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Summary

γδ T cells are found in highest numbers at barrier surfaces throughout the body, including the 

skin, intestine, lung, gingiva and uterus. Under homeostatic conditions, γδ T cells provide immune 

surveillance of the epidermis, intestinal and oral mucosa, whereas the presence of pathogenic 

microorganisms in the dermis or lungs elicits a robust γδ17 response to clear the infection. 

Although T cell migration is most frequently defined in the context of trafficking, analysis of 

specific migratory behaviors of lymphocytes within the tissue microenvironment can provide 

valuable insight into their function. Intravital imaging and computational analyses have been used 

to define ‘search’ behavior associated with conventional αβ T cells; however, based on the known 

role of γδ T cells as immune sentinels at barrier surfaces and their TCR-independent functions, we 

put forth the need to classify distinct migratory patterns that reflect the surveillance capacity of 

these unconventional lymphocytes. This review will focus on how γδ T cells traffic to various 

barrier surfaces and how recent investigation into their migratory behavior has provided unique 

insight into the contribution of γδ T cells to barrier immunity.
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Barrier surfaces provide a first line of defense against foreign pathogens, delineate distinct 

microenvironments within the body, and perform functions that are essential to life. 

Therefore, maintaining the functional integrity of epithelial barriers is paramount to the 

health of the organism. Various immune cells provide surveillance of these host-microbe 

interfaces at steady-state in an effort to prevent microbial disruption of the epithelium and 

subsequent contamination of the underlying interstitium. In particular, lymphocytes migrate 

within barrier tissues and elicit a local immune response to facilitate repair of damaged 

epithelia, shape commensal bacteria populations, or promote the clearance of invading 

microorganisms. While many immune cell types are able to provide immunosurveillance, an 

elusive lineage of T cells expressing the γδ T cell receptor (TCR) is equipped to perform all 

of these functions and has been identified in major barrier sites in mice and humans. This 
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review will focus on how murine γδ T cells traffic to various barrier surfaces and how recent 

investigation into their migratory behavior has provided unique insight into the contribution 

of γδ T cells to barrier immunity in mice.

Defining the physiological contribution of γδ T cells

Whereas phosphoantigens are known to activate human circulating γδ T cells, the means by 

which murine γδ T cells are activated is less clear1,2. Although it has been shown that some 

γδ TCRs recognize butyrophilin-like molecules, this interaction may be involved in defining 

tissue-specificity or function in a costimulatory manner, rather than initiating a canonical 

antigen-specific immune response2–4. Furthermore, γδ T cells are not major 

histocompatibility complex (MHC)-restricted1. Unlike conventional T cells, which are 

activated upon engagement of the TCRαβ with cognate antigen presented on the MHC of an 

antigen presenting cell (APC), γδ T cells may be activated following recognition of self-

antigen by the TCR5 or distress signals by NK-like receptors6. This TCR-independence 

allows for greater versatility in γδ T cell effector function, and enables these cells to mount 

a rapid response to epithelial damage or infection6–8. In this sense, γδ T cells are widely 

considered to bridge innate and adaptive immunity, although the molecular mechanisms by 

which γδ T cells respond to local innate immune signals continues to be an area of ongoing 

investigation. Conversely, activated tissue-resident γδ T cells respond efficiently to pathogen 

re-challenge in a manner similar to memory αβ T cells9, thus demonstrating the capacity for 

dynamic responses to infection within this lymphocyte population.

The ability of γδ T cells to perform both innate and adaptive immune functions 

complements the necessity to respond to a variety of stimuli within host barrier surfaces. In 

individual tissues, this need is met by different subsets of γδ T cells, which are distinguished 

by Vγ gene expression in mice. Of the three different nomenclature systems, we will be 

using that proposed by Heilig and Tonegawa10, which names seven distinct Vγ subsets 

(Vγ1-7) that vary in localization, effector function, and contribution to homeostasis and 

disease. These subsets develop in sequential waves in the embryonic thymus, with the 

exception of Vγ7+ cells that can develop extrathymically1,11,12. After the initial 

differentiation of thymocytes into TCRγδ+ cells, the recognition of additional antigens in 

the thymus further delineates the functional phenotype into IL-17- or IFNγ-producing γδ T 

cells13,14.

The primary IL-17-producing γδ T cell subsets (γδ17) include Vγ4+ cells found in the 

dermis, lungs and gingiva, and Vγ6+ cells in the gingiva, tongue, lungs and female 

reproductive tract (FRT). Both Vγ4+ and Vγ6+ cells have been shown to function similarly 

to Th17 cells in that pathogen invasion into the tissue elicits an IL-17 response by γδ17 cells 

to help clear the infection15. However, excessive IL-17 production by these cells can 

promote inflammation and autoimmunity, thus supporting a pathogenic role for γδ17 cells 

in models of disease in the aforementioned tissues. Skin epidermal Vγ5+ and intestinal 

Vγ7+ cells both secrete IFNγ as part of a protective response against invading 

pathogens4,16, but can also produce growth factors and antimicrobial peptides to promote 

epithelial proliferation and repair following infection or injury4,17–19. Tight regulation of γδ 
T cell effector function helps prevent aberrant cytolytic activity, which is especially critical 
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at the epidermal and intestinal barriers16. Extensive exposure of these tissues to commensal 

bacteria requires a tolerogenic phenotype among γδ T cells that provide immune 

surveillance under homeostatic conditions, whereas invasion of pathogenic microorganisms 

into the dermis or lungs warrants a more robust γδ17 response to clear the infection. 

However, the pressing question remains: with such diverse functions that cannot be easily 

explained by TCR signaling alone, how do γδ T cells respond with the appropriate effector 

function in their specific local microenvironments?

Uncovering novel roles for γδ T cells within epithelial barriers

With limited knowledge regarding the activating ligand for murine γδ T cells, the majority 

of our understanding of γδ T cells has come from the use of mice deficient in the T cell 

receptor delta locus (Tcrd). However, one disadvantage to this approach is that following 

germline depletion of γδ T cells, αβ T cells fill the empty niche within tissues and exert 

compensatory functions20. In spite of this, the Tcrd knockout (KO) mouse reinforced the 

importance of fetal and neonatal γδ T cell development in the thymus for normal γδ T cell 

distribution to tissues and circulation21,22. Antibody-mediated depletion was widely used to 

investigate the requirement for γδ T cells in response to infection and autoimmunity23,24,25 

until generation of the TcrdH2BeGFP (TcrdEGFP) mouse revealed that internalization of 

these anti-TCRγδ antibodies rendered the cells “invisible” rather than inducing their 

depletion26. Thus, the reported effects on γδ T cell function in vivo from these prior studies 

likely highlight the importance of TCRγδ signaling in these specific contexts. More 

recently, the TcrdGDL mouse was generated27 to allow conditional depletion of γδ T cells 

and more reliable investigation into the requirement for γδ T cells in vivo.

γδ T cells are found in relatively low abundance in the secondary lymphoid organs in the 

absence of infection. Further, the isolation of γδ T cells from peripheral tissues is 

challenging as is maintaining cell viability ex vivo; therefore, additional methodology was 

needed to investigate the function of γδ T cells in the barrier tissues where these cells are 

most commonly found. Although other GFP reporter strains can be used to visualize γδ T 

cells in certain tissues28,29, the generation of the TcrdEGFP mouse further enhanced our 

ability to perform intravital imaging to assess γδ T cell localization and motility within 

barrier surfaces30–32.

The development of new tools to specifically evaluate γδ T cell localization and function 

has begun to elucidate novel roles for γδ T cells within healthy and diseased tissues. 

Moreover, the inherent complexity of the immune response at barrier surfaces has resulted in 

increased investigation of γδ T cell motility and how this influences host-microbe 

interactions within specific tissue microenvironments. Characterizing γδ T cell migratory 

behavior has also provided a means to evaluate intercellular interactions and define 

additional metrics of γδ T cell effector function. As this area of investigation continues to 

expand, it is conceivable that the identification of the molecular mechanisms underlying γδ 
T cell migratory behavior will not only help to illuminate the functions of γδ T cells in 

disease pathogenesis but also provide new targets for therapeutic development.
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Defining T cell motility: trafficking, search and surveillance

First, it is necessary to clarify how we describe and distinguish different types of T cell 

motility or migratory behavior. In the literature, T cell migration is most frequently defined 

in the context of trafficking: this includes thymic egress, trafficking from the blood to 

secondary lymphoid organ to the tissue, or from the tissue back into circulation. All of these 

scenarios reflect lymphocyte migration from one place to another in the body. What is less 

frequently discussed is the specific motility or migratory behavior within the tissue 

microenvironment, especially in the context of γδ T cells. There have been several well-

written reviews on interstitial T cell migration33–35, and therefore this review will only 

briefly highlight some of the main factors involved in this process and how it relates to 

questions that remain elusive in γδ T cell biology.

Search versus surveillance behaviors of lymphocytes

The first and most direct question is: how do we define γδ T cell migratory behavior? 

Krummel et al. define a “spectrum of motility” in which factors involved cell-intrinsic 

locomotion in combination with physical and chemical cues from the local 

microenvironment regulate migratory behavior within a given tissue36. T cell locomotion has 

been broadly characterized as amoeboid migration in which the cells exhibit a rounded 

shape with a dynamic leading edge and a stable uropod in the rear34,37. Much of the work 

analyzing T cell migration within a tissue has been performed in the context of conventional 

αβ T cells, using computational analysis to define T cell ‘search’ behavior. This search 

behavior has been used to explain the ability of naïve and antigen-specific lymphocytes to 

rapidly scan secondary lymphoid organs or peripheral tissues to find their cognate antigen, 

signaling partner, or target36,38. As a result, T cell search is defined as a random walk along 

trajectories composed of successive randomly-oriented steps39,40. This random walk 

continues until engagement of the TCR through interaction with an APC expressing its 

cognate antigen functions as a ‘stop signal’41. By incorporating data from intravital imaging, 

computational strategies have been optimized to reflect changes in T cell activation status 

and contribution of the structural or chemotactic environment in guiding T cell motility36.

Search behavior is predicated on lymphocytes seeking a specific target; however, many 

functions of γδ T cells are antigen-independent6–8. Thus, while these studies have been 

extremely informative in defining the kinetics and spatiotemporal dynamics of conventional 

T cell migration, these models fail to significantly advance our understanding of γδ T cell 

biology. Based on the known role of γδ T cells as immune sentinels at barrier surfaces, we 

put forth that distinct migratory patterns need to be defined to accurately classify and reflect 

the surveillance capacity of these unconventional lymphocytes. To this end, we will explore 

how γδ T cells in different tissue compartments provide continuous surveillance of these 

barrier interfaces.

Lymphocyte migration through complex tissue architecture

In addition to defining migratory patterns, we must also consider the molecular mechanisms 

by which surveillance behaviors are regulated. This leads to our second question: how do T 

cells navigate the complex microenvironment within a barrier surface? The architecture of a 
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lymph node starkly contrasts to that in the epidermal or intestinal epithelial compartment, in 

which the degree of physical confinement is much higher due to (1) structural and spatial 

restrictions imposed by non-lymphoid cell types within the tissue, (2) the density of 

extracellular matrix (ECM), and/or (3) necessity for neighboring cells to remain anchored to 

the ECM (the latter is particularly relevant to enterocytes). The two main factors that 

contribute to T cell motility in these confined spaces are the porosity of the ECM and the 

ability of the cell to deform its nucleus42. It is widely thought that T cells do not require 

proteolytic cleavage of the matrix for their motility33, yet there are examples in which T 

cells have been shown to remodel the ECM for this purpose. For example, cytotoxic T cells 

secrete extracellular granzyme to degrade ECM proteins to facilitate their extravasation from 

the blood vessel43. γδ T cells express high constitutive levels of various granzymes44; 

therefore, it would be of interest to determine whether these granzyme stores are used to 

support migration within the tissue at steady-state or under pathological conditions. 

Alternatively, cytokines, pathogens, or other inflammatory mediators can also remodel the 

ECM, thus allowing T cells more freedom to migrate within inflamed tissues45.

In the event that these physical structures are not altered, the ellipsoid nucleus of the T cell 

will deform to fit into small pores or tight spaces within the tissue42. In fact, it has been 

shown that a lobe of the nucleus is incorporated into the protruding lamellipodia as a T cell 

begins to extravasate through the vascular wall46. Many of the intravital microscopy 

experiments visualizing γδ T cells in the barrier have been performed using nuclear GFP 

reporter mice (TcrdEGFP)30, which allows us to observe the extent to which the nucleus 

deforms. In the intestinal epithelium, the nucleus of γδ IELs constantly changes shape as the 

cells survey the basement membrane and intercalate between adjacent enterocytes31. Even 

tighter constriction of the nucleus is observed when γδ T cells cross the basement 

membrane between the lamina propria and epithelial compartment47. While imaging with a 

nuclear GFP reporter helps to resolve the overall migratory behavior of these cells, we still 

lack a clear view of the cell’s leading edge to observe changes in the polarization of a 

migrating lymphocyte. One way to address this limitation is to perform intravital imaging 

studies with the recently-developed TcrdGDL mouse27, in which γδ T cells can be 

identified by cytoplasmic GFP expression. Alternatively, fluorophore-labeled antibodies can 

be injected intravenously to mark cell surface proteins prior to imaging48. Visualizing the 

cytoplasm or membrane of γδ T cells will further define the spatiotemporal dynamics by 

which these cells extend membrane processes to reach between epithelial cells or make 

transient contacts with other leukocytes.

Interestingly, activated T cells exhibit increased nuclear stiffness42, which inhibits their 

ability to deform and fit through smaller spaces. Under these conditions it is possible that the 

composition and relative stiffness of the matrix could compensate for the lack of nuclear 

deformation. However, the question remains as to how γδ T cells with a “partially-

activated” innate-like phenotype16 fit on the known spectrum of T activation as it relates to 

nuclear deformation, and whether this intermediate activation state contributes to the 

morphological changes needed to facilitate γδ T cell migratory behavior. Therefore, it is 

important to consider the architecture and situational microenvironment as we continue to 

define the migratory patterns of γδ T cells within barrier tissues.
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Tissue localization of γδ T cells

As discussed earlier, γδ T cells are found in highest numbers at barrier surfaces throughout 

the body, including the skin, intestine, lung and other mucosal surfaces. In the subsequent 

sections we will highlight how γδ T cells traffic to specific locations within the body, their 

known migratory or surveillance behaviors in each tissue, and the impact of these behaviors 

on their effector function in the context of tissue homeostasis and disease.

Trafficking and seeding of epidermal γδ T cells

There are two main subsets of γδ T cells located in the skin; dendritic epidermal T cells 

(DETC) and dermal γδ T cells. Approximately 98% of DETCs express Vγ5 TCR, whereas 

dermal γδ T cells are a more heterogenous populations with up to 50% of these cells 

expressing Vγ4 TCR28,29,49. Within each location, these subsets exhibit differential effector 

functions and surveillance behaviors that ultimately contribute to wound healing, protection 

against microbial invasion, or upon aberrant activation can lead to disease pathology such as 

psoriasis.

Precursors to Vγ5+ cells appear in the first wave of fetal thymocyte development50. The 

expansion and maturation of Vγ5+ progenitor cells is dependent upon the expression of 

Skint1, which is a butyrophilin-like (Btnl) molecule expressed by thymic epithelial cells and 

keratinocytes51. In addition to the upregulation of sphingosine-1-phosphate receptor 1 

(S1PR1), which is required for thymic egress of mature T cells52, Vγ5+ cells upregulate 

CCR10, the cognate receptor for CCL27 that is highly expressed in the skin52,53. Signaling 

through CCR10 is not involved in DETC development in the fetal thymus; however, 

trafficking to the epidermis is impaired in CCR10-deficient mice, resulting in an 

accumulation of Vγ5+ cells in the dermis of fetal mice54. This trafficking defect appears to 

be specific to the fetal period since CCR10 KO adult mice do not exhibit reduced DETC 

numbers. This may be attributed to a degree of functional redundancy between CCR10 and 

the expression of selectins in either targeting Vγ5+ cells to the skin55 or the local expansion 

of DETCs54. Similarly, loss of GPR15, an orphan G-protein coupled receptor that shares 

homology with other leukocyte chemokine receptors56,57, reduced the number of DETCs in 

neonates, but not adults58, indicating that an alternative pathway may contribute to the 

homeostatic regulation of these cells. Supporting this observation, Nakamura et al. found 

that as opposed to regulating the initial homing of these DETCs to the neonatal epidermis, 

CCR4 expression was essential for maintaining DETCs in postnatal and adult mice55,59. 

CD103 (αEβ7 integrin) is an important marker of tissue-resident leukocytes and is highly 

expressed by DETC thymic precursors, which also express its co-receptor, E-cadherin60. 

Although CD103-deficient mice exhibit a reduction in the total number of DETCs, it 

remains unclear whether this is due to a defect in thymocyte development, trafficking to the 

skin, or in maintenance of the tissue-resident population.

Surveillance behavior of DETCs

DETCs are thought to function as lymphoid stress sensors by extending their dendrites to 

interact with neighboring cells. These stable dendrites are oriented toward the apical 

epidermis and exhibit cytoplasm-filled swellings or projections61. Due to the detection of a 
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phosphorylated tyrosine signal on the tips of these dendritic projections, these structures are 

referred to as ‘phosphorylated tyrosine-rich aggregates located on projections’, or PALPs. 

Moreover, Vγ5 TCR was found to be clustered and activated on PALPs, and TCR activation 

is thought to contribute PALP formation. These apical projections form synaptic structures 

in close proximity to squamous keratinocyte junctions, often at sites of tricellular 

interactions. Consistent with this, CD103 is found in these synapses and directly interacts 

with keratinocyte E-cadherin to facilitate anchoring of these long-lived apical dendrites. 

PALPs form at steady-state and are strategically located to recognize stressed or malignant 

keratinocytes, with one PALP allowing for efficient surveillance of at least three neighboring 

cells.

In response to injury, DETCs quickly retract their dendrites resulting in rounding of the 

cell8,62. Interestingly, basolateral dendrites are the first to be dissembled, with apical PALPs 

following soon after61. This may point to the relative importance of the apical PALP 

structures in maintaining surveillance or physical interaction with neighboring cells. 

Importantly, TCR activation alone was not sufficient to induce rounding, indicating that 

multiple signals are needed to initiate this response61. This morphological change is 

mediated in part through CD103 engagement with E-cadherin. In response to wounding, 

keratinocytes downregulate E-cadherin expression leading to DETC rounding63. Another 

ligand-receptor-mediated interaction involved in this rounding phenotype is the engagement 

of CD100 (semaphorin 4D) and plexin B, expressed by DETCs and keratinocytes, 

respectively64. Once bound, signaling through CD100 induces the activation of cofilin and 

ERK, resulting in cell rounding.

Following activation by either stress or TCR engagement, DETCs upregulate the expression 

of the tight junction protein, occludin65. Surprisingly, loss of occludin expression adversely 

affected rounding as DETCs in occludin-deficient mice still showed dendrite extension even 

after irradiation. CD100 levels were similar in the presence or absence of occludin, 

suggesting that occludin expression may be regulated downstream of CD10065.

The importance of PALP localization beneath the keratinocyte junctional complex was 

further demonstrated by a study showing that binding of junctional adhesion molecule-like 

protein (JAML), a cell surface molecule on DETCs, to Coxsackie and Adenovirus receptor 

(CAR) expressed in the junction, functions as a co-stimulatory second signal66. Blocking of 

JAML/CAR interactions results in delayed wound healing. The rapid detection of damage or 

distress by PALPs is thought to function as a stress sensor to promote a local release of 

effector molecules61.

DETCs are relatively sessile within the epidermis and migrate at speeds less than 1 μm/min. 

Even after rounding, DETCs do not appear to be motile; however, the continuous extension 

of dendrites, or probing of neighboring keratinocytes, could be classified as a unique form of 

surveillance behavior (Table 1). Intravital imaging of epidermis 72 hours after wounding 

showed that DETCs exhibited a more rapid probing behavior than was observed at steady-

state61; however, whether this reflects an increased surveillance state or that the 

keratinocytes may not have returned to a baseline physiological state to support stable PALP 

formation is unknown. Likewise, the molecular mechanisms involved in the regulation of 
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DETC probing behavior have yet to be described. Although it has been suggested that 

rounding of DETCs may facilitate intradermal migration or egress to the draining lymph 

node64,65, this is an area that requires further investigation.

Trafficking and migratory behavior of dermal γδ T cells

Unlike DETCs, which make up a tissue-resident population that does not return to 

circulation, dermal γδ T cells express CCR6 and CCR2, which drive circulation of these 

cells to and from the periphery67. Consistent with its expression in polarized γδ17 cells, 

steady-state expression of CCR6 responds to CCL20 produced by keratinocytes to recruit 

IL-17-producing Vγ4+ and Vγ6+ cells to the dermis. Mice deficient in CCR7, which 

promotes migration from the tissue into the peripheral lymphatics, have no defect in DETC 

or dermal γδ T cell number indicating that dermal γδ T cells undergo local proliferation to 

maintain their presence in the tissue under homeostatic conditions29. However, in the context 

of inflammation, CCR6 is downregulated in favor of CCR2 to recruit dermal γδ T cells to 

inflamed regions67,68. Loss of CD69, a marker for tissue-resident cells, results in increased 

S1PR1 surface expression and γδ T cell migration from the dermis to the draining lymph 

node69–71. More recently, it was shown that expression of S1PR2 opposes this trafficking 

and functions to retain CD69+ γδ T cells in the dermis. It still remains unclear whether 

CD69 expression on these cells is required for their retention within the tissue69.

While these studies have begun to elucidate the mechanisms regulating dermal γδ T cell 

trafficking, two back-to-back intravital imaging studies using CXCR6-GFP knock-in mice 

revealed that these cells were more ameboid in shape compared to DETCs and exhibit a 

distinct patrolling behavior within the dermis28,29. One study reported an average migratory 

speed of 3-5 μm/min for dermal γδ T cells28, which is consistent with the reported average 

speed of T cells migrating within a barrier surface31. Dermal γδ T cell motility was 

described as a patrolling behavior in which migrating cells pause, turn at a 85° angle, and 

then continue to migrate28. This is similar to the flossing behavior of γδ IELs31,72 discussed 

later in this review. The complementary study reported an average speed of 2 μm/min for 

these cells, reflecting the presence of both an actively patrolling and a more stationary 

population of dermal γδ T cells29. The non-motile population of γδ T cells was attributed to 

formation of stable interactions between γδ T cells and MHCII+ cells within the dermis.

While there are a few reports of interactions between γδ T cells and APCs73, it would be of 

interest to determine whether there are two distinct migratory patterns for dermal γδ T cells; 

those that exhibit a surveillance behavior defined by continuous patrolling of the dermis, and 

a separate subset that exhibit a more traditional search behavior typical of αβ T cells. 

Alternatively, dermal-patrolling γδ17s could experience momentary arrest via transient 

interactions with MHCII+ cells. Dermal γδ T cells constitutively express 3-fold higher 

levels of occludin than DETCs, yet whether occludin contributes to γδ17 motility remains 

unknown65. Further evaluation of the dermal γδ T cell migratory behaviors and whether 

these lymphocytes make transient or sustained contacts with other leukocytes would increase 

our understanding of the kinetics and functional roles of γδ17 cells under homeostatic and 

inflammatory conditions. Moreover, identifying the molecular cues that regulate these 
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patrolling behaviors and APC interactions may provide novel therapeutic strategies for 

inflammatory skin diseases.

The patrolling behavior of dermal γδ17 cells correlates well with the known effector 

function of these cells in providing an early response to microbial infection28,29. As 

sentinels, these γδ T cells may either respond to foreign antigen or directly recognize 

stressed keratinocytes to stimulate IL-17 release and facilitate clearance of an invading 

microorganism, such as Mycobacterium bovis29,74. Alternatively, dermal γδ T cells can be 

activated indirectly in the presence of IL-1β and IL-2328,49. IL-1β also stimulates 

keratinocytes to secrete CCL20 to promote the chemotaxis of CCR6+ γδ17 cells in vitro67. 

In line with their pro-inflammatory role, IL-17 produced by the dermal γδ T cell 

compartment can inhibit insulin-like growth factor 1 (IGF-1) production by DETCs, thus 

delaying wound healing and prolonging the inflammatory response75.

While it is clear that compartmentalization of γδ T cell subsets between the epidermis and 

dermis allows a division of labor based on specific effector functions, there are instances in 

which altering this spatial segregation negatively affects tissue homeostasis. In a model of 

psoriasis-like dermatitis, injection of IL-23 promoted the recruitment of CCR6+ dermal 

γδ17 cells into the epidermis76. Blocking CCL20/CCR6 signaling abrogated the migration 

of IL-22-producing dermal γδ T cells, leading the authors to conclude that infiltration of 

γδ17 cells into the epidermis may promote epidermal hyperplasia and dermal edema76.

Gingival γδ T cells

The oral mucosa is composed of stratified squamous epithelium, with architecture similar to 

the skin, and can be subdivided into the following specialized regions: the junctional 

epithelium that is attached to the tooth, the sulcular epithelium, and the oral epithelium on 

the external surface of the gingiva. Studies using TcrdEGFP mice showed that γδ T cells 

primarily reside within the junctional epithelium closest to the oral biofilm and are highly 

motile32. These gingival γδ T cells have a rounded morphology and appear to migrate at 

speeds similar to dermal γδ T cells28,29. Further characterization revealed that the majority 

of these gingival γδ T cells express the Vγ6 TCR and CD10332. Loss of IL-23R signaling 

under homeostatic conditions partially reduced the number of these IL-17-producing Vγ6+ 

cells and ablation of CCR6 signaling decreased the total number of gingival γδ T cells32, 

suggesting that CCR6 may facilitate their recruitment to the gingival epithelium. Moreover, 

mice deficient in γδ T cells exhibited increased periodontal pathology due to decreased 

production of amphiregulin77 and reduced IL-17 production in the gingiva, which led to 

alteration of the oral microbiome32. Conversely, gnotobiotic mice have a decreased 

frequency and total number of gingival γδ T cells32,77, indicating reciprocal interactions 

between the oral microbiome and this sentinel lymphocyte population. Together, these 

findings indicate that γδ17 cells provide surveillance of the gingival epithelium to shape the 

oral microbiome and promote repair following damage. More detailed investigation into the 

migratory behavior of these cells and the contribution of CD103 to gingival γδ T cell 

motility may uncover novel functional responses at steady-state and in response to 

inflammation.
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γδ T cells in the lung

Within the lung, γδ T cells are primarily found in the lamina propria (LP) both in and 

around airway walls73. During the postnatal period, the majority of pulmonary γδ T cells 

express Vγ6 TCR. However, the numbers of Vγ4+ and Vγ1+ cells become more prominent 

in adult mice and comprise 5-10% of the total lymphocyte population in the lung73,78,79. 

These subpopulations are also differentially localized, with Vγ1+ and Vγ4+ cells found 

most frequently in the parenchyma while Vγ6+ cells are more broadly distributed in non-

parenchymal locations73. Under homeostatic conditions, nearly half of pulmonary γδ T cells 

in the parenchyma were found to interact with macrophages and MHCII+ dendritic cells73. 

Moreover, TCRγδ staining was enhanced at sites of T cell/myeloid cell contact, suggesting 

that γδ T cells may be exerting a regulatory function to maintain mucosal homeostasis.

Studies in γδ T-cell-deficient mice have shown that these cells largely exhibit a protective 

function in response to pulmonary infection or injury80–83. This is consistent with the known 

functions for IL-17-producing Vγ4+ and Vγ6+ cells in promoting neutrophil infiltration and 

bacterial clearance84–87. While an expanded pulmonary γδ T cell population has been 

observed in response to lung infection79,88–91, the extent to which γδ T cells are trafficked 

into the lung from the periphery remains unclear. Neither CCR6 nor CCR4 were required for 

γδ17 infiltration into the lung following Mycobacterium bovis infection92,93. In fact, the 

local proliferation of Vγ1+ and Vγ4+ cells was shown to account for the increase in 

pulmonary γδ T cells following Streptococcus pneumoniae infection94. Thus, it remains to 

be determined whether a local expansion of γδ17 cells, rather than an influx of circulating 

lymphocytes, is consistent among the host response to various pulmonary infections.

Different γδ T cell subsets appear to have distinct roles in disease pathology in the lung. For 

example, Vγ1+ cells can promote, whereas Vγ4+ cells suppress, airway 

hyperresponsiveness95, and Vγ6+ contribute to lung fibrosis96. Moreover, commensal 

bacteria were shown to induce the expansion of pro-inflammatory Vγ6+ cells that promote 

tumor cell proliferation in the lung97. Therefore, further investigation into the mechanisms 

by which these specific subsets are recruited to or localized within the lung during infection 

or inflammation may provide additional insight into the effector functions of pulmonary γδ 
T cells. Along the same lines, deciphering which γδ T cells localize or directly interact with 

myeloid cells may reveal the contribution of individual Vγ subsets in the lung.

γδ T cells in the female reproductive tract

Recently, Monin et al. described a uterine population of γδ T cells that resides in the sub-

epithelial stroma98, not in the epithelium as had been previously described99. γδ T cells in 

this compartment have rounded, lymphoid morphology and the vast majority express the 

Vγ6Vδ1 TCR, whereas others express Vγ4 TCR. Unlike Vγ6+ cells at other mucosal 

barriers, γδ T cells in the uterus are not dependent on local microbiota for development or 

function98. However, the signals that drive their thymic selection and trafficking to the uterus 

have yet to be defined.
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Similar to other Vγ6 TCR+ populations, more than 90% of the uterine γδ T cell 

compartment elicits a robust IL-17A response following stimulation98. γδ T cell effector 

function in the uterus segregates with Vγ expression, as uterine Vγ6− cells produced IFNγ 
upon activation. Further, uterine Vγ6+ cells were found to be transcriptionally unique from 

the Vγ6+ population in the lung; most notable of the differences between the two 

populations is the expression of Pgr, the progesterone receptor gene, in uterine Vγ6+ cells. 

Interestingly, many co-stimulatory receptors were shared between lung and uterine Vγ6+ 

cells. These findings demonstrate that the local microenvironment may result in the 

adaptation of γδ T cells within individual barrier tissues.

Underlining the functional importance of γδ17 in the FRT, Tcrd KO mice were found to be 

more susceptible than WT mice to Candida albicans98. This was attributed to γδ T cell-

mediated IL-17A production driving neutrophil recruitment in response to fungal infection. 

Yet, it remains unknown other regions of the FRT have distinct γδ T cell populations or if 

uterine γδ T cells can contribute to surveillance of the entire tissue. Therefore, studying the 

motility of this unique subset of γδ T cells will further elucidate the role of these cells in 

steady-state uterine function, including regulation of homeostatic turnover of the barrier 

epithelium or monitoring the FRT microbiome.

Intestinal γδ T cells

The intestinal mucosa consists of the epithelium and the underlying LP, which are separated 

by the basement membrane. Unlike the skin, which has a stratified epithelium that separates 

the host from the external environment, the intestine is lined by a single layer of columnar 

epithelial cells. The intestinal epithelium is organized into stem cell-containing crypts, and 

villi, which protrude into the lumen. Within the mucosa, γδ T cells are primarily found 

within the epithelium, comprising up to 60% of the total population of intraepithelial 

lymphocytes (IEL), and approximately 10% of LP lymphocytes100–102. Approximately 60% 

of γδ IELs express the Vγ7 TCR and 30% express Vγ1103,104. In contrast, the LP γδ T cell 

population is more heterogeneous and contains Vγ1+ and Vγ6+ cells, likely reflecting 

lymphocytes trafficking into the gut from the periphery.

The frequency of γδ IELs is highest in the duodenum and gradually decreases along the 

length of the intestine105, yet the proportion of Vγ subsets remains similar within each 

region. γδ IELs exhibit a largely protective response by dampening acute 

inflammation19,106 and promoting mucosal barrier integrity107–109. IELs are maintained in a 

state of partial activation, and are thought to be largely immunologically quiescent16; 

however, their ability to initiate a rapid response to enteric infection107–109 highlights the 

ability of γδ IELs to bridge innate and adaptive immunity110. In this section, we will 

explore how trafficking, surveillance behaviors, and ultimately, effector functions differ 

between γδ T cells in each compartment at steady-state or in response to infection or 

inflammation.

γδ IEL Trafficking and Development

γδ IELs begin to populate the gut of weanling mice between 2-3 weeks of age in a process 

that is independent of the presence of dietary antigen or microbiota111. The contribution of 
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thymic vs extrathymic ontogeny of these γδ IELs remains a point of contention within the 

field11,16,112; however, Vγ7+ IELs have been shown to populate the small intestine in 

athymic mice111. Once γδ IELs establish residence in the epithelium, these cells do not re-

enter into circulation103.

Unlike conventional antigen-specific IELs, γδ IELs are directly recruited to the intestine 

without the need for antigen exposure in secondary lymphoid organs16. This homing to the 

gut is facilitated by tissue-specific chemokines and their receptors. One of the earliest 

chemokine-chemokine receptor pairs identified in lymphocyte homing to the intestine is 

CCR9 and its ligand CCL25, which is constitutively expressed by intestinal epithelial cells 

(IEC)113. Mice deficient in CCR9 exhibit a 3-fold reduction in the number of small intestinal 

γδ IELs103,113,114, but this number is increased in the colon where only a small proportion 

of IELs express the chemokine receptor113,115. CCR9 primarily functions to induce 

trafficking of γδ T cells to the IEL compartment, which was shown when deletion of this 

receptor had no effect on LP lymphocyte number113, the Vγ subsets present in the IEL 

compartment, or the gradient of γδ IEL localization along the length of the small 

intestine103. IELs also highly express CXCR3, the ligand for which is CXCL10 expressed 

by IECs116–118. Interestingly, the CD8αα+ IEL population is increased in CXCR3-deficient 

mice suggesting that its expression is not required γδ IEL intestinal homing118.

In addition to chemokine receptors, several integrins have been implicated in the homing and 

retention of γδ T cells within the intestinal mucosa. The two most prominent integrins 

involved in trafficking of lymphocytes to the gut are α4β7 and αEβ7 (CD103). While β7 

integrin-deficient mice have a substantial reduction in the number of IELs119, there is no 

appreciable defect in mice lacking α4 integrin120, indicating that CD103 is largely 

responsible for trafficking of γδ IELs to the intestine. Supporting this, CD103-deficient 

mice have a reduced γδ IEL population121; however, this may be dependent on individual 

animal facilities since we observe a less pronounced phenotype in our colony31. CD103 

directly interacts with epithelial E-cadherin and is widely thought to facilitate the retention 

of leukocytes within the gut122,123. γδ IELs express other integrins such as β1 and β2
124, but 

the role for these proteins in gut homing is less well understood. Mice with a partial deficit 

in the expression of β2 integrin (LFA-1/CD11a) or its ligand ICAM-1 exhibited a reduced 

γδ IEL population125. Similar findings were observed in mice deficient in α1 integrin, 

which pairs with the β1 subunit126. Taken together, these findings indicate that CCR9 and 

CD103 are key regulators involved in the trafficking and retention of γδ IELs to and within 

the intestine.

More recently, two orphan G-Protein Coupled Receptors (GPR) have been implicated in 

regulating γδ IEL localization within the gut. GPR18 is highly expressed on γδ IELs, and 

mice deficient in GPR18 exhibit a significant reduction in small intestinal γδ IELs48. Of the 

remaining γδ IELs present in GPR18 KO mice, there were strikingly fewer Vγ7+ cells. 

Interestingly, the generation of CCR9/GPR18 double KO mice showed that CCR9 was 

dominant over GPR18 in regard to regulating γδ IEL trafficking to the gut; however, the 

reduction in the frequency of Vγ7+ IELs was more specific to the lack of GPR18. Moreover, 

rescue experiments showed that restoring GPR18 expression in bone marrow led to an 

accumulation of γδ T cells specifically within the IEL compartment, suggesting that GPR18 
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may contribute to the epithelial retention of these lymphocytes. Although another report did 

not observe a defect in IEL number in GPR18 KO mice, GPR18 was required for 

repopulation of γδ IELs in the small intestine following bone marrow transplantation, 

supporting earlier findings127.

Whereas GPR18 promotes recruitment of γδ IELs to the gut, GPR55 inhibits the 

accumulation of γδ IELs in the small intestine128. Loss of GPR55 results in increased γδ T 

cell number in both the IEL and LP compartments. In response to indomethacin-induced 

injury, inhibition of GPR55 increased γδ T cell localization in the epithelial compartment 

presumably by enhancing S1PR1-dependent egress of γδ T cells from Peyer’s patches128. 

Another negative regulator of S1PR1 is CD69129, which is constitutively expressed at high 

levels in tissue resident cells, including γδ IELs130. These studies highlight some of the 

receptors involved in the positive and negative regulation of the initial trafficking of γδ IELs 

to the gut, yet it is clear that the many of the molecular mechanisms involved in this process 

have not been fully elucidated.

The ligand-receptor pairs described above reflect our current knowledge of how γδ IELs 

traffic to the intestine under homeostatic conditions. However, it is also important to 

consider that γδ IELs are self-renewing and proliferate within the epithelial compartment 

both at steady-state and in response to infection103,111,131,132. Several factors are involved in 

the maintenance of the γδ IEL compartment including IL-15/IL-15Rα, IL-7, and signaling 

through the aryl hydrocarbon receptor (AhR)133–137. Moreover, the maturation and 

expansion of Vγ7+ IELs is dependent upon IEC expression of Btnl1, which may in part 

promote the expression of IL-2Rβ, the receptor for IL-15111,138.

In the intestine, IL-15 is expressed by IECs and LP dendritic cells139. Membrane-bound 

epithelial IL-15/IL-15Rα is transpresented to its cognate receptor IL-2Rβ on T cells134, thus 

leading us to ask whether this direct interaction contributes to γδ T cell localization within 

the intestinal mucosa. Using two IL-15 transgenic mouse lines, one in which IL-15 is 

overexpressed by IECs and one with IL-15 overexpression in all cells except IECs, we found 

that γδ T cells localize to the compartment with the highest IL-15 expression47. Although 

the exchange of lymphocytes between the epithelial and LP compartment is presumed to be 

a rare event140, we were able to visualize several instances in which the nucleus of a γδ T 

cell was deformed as the lymphocyte straddled the basement membrane. Together, these 

findings indicate that local concentration of IL-15 and the necessity for direct epithelial 

interactions via IL-15 transpresentation may explain why the majority of γδ T cells remain 

within the epithelial compartment.

Surveillance behavior within the intestinal mucosa

The majority of our understanding regarding γδ T cell function in the intestine comes from 

investigating the mucosal immune response in Tcrd KO mice in response to local injury, 

enteric infection and models of inflammation7,19,106,108,109,141,142. These studies helped to 

identify many of the soluble factors that intestinal γδ T cells produce in response to 

alterations in the local microenvironment, both in the small intestine and the colon. 

However, much remained unknown regarding how these immune cells, γδ IELs in 

particular, were able to exert a largely protective role in intestinal homeostasis despite being 
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outnumbered 10:1 by IECs. Most of the known physiological contributions of γδ IELs are 

attributed to their ability to secrete paracrine factors that act on epithelial cells or other 

leukocytes, which led us to ask: why is it necessary for these lymphocytes to be located 

within the epithelial compartment as opposed to the LP?

Previous dogma suggested that γδ IELs were sessile143, and that once inserted into the 

epithelium, these cells were passive travelers among the enterocytes that migrated up the 

crypt-villus axis. These observations were justified by initial intravital imaging studies of the 

small intestine using the TcrdEGFP reporter mouse that showed limited motility of intestinal 

γδ T cells compared to those in peripheral lymph nodes103. However, enhanced 

spatiotemporal resolution confirmed what many had suspected: γδ IELs are highly motile 

within the epithelial compartment and provide continuous surveillance of the epithelial 

barrier31. We found that γδ IELs largely migrate along the basement membrane and 

intermittently turn and migrate into the lateral intercellular space (LIS) between two 

adjacent enterocytes. This migratory behavior was later termed “flossing”72 (Fig. 1). At 

steady-state, γδ IELs are retained in the LIS for 4-6 minutes before exiting and resuming 

their surveillance behavior, often turning and reversing course to cover the same area. 

Consistent with the previous report made by Chennupati et al.103, we found that the average 

migratory speed of γδ T cells was 3.8 μm/min31; the slow speed likely reflecting the spatial 

constraints of the mucosal architecture.

This surveillance behavior is altered in the presence of an invading microorganism, such as 

Salmonella Typhimurium or Toxoplasma gondii72,144. In the context of Salmonella 
infection, γδ IELs migrate to enterocytes that are in direct contact with bacteria and remain 

in the LIS for 9-11 min. Although the γδ IELs are able to patrol the entire length of the 

villus, bacterial infection results in the generation of “hotspots” where γδ IELs migrate near 

sites of invasion72. This response was shown to be independent of TCR signaling and 

instead mediated via IEL/epithelial crosstalk downstream of epithelial MyD88 signaling. 

While the relationship between epithelial MyD88 and γδ IELs had been previously 

reported108, it was surprising that although the γδ TCR is constantly triggered in vivo145, 

TCR activation does not contribute to γδ IEL flossing behavior72. Consistent with the role 

for microbial recognition in regulating γδ IEL migratory behavior, visualization of γδ IELs 

in antibiotic-treated or germ-free mice revealed that the presence of commensals influenced 

the extent of γδ IEL-mediated surveillance, both by influencing their localization along the 

crypt-villus axis and the overall surveillance area72. In antibiotic-treated mice, we find that 

γδ IELs primarily migrate along the basement membrane and rarely enter the LIS 

(Edelblum, unpublished observations) indicating that signals from commensal bacteria are 

required to promote flossing behavior. We term this migratory pattern in which γδ IEL 

motility is restricted to the basolateral aspect of the epithelium, “surveying” behavior.

Further investigation into the molecular mechanisms regulating γδ IEL motility showed that 

the tight junction protein occludin, expressed by both γδ IELs and IECs, is required for γδ 
IEL surveillance behavior (Fig. 2)31. In the absence of γδ IEL occludin, the lymphocytes 

remain close to the basement membrane and are largely immobile. As a result of occludin 

deletion in γδ IELs, a substantial increase in pathogen translocation across the epithelium 

was observed within the first hour post-infection144. In contrast, CD103 interaction with 
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epithelial E-cadherin regulates the duration of γδ IEL/epithelial contact31. Loss of CD103 

resulted in enhanced surveillance behavior due to reduced retention of the γδ IEL in the 

LIS, thus allowing the cells to enter and exit the epithelial monolayer more rapidly. This 

more efficient surveillance behavior conferred additional protection against enteric pathogen 

invasion144. From these data, we concluded that the ability to migrate into the LIS permitted 

γδ IELs to initiate a localized effector response to limit pathogen invasion, and 

subsequently, the systemic spread of infection.

We next investigated other potential ligand-receptor interactions between IELs and 

enterocytes that may regulate γδ IEL surveillance behavior. Previous reports had 

demonstrated that IL-15 induced the migration of activated peripheral blood T cells and NK 

cells in vitro146,147, but whether IL-15 promoted γδ T cell motility in addition to its role in 

γδ IEL proliferation and survival was unknown134,135,148. The requirement for 

transpresentation of IL-15/IL-15Rα by IECs to γδ T cells134 led us to investigate whether 

this direct ligand-receptor interaction contributes to γδ IEL migratory behavior. We found 

that IL-15 signaling promotes γδ IEL chemokinesis through activation of PI3K downstream 

of IL-2Rβ47. Further, blockade of IL-2Rβ signaling resulted in γδ IEL idling within the LIS 

due to the inability of the cell to appropriately polarize and initiate directional migration. 

This idling behavior in response to IL-2Rβ inhibition increased the frequency of Salmonella 
translocation, leading us to revise our previous model: γδ IEL migration into the LIS alone 

is not sufficient to limit microbial translocation, but precise localization of γδ IELs into the 

LIS near the site of invasion is required to confer protection against acute infection47.

Intravital imaging studies were also performed on mice deficient for GPR18 or GPR55 to 

evaluate IEL migratory behavior48,128. While loss of GPR18 had no apparent effect on γδ 
IEL motility48, the role of GPR55 is less clear103. Transplantation of GPR55-deficient γδ 
IELs into Tcrb-deficient mice showed that these cells migrated more rapidly yet showed no 

change in the dynamics of their flossing behavior. However, Sumida et al. reported changes 

in the association of γδ IELs with the epithelium in GPR55 KO mice103. Although the 

definition of this particular metric is unclear, γδ IELs were described to spend more time 

“probing” the epithelium, which could reflect the extension of a process, but not the cell 

body, into the LIS. We have also observed a similar migratory pattern under certain 

conditions; however, further characterization of this behavior is warranted. If a γδ IEL 

spends a significant time probing the barrier, this could lead to a reduction in the overall 

migratory speed of the lymphocyte, which is the opposite of the kinetics described in GPR55 

KO mice. Alternatively, an increased track speed could be observed if γδ IELs were probing 

the epithelium instead of entering the LIS. It is apparent from these studies and visual 

inspection that γδ IEL motility patterns are heterogeneous, thus highlighting the need to 

develop an unbiased approach to identify and classify T cell surveillance behaviors within 

large sample sets.

Leveraging new models to pursue long-standing questions in γδ IEL biology

Unlike the classic example of lymphocyte/endothelial interactions during extravasation in 

which each aspect of adhesion and invasion are well-characterized, the paucity of studies 

investigating molecular interactions between γδ IELs and IECs contributes to our lack of 
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knowledge regarding the regulation of γδ IEL migratory behavior. For additional insight, it 

may be helpful to turn to ligand-binding interactions involved in neutrophil transepithelial 

migration, since these are the only other leukocytes known to migrate into the LIS149. It is 

possible that many of the molecular interactions that facilitate neutrophil adherence to IECs, 

entry into, and retention within the LIS are conserved in γδ IELs. For example, γδ IELs 

express JAML66, along with various integrins and related proteins such as ICAM and CD47 

that are involved in neutrophil transepithelial migration149. Therefore, these ligand-binding 

partners are prime targets to evaluate in the context of γδ IEL migratory behavior.

Recent findings that epithelial pattern recognition receptor signaling can promote γδ IEL 

surveillance behavior72 open the possibility that other innate immune signaling pathways 

may also regulate γδ IEL motility. Similarly, there is limited data on the extent to which γδ 
IEL motility is affected in a pro-inflammatory microenvironment. TNF exposure reduces 

overall γδ IEL migratory behavior by inducing the internalization of epithelial occludin31, 

yet besides IL-1547, the effect of inflammatory cytokines on γδ IEL motility remains 

unknown. Equally as important as elucidating the regulation of γδ IEL motility and their 

surveillance behaviors is determining whether inflammation leads to a dysregulation of IEL 

migratory patterns or if impaired γδ IEL surveillance contributes to the initiation of disease 

pathogenesis.

In an effort to address these questions, new tools and models have become available to study 

the kinetics of γδ IEL motility in recent years. Once limited to Transwell assays to study 

lymphocyte migration into 2D cultured epithelial monolayers, the use of enteroids has 

revolutionized the way we model IEL-IEC interactions ex vivo47,150. This advance comes at 

a particularly opportune time based on our evolving knowledge of the differences between 

cell migration in 2D and 3D cultures151. IEL/enteroid co-culture in 3D accurately 

recapitulates the dynamics of flossing behavior in vivo and is amenable to the use of 

pharmacological inhibitors and blocking/neutralizing antibodies. Lymphocytes are easily co-

cultured with enteroids isolated from two different transgenic and/or knockout mice, and 

moreover, co-culturing γδ IELs with enteroids is one of the few ways to maintain the 

viability of these cells ex vivo. While IEL/enteroid co-cultures provide an opportunity to 

investigate signaling pathways or molecules involved in γδ IEL motility, migratory 

behavior, or crosstalk with IECs, there are two main limitations: (1) the lack of an intact LP 

compartment and (2) the technical challenge of adding microorganisms into the enteroid 

lumen to study host-microbe interactions. As a result, intravital imaging remains the gold 

standard for evaluating γδ T cell migratory behavior within a local microenvironment.

Intestinal lamina propria γδ T cells

Similar to the epidermis and dermis, different Vγ subsets populate the intestinal epithelial 

and LP compartments. Under homeostatic conditions, there are considerably fewer γδ T 

cells in the LP than in the epithelial compartment, and as a result, the Vγ subsets populating 

the LP are less well-defined. A heterogeneous population of Vγ1+, Vγ4+ and Vγ6+ cells 

likely enter the LP from the periphery. The composition of the LP γδ T cell compartment at 

steady-state is regulated in part by signals from commensal bacteria since the number of LP 

γδ17 cells is reduced in antibiotic-treated or gnotobiotic mice152. Whereas γδ IELs are 
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widely considered to play a protective role against tissue injury and inflammation, LP γδ T 

cells have been described primarily in the context of inducing inflammation during 

colitis153,154 or providing a memory response to secondary infection following challenge 

with oral Listeria monocytogenes9,155.

The first evidence for a pathogenic role for γδ T cells in colitis was shown in Tcra-deficient 

mice, which develop spontaneous colitis between 16-20 weeks of age156. In these mice, the 

absence of αβ T cells is accompanied by an expansion of colonic LP γδ T cells157. 

Peripheral γδ T cells have also been shown to contribute to the development of T-cell-

mediated colitis153,158. Although it was originally thought that the infiltration of γδ17 cells 

into the LP promoted a colitogenic CD4 Th1/Th17 effector response153,159, further 

investigation revealed that a subset of CD103+ α4β7
hi γδ T cells from the mesenteric lymph 

node (MLN) were the primary contributors to disease pathogenesis154. Following transfer of 

inflammatory peripheral γδ T cells and naïve CD4 T cells to Tcrb- or Rag-deficient 

recipients, these cells expand in the blood and MLN and then traffic to the gut due their high 

expression of α4β7 and CCR9. Interestingly, these CD103+ α4β7
hi γδ T cells were found 

both in the IEL and LP compartment only in colitic mice. Further investigation showed that 

the expansion of these IFNγ-producing, largely Vγ1+ population was not antigen-driven154.

LP γδ T cell populations also provide a protective memory against a secondary challenge 

with oral L. monocytogenes9,155. Primary infection with Listeria induces the expansion of a 

Vγ6+ cell population expressing α4β7, but not CD103, in the MLN. These Vγ6+ cells 

migrate to the LP and then contract to form a stable memory population with a 

multifunctional phenotype capable of producing IFNγ and/or IL-177. Upon re-challenge 

with oral Listeria, the memory Vγ6+ cells in the MLN rapidly produce IL-17 to recruit 

neutrophils in an effort to control and clear the infection13. Thus, depending on the context, 

pro-inflammatory γδ T cells are recruited from peripheral lymph nodes to the LP to elicit a 

robust response to enteric infection or promote mucosal inflammation. The migratory 

behavior of LP γδ T cells under inflammatory conditions has yet to be investigated but 

would likely provide useful insight regarding how these activated γδ T cells interact with 

other mucosal immune cells.

Conclusions

γδ T cells are ideally positioned at barrier interfaces to provide a rapid response to invading 

microorganisms and facilitate epithelial repair in response to injury. Moreover, the 

surveillance behavior of individual Vγ subsets may help maximize the potential of the cells’ 

programmed effector function within the given tissue architecture. In the stratified 

epidermis, Vγ5+ DETCs extend and retract their dendritic processes to probe neighboring 

keratinocytes. Although DETCs are considered to be sessile, just beneath the epidermis are 

highly motile IL-17 producing dermal Vγ4+ cells that provide surveillance to limit 

dissemination of pathogenic bacteria. In addition to responding to pathogens, tissue-resident 

γδ T cells also contribute to host-microbiota interactions. Vγ6+ cells migrate within the 

gingiva and produce IL-17 to shape the oral microbiota, whereas innate immune recognition 

of the intestinal microbiota promotes the flossing behavior of IFNγ-producing Vγ7+ IELs. 

Both DETCs and γδ IELs are in close proximity to commensal bacteria; however, γδ IELs 
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actively migrate within the barrier and DETCs do not. Thus, the enhanced intraepithelial 

migratory behavior of γδ T cells in the gut may reflect a more permissive epithelial structure 

that is conducive to cell migration. While more careful study of γδ T cell surveillance 

behaviors is needed in all tissues, the current data indicate that compartmentalization of γδ 
T cells by effector phenotype may serve to provide optimal protection of the barrier tissue 

and/or influence the composition of the local microbiome. In spite of these functional 

similarities, increasing evidence suggests that each barrier microenvironment also uniquely 

shapes the resident γδ T cell population to conform with tissue-specific roles98.

Recent studies have uncovered novel γδ T cell effector functions at each barrier site and 

begun to elucidate how these tissue compartments select for specific Vγ clonotypes via the 

expression of butryophilin family members. To gain a clearer picture of γδ T cell biology at 

barrier interfaces, these findings should be integrated with a more detailed investigation of 

the following: (1) γδ T cell surveillance behaviors in different tissues to determine whether 

migratory patterns correlate with effector function, (2) the molecular mechanisms by which 

distinct Vγ subpopulations provide surveillance of various barrier surfaces, and (3) whether 

surveillance behaviors are dysregulated in disease. Addressing these fundamental questions 

would help inform the extent to which modulating γδ T cell migratory behavior could serve 

as additional therapeutic approach to limit the initiation or progression of inflammatory 

diseases that arise from the disruption of barrier integrity.
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Figure 1. Surveillance behaviors of γδ IELs.
Under homeostatic conditions, γδ IELs exhibit a flossing behavior in which the cells 

migrate along the basement membrane and into the lateral intercellular space (LIS). In the 

absence of commensal bacteria, migration into the LIS is ablated resulting in continuous 

migration along the basolateral aspect of the epithelium (surveying). γδ IELs may not fully 

enter the LIS but instead extend projections between adjacent IECs (probing). Inhibiting 

IL-2Rβ/PI3K signaling results in an idling behavior characterized by an inability of γδ IELs 

to effectively polarize and migrate out of the LIS
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Figure 2. Ligand-binding interactions involved in regulating γδ IEL surveillance behavior.
Homotypic interactions between epithelial and γδ IEL occludin are required for IEL 

motility. CD103 (αEβ7 integrin) binding to epithelial E-cadherin functions as a retention 

signal within the LIS. Activation of IL-2Rβ by epithelial IL-15/IL-15Rα complexes 

promotes γδ IEL motility and maintains γδ T cell localization within the epithelial 

compartment
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