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Diabetes is a systemic disease in which patients with diabetes may develop

peripheral neuropathy of the lower extremities and peripheral vascular disease

due to long-term continuous exposure to high glucose. Delayed wound

healing in diabetes is one of the major complications of diabetes. Slow

wound healing in diabetic patients is associated with high glucose toxicity.

When the condition deteriorates, the patient needs to be amputated, which

seriously affects the quality of life and even endangers the life of the patient. In

general, the delayed healing of diabetes wound is due to the lack of

chemokines, abnormal inflammatory response, lack of angiogenesis and

epithelial formation, and fibroblast dysfunction. The incidence of several

chronic debilitating conditions is increasing in patients with diabetes, such as

chronic renal insufficiency, heart failure, and hepatic insufficiency. Fibrosis is an

inappropriate deposition of extracellular matrix (ECM) proteins. It is common in

diabetic patients causing organ dysfunction. The fibrotic mechanism of

diabetic fibroblasts may involve direct activation of permanent fibroblasts. It

may also involve the degeneration of fibers after hyperglycemia stimulates

immune cells, vascular cells, or organ-specific parenchymal cells. Numerous

studies confirm that fibroblasts play an essential role in treating diabetes and its

complications. The primary function of fibroblasts in wound healing is to

construct and reshape the ECM. Nowadays, with the widespread use of

single-cell RNA sequencing (scRNA-seq), an increasing number of studies

have found that fibroblasts have become the critical immune sentinel cells,

which can detect not only the activation and regulation of immune response

but also the molecular pattern related to the injury. By exploring the

heterogeneity and functional changes of fibroblasts in diabetes, the

manuscript discusses that fibroblasts may be used as immunomodulatory

factors in refractory diabetic wound healing, providing new ideas for the

treatment of refractory diabetic wound healing.
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Introduction

Nowadays, diabetes mellitus has become one of the most

common chronic diseases. According to the latest literature,

more than 500 million people worldwide suffer from diabetes,

which means that more than one in 10 adults worldwide suffer

from the disease. In 2021, the prevalence rate of diabetes among

people aged 20–79 years old in the world was 10.5% (about 536.6

million people), and it will rise to 12.2% in 2045. Research shows

that global diabetes-related health spending reached about $966

billion in 2021 and is expected to reach $1,054 billion by 2045

(1). There is general evidence that diabetes represents a

significant global burden of chronic conditions in an aging

society. In 2019, it was estimated that 19.3% of people aged

65–99 had diabetes. Regarding regional distribution, the

countries with enormous numbers of people over 65 with

diabetes are China, the United States of America, and India

(2). Complications resulting from diabetes can result in high

treatment costs, even disability, and reduced life expectancy (3).

Based on the type of diabetes, onset time, and degree of control

of metabolism, different complications of diabetes can be caused,

and chronic diabetic skin ulcer is one of them. Epidemiological

studies have demonstrated that diabetic foot ulcers (DFUs) are

considered a marker of high mortality in patients with diabetes.

Within 5 years after amputation, the mortality rate is as high as

39%–68% (4). Extensive epidemiologic, clinical, and biological

studies have reported that half of all patients with DFUs die

within 5 years (5, 6).

Typical wound healing processes are hemostasis,

inflammation, proliferation, and remodeling. However, the

hyperglycemic environment can affect various processes of

wound healing. According to reports, patients with diabetes

will have a hypercoagulable state and skin function decline in the

process of hemostasis (7). Recently, research demonstrated that

sensory nerve endings release neuropeptides to inhibit

inflammation and promote epithelial wound healing. At the

same time, the resident immune cells provide neurotrophic

factors for nerve cells and growth factors for epithelial cells.

However , hyperglycemia essent ia l ly disrupts these

interdependencies, leading to inhibited epithelial proliferation,

sensory neuropathy, and decreased dendritic cell density, which

causes significant delays in wound healing and sensory nerve

repair (8). Although the pathogenesis of T1DM is different from

that of T2DM, hyperglycemia is a common feature of diabetes,

and low-grade inflammation is a potential mechanism for

diabetic complications (9). In the inflammatory process, the

imbalance between inflammatory factors and growth factors in

diabetic patients is the cause of the chronic inflammatory

reaction of the wound (10). Studies have shown that the

decrease of neutrophil function also affects the susceptibility of

wound surfaces in diabetic patients (11). Multiple reports have

demonstrated that people with diabetes are at a greater risk of
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infection-related death (12, 13). Because of the long-term high

glucose environment, the migration and proliferation of

keratinocytes in patients with diabetes are reduced. This leads

to insufficient re-epithelization of the wound and seriously

affects the wound healing process (14). Differential expression

of extracellular matrix production and reshaping under the

influence of fibroblasts leads to poor wound healing in diabetic

patients (15). Biofilm bacteria are prevalent in patients with

DFUs. The bacteria develop resistance to antibiotics. Studies

have shown that infection increases the time to wound healing

and the possibility of lower extremity amputation. Despite

antibiotics, amputations occurred in 24.5% of patients with

DFUs (16).

Fibroblasts are different from other cells such as epithelial

and endothelial cells due to their unique spindle-shaped

morphology. Fibroblasts are prominent in the process of

wound healing (17), and their primary function is to construct

and reshape the extracellular matrix. Fibroblasts are usually

considered “immune neutral” cells, but further studies have

revealed that fibroblasts play multiple roles in health and

disease. In particular, fibroblasts have become the critical

immune sentinel cells. They activate and regulate the immune

response when detecting pathological stimulation as well as

injury- and pathogen-related molecular patterns. They activate

pro-inflammatory signaling pathways to help white blood cells

recruit and regulate their activity (18–20). Thus, fibroblasts are

now considered a “non-classical” branch of the innate

immune system.

This review describes that fibroblasts may become an

immunoregulatory factor in chronic inflammation and

infection from the perspective of slow wound healing of

diabetes, aiming to find the relationship between fibroblasts

and the treatment of diabetic ulcers and provide new ideas for

chronic refractory wound healing.
Heterogeneity of fibroblasts

Diseases destroy normal cellular functions and cell–cell

interactions and may lead to abnormal cell types and states,

such as cancer cells. For more than 100 years, biologists have

been trying to describe cell characteristics in increasing detail,

including cell shape, location in tissues and relations with other

cells, biological functions of cells, and molecular components, to

identify the characteristics of cells and classify them into

different types. However, it is only in recent years that the

researchers’ systematic cell atlas seems to have begun to make

it possible to carry out the systematic, high-resolution

characterization of human cells (21). The first large-scale

feasible single-cell genome characterization method is a

transcriptional analysis by single-cell RNA sequencing

(scRNA-seq) (22, 23). Nowadays, scRNA-seq can process and
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analyze tens of thousands of single cells simultaneously,

reducing the measurement cost and improving the accuracy

and sensitivity (24–26). scRNA-seq is rapidly spreading and

changing our understanding of the pathogenesis of cross-

medical diseases.

Researchers have found that fibroblasts are the key to wound

healing through single-cell RNA sequencing. Experimentally, it

has been shown that researchers have made scRNA-seq

reanalysis on several samples, and it is found that fibroblasts

in the wound are the key to hair follicle regeneration. Moreover,

during the re-epithelialization of the wound, the papillary

fibroblasts may migrate from around the wound to the center

(27). At the single-cell level, scRNA-seq has enabled researchers

to develop unexpected new insights into tissue biology and

disease mechanisms by studying populations of cells in health

and disease with unprecedented resolution.
Healthy fibroblast heterogeneity

Fibroblasts are mesenchymal-derived cells that can produce

collagen and extracellular matrix (ECM) proteins (28). As early

as the 1960s, researchers noticed differences in the functional

characteristics of fibroblasts from different tissues. With the

gradual improvement of research methods, researchers have

found that the heart (29), lung (30), gastrointestinal tract, and

muscle (31) all contain fibroblasts with specific functions (32).

Epithelial cells from epicardial organs differentiate into

mesenchymal stem cells (MSCs) through epithelial–

mesenchymal transformation. Then, they differentiate into

cardiac fibroblasts under the influence of many growth factors,

such as platelet-derived growth factor (PDGF), fibroblast growth

factor (FGF), and transforming growth factor (TGF) (33).

Cardiac fibroblasts not only maintain the myocardial tissue

structure and dynamic balance of ECM but also participate in

the synthesis of connective tissue components and the

production of factors related to the degradation balance, such

as cytokines, growth factors, and matrix metalloproteinases

(MMP), but may also passively affect electrical signals in the

heart. Of note, recent research indicated that if electrically

coupled with cardiomyocytes, they actively affect electrical

signals in the heart (29). They illustrate the specific expression

of discoid domain receptor 2 (DDR2) (34) and play a vital role in

the regulation of normal myocardial function in addition to the

pathological remodeling that accompanies hypertension and

heart failure. It has long been recognized that the effects of the

angiotensin II (Ang II) signaling pathway on cardiac fibroblasts

and muscle cells lead to hypertrophy and fibrosis. Interleukin

(IL)-1b and tumor necrosis factor-a (TNF-a) pro-inflammatory

signals also lead to pathological changes in collagen synthesis of

cardiac fibroblasts with concomitant myocardial failure (35).

Fibroblasts are also a component of lung structure. The effect

of pro-inflammatory cytokines such as IL-1a on lung fibroblasts
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plays a crucial role in the mechanism of fibrotic lung disease

(36). Axin2+/PDGFRa+ fibroblasts reside in the alveolar niche.

Compared with other cell subsets, the fibroblast population has

the effect of enhancing the self-renewal and differentiation of

alveolar stem cells. Further studies have shown that FGF-7, IL-6,

and the bone morphogenetic protein inhibitor gremlin 2

promote the self-renewal of this fibroblast population (37).

The distribution offibroblasts in the intestinal tract is mainly

customized according to the needs of the local tissue

environment. Fibroblasts located in epithelial tissues such as

the intestine specifically express SOX6 and periostin and exhibit

transcriptional characteristics indicative of epithelial

differentiation and cell proliferation to maintain barrier

integrity and function (38, 39). In addition, the expression of

components of the WNT pathway varied with their spatial

locations. Specifically, fibroblasts closer to the villi expressed

WNT5A and/or WNT5B, while fibroblasts in the lamina propria

expressed WNT2B12. Conversely, synovial fibroblasts help

maintain synovial health and joint lubrication in the absence

of any epithelial cells. This is because synovial fibroblasts form a

unique lining with resident macrophages (40).

Maintaining that steady state of skin organs requires

continuous interaction between skin fibroblasts, keratinocytes,

immune cells, nerve, and intradermal adipocytes (41, 42). Early

embryonic fibroblast precursor cells may differentiate into

several cell types, such as upper papillary fibroblasts (PFs),

lower reticular fibroblasts (RFs), dermal aggregates, and

intradermal adipocytes (43). As the upper PFs are spindle-

shaped and proliferate and help maintain the epidermal

structure, the lower RFs are flatter and proliferate less and

prove to increase aSMA18 expression (44) (Figure 1) so that

skin fibroblasts show a band boundary. The dermis is the

connective layer between the epidermis and subcutaneous

tissue, containing nerve endings, glands, blood vessels, and

hair follicles, of which the most abundant cell type is the

fibroblast. Dermal fibroblasts have multiple functions in the

dermis, and they correspond to different types of cells through

direct contact or autocrine and paracrine signals.
Fibroblast heterogeneity in diabetes/
diabetic wound healing

In clinically relevant studies on diabetes, organ dysfunction

is usually associated with fibrotic changes. We have found

myriad experimental studies on the direct fibrosis of diabetes

and metabolic dysfunction (Table 1). Extensive investigation has

shown that organs in patients with diabetes (e.g., kidney, heart,

and liver) appear to be more prone to fibrous remodeling (55).

Significant diversity and functional heterogeneity have been

found during organ fibrosis within the fibroblast population

(56). In cardiovascular disease, fibroblasts play a central and

dynamic role in myocardial remodeling. Fibroblast proliferation
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TABLE 1 Summary of experimental studies on diabetic fibrosis.

Source of fibroblasts Protocol of glucose
stimulation

Effects of glucose Proposed
mechanism

Ref.

The primary CFs of SD rat Streptozotocin (STZ)
injection strategy

Diabetic cardiac fibrosis and collagen deposition
miR–21–3p was elevated
AR was decreased

AR/caspase–1
pathway

(45)

The primary CFs of db/db mice A point mutation Decrease a–SMA
Increase p–NF–kB expression

AGE/RAGE
signaling

(46)

Human umbilical vein
endothelial cells

High sugar culture cell in
vitro

Upregulated expression of a–SMA/vimentin, downregulated expression of
CD31/VE–cadherin, elevated transcription level of snail1/snail2/twist1/
twist2

TGF–b/Smad
signaling

(47)

H9C2 cardiomyocytes and
primary CFs of C57BL/6J mice

High sugar culture cell in
vitro

Upregulated collagen expression/apoptosis/overactive autophagy flux,
FoxO1 nuclear translocation in cardiomyocytes
Upregulated collagen/FoxO1 expression in CFs

Stimulation of
AT4R, suppression
of FoxO1 nuclear
translocation, and
inhibition of
FoxO1–mediated
overactive
autophagy

(48)

Human renal tubular epithelial
cells/rat kidney fibroblasts/male
Sprague–Dawley rats

High sugar culture cell in
vitro/STZ injection strategy

Induce ECM accumulation of renal tubular epithelial cells and renal
interstitial fibroblasts

miR–192–5p/GLP–
1R pathway

(49)

Rat mesangial cells High glucose culture circ–ITCH under expression
Inhibited the viability/migration/fibrosis/inflammatory response of RMCs

The miR–33a–5p/
SIRT6 axis

(50)

Primary liver cells of C57BL/6J
mice/LX–2 cells

TGF–b1 Induce the massive accumulation of ECM components, expression of a–
SMA, and cell proliferation/secrete numerous pro–fibrogenic cytokines

PTEN/AKT
pathway

(51)

Sprague–Dawley rats STZ injection strategy ALT, AST, and ALP levels were increased, TG and GGT levels induced,
infiltration of inflammatory cells in the hepatic portal area, hyperplasia of
fibers and the bile duct

(52)

Human MIO–M1 Müller cells Notch ligands and TGF–b1 ECM protein overexpression Notch signaling (53)

Human monocytic THP–1 cell/
human dermal fibroblast/C57/
BL6J

High glucose culture/STZ Macrophage polarization decreased, HDF proliferation and migration
decreased, wound healing was slowed down and inflammation worsened.
Less vascular regeneration and reduced IL–25 expression

PI3K/AKT/
mTOR and
TGF–b/Smad
signaling

(54)
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FIGURE 1

Functions of fibroblasts in various organs. Axin2, axis inhibition protein 2, PDGFRa, platelet–derived growth factor receptor a, PF, papillary
fibroblast, RF, reticular fibroblast, DP, dermal papilla, a–SMA 18, a–smooth muscle actin 18, PDGF, platelet–derived growth factor, FGF,
fibroblast growth factor, EM, epithelial mesenchymal, CF, cardiac fibroblast, MSC, mesenchymal stem cell, ECM, extracellular matrix.
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and migration, and even the extent and composition of the

cardiac ECM, are affected (57). The development of cardiac

fibrosis is often recorded in patients with advanced diabetes (58).

Diabetic myocardial fibrosis involves the effects of

hyperglycemia, lipid toxicity, and insulin resistance on cardiac

fibroblasts, which directly leads to the increase of matrix

secretion and activates the paracrine signals in myocardial

cells, immune cells, and vascular cells (57). Hyperglycemia

leads to the accumulation of AGEs, which in turn conduct

fibrotic signals through reactive oxygen species or through a

pathway mediated by the activation of the RAGE. The TGF-b/
Smad signaling pathway may also activate fibroblasts. Pro-

inflammatory cytokines and chemokines recruit fibrotic white

blood cell subsets, which indirectly mediate cellular fibrosis

(59–61).

Furthermore, studies have revealed that fibrous tissue

remodeling is associated with increased expressions of

MMP and humora l factors such as TGF, Ang II ,

endothelin-1 (ET-1), and TNF-a (29, 62). Hyperglycemia is

a central stimulating factor that activates the progression of

diabetic renal fibrosis (63). Hence, several l ines of

investigation suggest that in patients with diabetes, fibrosis

changes are associated with increased renal insufficiency (64,

65). Researchers used medications that inhibit neurohumoral

fibrosis by delaying renal fibrosis in people with diabetes (66)

and thus reduce renal insufficiency.

Patients with diabetes may develop non-alcoholic fatty

liver disease (NAFLD), a disease associated with hepatic
Frontiers in Immunology 05
steatosis (67–69). Oxidative stress and macrophage-driven

inflammation activate hepatic stellate cells and promote their

transformation into synthetic stromal myofibroblasts (70).

Hepatic fibrosis in patients with NAFLD can be improved

when an t i -d i abe t i c d rug s such a s me t fo rmin or

thiazolidinediones are administered. Significant weight loss in

severely obese NAFLD patients is also helpful to improve

hepatic fibrosis (71, 72).

Diabetic patients develop retinopathy. Müller cells (the

predominant glial cell type in the retina), astrocytes, and

microglia expand to obtain a fibroblast-like phenotype, which

then produces vascular growth factors and secretes ECM

pro te in s (73 , 74 ) . F ib rova scu l a r p ro l i f e r a t i on i s

characterized by abnormal angiogenesis and excessive

matrix deposition. This is mediated by glial cells and causes

scar tissue shrinkage, retinal detachment, and vision loss (75).

Poor wound healing in diabetes is associated with impaired

myofibroblast function. Researchers observed decreased

express ion of fibrosis-re lated genes and decreased

expression of fibrosis-related genes in diabetic wounds

5 days after injury, compared to myofibroblasts from db/+

mouse wounds (76) (Figure 2).
Immune regulation of fibroblasts

Fibroblasts act as guardians of the immune balance by

controlling the recruitment, activation, and removal of
FIGURE 2

Effects of high glucose on fibroblast activity and fibrotic function of different organs. Several different mechanisms of diabetic fibrosis: 1) the
activation of neurohumoral pathways, 2) induction and activation of growth factors such as TGF–b and platelet–derived growth factors, 3)
stimulation of pro–inflammatory cytokines such as TNF–a and IL–1b. The main pathway that fibroblasts activate in response to high glucose
involves ROS production, 4) high glucose can aggravate the damage of ROS to cells, promote cell senescence, and cause chronic inflammation
and fibrosis. Ang II, angiotensin II, ROS, reactive oxygen species, PDGFs, platelet–derived growth factors, IL–b, interleukin–b, TNF–a, tumor
necrosis factor a.
frontiersin.org

https://doi.org/10.3389/fimmu.2022.918223
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Liu et al. 10.3389/fimmu.2022.918223
immune cells, shifting the immune system from a controlled

immune state to a sustained, irreversible inflammatory or

immunosuppressive environment. Therefore, it is imperative

to deeply study how fibroblasts regulate the immune response

to inflammation and infection.
Immune regulation in inflammatory
processes

The resolution of inflammation is pivotal for wound healing

and ECM formation. For a long time, chronic inflammation in

diabetic patients is also a monumental reason for the long-term

non-healing of diabetic wounds. A growing body of scientific

evidence strongly suggests that the poor healing of diabetic

wounds is associated with dysregulated fibroblast to

myofibroblast differentiation, disrupted myofibroblast activity,

and insufficient extracellular matrix production (77). By

intradermal injection of interleukin-25 into mice, researchers

found that M2 macrophages increased polarization, which

improved wound angiogenesis and led to collagen

accumulation. The results showed that IL-25 could regulate

the function of fibroblasts and promote the activation of

fibroblasts in a high glucose environment (54). Another study

has shown increased secretion of fibroblast IL-6 in diabetic

donors (78). Nowadays, there is abundant evidence supporting

the capability of non-immune cells to coordinate inflammation

in diseases, and fibroblasts can be involved in pro-inflammatory

signaling after injury (79).

The role of fibroblasts in primary lymphoid organs and

secondary lymphoid organ (SLO) has long been recognized,

and the importance of fibroblast–immune cell interaction in

peripheral tissues has also received increasing attention (80).

Lymphoid tissue controls the proper differentiation and

re lease of c i rcu la t ing leukocytes and enables the

convergence and transformation of innate and adaptive

immune cells (81). In addition, extensive study data

indicate that bone marrow fibroblasts are capable of

inhibiting immature cells until they differentiate and

properly disperse into the blood. This is mediated by CXC

chemokine ligand 12 (CXCL12) and vascular cell adhesion

protein 1. Moreover, the researchers also found that bone

marrow fibroblasts promote B-cell maturation, mediated by a

single group that produces IL-7 (82).

The SLO, composed of lymph nodes (LNs), spleen, and

peyer's patches (PPs), is the site of immune cell monitoring of

the body. SLO maintains immune homeostasis and promotes a

rapid and effective immune response (83). Tissue-derived

dendritic cells enter the LNs through the afferent lymphatic

vessels, lymphocytes enter through the HEV, and their

migration to their unique niches is supported by highly

specialized fibroblast matrix cells. Collectively referred to as
Frontiers in Immunology 06
fibroblast reticular cells (FRCs), these cells comprise subsets

such as the T-cell region (FRC or TRC), follicular dendritic cells

(FDCs), marginal reticular cells (MRCs), and medullary FRC

(medRC). In fact, recent evidence suggests the presence of

additional FRC subsets in LNs and other SLOs. Their

developmental origins, markers, and exact functions are areas

of future research (84).

Through scRNA-seq analysis, the researchers found that

specific anatomical locations and their interaction with immune

cells determine the identity of FRC subsets, and phenotypic

differences of FRC subsets are classified and illustrated (85, 86).

T-cell zone reticular cells are located beside the cortex. In-vitro

experiments showed that T-zone fibroblast reticular cells could

recruit, nest, and maintain immature T cells by secreting IL-7

and the CCR7 ligand CCL19. As such, several studies have

displayed that since the LNs and the T-zone FRCs provide a

limited pool of survival factors, they can play a crucial role in T-

cell homeostasis (87). Reticular cells that interact with B cells,

including follicular dendritic cells from germinal centers,

produce CXCL13 to recruit and maintain a pool of immature

B cells (88).

There is also a growing body of evidence to indicate that

marginal reticular cells are located between the subcapsular

sinus and the B-cell follicles. The LN follicular dendritic cell

(FDC) network is produced by clonal expansion and

differentiation of MRCs (89).

Importantly, FRCs also promote tolerance to autoantigens

and regulate the immune response against commensal bacteria

through various mechanisms. It involves the activation of

regulatory T cells, and these findings illustrate that FRCs

inhibit T-cell activation by producing high levels of

prostaglandin E2 (PGE2) during homeostasis, as their

cyclooxygenase-2 (COX-2) expression is thousands of times

that of immune cells. The inhibition of this overactive COX-2/

PGE2 production was evident during antigen-specific and non-

antigen-specific activation (90, 91). In addition, FRC can

present antigens directly to T and B cells, activating an

adaptive immune response and deleting or inducing

dysfunction of self-reactive lymphocytes (92, 93). Thus,

fibroblasts in lymphoid tissue regulate innate lymphocytes

and myeloid cells and recruit , activate, and retain

lymphocytes. However, there is also an immunosuppressive

mechanism for fibroblasts in order to maintain balance in

the body.
Constituent of tertiary lymphoid tissue

Tertiary lymphoid structure (TLS) is associated with cancer,

infection, and autoimmunity (94). TLS is an organized cluster of

lymphocytes capable of supporting an antigen-specific immune

response in non-immune organs. These lymphoid nascent
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ectopic sites consisted of an organized structure of lymphocytes

(B cells and immature T cells), myeloid cells (LAMP3+ DC), and

stromal cells. Researchers observed structures like secondary

lymphoid tissues in different regions of chronic inflammation,

suggesting that chronic inflammation and lymphoid tissue

formation share a common activation process. Ectopic

lymphomagenesis occurs similarly to SLOs, which relies on the

passage of the lymphotoxin-b receptor (LtbR; also known as

TNFRSF3) signal path (95).

Accumulating shreds of evidence have indicated that

molecular mediators present in the chronic inflammatory

environment can promote the initiation of TLS development.

The plasticity and specialization of fibroblasts under

inflammatory conditions have recently been revealed in

immune and non-immune organs. In addition to recruiting

and inhibiting leukocytes, fibroblasts also promote TLS

formation and then maintain immune permanence (96).

Researchers have demonstrated that in TLS, resident

fibroblasts expand and acquire immune characteristics in a

process that is dependent on IL-13 and IL-22. Interference

with the expansion of resident fibroblasts or depletion of

immune fibroblasts leads to TLS degradation, further reducing

immune cell activation (97) (Figure 3). There are still many

debates on the function and clinical significance of TLS in

diseases. Several lines of evidence suggest that CXCL13 and

ectopic lymphomagenesis are drivers of inflammation and

associated with adverse clinical outcomes, but others have

questioned this hypothesis (98, 99). The skin ulcer wound of

diabetic patients is in chronic inflammation for a long time, and
Frontiers in Immunology 07
whether TLS can improve the poor healing of the ulcer wound is

the direction of our subsequent fundamental research.
Coordinated immune response
during infection

Chronic wounds were repeatedly infected and showed

persistent abnormal inflammation. The process of re-

epithel izat ion of the wound was stopped, but the

keratinocytes were excessively proliferated. Overexpression of

MMPs, poor fibroblast infiltration, and slow angiogenesis are

all causes of wound failure to heal (100). It is found that virus

infection will reprogram FRC characteristics to guide the

migration and differentiation of innate and adaptive immune

cells. FCR in LNs of infected sites profoundly changed the

expression patterns of genes involved in antigen presentation,

ECM remodeling, and chemokine and cytokine signal

transduction (101).

IL-17-producing T helper (TH17) cells promote

inflammation by inducing cytokines and chemokines in

peripheral tissues. Researchers demonstrate a critical

requirement for IL-17 in the proliferation of LN and spleen

stromal cells, particularly FRCs (102).

In addition to the role of FRCs in SLOs–functional tissues

during the infection process, fibroblasts resident in tissues

can also directly respond to microbial signals to play

physiological functions. TNFSF15-mediated fibroblast

activation and conversion to myofibroblasts in chronic
FIGURE 3

Role of fibroblast functions in acute and chronic injury. a) In acute injury, tissue damage activates pathogen– and damage–related molecular
patterns on macrophages and granulocytes. Cytokines subsequently released by these cells, such as TNF or OSM, and IL–1b induce a pro–
inflammatory phenotype fibroblast formation. b) The local cytokine environment initiates LTo–like stromal cells in a chronic inflammatory
environment. It induces the expression of chemokines such as CCL19, CCL21, CXCL12, and CXCL13. LTo–like stromal cells recruit immature
CD4+ T cells, LAMP3+ DCs, and follicular B cells and eventually form a tertiary lymphoid structure. TNF, tumor necrosis factor, OSM, oncostatin
M, IL, interleukin, LTo, lymphoid tissue organizer, CCL, CC–chemokine ligand, CXCL, CXC–chemokine ligand, DC, dendritic cell, FAP, fibroblast
activation protein, LIF, leukemia inhibitory factor, LTbR, lymphotoxin–b receptor.
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inflammation and fibrosis of the intestinal tract may require

specific microorganisms (103). Therefore, the extent of

inflammation-induced transcriptional remodeling reflects

the dynamic nature of FRC immune cell interaction, which

changes over time, indicating the adaptability of a particular

immune environment to different pathogens.
Conclusion and prospect

Increasing scientific evidence from existing experimental

studies in animal and cellular models strongly correlates

wound heal ing disorders in diabetic patients with

dys funct ional fibroblas t d i fferent ia t ion , d i srupted

myofibroblast activity, and inadequate extracellular matrix

production. The results exhibited that high glucose had a

detrimental effect on the proliferation and migration of

hepatocyte growth factors (HGFs). Oxidative stress in a high

glucose environment is the cause of fibroblast dysfunction,

which delays gingival wound healing in diabetic patients (104).

In addition, experimental data showed a significant reduction

in myofibroblasts on wound days 5 and 7 in diabetic rats

compared to non-diabetic rats. Diabetic wound healing has

been associated with decreased epithelial and connective tissue

remodeling in early diabetic periodontal wounds, increased

levels of inflammation, and delayed myofibroblast

differentiation. On the basis of these findings, hyperglycemia

can interfere with cytokine signaling pathways that affect

fibroblast differentiation (such as the growth factor-b
pathway), change fibroblast apoptosis, regulate dermal

lipolysis, and enhance hypoxic injury, resulting in a damaged

microenvironment for myofibroblast formation, improper

regulation of extracellular matrix, and weakened wound

contraction (77, 105).

However, excessively activated fibroblasts can lead to

fibrosis. Diabetes–related morbidity and mortality are caused

by complications that may lead to organ failure conditions such

as heart and kidney failure, hepatic insufficiency, retinopathy, or

peripheral neuropathy. Excessive and inappropriate deposition

of fibroblasts in various tissues may lead to organ dysfunction,

commonly in advanced type 1 or type 2 diabetes patients.

Hyperglycemia, lipotoxic damage, and insulin resistance

activate fibrotic responses by directly stimulating matrix

synthesis by fibroblasts and possibly by promoting fibrotic

phenotypes in immune and vascular cells triggering epithelial

and endothelial cell transformation to a fibroblast–

like phenotype.

The multiple phenotypes of fibroblasts lead to their very

complex functions. During embryogenesis, fibroblasts reside in

tissues and form sentinel cells according to the needs of the

surrounding tissues through epigenetic imprinting. When

exposed to injury, they help initiate, control, and moderate a
Frontiers in Immunology 08
subsequent immune response. For example, it can interact with

granulocytes and bone marrow cells and collect and retain

lymphocytes. Especially in the case of infection, it appears as

an immune outpost cell in the form of TLS.

In the chronic inflammation of diabetes, insufficient

differentiation of early fibroblasts leads to poor wound healing.

However, inappropriate fibroblast activation induces pro–

inflammatory and immunosuppressive properties that promote

disease persistence, but fibrosis leads to severe organ dysfunction

in the advanced stage of diabetes. Then, further in–depth study

of fibroblasts may help restore homeostasis in the disease.

Therefore, studying the functional and dynamic changes of

fibroblasts in chronic skin ulcers and releasing their

therapeutic potential in tissue repair are the research

directions in the future.
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30. Ramos C, Montaño M, Garcıá–Alvarez J, Ruiz V, Uhal BD, Selman M, et al.
Fibroblasts from idiopathic pulmonary fibrosis and normal lungs differ in growth
rate, apoptosis, and tissue inhibitor of metalloproteinases expression. Am J Respir
Cell Mol Biol (2001) 24:591–8. doi: 10.1165/ajrcmb.24.5.4333

31. Kuhl U, Ocalan M, Timpl R, Mayne R, Hay E, von der Mark K. Role of
muscle fibroblasts in the deposition of type–IV collagen in the basal lamina of
myotubes. Differentiation (1984) 28(2):164–72. doi: 10.1111/j.1432–0436.1984.
tb00279.x

32. Lynch MD, Watt FM. Fibroblast heterogeneity: implications for human
disease. J Clin Invest (2018) 128(1):26–35. doi: 10.1172/JCI93555

33. Olivey HE, Mundell NA, Austin AF, Barnett JV. Transforming growth
factor–beta stimulates epithelial–mesenchymal transformation in the
proepicardium. Dev Dyn (2006) 235(1):50–9. doi: 10.1002/dvdy.20593

34. Goldsmith EC, Hoffman A, Morales MO, Potts JD, Price RL, McFadden A,
et al. Organization of fibroblasts in the heart. Dev Dyn (2004) 230(4):787–94.
doi: 10.1002/dvdy.20095

35. Siwik DA, Chang DL, Colucci WS. Interleukin–1beta and tumor necrosis
factor–alpha decrease collagen synthesis and increase matrix metalloproteinase
activity in cardiac fibroblasts. Circ Res (2000) 86(12):1259–65. doi: 10.1161/
01.res.86.12.1259

36. Suwara MI, Green NJ, Borthwick LA, Mann J, Mayer–Barber KD, Barron L,
et al. IL–1alpha released from damaged epithelial cells is sufficient and essential to
trigger inflammatory responses in human lung fibroblasts. Mucosal Immunol
(2014) 7(3):684–93. doi: 10.1038/mi.2013.87

37. Zepp JA, Zacharias WJ, Frank DB, Cavanaugh CA, Zhou S, Morley MP,
et al. Distinct mesenchymal lineages and niches promote epithelial self–renewal
and myofibrogenesis in the lung. Cell (2017) 170(6):1134–48.e1110. doi: 10.1016/
j.cell.2017.07.034

38. Smillie CS, Biton M, Ordovas–Montanes J, Sullivan KM, Burgin G, Graham
DB, et al. Intra– and inter–cellular rewiring of the human colon during ulcerative
colitis. Cell (2019) 178(3):714–30.e722. doi: 10.1016/j.cell.2019.06.029

39. Huang Y, Li Q, Zhang K, Hu M, Wang Y, Du L, et al. Single cell
transcriptomic analysis of human mesenchymal stem cells reveals limited
heterogeneity. Cell Death Dis (2019) 10(5):368. doi: 10.1038/s41419–019–1583–4

40. Culemann S, Gruneboom A, Nicolas–Avila JA, Weidner D, Lammle KF, Rothe
T, et al. Locally renewing resident synovial macrophages provide a protective barrier for
the joint. Nature (2019) 572(7771):670–5. doi: 10.1038/s41586–019–1471–1

41. Schmidt BA, Horsley V. Intradermal adipocytes mediate fibroblast
recruitment during skin wound healing. Development (2013) 140(7):1517–27.
doi: 10.1242/dev.087593

42. Shook B, Xiao E, Kumamoto Y, Iwasaki A, Horsley V. CD301b+
macrophages are essential for effective skin wound healing. J Invest Dermatol
(2016) 136(9):1885–91. doi: 10.1016/j.jid.2016.05.107

43. Driskell RR, Lichtenberger BM, Hoste E, Kretzschmar K, Simons BD,
Charalambous M, et al. Distinct fibroblast lineages determine dermal
frontiersin.org

https://doi.org/10.1016/j.diabres.2021.109119
https://doi.org/10.1016/j.diabres.2020.108078
https://doi.org/10.1097/XCE.0000000000000210
https://doi.org/10.1007/s11883&ndash;017&ndash;0680&ndash;z
https://doi.org/10.1136/bmjdrc&ndash;2020&ndash;001697
https://doi.org/10.2337/dc19&ndash;S011
https://doi.org/10.1159/000081919
https://doi.org/10.1016/j.ajpath.2016.01.019
https://doi.org/10.1016/j.preteyeres.2021.101039
https://doi.org/10.1016/j.preteyeres.2021.101039
https://doi.org/10.1155/2014/920613
https://doi.org/10.1017/S1462399409000945
https://doi.org/10.1186/s12879&ndash;018&ndash;2975&ndash;2
https://doi.org/10.2337/diacare.24.6.1044
https://doi.org/10.2337/diacare.24.6.1044
https://doi.org/10.1111/j.1365&ndash;2133.2008.08789.x
https://doi.org/10.1111/j.1365&ndash;2133.2008.08789.x
https://doi.org/10.1111/wrr.12437
https://doi.org/10.1021/acs.accounts.0c00864
https://doi.org/10.4049/jimmunol.172.2.1256
https://doi.org/10.4049/jimmunol.172.2.1256
https://doi.org/10.1136/ard.2011.150219
https://doi.org/10.1002/hep.22306
https://doi.org/10.7554/eLife.27041
https://doi.org/10.1126/science.1247651
https://doi.org/10.1038/nmeth.2639
https://doi.org/10.1016/j.cell.2015.04.044
https://doi.org/10.1038/nmeth.4220
https://doi.org/10.1016/j.molcel.2017.01.023
https://doi.org/10.1111/exd.14244
https://doi.org/10.1111/exd.14244
https://doi.org/10.1002/cphy.c140053
https://doi.org/10.1016/j.cardiores.2004.08.020
https://doi.org/10.1016/j.cardiores.2004.08.020
https://doi.org/10.1165/ajrcmb.24.5.4333
https://doi.org/10.1111/j.1432&ndash;0436.1984.tb00279.x
https://doi.org/10.1111/j.1432&ndash;0436.1984.tb00279.x
https://doi.org/10.1172/JCI93555
https://doi.org/10.1002/dvdy.20593
https://doi.org/10.1002/dvdy.20095
https://doi.org/10.1161/01.res.86.12.1259
https://doi.org/10.1161/01.res.86.12.1259
https://doi.org/10.1038/mi.2013.87
https://doi.org/10.1016/j.cell.2017.07.034
https://doi.org/10.1016/j.cell.2017.07.034
https://doi.org/10.1016/j.cell.2019.06.029
https://doi.org/10.1038/s41419&ndash;019&ndash;1583&ndash;4
https://doi.org/10.1038/s41586&ndash;019&ndash;1471&ndash;1
https://doi.org/10.1242/dev.087593
https://doi.org/10.1016/j.jid.2016.05.107
https://doi.org/10.3389/fimmu.2022.918223
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Liu et al. 10.3389/fimmu.2022.918223
architecture in skin development and repair. Nature (2013) 504(7479):277–81.
doi: 10.1038/nature12783

44. Janson DG, Saintigny G, van Adrichem A, Mahe C, El Ghalbzouri A.
Different gene expression patterns in human papillary and reticular fibroblasts.
J Invest Dermatol (2012) 132(11):2565–72. doi: 10.1038/jid.2012.192

45. Shi P, Zhao XD, Shi KH, Ding XS, Tao H. MiR–21–3p triggers cardiac
fibroblasts pyroptosis in diabetic cardiac fibrosis via inhibiting androgen
receptor. Exp Cell Res (2021) 399(2):112464. doi: 10.1016/j.yexcr.2020.
112464

46. Burr SD, Stewart JAJr. Rap1a overlaps the AGE/RAGE signaling cascade to
alter expression of alpha–SMA, p–NF–kappaB, and p–PKC–zeta in cardiac
fibroblasts isolated from type 2 diabetic mice. Cells (2021) 10(3):557.
doi: 10.3390/cells10030557

47. Tian J, Zhang M, Suo M, Liu D, Wang X, Liu M, et al. Dapagliflozin
alleviates cardiac fibrosis through suppressing EndMT and fibroblast activation via
AMPKalpha/TGF–beta/Smad signalling in type 2 diabetic rats. J Cell Mol Med
(2021) 25(16):7642–59. doi: 10.1111/jcmm.16601

48. Zhang M, Sui W, Xing Y, Cheng J, Cheng C, Xue F, et al. Angiotensin IV
attenuates diabetic cardiomyopathy via suppressing FoxO1–induced excessive
autophagy, apoptosis and fibrosis. Theranostics (2021) 11(18):8624–39.
doi: 10.7150/thno.48561

49. Jia Z, Wang K, Zhang Y, Duan Y, Xiao K, Liu S, et al. Icariin ameliorates
diabetic renal tubulointerstitial fibrosis by restoring autophagy via regulation of the
miR–192–5p/GLP–1R pathway. Front Pharmacol (2021) 12:720387. doi: 10.3389/
fphar.2021.720387

50. Liu J, Duan P, Xu C, Xu D, Liu Y, Jiang J. CircRNA circ–ITCH improves
renal inflammation and fibrosis in streptozotocin–induced diabetic mice by
regulating the miR–33a–5p/SIRT6 axis. Inflammation Res (2021) 70(7):835–46.
doi: 10.1007/s00011–021–01485–8

51. Riaz F, Chen Q, Lu K, Osoro EK, Wu L, Feng L, et al. Inhibition of miR–
188–5p alleviates hepatic fibrosis by significantly reducing the activation and
proliferation of HSCs through PTEN/PI3K/AKT pathway. J Cell Mol Med (2021)
25(8):4073–87. doi: 10.1111/jcmm.16376

52. Hou Y, DingW,Wu P, Liu C, Ding L, Liu J, et al. Adipose–derived stem cells
alleviate liver injury induced by type 1 diabetes mellitus by inhibiting
mitochondrial stress and attenuating inflammation. Stem Cell Res Ther (2022) 13
(1):132. doi: 10.1186/s13287–022–02760–z

53. Fan J, ShenW, Lee SR, Mathai AE, Zhang R, Xu G, et al. Targeting the notch
and TGF–beta signaling pathways to prevent retinal fibrosis in vitro and in vivo.
Theranostics (2020) 10(18):7956–73. doi: 10.7150/thno.45192

54. Li S, Ding X, Zhang H, Ding Y, Tan Q. IL–25 improves diabetic wound
healing through stimulating M2 macrophage polarization and fibroblast
activation. Int Immunopharmacol (2022) 106:108605. doi: 10.1016/j.intimp.
2022.108605

55. Tuleta I, Frangogiannis NG. Diabetic fibrosis. Biochim Biophys Acta Mol
Basis Dis (2021) 1867(4):166044. doi: 10.1016/j.bbadis.2020.166044

56. Croft AP, Campos J, Jansen K, Turner JD, Marshall J, Attar M, et al. Distinct
fibroblast subsets drive inflammation and damage in arthritis. Nature (2019) 570
(7760):246–51. doi: 10.1038/s41586–019–1263–7

57. Tuleta I, Frangogiannis NG. Fibrosis of the diabetic heart: Clinical
significance, molecular mechanisms, and therapeutic opportunities. Adv Drug
Delivery Rev (2021) 176:113904. doi: 10.1016/j.addr.2021.113904

58. Regan TJ, Lyons MM, Ahmed SS, Levinson GE, Oldewurtel HA, Ahmad
MR, et al. Evidence for cardiomyopathy in familial diabetes mellitus. J Clin Invest
(1977) 60(4):884–99. doi: 10.1172/JCI108843

59. Biernacka A, Cavalera M, Wang J, Russo I, Shinde A, Kong P, et al.
Smad3 signaling promotes fibrosis while preserving cardiac and aortic geometry
in obese diabetic mice. Circ Heart Fail (2015) 8(4):788–98. doi: 10.1161/
CIRCHEARTFAILURE.114.001963

60. Russo I, Frangogiannis NG. Diabetes–associated cardiac fibrosis: Cellular
effectors, molecular mechanisms and therapeutic opportunities. J Mol Cell Cardiol
(2016) 90:84–93. doi: 10.1016/j.yjmcc.2015.12.011

61. Wang Y, Zhou S, Sun W, McClung K, Pan Y, Liang G, et al. Inhibition of
JNK by novel curcumin analog C66 prevents diabetic cardiomyopathy with a
preservation of cardiac metallothionein expression. Am J Physiol Endocrinol Metab
(2014) 306(11):E1239–1247. doi: 10.1152/ajpendo.00629.2013

62. Frangogiannis NG. Cardiac fibrosis. Cardiovasc Res (2021) 117(6):1450–88.
doi: 10.1093/cvr/cvaa324

63. Deb DK, Bao R, Li YC. Critical role of the cAMP–PKA pathway in
hyperglycemia–induced epigenetic activation of fibrogenic program in the
kidney. FASEB J (2017) 31(5):2065–75. doi: 10.1096/fj.201601116R

64. Taft JL, Nolan CJ, Yeung SP, Hewitson TD, Martin FI. Clinical and
histological correlations of decline in renal function in diabetic patients with
proteinuria. Diabetes (1994) 43(8):1046–1051. doi: 10.2337/diab.43.8.1046
Frontiers in Immunology 10
65. An Y, Xu F, Le W, Ge Y, Zhou M, Chen H, et al. Renal histologic changes
and the outcome in patients with diabetic nephropathy. Nephrol Dial Transplant
(2015) 30(2):257–66. doi: 10.1093/ndt/gfu250

66. Zeng LF, Xiao Y, Sun L. A glimpse of the mechanisms related to renal
fibrosis in diabetic nephropathy. Adv Exp Med Biol (2019) 1165:49–79.
doi: 10.1007/978–981–13–8871–2_4

67. Sanyal AJ, Campbell–Sargent C, Mirshahi F, Rizzo WB, Contos MJ, Sterling
RK, et al. Nonalcoholic steatohepatitis: association of insulin resistance and
mitochondrial abnormalities. Gastroenterology (2001) 120(5):1183–92.
doi: 10.1053/gast.2001.23256

68. Sahai A, Malladi P, Pan X, Paul R, Melin–Aldana H, Green RM, et al. Obese
and diabetic db/db mice develop marked liver fibrosis in a model of nonalcoholic
steatohepatitis: role of short–form leptin receptors and osteopontin. Am J Physiol
Gastrointest Liver Physiol (2004) 287(5):G1035–1043. doi: 10.1152/
ajpgi.00199.2004

69. Kumar V, Xin X, Ma J, Tan C, Osna N, Mahato RI. Therapeutic targets,
novel drugs, and delivery systems for diabetes associated NAFLD and liver fibrosis.
Adv Drug Delivery Rev (2021) 176:113888. doi: 10.1016/j.addr.2021.113888

70. Machado MV, Michelotti GA, Pereira TA, Xie G, Premont R, Cortez–Pinto
H, et al. Accumulation of duct cells with activated YAP parallels fibrosis
progression in non–alcoholic fatty liver disease. J Hepatol (2015) 63(4):962–70.
doi: 10.1016/j.jhep.2015.05.031

71. Bugianesi E, Gentilcore E, Manini R, Natale S, Vanni E, Villanova N, et al. A
randomized controlled trial of metformin versus vitamin e or prescriptive diet in
nonalcoholic fatty liver disease. Am J Gastroenterol (2005) 100(5):1082–90.
doi: 10.1111/j.1572–0241.2005.41583.x

72. Chaim FDM, Pascoal LB, Chaim FHM, Palma BB, Damazio TA, da Costa
LBE, et al. Histological grading evaluation of non–alcoholic fatty liver disease after
bariatric surgery: a retrospective and longitudinal observational cohort study. Sci
Rep (2020) 10(1):8496. doi: 10.1038/s41598–020–65556–2

73. Ai J, Liu Y, Sun JH. Advanced glycation end–products stimulate basic
fibroblast growth factor expression in cultured Muller cells. Mol Med Rep (2013) 7
(1):16–20. doi: 10.3892/mmr.2012.1152

74. Uemura A, Kusuhara S, Wiegand SJ, Yu RT, Nishikawa S. Tlx acts as a
proangiogenic switch by regulating extracellular assembly offibronectin matrices in
retinal astrocytes. J Clin Invest (2006) 116(2):369–77. doi: 10.1172/JCI25964

75. Harrell CR, Simovic Markovic B, Fellabaum C, Arsenijevic A, Djonov V,
Volarevic V. Molecular mechanisms underlying therapeutic potential of pericytes.
J BioMed Sci (2018) 25(1):21. doi: 10.1186/s12929–018–0423–7

76. Haas MR, Nguyen DV, Shook BA. Recovery of altered diabetic
myofibroblast heterogeneity and gene expression are associated with CD301b+
macrophages. Biomedicines (2021) 9(12):1752. doi: 10.3390/biomedicines9121752

77. Wan R, Weissman JP, Grundman K, Lang L, Grybowski DJ, Galiano RD.
Diabetic wound healing: The impact of diabetes on myofibroblast activity and its
potential therapeutic treatments. Wound Repair Regener (2021) 29(4):573–81.
doi: 10.1111/wrr.12954

78. Nickel K, Wensorra U, Wenck H, Peters N, Genth H. Evaluation of
immunomodulatory responses and changed wound healing in type 2 diabetes–a
study exploiting dermal fibroblasts from diabetic and non–diabetic human donors.
Cells (2021) 10(11):2931. doi: 10.3390/cells10112931

79. Cooper PO, Haas MR, Noonepalle SKR, Shook BA. Dermal drivers of
injury–induced inflammation: Contribution of adipocytes and fibroblasts. Int J Mol
Sci (2021) 22(4):1933. doi: 10.3390/ijms22041933

80. Alexandre YO, Mueller SN. Stromal cell networks coordinate immune
response generation and maintenance. Immunol Rev (2018) 283(1):77–85.
doi: 10.1111/imr.12641

81. Junt T, Scandella E, Ludewig B. Form follows function: lymphoid tissue
microarchitecture in antimicrobial immune defence. Nat Rev Immunol (2008) 8
(10):764–75. doi: 10.1038/nri2414

82. Tikhonova AN, Dolgalev I, Hu H, Sivaraj KK, Hoxha E, Cuesta–Dominguez
A, et al. The bone marrow microenvironment at single–cell resolution. Nature
(2019) 569(7755):222–8. doi: 10.1038/s41586–019–1104–8

83. Hoorweg K, Cupedo T. Development of human lymph nodes and peyer's
patches. Semin Immunol (2008) 20(3):164–70. doi: 10.1016/j.smim.2008.02.003

84. Krishnamurty AT, Turley SJ. Lymph node stromal cells: cartographers of
the immune system. Nat Immunol (2020) 21(4):369–80. doi: 10.1038/s41590–020–
0635–3

85. Cheng HW, Onder L, Novkovic M, Soneson C, Lutge M, Pikor N, et al.
Origin and differentiation trajectories of fibroblastic reticular cells in the splenic
white pulp. Nat Commun (2019) 10(1):1739. doi: 10.1038/s41467–019–09728–3

86. Perez–Shibayama C, Islander U, Lutge M, Cheng HW, Onder L, Ring SS,
et al. Type I interferon signaling in fibroblastic reticular cells prevents exhaustive
activation of antiviral CD8 (+) T cells. Sci Immunol (2020) 5(51):eabb7066.
doi: 10.1126/sciimmunol.abb7066
frontiersin.org

https://doi.org/10.1038/nature12783
https://doi.org/10.1038/jid.2012.192
https://doi.org/10.1016/j.yexcr.2020.112464
https://doi.org/10.1016/j.yexcr.2020.112464
https://doi.org/10.3390/cells10030557
https://doi.org/10.1111/jcmm.16601
https://doi.org/10.7150/thno.48561
https://doi.org/10.3389/fphar.2021.720387
https://doi.org/10.3389/fphar.2021.720387
https://doi.org/10.1007/s00011&ndash;021&ndash;01485&ndash;8
https://doi.org/10.1111/jcmm.16376
https://doi.org/10.1186/s13287&ndash;022&ndash;02760&ndash;z
https://doi.org/10.7150/thno.45192
https://doi.org/10.1016/j.intimp.2022.108605
https://doi.org/10.1016/j.intimp.2022.108605
https://doi.org/10.1016/j.bbadis.2020.166044
https://doi.org/10.1038/s41586&ndash;019&ndash;1263&ndash;7
https://doi.org/10.1016/j.addr.2021.113904
https://doi.org/10.1172/JCI108843
https://doi.org/10.1161/CIRCHEARTFAILURE.114.001963
https://doi.org/10.1161/CIRCHEARTFAILURE.114.001963
https://doi.org/10.1016/j.yjmcc.2015.12.011
https://doi.org/10.1152/ajpendo.00629.2013
https://doi.org/10.1093/cvr/cvaa324
https://doi.org/10.1096/fj.201601116R
https://doi.org/10.2337/diab.43.8.1046
https://doi.org/10.1093/ndt/gfu250
https://doi.org/10.1007/978&ndash;981&ndash;13&ndash;8871&ndash;2_4
https://doi.org/10.1053/gast.2001.23256
https://doi.org/10.1152/ajpgi.00199.2004
https://doi.org/10.1152/ajpgi.00199.2004
https://doi.org/10.1016/j.addr.2021.113888
https://doi.org/10.1016/j.jhep.2015.05.031
https://doi.org/10.1111/j.1572&ndash;0241.2005.41583.x
https://doi.org/10.1038/s41598&ndash;020&ndash;65556&ndash;2
https://doi.org/10.3892/mmr.2012.1152
https://doi.org/10.1172/JCI25964
https://doi.org/10.1186/s12929&ndash;018&ndash;0423&ndash;7
https://doi.org/10.3390/biomedicines9121752
https://doi.org/10.1111/wrr.12954
https://doi.org/10.3390/cells10112931
https://doi.org/10.3390/ijms22041933
https://doi.org/10.1111/imr.12641
https://doi.org/10.1038/nri2414
https://doi.org/10.1038/s41586&ndash;019&ndash;1104&ndash;8
https://doi.org/10.1016/j.smim.2008.02.003
https://doi.org/10.1038/s41590&ndash;020&ndash;0635&ndash;3
https://doi.org/10.1038/s41590&ndash;020&ndash;0635&ndash;3
https://doi.org/10.1038/s41467&ndash;019&ndash;09728&ndash;3
https://doi.org/10.1126/sciimmunol.abb7066
https://doi.org/10.3389/fimmu.2022.918223
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Liu et al. 10.3389/fimmu.2022.918223
87. Link A, Vogt TK, Favre S, Britschgi MR, Acha–Orbea H, Hinz B, et al.
Fibroblastic reticular cells in lymph nodes regulate the homeostasis of naive T cells.
Nat Immunol (2007) 8(11):1255–65. doi: 10.1038/ni1513

88. Wang X, Cho B, Suzuki K, Xu Y, Green JA, An J, et al. Follicular dendritic
cells help establish follicle identity and promote b cell retention in germinal centers.
J Exp Med (2011) 208(12):2497–510. doi: 10.1084/jem.20111449

89. Jarjour M, Jorquera A, Mondor I, Wienert S, Narang P, Coles MC, et al. Fate
mapping reveals origin and dynamics of lymph node follicular dendritic cells. J Exp
Med (2014) 211(6):1109–22. doi: 10.1084/jem.20132409

90. Yu M, Guo G, Zhang X, Li L, Yang W, Bollag R, et al. Fibroblastic reticular
cells of the lymphoid tissues modulate T cell activation threshold during
homeostasis via hyperactive cyclooxygenase–2/prostaglandin E2 axis. Sci Rep
(2017) 7(1):3350. doi: 10.1038/s41598–017–03459–5

91. Knoblich K, Cruz Migoni S, Siew SM, Jinks E, Kaul B, Jeffery HC, et al.
The human lymph node microenvironment unilaterally regulates T–cell
activation and differentiation. PloS Biol (2018) 16(9):e2005046. doi: 10.1371/
journal.pbio.2005046

92. Ferreira BO, Gamarra LF, Nucci MP, Oliveira FA, Rego GNA, Marti L. LN–
derived fibroblastic reticular cells and their impact on T cell response–a systematic
review. Cells (2021) 10(5):1150. doi: 10.3390/cells10051150

93. Fletcher AL, Lukacs–Kornek V, Reynoso ED, Pinner SE, Bellemare–Pelletier
A, Curry MS, et al. Lymph node fibroblastic reticular cells directly present
peripheral tissue antigen under steady–state and inflammatory conditions. J Exp
Med (2010) 207(4):689–97. doi: 10.1084/jem.20092642

94. Pitzalis C, Jones GW, Bombardieri M, Jones SA. Ectopic lymphoid–like
structures in infection, cancer and autoimmunity. Nat Rev Immunol (2014) 14
(7):447–62. doi: 10.1038/nri3700

95. Buckley CD, Barone F, Nayar S, Benezech C, Caamano J. Stromal cells in
chronic inflammation and tertiary lymphoid organ formation. Annu Rev Immunol
(2015) 33:715–45. doi: 10.1146/annurev–immunol–032713–120252

96. Asam S, Nayar S, Gardner D, Barone F. Stromal cells in tertiary lymphoid
structures: Architects of autoimmunity. Immunol Rev (2021) 302(1):184–95.
doi: 10.1111/imr.12987
Frontiers in Immunology 11
97. Nayar S, Campos J, Smith CG, Iannizzotto V, Gardner DH, Mourcin F, et al.
Immunofibroblasts are pivotal drivers of tertiary lymphoid structure formation and
local pathology. Proc Natl Acad Sci U S A (2019) 116(27):13490–7. doi: 10.1073/
pnas.1905301116

98. Bugatti S, Manzo A, Vitolo B, Benaglio F, Binda E, Scarabelli M, et al. High
expression levels of the b cell chemoattractant CXCL13 in rheumatoid synovium
are a marker of severe disease. Rheumatol (Oxford) (2014) 53(10):1886–95.
doi: 10.1093/rheumatology/keu163

99. Cantaert T, Kolln J, Timmer T, van der Pouw Kraan TC, Vandooren B,
Thurlings RM, et al. B lymphocyte autoimmunity in rheumatoid synovitis is
independent of ectopic lymphoid neogenesis. J Immunol (2008) 181(1):785–94.
doi: 10.4049/jimmunol.181.1.785

100. Martin P, Nunan R. Cellular and molecular mechanisms of repair in acute and
chronic wound healing. Br J Dermatol (2015) 173(2):370–8. doi: 10.1111/bjd.13954

101. Gregory JL, Walter A, Alexandre YO, Hor JL, Liu R, Ma JZ, et al. Infection
programs sustained lymphoid stromal cell responses and shapes lymph node
remodeling upon secondary challenge. Cell Rep (2017) 18(2):406–18.
doi: 10.1016/j.celrep.2016.12.038

102. Majumder S, Amatya N, Revu S, Jawale CV, Wu D, Rittenhouse N, et al.
IL–17 metabolically reprograms activated fibroblastic reticular cells for
proliferation and survival. Nat Immunol (2019) 20(5):534–45. doi: 10.1038/
s41590–019–0367–4

103. Jacob N, Jacobs JP, Kumagai K, Ha CWY, Kanazawa Y, Lagishetty V, et al.
Inflammation–independent TL1A–mediated intestinal fibrosis is dependent on the
gut microbiome. Mucosal Immunol (2018) 11(5):1466–76. doi: 10.1038/s41385–
018–0055–y

104. Buranasin P, Mizutani K, Iwasaki K, Pawaputanon NA, Mahasarakham C,
Kido D, et al. High glucose–induced oxidative stress impairs proliferation and
migration of human gingival fibroblasts. PLoS One (2018) 13(8):e0201855.
doi: 10.1371/journal.pone.0201855

105. Retamal I, Hernandez R, Velarde V, Oyarzun A, Martinez C, Julieta
Gonzalez M, et al. Diabetes alters the involvement of myofibroblasts during
periodontal wound healing. Oral Dis (2020) 26(5):1062–71. doi: 10.1111/odi.13325
frontiersin.org

https://doi.org/10.1038/ni1513
https://doi.org/10.1084/jem.20111449
https://doi.org/10.1084/jem.20132409
https://doi.org/10.1038/s41598&ndash;017&ndash;03459&ndash;5
https://doi.org/10.1371/journal.pbio.2005046
https://doi.org/10.1371/journal.pbio.2005046
https://doi.org/10.3390/cells10051150
https://doi.org/10.1084/jem.20092642
https://doi.org/10.1038/nri3700
https://doi.org/10.1146/annurev&ndash;immunol&ndash;032713&ndash;120252
https://doi.org/10.1111/imr.12987
https://doi.org/10.1073/pnas.1905301116
https://doi.org/10.1073/pnas.1905301116
https://doi.org/10.1093/rheumatology/keu163
https://doi.org/10.4049/jimmunol.181.1.785
https://doi.org/10.1111/bjd.13954
https://doi.org/10.1016/j.celrep.2016.12.038
https://doi.org/10.1038/s41590&ndash;019&ndash;0367&ndash;4
https://doi.org/10.1038/s41590&ndash;019&ndash;0367&ndash;4
https://doi.org/10.1038/s41385&ndash;018&ndash;0055&ndash;y
https://doi.org/10.1038/s41385&ndash;018&ndash;0055&ndash;y
https://doi.org/10.1371/journal.pone.0201855
https://doi.org/10.1111/odi.13325
https://doi.org/10.3389/fimmu.2022.918223
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Fibroblasts: Immunomodulatory factors in refractory diabetic wound healing
	Introduction
	Heterogeneity of fibroblasts
	Healthy fibroblast heterogeneity
	Fibroblast heterogeneity in diabetes/diabetic wound healing

	Immune regulation of fibroblasts
	Immune regulation in inflammatory processes
	Constituent of tertiary lymphoid tissue
	Coordinated immune response during infection

	Conclusion and prospect
	Author contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


