, 
G-CSF, stromal cell-derived factor 1 (SDF1), and SCF can 
significantly impact the expression of many cytokine 

genes and proteins in MSCs. While SCF controls the syn-
thesis of proteins involved in proliferation, chondrogene-
sis, and extracellular matrix modulation, IL-1β stimulates 
the release of proteins with chemotactic, proinflammatory, 
and angiogenic qualities.123–125

Likewise, adipocytes exhibit a direct impact on hemat-
opoiesis in an assortment of ways. However, the precise 
functions adipocytes play in this process are still debata-
ble because of disparities in how they affect stem or pro-
genitor cells and AT locations. For instance, depleting 
adipocytes in fat-enriched tail vertebrae increases the 
expansion of progenitor cells post-irradiation. In contrast, 
adipocytes in long bones promote HSC regeneration via 
increased SCF secretion after radiation-induced stress. 
Moreover, adiponectin has been shown to maintain HSC 
self-renewal and protect HSCs from inflammatory 

Figure 5.  The structure of bone and the interactions between 
cortical and trabecular (cancellous) bone, along with key cells 
in bone remodeling. Cortical bone is the compact outer layer 
and cancellous or spongy bone inside. The process shows 
how remodeling occurs in response to loading and unloading. 
Bone forming osteoblasts are activated, whereas old bone 
resorbing cells called osteoclasts get deactivated. Osteocytes, 
descendants of osteoblasts, support bone tissue and lining 
cells cover inactive areas on bones. These cells are regulated 
by signaling molecules to maintain the balance between bone 
formation and resorption.85 This figure is taken from article 
which can be distributed under the terms of the Creative 
Commons Attribution 4.0 License (https://creativecommons.
org/licenses/by/4.0/) which permits any use, reproduction and 
distribution of the work without further permission provided 
the original work is attributed as specified on the SAGE and 
Open Access page (https://us.sagepub.com/en-us/nam/open-
access-at-sage).

https://creativecommons.org/licenses/by/4.0/) which permits any use, reproduction and distribution of 
https://creativecommons.org/licenses/by/4.0/) which permits any use, reproduction and distribution of 
https://creativecommons.org/licenses/by/4.0/) which permits any use, reproduction and distribution of 
https://us.sagepub.com/en-us/nam/open-access-at-sage)
https://us.sagepub.com/en-us/nam/open-access-at-sage)
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cytokine insults, particularly in aging. These effects are 
specific to HSCs and less prominent in differentiated 
cells.126 Expansion of HSCs ex vivo poses a significant 
challenge in clinical practice. Along with SCF, enhancing 
the identification of optimal growth factors like throm-
bopoietin, fms-like tyrosine kinase 3 (Flt3) ligand, IL-6, 
and G-CSF can support sustained growth of HSC colonies 
outside the body. Various strategies have been devised to 
utilize umbilical cord blood-derived HSCs (UCB-CD34+) 
for ex vivo expansion, capitalizing on the self-renewal 
capabilities of HSCs as a therapeutic strategy to renew 
hematopoietic progenitors hierarchically. While tissue-
specific HSC aspiration is considered invasive, ex vivo 
expansion strategies aim to enhance HSC self-renewal 
and proliferation. For instance, a synergistic effect of SCF 
and Src homology 2 (SH2) domain-containing protein 
tyrosine phosphatase 1 (SHP-1) inhibitor, NSC87877, has 
been demonstrated to activate c-kit and inhibit negative 
regulators (SHP-1/SHP-2), promoting cellular prolifera-
tion of erythroid and megakaryoblast cells.127–129 In the 
BM environment, SCF and GM-CSF interact synergisti-
cally to control hematopoiesis and bone formation. Here 
we clarified some of main key points regarding their inter-
action. SCF and GM-CSF work in tandem to facilitate the 
proliferation and differentiation of HSCs and HPCs in the 
BM niche. This mutual enhancement leads to improved 
production of various blood cell types, including those 
involved in bone remodeling. Both in the absence and 
presence of GM-CSF, SCF seems to be necessary for the 
development of mature, committed and primitive HPCs  
in the BM.130–132 SCF supports the survival and expansion 
of these progenitors. GM-CSF, SCF and in conjunction 
with other cytokines such as IL-3, promote the growth and 
differentiation of megakaryocyte progenitors from 
BM-derived primitive bone cells.133 Megakaryocytes play 
a vital role in controlling bone remodeling mechanism. 
However, it has been demonstrated that GM-CSF inhibits 
the production of SCF and its receptor c-kit in BMDCs. 
This implies an effective regulatory mechanism where 
GM-CSF modulates the effects of SCF in certain BM 
microenvironments or cell types. The complementary 
effect between SCF and GM-CSF involves distinct sign-
aling pathways such as activating transcription factors 
like signal transducer and activator of transcription 3 
(STAT3), which regulate cell proliferation and differen-
tiation.134 While SCF and GM-CSF synergize to promote 
expansion of HPCs and differentiation in the BM, 
GM-CSF can also negatively regulate the SCF/c-Kit axis 
in certain BM cell types like DCs. This complicated 
interaction between these cytokines helps supervise the 
sophisticated mechanisms of hematopoiesis and bone 
remodeling in the BM niches. We have summarized the 
role of SCFs in regulating hematopoiesis, elucidating the 
respective fucntions, target cells and microenvironments 
in Table 3.

Conclusively, SCF plays a dual role in hematopoietic 
regeneration and bone repair by supporting stem cell 
regeneration and influencing the behavior of skeletal stem 
cells. This multifactorial approach highlights the impor-
tance of SCF in maintaining bone health and systemic 
blood cell production. Despite the limitations associated 
with the clinical utilization of SCF, we believe that 
advances in the mechanistic understanding of bone repair 
and regeneration will continue to provide exciting new 
treatments for patients suffering from delayed bone heal-
ing and large-volume defects. After demonstrating the spe-
cific role of SCF in tissue and bone regeneration, it is 
necessary to explore the clinical implications of its thera-
peutic use. The following section highlight the clinical 
implications, examining the challenges from biological, 
technical, and practical perspectives.

Clinical implications of SCF-based 
therapies

SCFs have several clinical applications due to their role in 
promoting the proliferation, survival, and differentiation 
of HSCs and other progenitor cells. Here, we elucidate 
some of the key clinical applications that exploit SCFs as 
regenerative keys. SCFs are used in clinical settings to 
mobilize peripheral blood progenitor cells. When com-
bined with G-CSF, SCFs significantly increase the number 
of progenitor cells that can be harvested from peripheral 
blood. This combination is more effective than G-CSF 
alone in mobilizing progenitor cells, which is crucial for 
stem cell transplantation procedures.137,138 SCFs have also 
been explored for their potential in treating various mar-
row failure states and aplastic anemia. They can stimulate 
the production of multiple blood cell lineages, providing 
therapeutic benefits in conditions where bone marrow 
function is compromised.138 Additionally, SCFs are used 
in ex vivo culture systems to expand hematopoietic pro-
genitor cells. This application enhances the yield of stem 
cells for transplantation purposes, allowing for better 
engraftment and recovery in patients undergoing bone 
marrow transplants.138,139 Recent studies have explored the 
use of tmSCFs in regenerative therapies. Unlike their solu-
ble form, tmSCFs do not activate mast cells, reducing the 
risk of anaphylaxis. tmSCF-based therapies have shown 
promise in promoting angiogenesis and stem cell mobili-
zation without off-target effects, making them a potential 
tool for tissue regeneration and recovery from ischemic 
injuries.106 SCFs have also been investigated for their role 
in skin pigmentation disorders due to their ability to influ-
ence melanocyte biology. This could open avenues for 
treating conditions like vitiligo and other pigmentation 
disorders.138,140,141 Overall, SCFs hold significant promise 
in regenerative medicine and hematology, although their 
clinical use is limited by some adverse effects, such as 
mast cell activation. Advances in delivery methods, such 
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as tmSCFs, may help mitigate these issues and expand 
their therapeutic applications.

SCF therapies that can revolutionize the clinical scopes 
have been found in regenerative as well as hematopoietic 
treatments. Their translation into clinical practice requires 
some consideration like cost, patient outcomes and how 
they can be practiced efficiently. SCF-based therapeutics 
are costly, given the large expenses of protein therapeutic 
development and administration. Costs associated with 
producing and purifying SCF may be high, compared to 
many other biologics (presently in clinic), such that scala-
ble production of the secreted growth factor could seem 
unlikely unless economical strategies are established.106 
While the up-front price tag might be steep, SCF therapies 
could save money in the long run by preventing costlier 
interventions and hospitalizations. Measures that enable 
successful mobilization of HSCs could shorten hospital 
stays and diminish the requirement for transfusions in 
patients who have received chemotherapy or bone marrow 
transplants.142 For patients with diseases such as aplastic 
anemia to those undergoing chemotherapy, improving the 
survival and expansion of HSCs through SCF has promise 
for significantly better tissue regeneration. On the other 
hand, SCF therapies have been hindered by adverse events 
like mastocytosis and anaphylaxis caused due to generation 
of high serum levels of free mediators.143  The more recent 
approaches, like tmSCF besides the supposed increased 
efficiency and quality of ex vivo expanded stem cells are 
reported to have an additional advantage for such a purpose 
as they avoid activation of mast cells that induce these side 
effects. Such therapies, with improved safety profiles that 
are also more effective in animal models than current treat-
ments (therefore potentially leading to better patient out-
comes), would have an added benefit: no risk of anaphylaxis. 
Adoption of SCF-based therapies into clinical practice is 
associated with regulatory challenges, in addition to the 
need for robust data from appropriate clinical trials. The 

use of standardized protocols for administration and moni-
toring is critical to allow safe and efficacious use. Similar to 
other biologics (e.g., biosimilars), adoption of SCF-based 
therapies in clinical practice may require overcoming chal-
lenges that are largely unique to hematopoietic growth fac-
tors. But to enter the mainstream, they will have to conquer 
skepticism, and show that they are as good—or better—
than what already exists.106,142,144 In conclusion, although 
SCF-based therapies have great potential for enhancing 
patient outcomes in a range of hematological and regenera-
tive contexts, it is clear from these studies that overcoming 
many challenges all the way downstream to regulatory 
issues needs to also be addressed before this may ever 
occur routinely in clinical practice. Improvements in deliv-
ery and adverse effect profiles could facilitate their inclu-
sion into mainstream medical practice. While SCF 
possesses a promising therapeutic effect in regenerative 
medicine, to fully capitalize on these effects, several obsta-
cles exist that need to be eliminated. The following section 
thoroughly examines these obstacles in detail.

Limitations

While SCF has shown great potential in promoting bone 
repair and renewal, several limitations, summarized in 
Figure S1d, need addressing to maximize their efficacy. 
These limitations include mast cell toxicity, uncontrollable 
self-renewal cellular behaviors, insufficient vasculariza-
tion, availability of subpar biomaterials, and negative reg-
ulators causing antagonism in SCF/c-kit signaling. One of 
the primary challenges is their linkage to cell toxicity via 
mast cell activation. Additionally, identifying the most 
effective cell type and analyzing risk factors such as tumor 
formation in stem cell therapy pose significant obstacles. 
Furthermore, improving the cost-effectiveness and scala-
bility of producing and delivering these factors for wide-
spread clinical use is a prerequisite.145

Table 3.  Role of SCFs in regulating hematopoiesis process.

Function Target Condition Reference

• Promote proliferation
• �Maintain the long-term repopulating ability

Densely populated 
HSCs

In vitro secretion Broudy2

Hasan et al.51

• �Support the survival, proliferation, and 
differentiation

• �Enhance production of various blood cell lineages.

HSCs and 
progenitor cell

Cytokine interaction 
(EPO, IL-3, GM-CSF, and 
G-CSF)

Broudy2

Hasan et al.51

Molineux et al.135

• �Facilitate Mobilization and migration HSCs BM Shah et al.119

Kurzrock et al. 136

• �Play a anchoring role HSCs BM Kurzrock et al. 136

• �Create the specialized microenvironment necessary 
for HSC self-renewal and differentiation

HSCs Stromal cells Broudy2

Hasan et al.51

Kurzrock et al. 136

• Enhance the proliferative response
• �Play a role in early lymphopoiesis and T-cell 

development

HSCs Cytokine interaction 
(IL-7)

Kurzrock et al. 136
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Mast cell activation

A major limitation of using exogenous soluble SCF clini-
cally is its tendency to activate mast cells, leading to the 
risk of inducing anaphylaxis in large animal models and 
clinical trials, significantly restricting its therapeutic 
potencies. Thus, it is crucial to acknowledge that clinical 
utility of SCFs has been constrained by the toxicity linked 
to mast cell activation. Researchers have explored the use 
of tmSCF supplied in lipid nanodiscs or proteoliposomes, 
which do not trigger mast cell activation, as an alternative 
to overcome drawbacks associated with soluble SCF. 
However, there are still challenges in developing and 
improving these alternative delivery modalities.73,106,146 
Further research is needed to address these limitations and 
fully harness the therapeutic potential of SCF in clinical 
settings.147

Cell source challenges

Due to the properties of unlimited self-renewal and high 
proliferation rate, cells such as induced pluripotent and 
embryonal stem cells are considered to carry very high risk 
if not perceived to be acceptable. In contrast, most small-
scale clinical trials indulging MSCs in applications related 
to regenerative medicine have not raised significant health 
concerns, indicating that MSC-based treatments may be 
relatively safe. However, some clinical trials have reported 
severe adverse effects, focusing on the need for more 
research, especially in long-term safety and biological pro-
cesses. As a component of stem cell therapy, SCF is sub-
ject to risk factors such as the type of stem cells used, their 
procurement and culturing history, and the level of manip-
ulation, all of which can impact the safety and efficacy of 
stem cell-based treatments.148–151

Vascularization

Adipose tissue-derived microvessels have been utilized as 
natural vascularization units in angiogenesis research and 
tissue regeneration due to their exceptional capacity to 
quickly reassemble into microvascular networks.152 
Ensuring adequate vascularization at the defect location is 
still challenging because insufficient blood supply can ham-
per the success of regenerative modalities.153 Vascularization 
plays a vital role in the survival and integration of engi-
neered tissue grafts. The core area of the large tissue grafts 
is susceptible to ischemia and cell death due to elusive dif-
fusion from the surrounding blood vessels. Rapid vasculari-
zation within days after implantation requires tissue grafts 
to function properly. Significant morbidity and fatalities 
also occur due to these ischemic diseases, such as athero-
sclerotic artery blockage, that are not adequately addressed 
by the currently available treatments. Therapeutic angiogen-
esis uses angiogenic factors to stimulate the formation of 

nascent microvascular networks.154,155 One possible solu-
tion to circumvent the lack of blood supply is to utilize the 
implants of pre-vascularized tissue constructs that are 
microsurgically linked to the local vasculature site.

Techniques that have shown promising results in 
improving vascularization include creating an arterio-
venous (AV) loop in the construct before transplanta-
tion.25,156 However, no optimized methods for vascularizing 
tissue constructs in vitro exist. Therefore, it is recom-
mended that both in vitro and in vivo assays be conducted 
to determine optimal culturing conditions for stable capil-
lary development. In regenerative medicine, achieving 
sufficient vascularization is still a significant challenge 
that requires more in-depth studies and the generation of 
cutting-edge vascularization strategies.

Biomaterials and scaffolds

Although growth factors, including SCF, biomaterials, and 
scaffolds, play a vital role in promoting stem cell-based 
bone regeneration, replacing native and fully functional 
bone tissue remains a major challenge. Both stem cell and 
BM niches are highly complicated and homeostatically 
maintained with the complex interplay of structural, bio-
chemical, and biophysical stimuli in the BM niches. In 
order to resemble the entangled native bone microenviron-
ment, ongoing research is focused on refining the composi-
tion, structure, and integration of biomaterial scaffolds with 
stem cells and other regeneration agents (e.g. growth fac-
tors, hormones, and cytokines). Some essential scaffold 
attributes that must be refined include biocompatibility, 
biodegradability, mechanical qualities, porosity, and the 
capacity to deliver specific biochemical cues to control 
stem cell behavior. Indeed, beyond the physicochemical 
properties of the material, cell-material interactions have 
been shown to significantly impact cell differentiation.157 
Both SCFs and scaffolds/biomaterials have distinct advan-
tages and challenges. SCFs serve as local stimulators for 
specific cell proliferation and they regulate stem cells 
directly by orchestrating their activity in terms of prolifera-
tion, differentiation and migration that combined increase 
the regenerative potential. They can often be delivered 
through minimally invasive methods, such as injections, 
bypassing the requirement for surgical implantation into 
body tissues. SCFs can also be delivered along with scaf-
folds/ biomaterials to develop more effective combination 
therapies.158,159 Nevertheless, SCFs face obstacles regard-
ing controlled release and in vivo bioactivity. The dosage 
requirement and the need for safety, especially in cases of 
growth factors (BMPs), are critical to prevent side effects.160 
Moreover, certain SCFs are very costly for manufacturing 
and utilizing in a clinical context, especially recombinant 
growth factors.161 In contrast, scaffolds and biomaterials 
provide structure support through a 3D framework that 
mimics the natural ECM, directing tissue growth. They are 
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extensively designable with specific architecture, porosity 
and mechanical properties frequently by 3D printing. There 
are some scaffold properties and strategies that promote 
cell adhesion, proliferation, differentiation.162 Nevertheless, 
scaffolds encounter troubles when it comes to achieving 
enough vascularization even in large constructs, implying 
that sufficient nutrient supply and waste removal are still 
hampered.163 It can be tricky, especially if you want an opti-
mal balance of strength and stiffness with degradation rate 
for load-bearing applications. It can also be challenging to 
ensure that subsequent tissue integrates into the host and is 
not encased in collagen. Both approaches have shown 
promise in combination therapies. For example, combining 
stem cells with BMP-2 resulted in new bone generation, 
quick healing and great-regenerative outcomes.164 
Similarly, scaffolds can be engineered to include both 
growth factors and cells rendering the scaffold capable of 
marked regenerative potential.165 Overall, while both SCFs 
and scaffolds/biomaterials have their own strengths and 
limitations, the future of bone regeneration likely lies in 
combining these approaches to leverage their respective 
advantages while mitigating individual challenges. Despite 
tremendous advancements, recapitulating all the complex 
properties of the native bone microenvironment remains 
an unmet bottleneck in bone tissue engineering. More sci-
entific developments are still required to create biomateri-
als that comprehensively mimic the natural bone 
microenvironment.123,124,166,167

Regulation of SCF/c-kit signaling

The main obstacle in employing SCF for bone renewal is 
the suitable regulation of the SCF/c-kit signaling axis. SCF/
c-kit signaling participates in the regulation of stem cell 
activity and bone regeneration. However, lymphocyte 
adapter protein (Lnk) negatively regulates the duo signal-
ing. The phosphorylated tyrosine 567 within the juxtamem-
brane domain of the KIT protein binds directly and 
preferentially to the Lnk SH2 domain, inhibiting SCF-
induced signaling. Loss in Lnk enhances both SCF/c-kit 
signaling and SCF-driven activities, including the acceler-
ated proliferation of BM mast cells, with increased mito-
gen-activated protein kinase (MAPK) and Jun N-terminal 
kinase signaling and enhanced Rac and p38 MAPK activa-
tion, together with improved migration of BM mast cells 
(as a result of the Ras-related C3 botulinum toxin sub-
strate). Enhanced recruitment and mobility of endothelial 
progenitor cells and HSC/HPCs to bone defect sites. 
Moreover, the other benefits of accelerated SCF/c-kit sign-
aling in Lnk-deficient cells include increased osteoblast 
development and the creation of a mineralized matrix that 
supports bone regeneration.168–170 Strategies to block the 
Lnk-dependent negative regulation of SCF/c-kit signaling 
may be required to maximize the regenerative potential of 

this pathway for bone regeneration. The SCF/c-kit-Lnk 
signaling axis must be carefully modulated to have the 
desired effects on bone regeneration and stem cell activity.

While the limitations of SCF in bone regeneration draw 
attention to the obstacles still present, they also indicate 
the areas that need more investigation and scientific crea-
tivity. In the final section, we summarized the main ideas 
and presented our conclusions on current state and pros-
pects of SCFs in regenerative medicine.

Conclusions and prospects

In summary, the authors critically scrutinized the role of 
SCF in hematopoiesis and bone regeneration. Hematopoiesis 
and bone regeneration are two interconnected and funda-
mental processes in human health. SCF is intriguing due to 
its potential therapeutic applications in regenerative medi-
cine and its role in maintaining HSCs microenvironment. It 
is well known for its regulatory functions in various cell 
lineages. This review addressed the mechanisms through 
which SCF affects myriad biological processes, including 
cell migration, cell viability, bone repair, and cell survival, 
to clarify the broader aspects and implications for clinical 
practices in treating BM and systemic metabolic disorders. 
Using a thorough literature review, our work investigated 
the details of SCFs’ cellular sources, molecular signaling 
routes, and effects on hematopoietic and bone niches. It 
highlights how SCF insufficiency affects BMAT, leading to 
decreased cellularity and impaired hematopoiesis.

Additionally, the interaction between SCF and other 
niche factors, such as CXCL12, is explored, emphasizing 
the role of microenvironment in sustaining HSCs. The 
main findings suggest that SCF is vital for maintaining 
HSC populations and regulating BM function, including 
lipid accumulation in adipocytes. The review also empha-
sized the prospective of SCF as a therapeutic target in bone 
regeneration strategies and hematopoietic treatments. 
These insights contribute to a deeper understanding of 
sophisticated roles of SCFs and pave the way for its appli-
cation in regenerative medicine, particularly in addressing 
aging, irradiation, and obesity-related BM dysfunctions.

In conclusion, SCFs play a pivotal role in bone regen-
eration through their effects on stem cell maintenance and 
differentiation. Furthermore, SCFs trigger activation of 
angiogenesis and ensure adequate blood flow to the regen-
erating tissue as well as have immunomodulatory effects 
which set in motion a favorable environment for tissue 
repair. Their combination with biomaterials and scaffolds 
has potential to improve bone repair outcome, paving the 
way for novel SCF-assisted therapeutic strategies to further 
accelerate MSC therapy on fracture healing or large bone 
defects. Significant advancements in tissue engineering 
and regenerative medicine have been achieved over recent 
years, as SCF with different functionalities have been 
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studied. Though many approaches have been attempted and 
investigated to improve bone regeneration, only a limited 
number of in vivo applications have been successfully 
demonstrated. These approaches use various stem cells, 
biomaterials, scaffolds, and their mixed forms with bioen-
gineered functions. Of them, using SCF is a potentially 
effective tactic for establishing a favorable BM niche to 
enhance the regeneration of damaged bones. Nevertheless, 
there are legitimate concerns regarding the safety of SCF-
mediated tissue regeneration.

Further study on the roadmap of regenerative medicine 
is a prerequisite for transforming experimental research 
into clinical therapy. Additionally, both in vitro and in vivo 
investigations must be conducted, and the discrepancies 
between these studies must be recognized to better assess 
the outcomes of their clinical application. Although SCF 
holds a propitious depiction, the real focus should be to 
alleviate concerns regarding SCF-driven activated mast 
cell toxification by identifying its causes and developing 
strategies for reversing them or nullifying the toxic effect 
to a minimum. In addition, research should target the spe-
cific cargo profiles of stem cells and their interactions with 
growth factors to enhance regenerative potential. While 
SCFs are crucial, understanding their interactions with cel-
lular components and optimizing delivery methods is key 
to advancing bone regeneration therapies. Clinical research 
also depends on understating the rejuvenation process 
since the advantages and disadvantages of bone repair 
must be considered. Additional examination is needed to 
determine the safety measures and tissue-specific 
responses of SCF-based bone regeneration.
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