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Abstract Tissue damage caused by various stimuli under certain conditions, such as biological and environmental cues,

can actively induce systemic and/or local immune responses. Therefore, understanding the immunological perspective

would be critical to not only regulating homeostasis of organs and tissues but also to restrict and remodel their damage.

Lungs serve as one of the key immunological organs, and thus, in the present article, we focus on the innate and adaptive

immune systems involved in remodeling and engineering lung tissue. Innate immune cells are known to react immediately

to damage. Macrophages, one of the most widely studied types of innate immune cells, are known to be involved in tissue

damage and remodeling, while type 2 innate lymphoid cells (ILC2s) have recently been revealed as an important cell type

responsible for tissue remodeling. On the other hand, adaptive immune cells are also involved in damage control. In

particular, resident memory T cells in the lung prevent prolonged disease that causes tissue damage. In this review, we first

outlined the structure of the respiratory system with biological and environmental cues and the innate/adaptive immune

responses in the lung. It is our hope that understanding an immunological perspective for tissue remodeling and damage

control in the lung will be beneficial for stakeholders in this area.
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1 Introduction

The purpose of tissue engineering is to design functional

constructs that restore, maintain, or improve damaged tis-

sues or organs in animals and humans [1]. Lung tissue

engineering is an emerging field that focuses on developing

replacement devices and tissue regeneration. Lung tissue

damage may be caused by viral infections, allergens,

physical forces, or other forms of stressors. It is critical to

reduce tissue damage since it frequently results in disease

or/and sometimes immunological pathology that calls for

an understanding of the immunological perspective.

Therefore, although numerous factors are needed in tissue

engineering [2], immune cell involvement and function

should be considered. The majority of immune cell

research in the field of tissue engineering focuses on

macrophages. It is crucial, however, to remember that it is
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critical to consider other immune cells, not only macro-

phages, in tissue engineering.

The lung is an important immunological interface. The

respiratory tract is exposed to incoming air that contains

both harmless ambient components and potentially harmful

substances, including allergens and pathogenic airborne

microorganisms. Stimuli such as microbe-related sub-

stances or tissue damage could actively induce systemic

and/or local immune responses. Therefore, to protect the

host in such a close contact zone, the respiratory immune

system must be fine-tuned and quick to react, with the

ability to immediately detect harmful microbes [3, 4].

Defenses in the lung are carried out primarily by immune

cells, including alveolar macrophages that are present in

the airways and neutrophils that migrate upon receiving

alarming signals, such as chemokines [5]. Immune cells

respond to foreign substances by releasing various effector

molecules, such as chemokines, cytokines, defensins, or

mucins [6]. Needless to say, understanding the mechanisms

for the protective immune responses that take place within

the lung is crucial for tissue engineering.

Early recognition of pathogens with an immediate

response by the innate immune system and prompt removal

of these pathogens by means of defensive mechanisms

demonstrate the effectiveness of innate immune cells in the

airway and lung. When innate immune cells such as

macrophages and dendritic cells (DCs) recognize patho-

gens via pathogen recognition receptors (PRRs), they are

activated and subsequently produce proinflammatory

cytokines. Moreover, innate lymphoid cells (ILCs) are

present in various mucosal tissues, including the lung,

which serve as early responders to invading pathogens and

allergens [7]. Notably, type 2 ILCs are the most prevalent

ILCs in the lung [8], as they play important roles in lung

tissue homeostasis and remodeling [9]. Innate immunity

provides an effective initial defense against infections,

although many pathogenic microbes have evolved resis-

tance. In turn, we as hosts have developed adaptive

immune responses.

It has been proposed that the increased number of

localized infections and injuries brought on by the unique

jaw structures and predatory lifestyle of primitive jawed

fish (placoderms) led to the evolution of the adaptive

immune system of vertebrates [10]. Adaptive immune

systems display a high degree of specificity together with

remarkable memory cell and antibody secretion properties.

There are two types of lymphocytes, T cells and B cells,

that mediate adaptive immune responses. T cells can be

further divided into CD4? and CD8? T cells [11]. In

addition to assisting in the activation of CD8? T cells,

CD4? T cells facilitate the differentiation and maturation

of B cells to secrete antibodies and activate macrophages to

clear ingested microbes. Effector CD8? T cells, also called

cytotoxic T lymphocytes, can kill infected target cells

directly but only after antigen processing and presentation

by DCs [12]. It has been suggested that CD4? and CD8? T

cells play critical roles not only in protection but also in

damage control in lung tissue. As a result, maintaining lung

tissue requires remodeling and damage control of these

tissues via both innate and adaptive immunity,

respectively.

In this review, we first provide an overview of the res-

piratory tract along with various factors that affect tissue

damage. We then focus on immune cell traits for lung

tissue engineering, specifically ILCs as a component of

innate immunity and T cells as a component of adaptive

immunity.

2 Respiratory system

Lung tissue engineering requires a thorough understanding

of the cellular composition and structural organization of

the respiratory system. Furthermore, lungs are vulnerable

to biological and environmental cues that sometimes result

in wounds and, consequently, diseases. Therefore, under-

standing these cues is essential for remodeling and regu-

lating lung tissue. In the current section, we shall outline

the structure of the respiratory system with biological and

environmental cues.

2.1 Anatomical composition

The respiratory tract is a complex organ system. The

extensively branched airways in lungs distribute incoming

air from the mouth and trachea across their lobes [13]. The

upper and lower respiratory tracts are two divisions of the

respiratory system. The upper respiratory tract includes the

mouth, throat, nose or nostrils, nasal cavity and larynx,

which primarily serve as an airway. The lower respiratory

tract consists of the trachea and lungs, which are further

split into terminal and respiratory airways and peripheral

alveoli, where gas exchange takes place.

Airways and blood vessels are part of the branching

tissue networks that make up the respiratory system.

Regional variations in cellular composition reflect the

distinct purposes of each location [14]. The respiratory

epithelium is made up of numerous unique cell types. The

proximal airway (Fig. 1A) is composed of ciliated cells,

mucus-producing goblet cells, secretory club cells, undif-

ferentiated basal cells and neuroendocrine cells. On their

apical surfaces, ciliated cells have cilia that transport

microbes and mucus from the airways after inhalation.

Goblet cells secrete mucus to trap inhaled microbes;

however, if mucus production is excessive, airways

become obstructed. Non-ciliated bronchiolar epithelial
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cells known as secretory club cells produce a variety of

proteins for defense and immunomodulatory purposes [15].

The primary stem cells for the airway epithelia are basal

cells, while neurons and neuroendocrine cells work toge-

ther as sensory cells. The distal airway (Fig. 1B) is com-

posed of alveolar type 1 (AT1) and alveolar type 2 (AT2)

epithelial cells [16]. Ninety-five percent of the gas

exchange surface area is covered by elongated AT1 cells

that are in close contact with the endothelial capillary

plexus. To prevent alveolar collapse during respiration,

AT2 cells that are cuboidal in shape secrete a pulmonary

surfactant, which decreases the surface tension. The lungs

contain a variety of immune cells that will be discussed in a

later section on immune responses.

2.2 Biological and environmental cues

Respiratory tracts are in direct contact with the environ-

ment, which causes the lung to be more vulnerable than

other tissues. Biological and environmental cues, including

allergens, bacteria, viruses, dust, and physical injury, can

damage the lungs. Exposure to allergens causes allergic

inflammation and airway obstruction, which leads to

asthma development [17]. In addition, asthma is caused by

injury or dust damage to lung tissues. Influenza A virus,

respiratory syncytial virus (RSV), and coronaviruses

typically infect the respiratory tract [18]. The most preva-

lent bacterial lung diseases include Streptococcus pneu-

moniae, Staphylococcus aureus, and Mycobacterium

tuberculosis [19]. As a result, viral or bacterial infections in

the lung could cause pneumonia and bronchitis. The lungs

are damaged and afflicted by diseases caused by biological

and environmental stressors followed by inflammatory

reactions. While inflammatory responses are required to

protect and repair lung tissue, excessive or inadequate

inflammatory responses could potentially result in

immunological pathology and, if severe, catastrophic

damage and chronic disease. Therefore, regulating the

immune response is critical for the recovery and regener-

ation of lungs after damage.

3 Immune responses in the lung

As indicated, the respiratory tract is a major portal for

pathogens that cause infection and inflammation. There-

fore, the lung serves as a key immunological organ since it

has both innate and adaptive immune cells that provide

potent immune responses. Table 1 enumerates the funda-

mental characteristics of the innate and adaptive immune

responses. Innate immune cells, including macrophages,

DCs, and ILCs, provide the first line of defense against

Fig. 1 Outline the structure and cellular composition of the lung. A

depiction of the typical longitudinal section of lung with anatomic

location for the proximal and distal airways. Respiratory epithelium

consists of many distinct cell types, which serve as a defense barrier.

A. The proximal airways are composed of ciliated cells, mucus-

producing goblet cells, secretory club cells, tuft cells, undifferentiated

basal cells and neuroendocrine cells. B. Alveolar type 1 (AT1) and

type 2 (AT2) epithelial cells are make up the distal airways. Resident

alveolar macrophages constantly scan the local microenvironment for

potentially harmful pathogens
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pulmonary infections and are required to coordinate the

subsequent adaptive immune response. They also assist

with the remodeling and repair of damaged tissue. In

regard to adaptive immune cells, their focus is not only on

helping innate immune cells for tissue repair but also on

removing the source of injury for tissue recovery. Adaptive

immune cells are composed of CD4? T cells, CD8? T cells

and B cells. The following section will describe each of

these cells in terms of their properties and functions.

3.1 Innate immune cells

Effector molecules, including cytokines and chemokines

produced at the site of infection or damage, recruit various

innate immune cells. The earliest and fastest cells that react

to damage are neutrophils. Monocytes and DCs are then

activated. Innate immune cells produce cytokines to pro-

mote inflammation first and enzymes involved in wound

healing later. It has been reported that ILC2s also affect

lung tissue homeostasis and remodeling. The following

section will discuss the roles of macrophages, DCs, and

ILC2s in tissue remodeling.

3.1.1 Macrophages and dendritic cells

Macrophages are cells of hematopoietic origin that play a

crucial role in innate immune defense and have tissue-

specific traits for the maintenance and regulation of organ

homeostasis. Macrophages are antigen-presenting cells

(APCs) that regulate the differentiation and homeostasis of

T cells [20]. It is common knowledge that macrophages

can be divided into M1 and M2 types [21]. M1 macro-

phages have been linked to proinflammatory responses,

whereas M2 macrophages have been linked to anti-

inflammatory responses. M2 macrophages play a critical

role in wound healing and tissue remodeling and possess

strong anti-inflammatory properties. Although the M1/M2

paradigm has offered a valuable framework for studying

macrophage biology, more specific criteria are needed to

identify the diversity and different activation states of

macrophages that occur in tissues. In the lung, two dif-

ferent macrophage populations have been identified: alve-

olar macrophages (AMs) and interstitial macrophages

(IMs). The airspace is inhabited by AMs, which develop

from the embryonic yolk sac. AMs are highly phagocytic

cells that clear particles and pathogens inhaled into the

lungs, as they are the primary sentinel cells within the lung

[22]. Numerous studies on wound healing have been

thoroughly conducted since AMs have anti-inflammatory

features [23]. AM-derived cytokines such as transforming

growth factor (TGF)-b, tumor necrosis factor (TNF)-a,
keratinocyte growth factor, and epidermal growth factor

are known to assist in tissue repair and remodeling [24].

IMs reside in interstitial spaces and are known to arise

from monocytes [25]. IMs consist of a relatively small

population that exhibit important immunoregulatory prop-

erties. For instance, interleukin (IL)-10-producing IMs

inhibit the maturation and migration of DCs in the lung

upon LPS stimulation [26]. Increased IM in the lungs as a

result of CpG exposure prevent allergic inflammation by

producing IL-10 [27]. Although there has not yet been an

active research on tissue remodeling, it is anticipated that

regulating IM function will be helpful for tissue

remodeling.

DCs, one of the professional APCs, are the only cell

type capable of inducing differentiation of naive T cells.

DCs are classified as conventional DCs (cDCs), plasma-

cytoid DCs (pDCs), and monocyte-derived DCs (moDCs).

Table 1 Differences between innate and adaptive immunity

Property Innate immunity Adaptive immunity

Presence Innate immunity is already present in the body Adaptive immunity is formed in response to exposure to a foreign

substance in which initiation and help from innate immunity is

essential

Response No time lag (rapid) A lag period (slow)

Antigen

specificity

Triggered by DAMP, PAMP, or stressors Highly specific

Immunological

memory

No immunological memory Development of memory

Receptors PRRs: NOD-like receptors, Toll-like receptors,

Mannose receptors, etc.

T cell receptor, B cell receptor

Cell type Innate lymphoid cell, Dendritic cell, Macrophage,

Natural killer cell, Neutrophil, Eosinophil, Mast

cell

T cell, B cell

DAMP damage-associated molecular pattern, PAMP pathogen-associated molecular pattern, PRR pattern recognition receptor
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DCs are known to bridge the innate and adaptive immune

systems by delivering antigens from the effector site to the

draining lymph nodes, where they interact with T and B

cells [28]. The cross-presentation, a cDC1 specialty, to

CD8? T cells is essential for protective immunity against

intracellular bacteria, viruses, and cancers. In the lung,

CD4? T cell differentiation into subsets with an emphasis

on antiviral, antifungal, or antihelminth immunity is pro-

moted by cDC2s, the major producers of proinflammatory

chemokines, which are known to be responsible for

recruiting inflammatory cells [29]. During respiratory viral

infections, cDC2s are activated in a type I interferon (IFN)-

dependent manner and prime CD4? and CD8? T cells [30].

Although pDCs do not do a good job for presenting anti-

gens, they are a significant early source of type I IFN

during viral infection. At the early stage of infection or

tissue damage, DCs can induce immunopathology in the

lung, causing a fibrotic airway response [31] or chronic

obstructive pulmonary disease (COPD) [32]. Thus, under-

standing the exact role of DCs in the lung is critical for

lung tissue disease. Needless to say, targeting the immune

regulation of lung DCs may be a valuable strategy to

prevent or treat airway tissue remodeling, although more

research is needed.

3.1.2 Innate lymphoid cells

ILCs are a novel type of innate immune cell that resembles

lymphocytes in both phenotype and function [6]. ILCs are

mostly found in mucosal tissues, where they are poised to

respond promptly to environmental insults, including

pathogen invasions. ILCs do not express antigen-specific

receptors but instead are activated by multiple cytokines.

Once triggered, ILCs secrete large quantities of cytokines

that mediate immune responses, which will be discussed in

the following section. ILCs are classified into type 1

(ILC1), type 2 (ILC2), and type 3 (ILC3) innate lymphoid

cells and regulatory ILCs (ILCregs) depending on their

developmental and effector programs defined by the

expressions of lineage-specific transcription factors [33].

ILCs are described as innate counterparts to CD4? T cells,

since mirroring cytokines are released by Th1, Th2, Th17,

and Treg cells (Fig. 2). ILC1s, like Th1 cells, utilize T-bet

as a transcription factor and produce IFN-c and TNF-a
upon activation by IL-1, IL-12, and IL-15. ILC1s defend

against intracellular bacteria and viruses. GATA3 is a

transcription factor for ILC2s, such as Th2 cells, which

produce IL-5, IL-9, and IL-13 upon activation by IL-25,

IL-33, and thymic stromal lymphopoietin (TSLP) [34].

They are important in tissue homeostasis, helminth clear-

ance, and the pathogenesis of allergic diseases. RORct is
the transcription factor for ILC3s, such as Th17 cells,

responsible for IL-17 and IL-22 production upon activation

by IL-1b and IL-23. ILC3s are known to protect against

extracellular microorganisms and ironically promote

autoimmune disorders [35]. Recently, ILCregs, which are

similar to Treg cells, were reported [36]. ILCregs rely on

the transcriptional regulator, Id3, and produce IL-10 and

TGF-b. Further studies are needed to determine which

cytokines are involved in the activation of ILCregs. As

mentioned above, ILC2s are involved in the repair and

homeostasis of lung tissue as follows.

Regarding the fate of ILC2s, IL-25, IL-33, and TSLP are

the best known cytokines [33]. TSLP is required for the

survival of ILC2s, whereas its activation relies on IL-33,

which is greater when combined with IL-2 or TSLP [37],

resulting in IL-5, IL-9, IL-13 and amphiregulin secretion.

The classic markers, IL-7R and CRTH2, in humans are

downregulated [38], while the surface expressions of c-kit

increase when ILC2s are activated by IL-33 and TSLP. IL-

5 promotes the differentiation, maturation, and activation

of eosinophils, a typical cell type in type 2 immunity. IL-9

produced by ILC2s facilitates not only homeostasis of the

lung but also tissue repair during the recovery phase after

Nippostrongylus brasiliensis-induced lung inflammation

[39]. IL-13 produced by ILC2s increased collagen depo-

sition and airway hyperreactivity, resulting in aggravation

of tissue damage and asthma symptoms. On the other hand,

IL-13 causes accumulations of M2 macrophages, which

assist in repairing lung tissue damage [40]. Since there are

conflicting research results and debate in relation to IL-13,

further studies considering tissue damage associated with

certain disease statuses and the combinations of cytokines

released are yet to be revealed. Amphiregulin, an epidermal

growth factor family, is mainly produced by ILC2s [41]

and is essential for efficient wound healing [42]. In

response to influenza virus infections, amphiregulin pro-

duced by lung ILC2s promotes airway epithelial integrity

and lung tissue homeostasis [43].

These findings unequivocally show that innate immune

cells, particularly ILC2s, are crucial for lung tissue

remodeling. Additionally, lung tissue engineering would be

successful when IL-5, IL-9, IL-13 and amphiregulin are

considered for tissue remodeling.

3.2 Adaptive immune cells

In addition to eliciting cues to complete recovery, it is

crucial to remodel and repair damaged tissue, as described

earlier. Thus, one should consider immune cell function

when considering tissue repair. Consequently, adaptive

immune responses are essential for cleaning up the mess,

repairing damage and maintaining homeostasis of healthy

tissue. To protect the lungs from pathogens that can survive

in macrophages and extracellular organisms that evade

phagocytosis, adaptive immune responses are crucial. The
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adaptive immune responses are provided by CD4? T,

CD8? T, and B cells.

3.3 CD41 T cells

When naive CD4? T cells contact their cognate antigen by

APCs, they differentiate into effector cells and then

memory cells, which are essential for protective immune

responses. Effector CD4? T cells can be classified into

distinct subsets with unique phenotypes and functions. That

is, following an antigen encounter by DCs and lineage

determination that is governed by a unique cytokine envi-

ronment (e.g., IL-12, IL-4, TGF-b/IL-6, or TGF-b), naive
CD4? T cells differentiate into helper T (Th)1, Th2, Th17,

follicular helper T (Tfh) and regulatory T cells (Treg)

(Fig. 2) [12].

Type 2 immunity, induced by CD4? T cells, is charac-

terized by the production of IL-4, IL-5, IL-9 and IL-13 in

tissues after allergic inflammation or helminth parasitic

infections [44]. The numerous functions of type 2 immu-

nity to protect the host include management of tissue

regeneration, suppression of excessive type 1 inflamma-

tion, preservation of barrier defenses and maintenance of

metabolic homeostasis.

Activation of peripheral infection-induced CD4? T cells

is essential not only for CD8? T-cell activity and survival

but also for the development of protective CD8? T cell

memory. While antigen peptide-MHC recognition by T cell

receptors (TCRs) on naive CD8? T cells together with co-

stimulatory signals from mature DCs are essential for ini-

tiating CD8? T cell responses, other factors, such as CD4?

T cells, have been shown to significantly influence this

process [45].

Th1 cells are characterized by the production of their

signature cytokines, namely, IL-2, TNF-a and IFN-c [46].

Differentiation of Th1 cells requires IL-12 and TBX21 as

master transcription factors and phosphorylation of the

signaling transducer and activator of transcription (STAT)4

[11]. During this process, IFN-c signals in an autocrine and

paracrine manner to enhance Th1 differentiation and lin-

eage commitment. IFN-c can promote macrophage acti-

vation, mediate anti-microbial immunity, and orchestrate

activation of the innate immune system. IFN-c regulates

cellular immunity against Mycobacterium tuberculosis,

Listeria monocytogenes, Salmonella typhimurium, and

fungal infections in the lung [47]. For instance, in a murine

model of Coccidioides immitis infections, neutralization of

IFN-c significantly impaired the resistance ability, but

treatment of susceptible BALB/c mice with recombinant

IFN-c significantly protected them from systemic exposure

[48]. In a murine model of M. tuberculosis infection, Th1

cells could induce activation of infected macrophages by

releasing the Th1-specific cytokines, IFN-c and TNF-a.
Given that the infected macrophages produce reactive

oxygen species and nitric oxide in this manner [46], those

cytokines are crucial mediators for limiting the growth of

intra endosomal M. tuberculosis development and killing

the bacteria [49].

Fig. 2 Illustration of characteristic comparison between ILC and

CD4? T cell. ILCP differentiates into ILC1, ILC2, or ILC3, while

ILCreg is derived directly from CHILP. By contrast, CD4? T cells

can be classified into Th1, Th2, Th17, Treg and Tfh. ILCs are

described as innate counterparts to CD4? T cells. The diagram depicts

the overlapping roles of ILCs and CD4? T cells with their subtypes.

To note, ILC2 and Th2 are crucial for tissue homeostatic maintenance

and remodeling in the lung. CHILP, common helper innate lymphoid

progenitor; ILCP, innate lymphoid cell precursor; TSLP, thymic

stromal lymphopoietin; APC, antigen presenting cell
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Th2 cell differentiation, regulated by the master tran-

scription factors, GATA3 and STAT6, requires IL-4. Once

activated, Th2 cells produce IL-4, IL-5, IL-6, IL-9, IL-10

and IL-13, which promote the development, maturation,

and class switching of B cells. Pulmonary eosinophilia is a

key factor in allergic airway inflammation and possible

contributor to the alterations in airway responsiveness [50].

IL-5 induces eosinophil transmigration through the

endothelial and epithelial layers into airways and alveoli,

and IL-13 has the potential to induce airway hyperre-

sponsiveness, goblet cell metaplasia and mucus hyper-

secretion. Additionally, it has been reported that

macrophages treated with IL-4 and IL-13 are essential for

reducing inflammation and restoring tissue homeostasis

[51]. Following injury, epithelial cells proliferate and

restore barrier functions in response to IL-4 and IL-13

signaling [44]. Notably, both IL-4 and IL-13 play major

roles in the differentiation of M2 macrophages [44].

Indeed, these cytokines increase during helminth infec-

tions, which supports the notion that they could aid in

preventing tissue damage brought on by parasites [44]. Th2

responses are also known to suppress Th1- and Th17-dri-

ven inflammation and aid in tissue repair and regeneration

after lung damage. By reducing tissue inflammation and

activating vital tissue-regenerative pathways, Th2 cells

participate in crucial protective activities.

In response to TCR activation, Th17 cells are differen-

tiated from naive CD4? cells by engaging antigens. Early

Th17-cell development relies on key cytokines, including

IL-6, TGF-b, and either IL-23 or IL-21. Once activated,

Th17 cells express the enhanced IL-23 receptor, which is

essential for Th17 maintenance and expansion. Through

STAT3 signaling, IL-6 and IL-21 promote the expression

of the Th17 transcriptional regulator, RORcT. It is

important to note that the Th17 and IL-17 responses in the

lung are not always protective [11]. Indeed, greater weight

loss and longer recovery periods are associated with the

pathological role of IL-17, which increases after influenza

infections [52]. On the other hand, IL-17 is necessary for

host defenses against extracellular pathogens such as

Klebsiella pneumoniae and Mycoplasma pneumoniae

[53, 54].

Bcl-6 expressions together with other cell surface

markers, such as CXCR5, PD-1 and ICOS, are character-

istic of follicular helper T cells (Tfhs). They are prompted

to migrate into germinal centers (GCs) because of CXCR5

expression, where they engage with B cells to trigger a

class switch. In addition, B cells can further differentiate

into memory B cells or long-lived plasma cells that allow

long-lasting antibody production. Tfh cells control this

process by producing IL-21, which promotes B cell pro-

liferation and by directly co-stimulating the B cells through

interaction with the co-stimulatory molecule, CD40. The

role of Tfh cells in supporting memory B cells during

humoral immunity has been fully outlined in a recent

review paper [55].

Immune system activation is well balanced by regula-

tory T lymphocytes (Tregs), also referred to as suppressor

T cells, which uphold the tolerance to self-antigens and

prevent autoimmune disease. In other words, Tregs are

essential for both maintaining and re-establishing a

homeostatic environment as well as for regulating exces-

sive inflammation. Treg depletion increased allergic airway

sensitization and eosinophilic airway inflammation in a

mouse model [56]. Therefore, even if they are not directly

involved in the clearance of pulmonary pathogens, Tregs

orchestrate their actions by influencing other CD4? sub-

sets, CD8? T cells, and myeloid cells. Importantly, innate

cells that exhibit Treg properties have been discovered and

are receiving attention as an immunomodulatory therapy.

FoxP3, the key immune-repressive transcription factor of

Tregs, can be expressed conditionally by macrophages in

stroke lesions. This study demonstrated a unique set of

FoxP3? macrophages with enhanced scavenging capability

that may be the focus of immunomodulatory therapy for

AIS [57].

3.4 CD81 T cells

In their resting state, naive CD8? T cells circulate between

the blood and secondary lymphoid organs in search of

appropriate peptide–MHC complexes [58]. When special-

ized CD8? T cells recognize the appropriate viral peptide-

MHC complexes in DCs, they become activated (primed),

proliferate, and eventually mature into effector cells that

can kill infected cells [59]. The CD8? T cell response, in

brief, develops through three distinct stages (Fig. 3): clonal

expansion of antigen-specific T cells to produce large

numbers of effector cells at approximately 7 days post-

infection (dpi); contraction of the majority (90–95%) of

effector cells through apoptosis at 15 dpi; and finally,

development of a stable memory population from the cells

that survived later than 30 dpi [46]. The lungs are included

in these systemic immune responses that occur throughout

the entire body. In particular, the kinetics of virus-specific

CD8? T cells peaked at approximately 10–14 days for

influenza A virus (IAV), human metapneumovirus and

pneumonia virus in contrast to approximately 6–8 days for

systemic viral infections [60]. During the activation phase,

virus-specific CD8? T cells upregulate the expressions of

markers associated with activation, such as CD25, NKG2a,

and CD44, while downregulating the lymphoid homing

receptor, CD62L [61]. Effector CD8? T cells release IFN-

c, TNF-a, and IL-2. Most responding CD8? T cells

undergo apoptosis during the contraction phase, which

results in a reduction in the overall number of antigen-
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specific CD8? T cells and development of a stable memory

population. Central memory cells (TCMs) are a subset of

the memory CD8? T cell population, which mostly circu-

late between the blood and secondary lymphoid organs and

express CD62L, CCR7, and the IL-7 receptor a-chain [62].

In most cases of respiratory infections, the great

majority of virus-specific memory CD8? T cells are found

within the lung parenchyma rather than traveling through

the pulmonary vasculature [63]. Most memory CD8? T

cells in the lung parenchyma are composed of effector

memory (TEM) and tissue-resident memory (TRM) cells.

TRMs are a subset of non-circulating memory CD8? T

cells that are unique to the peripheral organs [64] and can

be characterized by their expressions of the classic tissue-

residential markers, CD69 and CD103 [65]. The memory

CD8? T cell frequencies in the airway remain elevated

during the course of host recovery and for several months

following an infection [66]. When compared to the control,

the adoptive transfer of memory CD8? T cells specific for

IAV into the airways considerably reduced lung titers

following IAV challenges [67]. Similarly, in the presence

of airway RSV-specific memory CD8? T cells, lung viral

loads and weight loss were reduced upon subsequent RSV

infections [68]. Collectively, tissue-resident memory CD8?

T cells protect the host against secondary respiratory viral

infections. In light of the aforementioned, it is important to

note that the innate and adaptive immune responses must

work together to achieve the removal of harmful biological

and environmental cues, maintenance of healthy conditions

and repair of damaged tissue.

4 Conclusion

The majority of studies have focused on specific cells, such

as macrophages, although some studies have focused on

the management and remodeling of damaged tissues. For

tissue engineering, it is essential to consider other immune

cells in addition to macrophages.

In this review, we focus on the immune cells that should

be considered in the remodeling and engineering of lung

tissue, especially ILCs and T cells. Among the many innate

immune cells, ILC2s could be one of the most significant

cells in tissue remodeling. Tissue remodeling can also be

regulated by targeting ILC2s; hence, modulating key fac-

tors, such as amphiregulin, will be advantageous to tissue

engineering. Interestingly, the functions of ILCs appeared

to be similar to those of the T helper subsets, Th1, Th2, and

Th17. As a result, it is conceivable that innate immune

cells directly contribute to tissue repair and remodeling.

Th1 and CD8? T cells are relatively minor players in

tissue repair and remodeling from the perspective of

adaptive immune cells, but they play direct roles in suc-

cessful host defenses against viral infections such as

influenza and RSV. Furthermore, preexisting resident

memory CD8? T cells enhance virus clearance and

Fig. 3 CD8? T cell responses following respiratory pathogen

infection. Upon the appropriate antigen presentation by APCs, naive

CD8? T cells become activated, as measured by the upregulation of

activation markers, such as CD44, and the downregulation of the

lymphoid homing receptor, CD62L. Then, frequency and numbers of

activated CD8? T cells expand in the lung. Complete viral clearance

from the lung occurs at the same time as the peak of pulmonary CD8?

T cell expansion. After the peak expansion, contraction occurs to

reduce the total number of CD8? T cells followed by forming a

memory population. Two memory CD8? T cell populations are

formed as following; TEM (CD62LloCCR7loIL-7RaloKLRG1hi) that
predominate within the lung but also capable of circulating, and TRM

(CD62LloCD69hiCD103hi) that represent a lung-resident population

of memory CD8? T cells. TEM, Effector memory T cell; TRM,

Tissue resident memory T cell

336 Tissue Eng Regen Med (2023) 20(3):329–339

123



increase survival by preventing prolonged disease. Th2

responses, on the other hand, are known to suppress Th1-

and Th17-driven inflammation, which aid in tissue repair

and regeneration after tissue damage. Furthermore, CD4?

T cells cause innate immune cells such as M2 macrophages

to become active, which indirectly aids in tissue repair.

Therefore, understanding these immune cells will be a

strategy for genuine tissue recovery since innate and

adaptive immune cells must cooperate to recover and

rebuild damaged tissue (Fig. 4).
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