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Ruoyu Shang,1,2 Yunxia Chen,1,2 Yifei Lu,1,2 Xiaohong Hu,1,2 Yong Huang,1,2 Wenjing Yin,5 Xin Cai,1,2

Dejiang Fan,1,2 Lingfeng Yan,1,2 Jianlei Hao,6,7 Gaoxing Luo,1,2,8,* and Weifeng He1,2,8,9,*
SUMMARY

Dysregulated macrophage polarization from pro-inflammatory M1 to anti-inflammatory M2 phenotypes
underlies impaired cutaneouswound healing. This study reveals Vg4+ gd T cells spatiotemporally calibrate
macrophage trajectories during skin repair via sophisticated interferon-g (IFN-g) conditioning across mul-
tiple interconnected tissues. Locally within wound beds, infiltrating Vg4+ gd T cells directly potentiate M1
activation and suppress M2 polarization thereby prolonging local inflammation. In draining lymph nodes,
infiltrated Vg4+ gd T cells expand populations of IFN-g-competent lymphocytes which disseminate sys-
temically and infiltrate into wound tissues, further enforcing M1 macrophages programming. Moreover,
Vg4+gd T cells flushed into bonemarrow stimulate increased IFN-g production, which elevates the output
of pro-inflammatory Ly6C+monocytes. Mobilization of these monocytes continually replenishes the M1
macrophage pool in wounds, preventing phenotypic conversion to M2 activation. Thus, multi-axis coordi-
nation of macrophage activation trajectories by trafficking Vg4+ gd T cells provides a sophisticated immu-
nological mechanism regulating inflammation timing and resolution during skin repair.

INTRODUCTION

Efficient cutaneous wound healing is a complex physiological process involving dynamic transitions between overlapping inflammatory, pro-

liferative, and remodeling phases.1 A hallmark of normal repair is the transient nature of the initial inflammatory response, which is rapidly

initiated but timely resolved once its role has been served.2 However, sustained inflammation represents a major underlying factor contrib-

uting to impaired healing outcomes in various chronic wounds and fibrotic disorders.3–5 Hence, an intricate understanding of the endogenous

cellular and molecular pathways governing the cutaneous inflammatory response during tissue repair is imperative.

Of the various immune cells participating in the inflammatory phase, macrophages represent the most abundant and functionally diverse

leukocyte population in the dynamic woundmicroenvironment.6–8 The changing composition and activation states of heterogeneous macro-

phage subpopulations are known to be pivotal determinants of tissue healing trajectories and outcomes.9–11 In the early stage of wound heal-

ing, classically activatedM1macrophages accumulate and predominate. Theymount strong pro-inflammatory responses integral to host de-

fense, debris clearance, and secretion of factors that initiate the proliferation phase.12,13 Subsequently, as healing progresses, alternatively

activated M2 macrophages accumulate and become dominant within the wound milieu. M2 macrophages potently dampen inflammation

while promoting extracellular matrix (ECM) deposition and tissue remodeling.1,14 This dynamic shift from M1 to M2 phenotypic states pro-

vides a necessary immunological switch that curbs inflammation and enables the transition to the later regenerative stages of healing.15 How-

ever, dysregulatedmacrophage polarization has been increasingly identified as a key pathological feature underlyingmany chronic non-heal-

ing wounds.6,9,16 Despite these emerging insights, major knowledge gaps remain regarding the intricate endogenous mechanisms that

regulate macrophage activation state transitions to control the timing, intensity, and resolution of inflammation during cutaneous repair.
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Recently, T lymphocytes have been recognized as critical early-responding immunomodulators of tissue inflammation and repair in mul-

tiple organs.17–19 Among T cells, gd T cells comprise an unconventional subset bearing a distinct T cell receptor distinguished by their g and

d chain usage.20–22 Although they represent only aminor fraction of circulating T cells,gd T cells exhibit unique attributes that poise them to be

influential regulators of early tissue inflammatory events. These include their abundance in barrier tissues, lack of major histocompatibility

complex restrictions, and their ability to rapidly produce copious cytokines upon activation.23–26 Emerging evidence points to the dynamic

involvement of gd T cell subsets during normal and impaired repair processes in diverse tissues including skin, muscle, bone, cornea, and

liver.18,27,28

Among the various gd T cell subsets, Vg4+ gd T cells, as the main circulating and residential subset, appear to exhibit specialized wound-

homing and immunomodulatory properties.29,30 In both rodents and humans, Vg4+ gd T cells (Vd2 subset in humans) rapidly accumulate in

injured tissues, where they sculpt local inflammatory responses.31,32 Their wound recruitment and activation are dependent on injury-induced

upregulation of Vg4+ T cell receptor ligands.33 Once within damaged tissue, Vg4+ gd T cells potently produce inflammatory mediators like

interleukin-17 (IL-17) and interferon-gamma (IFN-g), and direct the functions of macrophages, innate lymphoid cells (ILCs) and ab

T cells.26,34–37 Interestingly, gd T cell frequencies remain abnormally elevated in chronic wounds compared to acute wounds in murinemodels

and human patients.17,38,39 Despite these emerging roles in modulating tissue inflammation, the functional impact and mechanisms of action

of Vg4+ gd T cells during cutaneous wound healing remain obscure.

Some clues are provided by studies demonstrating accelerated wound closure following Vg4+ gd T cell depletion in mice.25 This positions

Vg4+ gd T cells as putative controllers of the healing program, plausibly through regulation of macrophage activity and polarization.34 Eluci-

dating the underlyingmechanisms will provide seminal insights into gd T cell-macrophage crosstalk pathways governing inflammation during

tissue repair. Defining whether and how Vg4+ gd T cells dictate macrophage activation trajectories could unveil novel druggable immunolog-

ical nodes for therapeutic manipulation in difficult-to-heal wounds.

In this study, we addressed these critical questions by interrogating the functional impact and mechanisms of action of Vg4+ gd T cells on

macrophage activation phenotypes during cutaneous wound healing. Utilizing murine models coupled with cellular and molecular ap-

proaches, we revealedmulti-tieredmechanisms by which Vg4+ gd T cells orchestratedmacrophage polarization over space and time through

sophisticated IFN-g conditioning across tissues. The findings elucidated an intricate innate lymphocyte-myeloid cell signaling circuit control-

ling the timing, intensity, and resolution of inflammation during skin repair.

RESULTS

Vg4+ gd T cells prolong inflammation and delay wound closure

Webegan by investigating the role of Vg4+ gd T cells inmodulating the skin wound healing process. Antibody-mediated depletion of Vg4+ gd

T cells in wild-typemice, whichwas confirmed by flow cytometry, and the deletion effect of Vg4 T cells lastedmore than 6 weeks at least, which

absolutely covered the experimental period, while the injection of isotype antibody didn’t deplete Vg4 T cells (Figure S1A). Depletion of Vg4

T cells led to markedly expedited wound closure kinetics compared to control mice (Figure 1A). Furthermore, reinstating Vg4+ gd T cells into

the wound sites of depletedmice reverted the pace of repair back to the slower timeline seen in controls (Figure 1A). This reveals that Vg4+ gd

T cells inherently delay the healing process. To elucidate the mechanism underlying this delay, we analyzed the expression of pro- and anti-

inflammatory cytokines in the wounds. Strikingly, the prototypical pro-inflammatory mediators TNF-a and IL-6 were profoundly suppressed in

the wound tissues of Vg4+ gd T cell-depleted mice compared to controls, as assessed by immunoblotting and immunohistochemistry

(Figures 1B, S1B, and S1C). Moreover, this difference was more pronounced at day 4 versus day 2 post-injury, indicating a specific role of

Vg4+ gd T cells in prolonging inflammation over time. Conversely, the anti-inflammatory factors TGF-b and IL-10 were markedly upregulated

in the wounds of Vg4+ gd T cell-depleted mice (Figures S1C–S1E), implying an accelerated resolution of inflammation without these cells.

Again, the extent of the increase was greater on day 4 compared to day 2. Strikingly, re-introducing Vg4+ gd T cells into depleted mice

restored high TNF-a/IL-6 and low TGF-b/IL-10 expression patterns that delayed inflammation termination (Figures 1B, 1C, and S1B–S1E).

Together, these compelling results reveal that Vg4+ gd T cells are indispensable controllers of inflammation duration during skin repair,

prolonging the early inflammatory phase while suppressing timely resolution.

Vg4+ gd T cells impede the macrophage phenotypic switch from M1 to M2

We next investigated whether Vg4+ gd T cells regulate inflammation by modulating macrophage polarization dynamics. Flow cytometry

demonstrated that overall CD11b+ myeloid cell infiltration into wound sites was unaltered upon Vg4+ gd T cell depletion (Figure S1F). How-

ever, the composition of myeloid cells was markedly changed. On day 2 post-injury, the frequency of proinflammatory Ly6G+ neutrophils

among CD11b+ cells was unchanged (Figure 2A). Strikingly, by day 4, Ly6G+ neutrophil percentages were significantly reduced without

Vg4+ gd T cells (Figure 2A), indicating accelerated conversion to amonocyte/macrophage-dominant state.We then examined the proportion

of M1 among all macrophages, themarkers F4/80 in combinationwith CD11bwere usually applied tomarkmacrophages,40,41 however, it was

found >95% of F4/80+ cells were CD11b+ in the wound samples of day 2 and day 4 (Figure S2), so the sole marker F4/80 was chosen to distin-

guishmacrophages as somepapers did.42,43 On day 2,M1percentageswere similar betweenVg4+ gd T cell depleted and controlmice, based

on flow cytometric and immunofluorescent analysis of theM1markers CD86 and iNOS (Figures 2B and 2C). However, by day 4, theM1 fraction

was profoundly reducedwithout Vg4+ gd T cells (Figures 2B and 2C). ThisM1decline was substantiated by decreasedmRNAexpression of the

M1-associatedmolecules iNOS and TNF-a (Figures 2D and 2E). Remarkably, transferring Vg4+ gd T cells into depletedmice restored highM1

percentages andM1 factor expression on day 4 (Figures 2B–2E). AssessingM2macrophage dynamics revealed a reciprocal increase by day 4
2 iScience 27, 109545, April 19, 2024



Figure 1. Vg4 T cells prolong inflammation contributing to delayed skin wound healing

(A) Wound-closure kinetics of three groups. Group 1: Control (WT + Isotype); group 2: Vg4 Depleted (Vg4 De); group 3: Vg4 De+WT Vg4 T cells (wound-derived

Vg4 T cells cultured for 7 days were locally injected into the skin around the wound edge, 5✕105/wound). Mice of different groups were age, sex and weight-

matched. Wound area (%) was measured to analyze the wound-closure kinetics, n = 10 (2 wounds/mouse, 5 mice/group).

(B) Pro-inflammatory cytokines TNFa and IL-6 production analysis of wound lysates on 2nd and 4th days post-injury in Control, Vg4De and Vg4De+WTVg4mice by

means of western blot (WB). (n = 3 mice per group per time point, compiled from two independent experiments).

(C) Anti-inflammatory cytokines TGF-b and IL-10 production analysis of wound lysates on indicated days in Control, Vg4 De and Vg4 De+WT Vg4mice byWB (n =

3 mice). Bars show the Mean G SD. One-way ANOVA with Tukey’s multiple comparisons test was applied to calculate the p value. *, p < 0.05; **, p < 0.01;

***, p < 0.001; NS, not significant.
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without Vg4+ gd T cells, evidenced by elevated frequencies of CD206+ and Arg1+M2macrophages and increased Arg-1 and Ym1 expression

(Figures 2F–2I). Vg4+ gd T cell transfer prevented this rise (Figures 2F–2I). To exclude the influence on macrophage polarization caused by

isotype antibody, the M1 or M2 proportion in macrophages of WT and control group (WT + Isotype antibody) was analyzed, the results indi-

cated that the macrophages of the two groups showed identical polarizing trends on the 2nd and 4th days (Figures S3A and S3B), the failed

depletion of Vg4 T cells didn’t influence the wound healing efficiency (Figures S3C–S3E).
iScience 27, 109545, April 19, 2024 3
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Figure 2. Vg4 T cells impede macrophage phenotype conversion from M1 to M2

(A) Flow cytometry quantifying Ly6G+ neutrophil frequency among CD11b+ cells in wound digests on the 2nd and 4th days post-injury in Control, Vg4 De and Vg4

De+WT Vg4 mice (n = 4 mice per group).

(B) Flow cytometry quantifying CD86+ M1 macrophage frequency among F4/80+ cells in wound digests on indicated days (n = 4 mice per group).

(C) Immunofluorescence staining and quantification of iNOS+ M1 macrophages in wound sections on indicated days (n = 4 mice per group), scale bar, 20 mm.

(D) Quantitative PCR (qPCR) analysis of iNOS mRNA expression in wound lysates on indicated days (n = 4 mice per group).

(E) qPCR analysis of TNFa mRNA expression in wound lysates on indicated days (n = 4 mice per group).

(F) Immunofluorescence staining and quantification of Arg1+ M2 macrophages in wound sections on indicated days (n = 4 mice per group), scale bar, 20 mm.

(G) Flow cytometry quantifying CD206+ M2 macrophage frequency among F4/80+ cells in wound digests on indicated days (n = 4 mice per group).

(H) qPCR analysis of Arg-1 mRNA expression in wound lysates on indicated days (n = 4 mice per group).

(I) qPCR analysis of Ym1 mRNA expression in wound lysates on indicated days (n = 4 mice per group). Bars show the MeanG SD. One-way ANOVA with Tukey’s

multiple comparisons test was applied to calculate the p value. *, p < 0.05; **, p < 0.01; ***, p < 0.001; NS, not significant. The arrows in the figures indicate the

positive staining.
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Together, these compelling data strongly suggest Vg4+ gd T cells potently delay the macrophage phenotypic switch from inflammatory

M1 to anti-inflammatory M2 activation states during skin healing.
Vg4+ gd T cells directly interact with macrophages to skew M1 polarization

We next evaluated whether Vg4+ gd T cells directly interface with macrophages by co-localizing the two cell types in wound tissues on the 4th

day post-injury using confocal microscopy. Strikingly, overt co-localization of Vg4+ gd T cells with macrophages was readily observed within

wound beds (Figure 3A). Similar results were obtained from the analysis of implanted sponges (Figures S4A and S4B). To further dissect the

functional impact of these interactions on macrophage polarization, we utilized an in vitro co-culture system. Vg4+ gd T cells (their purity was

>95%, Figures S4C and S4D) profoundly enhanced M1 activation of bone marrow-derived macrophages (BMDMs) (their purity was >95%,

Figures S4E and S4F), dramatically increasing the percentages of CD86+ and iNOS+ M1 macrophages (Figures 3B, 3C, S4G, and S4H) and

expression of TNF-a and IL-6 (Figures 3D, 3E, S4I, and S4J) upon LPS (Lipopolysaccharide) stimulation. Conversely, Vg4+ gd T cells potently

suppressed IL-4-induced M2 activation, markedly reducing CD206+ and Arg1+ macrophage frequencies (Figures 3F, 3G, S4K, and S4L) and

TGF-b/IL-10 production (Figures 3H, 3I, S4M, and S4N). Strikingly, Vg4+ gd T cells also strongly inhibited M1-to-M2 phenotypic conversion

(Figures 3J–3M and S4O–S4R).

Collectively, these functional experiments directly demonstrate that Vg4+ gd T cells interface with macrophages and skew their polariza-

tion toward sustained proinflammatory M1 activation while restricting anti-inflammatory M2 phenotypes. This ability to modulate macro-

phage immunometabolism likely enables Vg4+ gd T cells to calibrate inflammatory responses during skin repair.
Vg4+ gd T cell-driven macrophage polarization depends on IFN-g

We next sought to define the molecular factors mediating the modulatory effects of Vg4+ gd T cells on macrophage activation trajectories.

Transwell experiment discovered the effect of Vg4 T cells in promoting iNOS expression was significantly attenuated when co-cultured with

macrophages separately, confirming that the non-cellular contact was the main regulating approach (Figure S5A). ELISA revealed markedly

higher IFN-g levels in Vg4+ gd T cell-macrophage co-cultures versus macrophage alone cultures (Figure 4A). Flow cytometry demonstrated

that Vg4+ gd T cells secreted plenty of IFN-g (Figure 4B). Neutralizing IFN-g or utilizing IFN-g-deficient Vg4+ gd T cells almost entirely miti-

gated the ability of wild-type Vg4+ gd T cells in enhancingM1 activation, evidenced by impaired upregulation of CD86, iNOS, TNF-a, and IL-6

(Figures 4C–4E, S5B, and S5C). Similarly, IFN-g neutralization or deficiency abrogated the M2-inhibitory effects, as shown by restored CD206,

Arg1, TGF-b, and IL-10 expression (Figures 4F–4H, S5D, and S5E). IFN-g ablation also relieved the suppression of M1-to-M2 conversion

(Figures 4I, 4J, S5F, and S5G). The effectiveness of the IFN-g gene knockout was verified through IFN-g-specific flow cytometry, Vg4

T cells cultured from IFN-g�/� mice were almost incapable of secreting IFN-g in comparison with those from wilder type mice (Figure S6).

These functional experiments identify IFN-g as the critical factor underlying Vg4+ gd T cell orchestration of macrophage activation trajec-

tories during skin wound healing.
IFNg production by Vg4+ gd T cells is required to modulate macrophages skewing and delay wound healing

Although our data indicated a key role for Vg4+ gd T cell-derived IFN-g in impeding M1-to-M2 switching, whether IFN-g secretion was indis-

pensable for their ability to delay skin repair remained to be established. Strikingly, transferring IFN-g-competent but not IFN-g-deficient

Vg4+ gd T cells into Vg4+ gd T cell-depleted mice substantially delayed wound closure kinetics, accompanied by delayed granulation tissue

formation and slow epithelial tongue advancement (Figures 5A and S7A). IFN-g-deficient Vg4+ gd T cells also failed to sustain highM1marker

expression in wound macrophages by day 4 (Figures 5B and 5C). Moreover, they were impaired in suppressing M2 marker upregulation

compared to wild-type Vg4+ gd T cells (Figures 5D–5G). Finally, only IFN-g-sufficient Vg4+ gd T cells restored the diminished frequencies

of total IFN-g-producing cells and levels of IFN-g in the wounds of Vg4+ gd T cell-depleted mice (Figure 5H).

Together, these in vivo experiments definitively demonstrate that IFN-g production specifically by Vg4+ gd T cells is indispensable for their

ability to delay cutaneous wound closure and macrophage phenotype switching from inflammatory M1 to anti-inflammatory M2 activation

state during skin repair.
iScience 27, 109545, April 19, 2024 5
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Figure 3. Vg4+ gd T cells directly interact with macrophages to skew M1 polarization and impede M2 polarization

(A) Confocal microscopy visualizing Vg4 T cells (red) interacting with F4/80+macrophages (green) in wounded skin on the 4the day post-injury. Nuclei stained with

DAPI (blue). Representative of three independent experiments, scale bar, 20 mm.

(B–E) Flow cytometry quantifying CD86, iNOS, IL-6 and TNFa expression among LPS-stimulated bone marrow-derived macrophages (BMDMs) after culturing

alone or with Vg4 T cells (n = 4 per group, compiled from two independent experiments).

(F–I) Immunofluorescence staining quantifying CD206, Arg-1, TGF-b and IL-10 expression among IL-4 stimulated BMDMs of the indicated two groups,

respectively, scale bar, 10 mm, n = 5 per group, compiled from two independent experiments.

(J–M) Flow cytometry quantifying CD206, Arg-1, TGF-b, and IL-10 expression among IL-4 stimulatedM1macrophages after culturing alone or with Vg4 T cells (n =

4 per group, compiled from two independent experiments). Bars show theMeanG SD. Unpaired two-tailed t-test was applied to calculate the p value (B, C, D, E,

F, G, H, I, J, K, L, and M). *, p < 0.05; **, p < 0.01; ***, p < 0.001; NS, not significant.
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Vg4+ gd T cells license IFN-g+ lymphocytes in multiple tissues

Although important, we found that direct IFN-g secretion by Vg4+ gd T cells only modestly contributed to total wound IFN-g levels based on

intracellular staining (Figure S7B). This implied additional indirect mechanisms of boosting IFN-g. Notably, approximately 60–70% of IFN-g+

cells in wounds were CD3+ lymphocytes (Figure 6A). We postulated that Vg4+ gd T cells may license other IFN-g-competent CD3+ lympho-

cytes to propagate inflammatory macrophage programming. Firstly, in draining lymph nodes, IFN-g+ cell frequencies markedly increased

after injury to �7%, mostly CD3+ cells (Figure 6B). Strikingly, this expansion was abrogated by �50% upon Vg4+ gd T cell depletion. Transfer

of wild type but not IFN-g-deficient Vg4+ gd T cells into depleted mice rescued the IFN-g+ cell expansion in lymph node, as well as blood

(Figures 6B and 6C). Analogous dynamics occurred systemically. The percentage of circulating IFN-g+ cells increased after injury to�8%, pre-

dominantly CD3+ lymphocytes, but was reduced to �6% with Vg4+ gd T cell depletion (Figure 6C). Again, wild type but not IFN-g-deficient

Vg4+ gd T cell transfer restored high levels (Figure 6C). Secondly, tracking experiments revealed that Vg4+ gd T cells transiently infiltrate lymph

nodes and wound area, peaking at day 3 before declining by day 7 post-injury (Figures 6D, 6E, S7C, and S7D). This positions them to locally

prime IFN-g+ lymphocytes. Mirroring lymph node and wound area patterns, circulating Vg4+ gd T cells showed marked but transient deple-

tion after injury before rebounding (Figures 6F and S7E), indicative of systemic redistribution. Intravenous transfer experiments confirmed

infiltration of circulating Vg4+ gd T cells into both wounded tissues and lymph nodes (Figures 6G and 6H). In addition, wound area Vg4+

gd T cells also flushed into both blood and lymph nodes upon wounding (Figures 6I and 6J).

Collectively, these findings reveal a sophisticatedmechanismwhereby Vg4+ gd T cells orchestrate IFN-g production acrossmultiple tissues

by transiently infiltrating wounds, lymph nodes, and circulation to license IFN-g+ lymphocytes. These expanded IFN-g+ lymphocytes persist

and provide enduring IFN-g signals that shape macrophage activation trajectories throughout healing.
Vg4+ gd T cells remotely program monocyte generation via bone marrow IFN-g conditioning

Finally, we elucidated an unexpected remote signaling axis by which Vg4+ gd T cells coordinate macrophage responses between the bone

marrow andwound sites. Tracking experiments revealed transient infiltration of the bonemarrowby Vg4+ gd T cells after injury, peaking at day

5 (Figures 7A–7C and S7F). This coincidedwith increased frequencies of bonemarrow IFN-g+ cells (Figure 7D). Strikingly, bonemarrow IFN-g+

cell accumulation was almost entirely ablated by Vg4+ gd T cell depletion but rescued by wild-type Vg4+ gd T cell transfer (Figure 7D).

Functionally, depletion of Vg4+ gd T cells led to reduced output of pro-inflammatory Ly6C+ monocytes from the bone marrow (Figure 7E),

correlating with diminished levels in circulation (Figure 7F) and impaired Ly6C+ monocyte wound recruitment (Figure 7G). WT but not IFN-

g-deficient Vg4+ gd T cell administration restored high systemic Ly6C+ monocyte levels and wound infiltration (Figures 7E–7G). Mechanisti-

cally, Ly6C+ monocyte replenishment prevented the eventual M1-to-M2 macrophage phenotypic switch in wounds by sustaining inflamma-

tory macrophage marker expression (Figures 5B–5E).

These findings elucidate a remote bone marrow-blood-wound signaling axis coordinated by bone marrow infiltration and IFN-g produc-

tion of Vg4+ gd T cells. Vg4+ gd T cell-derived IFN-g generation in the bone marrow augments the output of pro-inflammatory Ly6C+ mono-

cytes, which migrate to wounds and continually reinforce inflammatory M1 macrophage activation.
DISCUSSION

Cutaneous wound healing is orchestrated by multiple innate and the adaptive immune cells including neutrophils, mast cells, dendritic cells

(DCs), T cells, macrophages, and ILCs, among them, each population plays distinct and specific role in wound repair.44 Neutrophils are

capable of phagocytosing and killing contaminated microorganisms, mast cells can help to promote inflammation via helping to attract

more immune cells to the wound.1 DCs are antigen-presenting cells which are generally involved in priming T cell responses.45 Innate

lymphoid cells (ILCs, comprising NK cells, ILC1s, ILC2s, ILC3s, and LTi cells) are newly identified members of the innate immune system,46,47

IL-33-sensitive ILC2s play a host-protective tissue reparative role in restoring cutaneous barrier functions.48,49 T cells are able to influence

inflammation via modulating other immune cells during wound repair.19 However, monocytes and macrophages are central regulators of

healing, with dynamic transitions from pro-inflammatory M1 to anti-inflammatory M2 activation states being indispensable for efficient

repair.10,50,51 This study elucidates multi-tiered mechanisms by which Vg4+ gd T cells calibrate macrophage activation phenotypes during

skin repair through sophisticated IFN-g conditioning.

Locally within injured skin, we found that circulating Vg4+ gd T cells are capable of migrating into the wound area after intravenous injec-

tion, same as the migration into wounded liver, brain, and spinal cord.26,52,53 CCR6 and CCR2 were recognized to be involved in this
iScience 27, 109545, April 19, 2024 7
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Figure 4. Vg4 T cells modulate macrophage polarization via IFN-g secretion

(A) ELISA quantifying IFN-g concentration in culture supernatants of BMDMs cultured alone or with Vg4 T cells, with LPS or IL-4 stimulation (n = 4 per group,

compiled from two independent experiments).

(B) Flow cytometry quantifying IFN-g+ frequency among Vg4 T cells cultured alone or with BMDMs, under LPS or IL-4 stimulation (n = 4 per group, compiled from

two independent experiments).

(C and D) Flow cytometry quantifying iNOS+ frequency and mean fluorescence intensity (MFI) of TNF-a expression among LPS-stimulated BMDMs of the three

groups (Cultured with IFN-g Deficient Vg4 T cells, with WT Vg4 T cells, and with WT Vg4 T cells coupled with IFN-g neutralizing antibody), n = 4 replicates per

group compiled from two independent experiments.

(E) Western blot analysis of CD86, iNOS, TNFa, and IL-6 expression in LPS-stimulated BMDMs of the indicated three groups, n = 3 replicates per group compiled

from two independent experiments.

(F and G) Flow cytometry quantifying Arg1+ frequency and the MFI of TGF-b expression among IL-4-stimulated BMDMs of the indicated three groups, n = 4

replicates per group compiled from two independent experiments.

(H) Western blot analysis of CD206, Arg1, TGFb, and IL-10 expression in IL-4-stimulated BMDMs of the indicated three groups, n = 3 replicates per group

compiled from two independent experiments.

(I and J) Flow cytometry quantifying Arg1+ frequency and the MFI of TGF-b expression among IL-4 stimulated M1 of the indicated three groups, n = 4 replicates

per group compiled from two independent experiments. Bars show the Mean G SD. One-way ANOVA with Tukey’s multiple comparisons test was applied to

calculate the p value. *, p < 0.05; **, p < 0.01; ***, p < 0.001; NS, not significant.
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migration,53–55 whether they are important molecules in driving Vg4 T cells into skin wounds is indeterminate. Increased Vg4 T cells facilitated

the pro-inflammatory environment packed with many neutrophils, and sustained inflammatory M1 macrophage responses while restricting

the accumulation of wound-resolving M2 macrophages, which delayed the termination of inflammation,56 thereby transiently hindering

wound closure, and these results were consistent with the findings of gd T cells up-regulating iNOS expression in a murine scald model.57–59

Mechanistically, direct Vg4+ gd T cell-macrophage interactions within damaged tissue sites skew macrophage polarization toward M1 acti-

vation and away fromM2phenotypes in an IFN-g-dependent manner. This local calibration of macrophage activation trajectories provides an

immunological brake that prevents premature resolution of the inflammatory phase before its duties have been adequately fulfilled.60,61

Beyondparacrine signalingwithin woundbeds, we revealmulti-organ communication circuits coordinated by Vg4+ gd T cell trafficking that

further propagate inflammatory macrophage programming. In draining lymph nodes, infiltrating Vg4+ gd T cells expand and mobilize IFN-

g-competent lymphocytes into circulation. These cells disseminate systemically and infiltrate into wounds, supplementing local IFN-g levels

to further enforce M1 polarization. Thus, Vg4+ gd T cells do not solely modulate macrophages through direct contact, but also engage adap-

tive lymphocytes to potentiate and disseminate their influence.

Remarkably, we also uncover that Vg4+ gd T cells enact long-range control over myeloid cell fates between the bone marrow and wound

sites. Transitory bonemarrow infiltration stimulates CD3� bonemarrow cells-derived IFN-g production. Increased IFN-g is capable of driving

increased generation and mobilization of pro-inflammatory Ly6C+ monocytes, which was confirmed by previous studies.62–64 Continual

recruitment of these monocytes to wounds sustains inflammatory macrophage activation by preventing phenotypic conversion to M2.65–68

This unexpected remote signaling axis expands the sphere of influence of Vg4+ gd T cells over macrophage trajectory patterns during

skin repair. Actually remote regulation existed in many physiologic and pathologic conditions, catecholamines are remotely secreted into

the circulation by the sympathetic nervous system (SNS) and bind to adrenoreceptors expressed on the surface of lymphocytes to affect their

trafficking, circulation, proliferation, and cytokine production.69,70 Under major trauma or injury, overactivation of the SNS usually contributes

to suppressed cellular immunity, via an induction of a Th2 shift, which is associated with a higher incidence infection.71,72 Besides, many leu-

kocytes such as naive and memory T cells, memory B cells, plasma cells are capable of entering into bone marrow.73 So, modulation of bone

marrow precursors by infiltrating Vg4 T cells has plausible precedence, however, themechanism of traffic is not explored, but deserves further

study.

Conceptually, this work significantly advances understanding of the endogenous immunological pathways governing macrophage acti-

vation during tissue healing. One previous study discovered it was Vg4 T cells capable of secreting IL-17A, not IFN-g that migrated into

epidermis to regulate DETCs, leading to inhibited IGF-1 production and thus delayed wound healing.25 The present research excavated their

role in another aspect, which positions motile Vg4+ gd T cells as pivotal early responding rheostats that calibrate the onset, magnitude, and

duration of cutaneous inflammation viamulti-axis IFN-g conditioning. The ability tomobilize rapidly frombarrier sites allows Vg4+ gd T cells to

coordinate evolving responses across interconnected tissue microenvironments. Dynamic infiltration enables the calibration of macrophage

immunometabolism locally within wounds, systemically through secondary lymphoid organs, and remotely via bonemarrow precursors. IFN-

g production is revealed as a defining feature enabling Vg4+ gd T cells to modulate macrophage polarization across these anatomical

compartments.

The mechanisms delineated here likely operate during regular acute healing to prevent inadequate or mistimed repair due to pre-

matured inflammatory resolution.74,75 However, persistent dysregulation of this Vg4+ gd T cell-macrophage signaling axis may contribute

to pathological inflammation and impaired healing in chronic wounds.76–78 Current findings and emerging human data position Vg4+ gd

T cells (Vd2 gd T cells in human) as drivers of sustained inflammation in chronic wounds through aberrant trafficking, localization, acti-

vation, and IFN-g production.79,80 Ongoing reinforcement of M1 activation programs by infiltrating Vg4+ gd T cells and Ly6C+ monocytes

may represent a core pathological feature underlying macrophage dysfunction in non-healing wounds.81,82 Looking forward, directly as-

sessing the activity patterns and immunomodulatory roles of human gd T cells in acute versus chronic wound contexts will be

informative.
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Figure 5. Vg4 T cells secreting IFN-g play critical role in impeding the M2 polarization and wound healing

(A) Macroscopic quantification of wound closure kinetics in Control mice, Vg4 Demice, Vg4 De+WT Vg4mice, and Vg4 De+IFN-gDe Vg4mice (n = 10, 2 wounds/

mouse, 5 mice/group).

(B) Flow cytometry quantifying CD86+ frequency amongwoundmacrophages on the 4th day post-injury in the indicated four groups ofmice, n = 4mice per group

compiled from two independent experiments.

(C) Immunofluorescence staining and quantification of iNOS+ M1macrophages in wound sections on the 4th day post-injury in the indicated four groups of mice

(n = 4 mice per group), scale bar, 20 mm.

(D) Flow cytometry quantifying CD206+ frequency among wound macrophages on the 4th day post-injury in the indicated four groups of mice, n = 4 mice per

group compiled from two independent experiments.

(E) Immunofluorescence staining and quantification of Arg1+M2macrophages in wound sections on 4th day post-injury in the indicated four groups of mice (n = 4

mice per group), scale bar, 20 mm.

(F) qPCR analysis of Ym1 mRNA expression in wound lysates on the 4th day post-injury in the indicated four groups of mice, n = 4 mice per group compiled from

two independent experiments.

(G) Quantitative PCR (qPCR) analysis of Fizz1 mRNA expression in wound lysates on the 4th day post-injury in the indicated four groups of mice, n = 4 mice per

group compiled from two independent experiments.

(H) Immunohistochemical staining and quantification of IFN-g+ cells in wound sections on the 4th day post-injury in the indicated four groups of mice, n = 4 mice

per group compiled from two independent experiments, scale bar, 50 mm. Bars show the MeanG SD. One-way ANOVA with Tukey’s multiple comparisons test

was applied to calculate the p value. *, p < 0.05; **, p < 0.01; ***, p < 0.001; NS, not significant. The arrows in the figures indicate the positive staining.
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Translationally, strategies targeting Vg4+ gd T cells or downstream IFN-g/monocyte pathwaysmay hold promise to overcomepathological

inflammation and enable healing in chronic wounds. The role of IFN-g in wound healing remains controversial, IFN-g KO (IFN-g depleted)

mice exhibited enhanced angiogenesis and accelerated wound healing,83–85 while other research has discovered that defects of IFN-g led

to impaired wound closure in specific phases or IFN-g-tethered materials promoted wound closure,86,87 we speculated the different results

were closely related to the local concentration and diverse stages of wound healing. Our findings bypassed the uncertainty of IFN-g, and
10 iScience 27, 109545, April 19, 2024
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Figure 6. Vg4 T cells in the wound, blood and lymph node form a cycle to license IFN-g+ cells

(A) Flow cytometry quantifying IFN-g+ cell frequency among all cells or CD3+ cells in normal skin digest, and wound digests on the 2nd and 4th days post-injury of

the indicated four groups (Control mice, Vg4 De mice, Vg4 De + WT Vg4 mice, and Vg4 De + IFN-g De Vg4 mice), n = 4 mice per group compiled from two

independent experiments.

(B) Flow cytometry quantifying IFN-g+ cells frequency among all cells or CD3+ cells in normal lymph node digest, and wound draining lymph node digests on the

2nd and 4th days post-injury of the indicated four groups, n = 4 mice per group compiled from two independent experiments.

(C) Flow cytometry quantifying IFN-g+ cell frequency among all cells or CD3+ cells in normal blood, and blood on 2nd and 4th day post-injury of the indicated four

groups, n = 4 mice per group compiled from two independent experiments.

(D–F) Flow cytometry quantifying frequency of Vg4+ cells among gd TCR+ cells in wound digests, lymph node digest and blood cells on indicated days post-injury

(days 1,2,3,4,5, and 7), n = 5 mice per time point compiled from two independent experiments.

(G) Flow cytometry quantifying infiltration of fluorescently labeled Vg4 T cells in wound digests, blood and lymph node digests on 3rd day post-injury after

intravenous adoptive transfer on the 2nd day post-injury. n = 3 mice compiled from two independent experiments.

(H) Fluorescence microscopy visualizing of fluorescently labeled Vg4 T cells (red) in wound, blood cells and lymph node on the 3rd post-injury after intravenous

adoptive transfer on the 2nd day post-injury, nuclei counterstained with DAPI (blue), scale bar, 10 mm, n = 3 mice compiled from two independent experiments.

(I) Flow cytometry quantifying infiltration of fluorescently labeled Vg4 T cells in wound digests, blood and lymph node digests on the 3rd post-injury after local

adoptive transfer on the 2nd day post-injury. n = 3 mice compiled from two independent experiments.

(J) Fluorescence microscopy visualizing of fluorescently labeled Vg4 T cells (red) in the wound bed, blood cells and lymph node on the 3rd post-injury after local

adoptive transfer on the 2nd day post-injury, nuclei counterstained with DAPI (blue), scale bar, 10 mm, n = 3 mice compiled from two independent experiments.

Bars show the Mean G SD. One-way ANOVA with Tukey’s multiple comparisons test was applied to calculate the p value (A, B, C, D, E, and F). *, p < 0.05; **,

p < 0.01; ***, p < 0.001; NS, not significant. The arrows in Figures 6H and 6J indicate the positive staining of Vg4 T cells (red).
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provided a proof-of-concept validation that Vg4+ gd T cell was the pivotal commander in amplifying IFN-g and macrophage phenotypic

switching, which could be a potential therapeutic target. Advancing these approaches from mice to human patients remains challenging

but warrants further investigation. Possibilities include antibody-mediated gd T cell depletion, concentration-dependent IFN-g adjustment,

and inhibition of Ly6C+ monocyte generation or recruitment. More broadly, similar immunopathological mechanisms may be operative

across diverse tissue healing and inflammatory disorders where gd T cell subsets have been implicated, including pulmonary fibrosis,88,89 in-

flammatory bowel disease,90,91 liver fibrosis,92,93 and autoimmunity disease.94

In conclusion, this study provides seminal mechanistic insights into the multi-tiered orchestration of macrophage activation trajectories

during skin repair by motile Vg4+ gd T cells through sophisticated IFN-g conditioning. The findings illuminate an innate lymphocyte-myeloid

cell signaling circuit regulating the immunological setpoints that calibrate cutaneous inflammation. Moving forward, deeper interrogation of

the factors governing Vg4+ gd T cell mobilization, activation, trafficking patterns, and downstream functional interactions will continue

advancing the understanding of their versatile tissue-reparative and pathological properties. On the translational front, therapeutically har-

nessing Vg4+ gd T cell or IFN-g signaling plasticity represents a promising approach to enhancemacrophage immunometabolism and resolve

inflammation in difficult-to-heal wounds.

Limitations of the study

Firstly, the dynamics of Vg4+ gd T cell responses defined here were primarily in acute wound settings over a 1–2 weeks time frame. It will be

essential to extend the analysis temporally into later healing phases encompassing remodeling or other chronic wound scenarios. Secondly,

precisely defining the activation cues triggering Vg4+ gd T cell mobilization and IFN-g induction after injury requires further elucidation. Can-

didates include damage-associated molecular patterns like ATP (Adenosine triphosphate) and IL-1 (Interleukin-1) family cytokines. Thirdly,

dissecting the mechanisms of Vg4+ gd T cell interactions with lymphocytes, and myeloid precursors could unveil additional druggable immu-

nomodulatory pathways. Additionally, exploring whether strategies targeting Vg4+ gd T cell trafficking, viability, or effector functions can

overcome macrophage-driven inflammation during pathogenic wound healing will provide further preclinical validation. In addition,

scRNA-seq (single-cell RNA sequencing) was not conducted in this paper, as we all know, scRNA-seq is an efficient approach allowing for

unbiased single-cell transcriptome profiling95 to characterize distinct cell subsets,96 identify the heterogeneity of a population97 and dissect

cell fate branch points.98 In our further study, the scRNA-seq will be conducted to find and lock onto the target regulated subsets of macro-

phages. Lastly, in consideration of the large fluctuations in gonadal hormones over the 4-day estrous cycle (equivalent of the humanmenstrual

cycle) of femalemice, only malemice were used in this paper as in most of other studies.99 Actually, the prevailing argument that the inclusion

of females introduces greater variability or increased dispersion in experiments is outdated. Studies in recent years have suggested data ob-

tained from female rodents are not more variable than that obtained frommales in many aspects, even in the absence of controlling for hor-

monal levels in females;99 moreover, responses to many disorders or diseases differed more or less betweenmales and females.100 So, in our

future studies, we will discard this conventional prejudice, and include females andmales equally in our experiments tomake our experiments

more reasonable.

STAR+METHODS

Detailed methods are provided in the online version of this paper and include the following:
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Figure 7. Vg4 T cells infiltrate into the bone marrow and influence monocytes

(A) Flow cytometry quantifying frequency of Vg4+ cells among gd TCR+ cells in bone marrow on indicated days post-injury (days 1,2,3,4,5, and 7). n = 5 mice per

time point compiled from two independent experiments.

(B) Flow cytometry quantifying infiltration of fluorescently labeled Vg4 T cells in bonemarrow cells on the 3rd post-injury after local or intravenous adoptive transfer

on the 2nd day post-injury, n = 3 mice compiled from two independent experiments.

(C) Fluorescence microscopy visualizing of fluorescently labeled Vg4 T cells (red) in bone marrow cells on the 3rd post-injury after local or intravenous adoptive

transfer on the 2nd day post-injury, nuclei counterstained with DAPI (blue), n = 3 mice compiled from two independent experiments, scale bar, 10 mm.

(D) Flow cytometry quantifying frequency of IFN-g+ cells among all cells in bonemarrow on the 4th day post-injury of the indicated four groups (Control mice, Vg4

De mice, Vg4 De + WT Vg4 mice, and Vg4 De + IFN-g De Vg4 mice). n = 3 mice per group.

(E) Flow cytometry quantifying frequencies of Ly6C+ monocytes among CD11b+Ly6G� cells of bone marrow on the 2nd and 4th days post-injury of the indicated

four groups. n = 4 mice per group compiled from two independent experiments.

(F) Flow cytometry quantifying frequencies of Ly6Chigh monocytes among CD11b+Ly6G� cells of blood on the 2nd and 4th days post-injury of the indicated four

groups. n = 4 mice per group compiled from two independent experiments.

(G) Flow cytometry quantifying frequencies of Ly6C+ monocytes among CD11b+Ly6G� cells of wound area on the 2nd and 4th days post-injury of the indicated

four groups. n = 4mice per group compiled from two independent experiments. Bars show theMeanG SD.One-way ANOVAwith Tukey’s multiple comparisons

test was applied to calculate the p value (A, D, E, F, and G). *, p < 0.05; **, p < 0.01; ***, p < 0.001; NS, not significant. The arrows in the Figure 7C indicate the

positive staining of Vg4 T cells (red).
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

CD86 Polyclonal Antibody Invitrogen Catalog: PA5-88284

Anti-Mannose Receptor (206) antibody Abcam Catalog: ab64693

iNOS Polyclonal Antibody Invitrogen Catalog: PA1-036

Arginase 1 Polyclonal Antibody Invitrogen Catalog: PA5-29645

Lipopolysaccharides(LPS) Solarbio Catalog: L8880

Anti-mouse IFN-g antibody Selleck Catalog: A2105

Brilliant Violet 605� anti-mouse/human CD11b Antibody Biolegend Catalog: 101237

Anti-Vg2 TCR antibody (equal to Vg4 according to Tonegawa’s nomenclature) Bio X Cell Catalog: BE0168

Clone: UC3-10A6

FITC anti-mouse Ly-6G Antibody Biolegend Catalog: 127605

Brilliant Violet 421� anti-mouse Ly-6C Antibody Biolegend Catalog: 128031

Brilliant Violet 421 anti-mouse F4/80 Biolegend Catalog: 123131

APC anti-mouse CD86 Antibody Biolegend Catalog: 105011

PE anti-mouse CD206 (MMR) Antibody Biolegend Catalog: 141706

PE anti-mouse TCR g/d Antibody Biolegend Catalog: 107507

APC anti-mouse TCR g/d Recombinant Antibody Biolegend Catalog: 111205

TCR V gamma 2 Monoclonal Antibody Invitrogen Catalog: 46-5828-82

FITC anti-mouse TCR Vg2 Antibody Biolegend Catalog: 137703

PE anti-mouse IFN-g Antibody Biolegend Catalog: 505807

Chemicals, peptides, and recombinant proteins

Recombinant Mouse IL-4 Protein Abclonal Catalog: RP01161

Recombinant Mouse Interferon g/IFN-g/IFN-gamma Solarbio Catalog: P00564

Active Recombinant Mouse CSF-1/M-CSF Protein Abclonal Catalog: RP01216
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dr Weifeng He

(heweifeng@tmmu.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

� All data reported in this paper will be sharedby the lead contact upon request. This paper does not report original code. Any additional

information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mouse lines

C57BL/6J wildtype (WT) mice were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. C57 B6.129S7-Ifngtm1Ts/J

(IFN-g-/-) mice were obtained from Ji’nan University, which were purchased from The Jackson Laboratory (Bar Harbor, ME). These mice

were generated by the insertion of a neomycin gene into exon 2, which introduced a termination codon after the first 30 amino acids of

the mature protein.101 Heterozygous offspring were intercrossed to generate homozygous mice. All mice were housed in specific path-

ogen-free facilities.Malemice aged 6-8weekswere used for all experiments. The experimental procedureswere approvedby the Institutional

Animal Care and Use Committee and met the requirements of the Ethics Committee of Army Military Medical University.
iScience 27, 109545, April 19, 2024 19

mailto:heweifeng@tmmu.edu.cn


ll
OPEN ACCESS

iScience
Article
METHOD DETAILS

Antibody-mediated Vg4 T cells depletion

Mice received intraperitoneal injection of anti-Vg4 TCR antibody (UC3-10A6, Bio X Cell, USA) or IgG isotype control antibody (BE0260; Bio X

Cell) at a dose of 450 mg 7 days before wounding. The efficiency of Vg4 T cells depletion in different tissues was verified by flow cytometry.

Full-thickness excision wound model

Dorsal fur was removed 1 day before wounding. The next day mice (18-20g) were anaesthetized by isoflurane inhalation and the exposed skin

was sterilized with 75% alcohol. With a 6 mm diameter biopsy punch, one full-thickness excisional wound extending through the panniculus

carnosus was generated on each side of the dorsal midline per mouse by a hole puncher. Wounds were left uncovered without a dressing.

Their area was recorded macroscopically contrasting to a standard silicon ring on the 2nd, 4th, 6th and 8th days post injury, the residual per-

centage wasmeasured and calculated using Image-Pro Plus 6.0 software, USA) based on the photographs recorded. The formula to compute

percentage is: residual area (%) = WAr/WAi 3 100%, where WAr represents the residual wound area on the indicated timepoints, and WAi

represents the initial wound area.

Sponge implantation model

After removing dorsal fur 1 day before, two transverse full-thickness incisions (1 cm) were made on each side of the dorsal midline, and a

bloodless subcutaneous pocket underneath each wound was established, into which a Polyvinyl Alcohol (PVA) sponge (6-mm diameter,

2-mm thick; Jian De Kang Hua Medical Devices Co., LTD, Medical PVA, China) was implanted through the skin incision,42,102,103 which was

subsequently closed by a 5-0 surgical suture needle with thread (NingBo Medical Needle Co., LTD, China). To observe the interaction be-

tween Vg4 T cells and macrophages in sponges in situ, wound tissues with the sponge were harvested on the 2nd and 4th days post sponge

implantation, which were immediately fixed, paraffin-embedded, and sectioned.

Isolation and culture of Vg4 T cells

The PVA sponges were taken aspetically from the mice aseptically on the 2nd day post implantation and placed into Phosphate-buffered sa-

line (PBS), they were thenminced into tiny pieces and passed through a 70-mmcell strainer to get single-cell suspensions. Subsequently, these

cells were washed in PBS and separated by a lymphocyte separation medium (Cedarlane, CL5031, Canada) according to the manufacture’s

instruction. Later, the collected cells were re-suspended with RPMI1640 media containing fetal bovine serum (FBS) (Gibco, 10099141C,

Australia) and interleukin-2 (IL-2) (R&D, BT-015, USA) and cultured for 7 days,104 cells were cultured with plate-coated anti-Vg4 antibody,

in the first 3 days, the suspended cells were collected and transferred into another plate (coated anti-Vg4 antibody) every day, and identifi-

cation of the Vg4 T cells was conducted by flow cytometry using the APC-anti-Vg4 (Biolegend, 118115, USA) antibody, and immunofluores-

cence using PE-anti-gd (Biolegend, 118108, USA), FITC-anti-Vg4 (Biolegend, 137703, USA) and Hochest (Beyotime, 33258, China). The purity

of the Vg4 population was >90%.

Isolation and culture of Bone Marrow Derived Macrophages (BMDMs)

Bone marrow cells were isolated from the long bones of mice (femurs and tibias), and the bone marrow was flushed out with PBS and filtered

through a 70 mm cell strainer, the obtained cells were cultured in RPMI1640 media with 10% FBS for 6 days, macrophage colony-stimulating

factor (M-CSF) (20 ng/ml, Abclonal, RP01216, China) was added into the media to stimulate the differentiation of the cells into BMDMs for

6 days, the matured BMDMs were recognized to be the M0 unstimulated naı̈ve macrophages.105,106 M0 macrophages were always derived

from bone marrow or peritoneal lavage,107–110 though they are inadequate to reflect macrophage heterogeneity, their representation of the

unchallenged state of macrophages makes them the ideal subject for in vitro study, and thus they have been applied in various studies.111–113

Identification of the macrophages was conducted by flow cytometry using the FITC-anti-F4/80 antibody (Biolegend, 123108, USA) and immu-

nofluorescence using FITC-anti- F4/80 and Hoechst. The purity of BMDMs was >95%.

Co-culture of the cells

Matured BMDMs (MV) were enzymatically digested with trypsin for 5 mins, RPMI1640 media with 10% FBS was added to stop digestion, and

cell pellets were re-suspended with a pipette. After centrifugation, the macrophages were re-suspended with RPMI1640 (containing M-CSF

and 5% FBS), which were then transferred into a sterile 24-well plate, approximately 53105 cells per well. One hour later, cultured Vg4 T cells

were also seeded into the plate and co-cultured with MV at a 1:1 ratio, the temperature of the incubator was set to be 37�C. To observe the

function of Vg4 T cells in modulating M1 polarization, lipopolysaccharide (LPS) (Solarbio, L8880, China) was added into the media at a con-

centration of 100 ng/mL.114 To observe their function inmodulatingM2 polarization, interleukin-4 (IL-4) (Abclonal, RP01161, China) was added

into the media at a concentration of 40 ng/mL.115 To evaluate the effect of Vg4 T cells on regulating the transformation of M1 to M2, the MV
were firstly induced to M1 with LPS (100 ng/mL) and IFN-g (40 ng/mL, Solarbio, P00564, China) for 24 hours, later, the M1 macrophages were

co-cultured with Vg4 T cells at the indicated ratio.114,116 To verify the influence of IFN-g secreted by Vg4 T cells on macrophages polarization,

an IFN-g neutrolizer (Selleck, A2105, USA) was added into the co-culture media at a concentration of 10mg/ml. All co-cultures were conducted

in anoxic incubator (1% oxygen) to simulate the ischemic and hypoxic environment during wound repair. Twenty-four hours later, macro-

phages or Vg4 T cells were harvested and analyzed by flow cytometry and immunofluorescence for markers and cytokines. For analyzing
20 iScience 27, 109545, April 19, 2024
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intracellular staining, Cyto-FastTM Fix/Perm Buffer Set (Biolegend, 426803, USA) was used for cell fixation and perforation. For cytokine anal-

ysis of macrophages, a Brefeldin A Solution (Biolegend, 420601, USA) was added into media 4 hours before terminating the co-culture

(1:1000). For cytokines of Vg4 T cells, a Cell Activation Cocktail (with Brefeldin A) (Biolegend, 423303, USA) was added (1:500).

Transfer of Vg4 T cells

To explore the effect of Vg4 T cells, Vg4 T cells from wildtype (WT) or IFNg-/- mice were transferred by intradermal injection around wounds

from day 1 to day 3 post wounding, 53105 Vg4 T cells (>90% purity upon re-analysis) were transferred at each time point. For tracing Vg4

T cells in vivo, cells were labeled in advance with DiI-Red (Beyotime, C1036, China) or DiO-Green (Beyotime, C1038, China) in vitro and

were transferred into mice body by intradermal injection or intravenous injection on the 2nd day post injury (13106 Vg4 T cells), 24 hours later,

these cells were detected by flow cytometry and immunofluorescence among different tissues. For wound tissues and lymph nodes, immu-

nofluorescence identification was conducted on frozen section, while for blood and bone marrow, collected cells were analyzed.

Hematoxylin and eosin (H&E) staining

Woundedmice were euthanized with an intraperitoneal injection of 1% pentobarbital (1 mL/mice). The wound tissues were then harvested on

the 2nd, 4th, 6th and 8th days post skin excision, which were immediately fixed, paraffin-embedded, and sectioned. Subsequently, the sections

were deparaffinized, hydrated and stainedwith hematoxylin and eosin (H&E), the whole dyeing process includes five steps: dewaxing, dyeing,

dehydration, transparency and sealing. The length of the neo-epidermis, the thickness and area of the granulation tissuewere recorded under

a full slide scanning microscope (VS200, Olympus, Japan), and then were analyzed using IPP 6.0 software.

Immunohistochemical staining

The paraffin sections of the wound were deparaffinized, hydrated and blocked in turn, and then incubated with the primary antibody at 37�C
for two hours. Later, they were incubatedwith reaction enhencer (ZSGB-BIO, PV900, China) for 20minutes and followed by an incubation of an

enhenced enzyme-labeled goat anti-mouse/rabbit IgG antibody (ZSGB-BIO, PV900, China) for 30minutes at room temperature. Subse-

quently, the counterstaining was carried out with hematoxylin (Beyotime, China) and the slices were photographed under a full slide scanning

microscope (Olympus, Japan). The primary antibodies were as the follows: anti-IFN-g (1:200) (NOVUS, NBP2-66900, USA), anti-TNF-a (1:200)

(Abcam, ab1793, UK), anti-IL-6 (1:200) (Abclonal, A0286, China), anti-IL-10 (1:200) (Invitrogen, ARC9102, USA) and anti-TGF-b (1:200) (Protein-

tech, 21898-1-AP, USA).

Immunofluorescence microscopy

The wound paraffin slidesmentioned above were deparaffinized according to the standard procedure, they were firstly put into dimethylben-

zene for 10 mins and then transferred into alcohol with reduced gradient concentration (100% for 10 mins, 95% for 3 mins, 85% for 3mins and

75% for 2 mins), later they were moved into distilled water for 5 mins, antigens were retrieved by boiling in sodium citrate buffer (10 mM, pH

6.0). Samples were blocked with goat serum and permeabilized with Triton (Beyotime, P0096, China), then incubated with primary antibodies

overnight at 4�C, followed by secondary antibody incubation. Slides were counterstained with DAPI (Beyotime, P0131, China) and covered

with coverslips. Frozen section samples didn’t need deparaffinization, and the staining procedure was identical to that of of paraffin slide.

For cell culture samples, a cover glass was placed into each well of the plate in advance, after the corresponding treatment, supernatants

were discarded, and the cover glasses were washed with PBS, fixed with 4% paraformaldehyde (Beyotime, P0099, China). Later, they were

stained according to the standard procedure identical to the tissue slides. In identifying theDiI-labelled Vg4 T cells of bonemarrow andblood

by immunofluorescence, collected cells were stained with Hoechst before photographing.

All slides were photographed on a Zeiss LSM 880 confocal microscope and analyzed using ImageJ software. The main antibodies were

listed below: anti-F4/80 (1:500) (Invitrogen, MA1-91124, USA), anti-CD86 (1:500) (Invitrogen, PA5-88284, USA), anti-CD206 (1:500) (Abcam,

ab64693, UK), anti-iNOS (1:500) (Invitrogen, PA1-036, USA), anti-Arg-1 (1:500) (Invitrogen, PA5-29645, USA), anti-Vg4 (1:500), the anti-TNF-

a, anti-IL-6, anti-IL-10 and anti-TGF-b were the same as the antibodies mentioned above. Goat anti-Rabbit IgG (Invitrogen, A-11034, USA),

Donkey anti-Rabbit IgG (Invitrogen, A-31572, USA), Goat anti-rat IgG (Biolegend, 405420, USA), Goat anti-rat IgG (Invitrogen, A-11006,

USA), Goat anti-Mouse IgG (Invitrogen, A-21236, USA), Goat anti-Armenian hamster IgG (Abcam, ab173004, UK).

Flow cytometry analysis of cells and intracellular cytokine staining

Skin tissues which are less than 2mm away fromwound edge were harvested on indicated days. After weighing, they were cut into tiny pieces

and digestedwith RPMI1640media containing 5mg/ml collagenase IV (Worthington Biochem), 10 U/ml DNase I (Stemcell Technologies) and

5% FBS at room temperature. After two hours of shaking, the cell suspensions were passed through 70 mm strainers to remove impurities.

Later, cells were counted with a hemocytometer, incubated with CD16/CD32 Fc block (Biolegend, 101319, USA) and then stained with the

related anti-mouse antibodies. For analyzing cytokines, obtained cells were re-suspendedwith RPMI1640 containing 10% FBS and a Cell Acti-

vation Cocktail (with Brefeldin A), and then cultured in an incubator for 5 hours. Data were acquired on a CytoFlex (Beckman) or Fortessa X-20

(BD Biosciences) and analyzed using FlowJo software. The main antibodies were listed below: anti-CD11b (Biolegend, 101237, USA), anti-

Ly6G (Biolegend, 127605, USA), BV421 anti-Ly6C (Biolegend, 128031, USA), BV421 anti-F4/80 (Biolegend, 123131, USA), APC anti-CD86 (Bio-

legend, 105011, USA), PE anti-CD206 (Biolegend, 141706, USA), BV510 Anti-CD3 (Biolegend, 100233, USA), BV605 Anti-CD3 (Biolegend,
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100237, USA), PE anti-g/d TCR (Biolegend, 107507, USA), APC anti-g/d TCR (Biolegend, 111205, USA), APC anti-Vg1 TCR (Biolegend, 141107,

USA), ef710 anti-Vg4 TCR (Invitrogen, 46-5828-82, USA), FITC anti-Vg4 TCR (Biolegend, 137703, USA), PE anti-IFN-g (Biolegend, 505807, USA).

Blood sampleswere collectedby cardiac puncture on indicateddays, leukocytes were isolated fromwhole blood using amouse peripheral

blood mononuclear cell isolation fluid (Tianjin Haoyang Biological Manufacture Co., Ltd) according to the manufacturer’s instruction, the

staining items were similar to those used with the wound tissue cells except for staining with F4/80, CD86 and CD206.

Lymph nodes were also dissected, mechanically dissociated, and passed through 70 mm strainers to obtain single cell suspensions. Their

staining schemewas the same as that of blood sample. Bonemarrow cells were obtained according to the procedurementioned above, cells

were stained according to the same staining scheme and then were also analyzed by flow cytometry.

For culturedmacrophages and Vg4 T cells, they were collected as the procedurementioned above after the corresponding treatment, and

then stained as per the routine staining procedure.
Western blot

Briefly, cells or wound tissues were lysed with ice-cold 13RIPA (Radio Immunoprecipitation Assay) lysis buffer containing protease/phospha-

tase inhibitors (Beyotime, P1005, China), a total of 20 mg protein for each specimen was resolved by standard SDS-PAGE electrophoresis and

transferred electrophoretically to polyvinylidene difluoride membranes. After blocking, membranes were incubated with primary antibodies

overnight at 4�C, followed by horseradish peroxidase (HRP)-conjugated secondary antibodies (Beyotime, China) and chemiluminescent sub-

strate development. The main primary antibodies used include anti-CD86 (1:500), anti-CD206 (1:500), anti-iNOS (1:500), anti-Arg-1 (1:500),

anti-TNF, anti-IL-6, anti-IL-10 and anti-TGF-bwhich were the same as the antibodiesmentioned above. Band intensities were quantified using

ImageJ.
Quantitative real-time PCR

RNA was extracted using TRIzol reagent (Thermo Fisher Scientific, A33254, USA) and reverse transcription was performed to obtain cDNA

using reverse transcription kit (Bioground, BG0070, China). Real-time PCR was performed using PowerUp SYBR Green Master Mix

(RR820A, Takara) to evaluate the gene expression of iNOS, TNF-a, Arg-1, Ym1/2 and Fizz1. Relative gene expression was calculated using

the 2-DDCT method.
ELISA assay

For cultured cells, the supernatants were collected, they were centrifuged at 8,000g for 10 minutes. ELISA was performed for IFN-g (AiFang

biological, AF2182-A, China) according to the manufacturer’s protocol. Absorbance was measured using a microplate reader.
QUANTIFICATION AND STATISTICAL ANALYSIS

Data are presented as the Mean G SD. Statistical tests were performed using GraphPad Prism (GraphPad Software, San Diego, CA, USA).

Differences between two groups were assessed by an unpaired Student’s t-test. One-way ANOVAwith Tukey’s test was used for comparisons

of three or more groups. Levene’s Test was used to compare equality of variances. P values <0.05 were considered statistically significant.
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