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ABSTRACT

The physiological process of wound healing includes four stages: hemostasis, inflammation, proliferation, and maturation.
The correct and coordinated work ensures a strict staged regenerative process. However, when wounds do not go through
this organised process, their healing is delayed, and this eventually leads to chronic or long-lasting wounds. Common signs

of non-healing wounds are exudation, reinfection, tissue necrosis, defective re-epithelialization, decreased angiogenesis,
and excess production of reactive oxygen species. In general, chronic wounds can be divided into three main categories:
diabetic foot ulcers, vascular ulcers, and pressure ulcers. They are usually observed in elderly people suffering from patho-
logical conditions such as diabetes mellitus, vascular diseases and obesity. This review article is devoted to the features of
the reaction of innate and acquired immunity in the course of long-term non-healing wounds.
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Diabetes mellitus affects all four stages of skin dam-
age repair. Diabetic ulcers are associated with a high pro-
inflammatory profile caused by overexpression of in-
flammatory cytokines such as TNF-a and decreased pro-
duction of mediators that promote healing, including IL-
10 and TGF-B. This leads to macrophage polarisation
towards the M1 phenotype, activation and degranulation
of CD8+ T cells, which leads to tissue necrosis [10].

Chronic wounds are characterised by the long-term
presence of populations of myeloid cells, such as

macrophages, neutrophils, and monocytes, at a late stage
of inflammation. In contrast, the percentage of Langer-
hans cells, dermal dendritic cells, and eosinophils de-
creases throughout the process. Mast cells are also in-
volved in the development of long-term non-healing
wounds. Skin mast cells are degranulated in diabetic ul-
cers, and suppression of their activity accelerates wound
healing [13].

T cells are involved in maintaining the pro-inflamma-
tory profile of long-term non-healing wounds. The ligand
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for CXCR3, which is found in Thl cells, is highly ex-
pressed in chronic inflammation. In addition, patients
with diabetic ulcers have increased levels of inflammato-
ry T cell subtypes, such as Th1, Th17, and Th22 [17].

Immune cells actively interact with non-blood-form-
ing cells, such as keratinocytes, through the secretion of
various signalling molecules. Keratinocytes make a sig-
nificant contribution to the formation of long-term non-
healing wounds, but the exact mechanism of their action
is not fully understood. Dysregulation of some miR cells,
such as miR-34a/c, miR-203, miR-19a/b, and miR-20a,
in keratinocytes is known to affect immune functions
and lead to delayed healing of soft tissue wounds [14].

Thus, inhibiting the expression of miR-19a/b and
miR-20a slowed wound healing and induced a stronger
inflammatory response in mice by activating the NF-zB
pathway, leading to overexpression of pro-inflammatory
cytokines and chemokines in keratinocytes.

The process of long-term non-healing wound forma-
tion is also epigenetically regulated by miR, which con-
trols inflammatory responses through the modulation of
signalling pathways. Wnt/f-catenin, NF-»B, PI3K/Akt/
mTOR, TGF-f/Smad, and vascular endothelial growth
factor growth factor pathways are regulated by miR dur-
ing the regeneration of long-term non-healing wounds.
Immune and structural cells actively express and regulate
cytokines, chemokines, and growth factors during the
wound-healing process. For example, increased levels of
INF-vy, vascular endothelial growth factor, and soluble
vascular cell adhesion molecule-1 observed in patients
with diabetic foot ulcers promote ulcer healing [9].

However, in wounds that do not heal for a long time,
the dysregulation of certain factors is disrupted, which is
partly responsible for the pathogenesis of the injury.
Mice deficient in the IL-36 receptor antagonist showed
delayed wound healing due to overproduction of IL-36y,
TGF-B, and CXCLI1, excessive neutrophil and
macrophage infiltration, and excessive granulation tissue
formation. In addition, the chemokine receptor CCR4
negatively affects long-term non-healing wounds caused
by diabetes mellitus. Diabetic mice depleted of CCR4
showed reduced expression of cytokines that promote
wound healing, such as IL-6, IL-12, IL-1f3, TNF-a., and
IL-10 [16].

In a study by A.P. Sawaya et al. [3], Dysregulation of
transcription factors FOXM1 and transcription transduc-
er and activator-3 in patients with diabetic foot ulcers
was revealed. FOXMI1 and the signalling transducer and
transcriptional activator-3 are responsible for the prolif-
eration of macrophages and neutrophils and their re-
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cruitment into the microenvironment of the diabetic
wound. Thus, inhibition of transcription factors FOXM1
and transcription-3 signal transducer and activator in
patients with diabetic foot stimulates the mechanisms of
disease progression due to a defective set of immune
cells.

In the scientific works of a group of scientists led by
J. Dissemond [4], the presence of another factor that con-
tributes to the delay in wound healing was proven. This
factor is known as matrix metalloproteinases. During
normal wound healing, cells in the injured area, such as
fibroblasts, keratinocytes, and immune cells, are induced
by local mediators to secrete matrix metalloproteinases.
These mediators include various cytokines and growth
factors involved in wound healing, such as TGF-f3, vas-
cular endothelial growth factor, epidermal growth factor,
interleukins, and interferons.

Matrix metalloproteinases are usually required in
small amounts and are responsible for proper epitheliali-
sation and proliferation. However, their dysregulation
leads to impaired epithelialisation and is closely related
to difficult-to-heal wounds. In general, increased expres-
sion of matrix metalloproteinases-9 by activated neu-
trophils is associated with delayed ulcer healing in pa-
tients with diabetes mellitus. In addition, high glucose
levels can stimulate the overexpression of matrix metal-
loproteinases-9 through activation of the ERK/AP1 sig-
nalling pathway [6].

Thus, the development of a long-term non-healing
wound occurs when the immune system is unable to con-
tinue the normal repair process, resulting in a prolonged
presence of neutrophils and pro-inflammatory
macrophages in the damaged skin, which contributes to
inflammation, tissue fibrosis, and poor vascularisation.

Neutrophils are the most common inflammatory cells
that invade a new wound and function primarily to re-
move debris and prevent infection. Their influx is medi-
ated by several chemical signals, including IL-8 or CX-
CLS, as mentioned above, and neutrophils have more
than 30 different receptors that mitigate their migratory
and activation responses. Neutrophils are indeed in-
volved in the removal of dead cells in the early stages of
wound healing, but their persistence, as will be discussed
in detail below, is associated with delayed wound healing
and wounds that do not heal for a long time. Moreover,
experimental results from wound healing simulations
have shown that in ageless models without impaired neu-
trophil intake, it does not negatively affect wound heal-
ing as profoundly as macrophage deletion. In models
with impaired wound healing, such as diabetes mellitus,
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where the risk of infection is higher, neutrophils were
needed [24].

K. Pittman and P. Kubes [15] believe that DAMPs
isolated from necrotic cells are the first signals for neu-
trophil recruitment to the wound bed. These dangerous
signalling molecules can activate neutrophils directly by
binding to various neutrophil surface receptors, in addi-
tion to signalling cells in the tissue to produce neutrophil
chemoattractants.

One of the most well-described chemoattractants pro-
duced by tissue macrophages and fibroblasts is CXCLS8
(IL-8). CXCLS8 binds to and stimulates the surface neu-
trophil receptors CXCR1 and CXCR2, resulting in an
overactive recruitment of neutrophils to the site of tissue
injury. Interestingly, after neutrophils migrate to the
wound, they can also release CXCLS8, creating a pro-in-
flammatory feedback loop [5].

CXCLS8 also increases vascular endothelial perme-
ability, which further stimulates the influx of inflamma-
tory cells into the wound. Other chemokines of the CX-
CLS8 family, such as CXCL1, CXCL2, CXCL3, CXCLS5,
CXCL6, and CXCL7, have also been shown to play a
role in neutrophil chemotaxis [21].

By binding glycosaminoglycans on tissue cell walls
and in the extracellular matrix, these chemokines, includ-
ing CXCLS, create a signalling gradient that allows a
clear, directional migration of neutrophils to injury. Ad-
ditional cellular byproducts induced by DAMP, such as
hydrogen peroxide and leukotriene-B4, also form gradi-
ents to stimulate targeted neutrophil migration [22].

Although neutrophils are not considered an important
cell type for wound healing without impairment, they
perform various functions that support this process. First
of all, neutrophils protect against wound infection by
phagocytosing pathogens and then killing them by re-
leasing reactive oxygen species, proteases, or antimicro-
bial proteins. During degranulation, antimicrobial pro-
teins can also be released into the environment to kill
extracellular organisms [2].

Neutrophils also show increased expression of cy-
tokines that promote angiogenesis [e.g., vascular en-
dothelial growth factor (VEGF), CXCL3, and MCP-1],
fibroblast and keratinocyte proliferation (IL-8, IL-1 f3,
and MCP-1), keratinocyte adhesion to the dermal layer
(laminin five B-3), and tissue remodelling [urokinase-
type plasminogen activator (uPA)] [1].

Macrophages are crucial during wound healing.
However, their prolonged presence in the damaged envi-
ronment or dysregulation during recovery leads to im-
paired wound healing and tissue fibrosis.
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The inability of macrophages to polarise from pro-
inflammatory M1 to a healing reparative M2 phenotype
is closely associated with long-term non-healing wounds.
This failure is due to overexpression of pro-inflammatory
cytokines in the wound microenvironment and impaired
clearance of apoptotic neutrophils by macrophages.
Treatment of natural killer-4 THP-1 macrophage cells
induced morphological features characteristic of classi-
cally activated M1 macrophages, an inflammatory cy-
tokine profile, and increased expression of CD38 and
CD86 molecules associated with M1 macrophages. In-
terestingly, natural killer-4 increased the production of
TNF-a by THP-1 macrophages in combination with
LPS, Pam3CSK4, or poly(I: C). In addition, treatment of
natural killer-4 enhanced the phagocytosis of THP-1
macrophages in latex granules. These results indicate
that natural killer-4 stimulates macrophage polarisation
towards an inflammatory M1-like phenotype with in-
creased phagocytic activity. Efferocytosis is an important
event to resolve the inflammatory phase in wound heal-
ing. Treated natural killer-4 THP-1 macrophages cul-
tured with Jurkat E6.1 (Apo-J) apoptotic cells switched
from the M1-like phenotype to the M2-like phenotype,
as seen by the inverse TNF-a to IL-10 ratio produced in
response to LPS. The authors have identified two sepa-
rate mechanisms that are involved in this phenotypic
switching. First, the recognition of phosphatidylserine
molecules on Apo-J cells by THP-1 macrophages in-
hibits the production of TNF-a.. Second, phagocytosis of
Apo-J cells by THP-1 macrophages and activation of the
PI3K/Akt signalling pathway enhances the production of
IL-10 [8].

A study that compared macrophages derived from the
wounds of healthy people with patients with diabetes
mellitus revealed a distinctive expression of Setdb2
methyltransferase, the production of which in wound
macrophages is controlled by INF-f. In patients with
diabetes mellitus, impaired INF-3—Setdb2 interaction
leads to the inability to switch from the M1 to M2 phe-
notype, which leads to the accumulation of pro-inflam-
matory macrophages in long-term non-healing wounds.
In addition, it was found that M1 macrophages in the
diabetic wound microenvironment overexpressed
miR-21, which led to increased secretion of inflammato-
ry mediators such as IL-1a, TNF-a, iNOS, IL-6, and IL-
8, and further polarisation of macrophages towards the
M1 phenotype [18].

In general, regulating the M1-M2 polarisation is criti-
cal for proper wound healing. Any changes in this bal-
ance lead to consequences such as the development of

https://journals.tma.uz/


https://journals.tma.uz/

How to Cite: Aripova T.U., Umarov B.Y. The role and place of innate and acquired immunity in the regeneration of long-term non-healing
wounds against the background of diabetes mellitus // Journal of Educational & Scientific Medicine, 2024. Vol. 1, Issue 5, P. 2-8

long-term non-healing wounds or increased tissue fibro-
sis.

Congenital lymphoid cells are cells of lymphoid ori-
gin and morphology that do not possess antigen-specific
receptors and markers of T and B cells but can be acti-
vated by innate immune signals.

The three lines of innate lymphoid cells perform dif-
ferent effector functions depending on their transcription
factor and cytokine expression profile. Natural Kkiller
cells, which belong to group 1 innate lymphoid cells, can
produce INF-y, granzymes, and perforins to kill virus-
infected cells and cancer cells, distinguishing natural
killer cells from helper innate lymphoid cells. As a major
factor in the production of INF-vy, natural killer cells are
involved in the inflammatory phase of the wound healing
process, having a largely negative impact on tissue re-
pair. INF-y derived from natural killer cells polarises
macrophages into the pro-inflammatory M1 phenotype
and enhances the infiltration of immune cells into the
wound area of IL-1f3, IL-6, IL-12, IL-23 and the expres-
sion of TNF-a by macrophages. INF-y, primarily secret-
ed by CD4+ T cells, a natural killer T cell, has been re-
ported to prevent prolonged neutrophil infiltration in the
inflammatory phase and enhance fibrosis in the prolifera-
tive phase of the wound healing process.

The level of innate lymphoid cells-2 is also increased
in chronic skin inflammation. Alarmin cytokines such as
IL-33, thymic stromal lymphopoietin, and IL-25, as well
as pathogen-associated molecular patterns, can attract
innate lymphoid cells to the injured site. In turn, it was
reported that innate lymphoid cells-2 express IL-5, M2
macrophage, polarising 1L-13 and IL-4, as well as am-
phiregulin, a mitogen of keratinocytes, which also en-
hances Treg homing to the injury site. In addition, innate
lymphoid cell-2 is involved in stimulating Treg expan-
sion and polarisation of Th2 cells. In addition, innate
lymphoid cells-3 also show a positive effect on skin
wound healing. At the signal of epidermal Notch-1,
TNF-o and chemokine recruitment of innate lymphoid
cells-3, ligand-20 of motif C-C and CXCL13 are ex-
pressed to recruit innate lymphoid cells-3 into the
wounded dermis. Innate lymphoid cells-3 can attract
macrophages to the wound bed as a key source of IL-17F
and the C-C-motif-3 ligand and enhance epidermal pro-
liferation through the expression of the important ker-
atinocyte growth factor IL-22 [23].

Consequently, congenital lymphoid cell-3 deficiency
has been reported to lead to reduced macrophage infiltra-
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tion and epidermal proliferation, as well as delayed skin
wound healing in mice [11].

According to previous findings, the role of innate
lymphoid cells in wound healing is pleiotropic, depend-
ing on their subsets. Innate lymphoid cells-3 and natural
killer cells are involved in increasing inflammatory re-
sponses, while innate lymphoid cells-2 can exert anti-
inflammatory effects by enhancing macrophage M2 po-
larisation and expanding and homing Tregs.

The role and place of acquired immunity in the re-
generation of wounds that do not heal for a long time has
not been widely studied. T cells in long-term non-healing
wounds are present in a defective and unresponsive state,
which is manifested in their inability to secrete factors
that they produce in a normal state [7].

T cells are involved in maintaining the pro-inflamma-
tory profile of non-healing soft tissue injuries. The ligand
for CXCR3, which is found in Thl cells, is highly ex-
pressed in chronic inflammation. In addition, patients
with diabetic ulcers have increased levels of inflammato-
ry T cell subtypes such as Th1, Th17, and Th22 [20].

Even though the central regulators of the immune
response play a balancing role in inflammation by sup-
pressing the immune response, some studies have shown
that an increased number of central regulators of the im-
mune response at sites of chronic soft tissue inflamma-
tion is not only unable to eliminate the injury but even
contributes to the pathogenesis of the disease itself. In
addition, soft tissue commensals help improve the regen-
eration of long-term non-healing wounds by inducing the
activation of T cells with immunoregulatory and tissue
repair functions through a non-classical immune re-
sponse [12].

Skin-resident B cells are involved in the local produc-
tion of antibodies, the formation of ectopic lymphoid
tissue, and other effector functions associated with the
cutaneous antigen-specific immune response. However,
the exact role of B cell subpopulations in chronic wound
healing is still unclear. Early suggestions about the ther-
apeutic effects of B cells on chronic skin wounds were
made by R.F. Sirbulescu and colleagues [19], who re-
ported accelerated healing of both acute and chronic
wounds, significant mitigation of apoptosis, and im-
proved fibroblast proliferation after topical application of
purified mature naive B cells to the cutaneous wound bed
in mouse models. As a result, 43% of diabetic wounds
were completely closed, compared to 5% in the control
group, with no therapeutic effect from an equivalent
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number of destroyed B cells, hematopoietic stem cells,
and T cells.

CONCLUSION

The process of full regeneration of long-term non-
healing wounds does not occur when the immune system
is unable to continue the normal recovery process, result-
ing in the prolonged presence of neutrophils and pro-in-
flammatory macrophages in the damaged skin, which
contributes to inflammation, tissue fibrosis, and poor
vascularisation. Research in this direction continues,
however, today, it is necessary to clarify the causes of the
development of generalisation of the inflammatory
process when using well-known methods of treating
long-term non-healing wounds and to determine the role
of changes in the immune status. This would make it
possible to develop effective methods of immunodiag-
nostics, as well as to predict and prevent the generalisa-
tion of infection, which ultimately, in our opinion, can
improve the results of treatment of patients with long-
term non-healing wounds.
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QANDLI DIABETDA UZOQ MUDDAT SU-
RUNKALI YARALARNI REGERATSIYADA
TUG'MA VA ORTTIRILGAN IMMUNITETNING
O'RNI VA AXAMIYATI

IT.U. Aripova, 2B.Ya. Umarov

10'zbekiston Respublikasi Fanlar akademiyasi inson
immunologiyasi va genomikasi instituti
2Milliy bolalar tibbiyoti markazi

ABSTRAKT

Yarani davolashning fiziologik jarayoni to'rt bosqich-
ni 0'z ichiga oladi: gemostaz, yallig'lanish, proliferatsiya
va chandiqlanish, to'g'ri va muvofiglashtirilgan ishi qat'iy
bosqichma-bosqich rejenerativ jarayonni ta'minlaydi.
Biroq, jarohatlar ushbu jarayondan o'tmasa, ularning shi-
fo topishi kechikadi va bu oxir-oqibat surunkali yoki
uzoq davom etadigan jarohatlarga olib keladi. Surunkali
jarohatlarning umumiy belgilari ekssudatsiya, qayta in-
fektsiya, to'qimalarning nekrozi, nuqgsonli qayta
epiteliyalizatsiya, angiogenezning pasayishi va reaktiv
kislorod turlarining ortiqgcha ishlab chiqarilishidir.
Umuman olganda, surunkali jarohatlarni uch asosiy
toifaga bo'lish mumkin: diabetik oyoq yarasi, qon tomir
yarasi va yotoq yaralari. Ular odatda qandli diabet, qon
tomir kasalliklari va semirib ketish kabi patologik kasal-
liklardan aziyat chekayotgan keksa odamlarda kuzatiladi.
Ushbu maqolada uzoq muddatli surunkali jarohatlar re-
generatsiya davrida tug'ma va orttirilgan immunitetning
xususiyatlariga bag'ishlangan.

Kalit so'zlar: uzoq muddatli surunkali jarohatlar,
tug'ma immunitet, ortirilgan immunitet.
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POJIb 1 MECTO BPOXIEHHOI'O 1
NNPUOLPETEHHOI'O UMMYHUTETA IIPU
PEI'EHEPAIIMU JJIUTEJ/IBHO
HE3AXKHNBAKIINX PAH HA ®OHE
CAXAPHOI'O IUABETA

IT.Y. Apunosa, 2b.41. Ymapos

IMHCTUTYT NMMYHOJIOTHM M TEHOMUKH YeJIOBeKa
Axkanemun Hayk Pecny6iauku Y30ekucran
2HanmoHanbHbIN IeTCKUIA METUIIMHCKU LIEHTP

ABCTPAKT

PU3MONOrMiYecKuil MpoLecc 3a’KUBJICHUSI PaH BKJIIO-
yaeT B ce0s YeThIpe ITama: reMocTas, BOCIaJieHWe,
nposmepalpio u co3peBaHue, MPaBUIbHAS U CIIasKEeHHAS
pa6oTa KOTOpBIX oO6ecrneuyMBaeT CTPOTUN STAIHbBIN
pereHepaTuBHbI mpouecc. OfHako, Korga paHbl He
MPOXOMIST Yepe3 3TOT OPraHWM30BAHHBIN TPOIECC, 3a3KNUB-
JIeHWe WX 3aJIep>KUBACTCS, M 9TO B KOHEYHOM UTOTE MPH-
BOJIUT K XPOHUUYECKUM WJIM JITIUTEIHLHO HE 3a°KMBAIOIIAM
paHam. OOWUMU MNpU3HAKAMU HE3aXKUBAIOLIKMX PpaH
SIBJISIFOTCSL  9KCCYyJalyisi, TIOBTOpHasi WH(EKIUsI, HEKpO3
TKaHel, JedeKTHass pesNnuTeln3alnusi, CHUKEHHE
aHrvoreHe3a 1 n30bITOYHAS MPOAYKIMS aKTUBHBIX (hOpM
Kuciiopoma. B 1menmom, XxpoHWYecKrWe paHbI MOSKHO
pasfieNnTh Ha TPU OCHOBHBIE KaTeropuu: MabeTHIeCKre
SI3Bbl CTONbI, COCY[UCTbIE SI3BbI U MPOJIeKHU. OObIMHO
OHU HAONIOIAIOTCS Y TIOXWILIX JIFOJIel, CTPajIatolyx
TaKUMU NMATOJIOTNMYECKUMU COCTOSAHUSAMU, KaK caxaprn‘/i
nuadeT, cCoCyaucThble 3a00eBaHusl U oxupeHue. [laHHas
0030pHasl CTaThsl MOCBSILIEHA OCOOEHHOCTSIM peakluu
BPOXJIEHHOTO ¥ TIPpUOOPETEeHHOTO WMMYHHUTETa TIpU
TEUCHUN JITIUTEITHHO HE3aKUBAIOIINX PaH.

KinioueBsble cji0Ba: VIUTEILHO HE3AKUBAIOIIME PAHBI,
BPOXK/IEHHBII UMMYHUTET, PUOOPETEHHbII UMMYHUTET.
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