
A binary module for microbiota-mediated regulation of 
γδ17 cells, hallmarked by microbiota-driven expression of 
programmed cell death protein 1

Hsin-I Huang1, Yue Xue2, Mark L. Jewell1, Chin Yee Tan3,4, Barbara Theriot4, Nupur 
Aggarwal2, Jacob Dockterman2, Yang-Ding Lin5, Erin A. Schroeder3, Donghai Wang6, 
Na Xiong5,7, Jörn Coers2,3, Mari L. Shinohara2,3, Neeraj K. Surana2,3,4, Gianna Elena 
Hammer1,2,8,*

1Department of Pathology, Division of Microbiology and Immunology, University of Utah, Salt Lake 
City, UT 84112, USA

2Department of Immunology, Duke University Medical Center, Durham, NC 27710, USA

3Department of Molecular Genetics and Microbiology, Duke University Medical Center, Durham, 
NC 27710, USA

4Department of Pediatrics, Duke University Medical Center, Durham, NC 27710, USA

5Department of Microbiology, Immunology and Molecular Genetics, University of Texas Health 
Science Center San Antonio, San Antonio, TX 78229, USA

6Department of Medicine, Division of Rheumatology and Immunology, Duke University Medical 
Center, Durham, NC 27710, USA

7Department of Medicine, Division of Dermatology and Cutaneous Surgery, University of Texas 
Health Science Center San Antonio, San Antonio, TX 78229, USA

8Lead contact

SUMMARY

Little is known about how microbiota regulate innate-like γδ T cells or how these restrict 

their effector functions within mucosal barriers, where microbiota provide chronic stimulation. 

Here, we show that microbiota-mediated regulation of γδ17 cells is binary, where microbiota 
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instruct in situ interleukin-17 (IL-17) production and concomitant expression of the inhibitory 

receptor programmed cell death protein 1 (PD-1). Microbiota-driven expression of PD-1 and 

IL-17 and preferential adoption of a PD-1high phenotype are conserved for γδ17 cells across 

multiple mucosal barriers. Importantly, microbiota-driven PD-1 inhibits in situ IL-17 production 

by mucosa-resident γδ17 effectors, linking microbiota to their simultaneous activation and 

suppression. We further show the dynamic nature of this microbiota-driven module and define 

an inflammation-associated activation state for γδ17 cells marked by augmented PD-1, IL-17, 

and lipid uptake, thus linking the microbiota to dynamic subset-specific activation and metabolic 

remodeling to support γδ17 effector functions in a microbiota-dense tissue environment.

Graphical abstract

In brief

Huang et al. show that microbiota instruct γδ17 cells to express PD-1 and IL-17, establishing a 

binary module where the former inhibits the latter. This module, and lipid uptake by γδ17 cells, is 

augmented to support in situ γδ17 responses to tissue inflammation.

INTRODUCTION

Dedicated subsets of interferon γ (IFN-γ)-producing (γδIFN-γ) or interleukin-17 (IL-17)-

producing (γδ17) γδ T cells are established in the thymus1–7 and further sculpted in 

the periphery by tissue-specific cues.8–17 Among these cues, intestinal microbiota may be 
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particularly outstanding because they contribute a diversity of signals, potentially activating 

γδ T cells or shaping their responses to pathogens and tissue insults.8,9,17–24

In the intestine, the influence of microbiota is best described for γδ T cells in the 

intestinal epithelial layer (IEL-γδ), where microbiota induce expression of antimicrobials,8 

the activation marker CD69,25 and responses of IEL-γδ To intestinal damage.26 Whether 

microbiota instruct similar responses in γδ T cells resident in the intestinal lamina propria 

(LP) or act on both γδ T cell subsets similarly is unknown. While evidence suggests that 

microbiota can impact LP-resident γδ T cells, data are conflicting regarding the nature of 

this regulation. One report found that microbiota expand LP-resident IL-1R+ γδ17 cells and 

enhance their IL-17 production, although this response is mouse strain specific.22 Another 

report concluded that microbiota’s influence on IL-17 production is exclusive to intestinal 

inflammation,27 while a contrasting report concluded that microbiota instead suppress IL-17 

production.28 Altogether, regulatory networks for γδ T cells stemming from the microbiota 

are poorly understood, and identification of these—particularly those that act in a subset-

specific fashion—is a pressing issue because γδIFN-γ and γδ17 subsets are thought to play 

distinct roles in intestinal health, disease, and defense against enteric infection.19,29–31

Here, we identify a subset-specific, microbiota-dependent regulatory module for γδ17 cells 

in which microbiota drive IL-17 and expression of the inhibitory receptor programmed 

cell death protein 1 (PD-1). While microbiota-driven PD-1 antagonizes natural IL-17 

production by endogenous γδ17 effectors, a PD-1high phenotype does not preclude 

upregulation of γδ17 effector functions, which are significantly enhanced in response to 

intestinal inflammation. Inflammation-associated activation of γδ17 cells is concomitant 

with augmented lipid uptake, indicating that metabolism and microbiota-driven responses 

are dynamically regulated and subset specific for intestine-resident γδ T cells.

RESULTS

Colon-resident γδ17 cells are distinguished by a PD-1high phenotype

To identify subset-specific regulatory modules stemming from microbiota, we reasoned that 

these would have disparate effects on the basal activation state of IEL or LP populations. We 

first tested the activation markers CD69 and CD44 but found expression largely overlapping 

between IEL- and LP-γδ T cells (Figure S1). We next tested PD-1, whose expression is 

well described for activated αβ T cells,32–34 but the drivers for PD-1 expressed by γδ T 

cells are unknown. Interestingly, PD-1 expression by IEL- and LP-γδ T cells was markedly 

distinct, where PD-1 was exclusive to the LP compartment and exclusive to IL-17-producing 

effectors (Figures 1A–1E and S1).

Given our results indicating that more than 80% of IL-17-producing effectors were PD-1+, 

we considered the possibility that PD-1 upregulation may be a dominant response of the 

γδ17 subset (Figure 1E). To test this, we attempted to use standard markers to distinguish 

γδIFN-γ (CD44low/midCD27+CCR6−) and γδ17 subsets (CD44highCD27−CCR6+)1,2 but 

found no CCR6+ or CD27+ γδ T cells in the colon LP (Figure S1). That LP-resident γδ 
T cells fail to express these lineage-discriminating molecules has been suggested before,2,25 

and it is possible that CCR6 and CD27 are sensitive to enzymatic cleavage during the 
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isolation procedure. These unknowns notwithstanding, because conventional markers failed 

but PD-1 expression was robust (Figure S1), we implemented a strategy using PD-1 and 

CD44 together and found that this resolved colon LP γδ T cells into three populations: 

PD-1+CD44high, PD-1−CD44mid, and a minor PD-1−CD44high population (populations I, II, 

and III, respectively, with similar results in male and female mice; Figures 1F, 1G, and S1).

PD-1+CD44high populations were γδ17 cells because these expressed RORγt, and 30%–

70% produced IL-17 upon stimulation (Figures 1H, 1I, and S1). None produced IFNγ 
(Figure 1J). By contrast, IFNγ (but not IL-17) was observed among the PD-1−CD44mid 

population, all of which were RORγt− (Figures 1H–1J and S1). Gene expression analysis 

confirmed that Il17a and Il17f were exclusive to PD-1+CD44high populations, whereas 

IFNγ was enriched in PD-1−CD44mid populations (Figure S1). The minor PD-1−CD44high 

population was a mix of RORγt+ and RORγt− cells and both types of effectors (Figures 

1H–1J and S1).

We extended these analyses to Il17a-EGFP mice, where endogenous γδ17 effectors actively 

producing IL-17 can be visualized without the need for exogenous stimulation.11 Indeed, 

natural IL-17 production was most abundant among PD-1+CD44high populations, and these 

were by far the dominant populations of endogenous γδ17 effectors, with numbers 20- to 

100-fold greater than those among PD-1neg populations (Figures 1K–1M).

By these characteristics, the vast majority of γδ17 cells in the colon LP are readily 

distinguished by a PD-1+CD44high phenotype. By contrast, the majority of γδIFN-γ T 

cells are distinguished by a PD-1−CD44mid phenotype. That CD44 expression by IFN-γ-

producing and IL-17-producing effectors was partially overlapping (Figures 1F, 1H–1J, 

and S1) underscores the requirement for PD-1 to fully distinguish γδIFN-γ (PD-1−) and 

γδ17 subsets (PD-1+) within the colon LP. Additionally, the absence of RORγt and IL-17 

from among IELs (Figures 1A and S1) indicated that γδ17 cells did not reside in the 

epithelial compartment of the colon, which would explain our observation that IEL-γδ was 

exclusively PD-1−.

Investigation of the basis for subset-specific PD-1 expression among colon LP γδ T 

cells indicated that specificity was not due to enhanced tonic signaling via the T cell 

receptor (based on Nur77 expression35), nor was it strictly a monoclonal response because 

PD-1+CD44high populations included Vγ4 and Vγ6 subsets (Vγ1/2−Vγ4−), which are 

known to comprise the bulk γδ17 population in various tissues14,36,37 (Figure S1). 

Furthermore, expression on γδ17 cells was not an inherent virtue of IL-17 production alone 

because, in comparison with other types of IL-17+ T cell effectors, IL-17-producing γδ T 

cells had the highest frequency of PD-1+ and expressed the most PD-1 protein (Figure S1).

Mucosal barrier-resident γδ17 cells preferentially adopt a PD-1high phenotype

Interestingly, the lungs and female genital tract (FGT) also contained robust populations 

of PD-1+CD44high γδ T cells, all of which were RORγt+ (Figure S2; Table S1). Also, 

IL-17-producing effectors in the lungs and FGT were preferentially PD-1high (Table S1), 

supporting the hypothesis that the PD-1high phenotype was common for γδ17 cells in 

several different mucosal barrier tissues.
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Divergent from these commonalities was a clear tissue-specific influence on whether PD-1 

was exclusive to the γδ17 subset. In this respect, the lungs contained PD-1+ cells that 

aligned with the γδIFN-γ subset because these failed to express CD44, RORγt, or IL-17 

(Figure S2). All PD-1-expressing γδ T cells in the lungs excluded intravenous labeling with 

CD45 antibody, confirming their residence in lung tissue (Figure S2). That γδIFN-γ cells 

expressed PD-1 in the lungs and not other mucosal barriers suggested the influence of tissue-

specific factors on PD-1 expression. To test this hypothesis, we evaluated lymphoid tissues, 

including lymph nodes (mesenteric and skin draining), spleen, and thymus. In stark contrast 

to mucosal barriers, lymph nodes and spleen had few PD-1+CD44high populations, and most 

IL-17-producers were actually PD-1− (Figure S2; Table S1). Instead, PD-1 expression in 

lymph nodes and spleen was preferential to CD27+ cells of the γδIFN-γ subset (Figure 

S2). The thymus was an exception among lymphoid tissues because more than 90% of 

thymic γδ T cells were PD-1+ (Figure S2; Table S1), a finding consistent with previous 

reports.38,39 Taken together, these results support a model where extrathymic, tissue-specific 

cues govern PD-1 expression on either subset. For the γδ17 subset, residence in mucosal 

barriers preferentially drove these to express PD-1. Furthermore, in some mucosal barriers, 

such as the colon, PD-1 expression was exclusive to the γδ17 subset.

PD-1 expression by γδ17 cells requires sustained stimulation from the intestinal 
microbiota

Given these results, we focused on the intestine to identify tissue-specific cues underpinning 

subset-specific PD-1 expression. Interestingly, expression in the intestine was not by default 

because most γδ17 cells in the proximal small intestine were PD-1−/low, and the abundance 

of PD-1+CD44high populations and the overall MFI (mean fluorescence intensity) for PD-1 

along the intestine’s length suggested that PD-1 was driven by region-specific factors that 

peaked in the colon (Figure S2; Table S2). We thus tested the requirements for colonic 

microbiota by administering antibiotics to 10-week-old mice. Indeed, antibiotic treatment 

induced remarkable remodeling of γδ T cell populations, resulting in a more than 3-fold 

decline in PD-1+CD44high γδ T cells, and those few that remained nevertheless had 

significantly diminished PD-1 protein (in males and females; Figures 2A–2D and S2). 

The decline in PD-1 was specific to this protein because antibiotic treatment had no effect 

onCD44. Importantly, these changes were not due to a decline in γδ17 cells because 

RORγt+ populations were of normal abundance in antibiotic-treated mice, and it was clear 

that these had reduced PD-1 more than 5-fold (Figures 2E and 2F). Taken together, these 

results indicate that PD-1 expression by colon-resident γδ17 cells was not permanent but 

instead sustained in a microbiota-dependent fashion.

Investigation of the microbiota-driven signals underpinning PD-1 upregulation indicated 

that no single pathway had a dominant role, since neither IL-1β signals, T cell receptor 

(TCR) signals, or the microbe segmented filamentous bacteria, had significant impact on the 

response (Figure S2). Taken together with our results showing that PD-1 was expressed by 

the majority of γδ17 cells in the colon suggests that the basis for this response was highly 

conserved and likely driven by a diversity of signals stemming from the microbiota.
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Microbiota-driven PD-1 inhibits IL-17 production by endogenous γδ17 effectors

Given that PD-1’s inhibitory function is well characterized for αβ T cells dependent on 

antigen presentation,34 we set out to determine PD-1’s function in γδ17 cells, where we 

found that PD-1 expression was dependent on microbiota. A natural hypothesis would 

be that microbiota-driven PD-1 restrained other microbiota-driven responses. However, the 

nature of such responses was unclear, and previous reports yielded conflicting results.22,27,28 

To begin to resolve these conflicts so that we could test PD-1’s inhibitory function, we 

tested whether microbiota were required for endogenous γδ17 effectors because these were 

PD-1high and naturally produced IL-17 without exogenous stimulation (Figure 1M). Indeed, 

endogenous γδ17 effectors were reduced 10-fold in antibiotic-treated mice, and those that 

remained had significantly diminished GFP(IL-17), indicating that natural IL-17 production 

was upregulated in a microbiota-dependent fashion (Figures 2G–2J). Unlike natural IL-17, 

IL-17 produced upon exogenous stimulation was unchanged, indicating that microbiota had 

the most significant impact on effector functions acting in situ in the tissue environment 

(Figures 2K–2N). Likewise, lung- and FGT-resident γδ17 cells expressed natural IL-17 and 

PD-1 in a microbiota-dependent fashion, indicating that this binary module of expression 

was conserved across multiple mucosal barriers (Figure S3).

Having established that microbiota induced PD-1 and natural IL-17, we tested whether PD-1 

was inhibitory for endogenous γδ17 effectors. We administered anti-PD-1 for 3 days and 

indeed found that this short-term PD-1 blockade increased the abundance of endogenous 

GFP(IL-17)+ effectors, with specific action on those in the PD-1+ population (Figures 2O–

2R). Importantly, PD-1 blockade did not globally disrupt total γδ T cell populations or 

alter the abundance of GFP(IL-17)+ CD4 T cells, indicating that this treatment did not 

broadly perturb homeostasis or act indiscriminately on IL-17-producing effectors (Figure 

S4). Taken together, these results indicate that PD-1 inhibition restricted in situ IL-17 

production by colon-resident γδ17 effectors. Because PD-1 and IL-17 were upregulated in 

a microbiota-dependent fashion, these molecules together establish a microbiota-dependent 

regulatory module for γδ17 cells, where the former suppresses the latter.

Inflammation-induced activation of γδ17 cells exaggerates PD-1 and IL-17

We hypothesized that unique expression modalities for PD-1 and IL-17 would be induced by 

intestinal inflammation because this pathology is influenced by microbiota.40 We tested this 

in dextran sodium sulfate (DSS)-induced colitis, which is known to engage IL-17 production 

by γδ17 cells.30 We also leveraged our findings showing subset-specific expression of PD-1 

to determine whether DSS-colitis induced expansion or otherwise altered any γδ T cell 

subset.

Although γδ17 cells are thought to be engaged early (day 3) in DSS colitis,18,30 we 

found no apparent changes until mice exhibited significant body weight loss (day 7), 

where PD-1+ γδ17 cells enhanced PD-1 levels an average of 2-fold higher than that of 

the steady state (Figures 3A, 3B, and 3D). While we had not anticipated PD-1 to increase 

in this already PD-1high population, this outcome suggested that exaggerated PD-1 was 

indicative of engagement and activation of γδ17 cells. Consistent with this hypothesis, 

PD-1-exaggerated γδ17 cells had enhanced IL-17 production upon stimulation, suggesting 
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that effector functions and PD-1 were upregulated in response to DSS colitis (Figures 3D 

and 3F). Other than these changes, we found no differences in the percentage of IL-17+ or 

abundance of PD-1+ or PD-1− γδ T cell populations, suggesting that intestinal inflammation 

did not remodel the pre-existing ratios between γδ T cell subsets or destabilize subset-

specific expression of PD-1 (Figures 3A–3C and 3E). Additionally, there were no changes 

in the abundance or intensity of IFN-γ- or IL-17-producing functions of PD-1− γδ T cells 

(Table S3), suggesting that augmented effector functions in response to DSS colitis were 

most robust in PD-1+ γδ17 cells. Taken together, these findings suggest that enhanced 

capacity of IL-17 production and exaggerated PD-1 were a subset-specific response of 

PD-1+ γδ17 cells in DSS colitis.

We extended these analyses to Mucin-2-deficient mice (Muc2−/−), which spontaneously 

develop chronic colitis.41–43 In agreement with responses to DSS colitis, γδ17 cells in 

colitic Muc2−/− mice had exaggerated PD-1 and remarkably enhanced IL-17 production 

(Figure S4). That these augmentations were shared by Muc2−/− mice and DSS colitis 

indicates that dynamic modulation of PD-1 and γδ17 effector functions was an activation 

response of γδ17 cells in intestinal inflammation.

Mutual upregulation of effector and inhibitory modules suggested that inflammation-

induced exaggeration of PD-1 was not altogether prohibitive for concomitantly enhanced 

effector functions. To rigorously test this hypothesis, we evaluated in situ IL-17 production 

during DSS colitis. While the abundance of endogenous γδ17 effectors was unchanged, 

these produced significantly more IL-17, with a 2-fold increase in the MFI of GFP(IL-17) 

(Figures 3G–3I). Importantly, these functionally enhanced effectors also exaggerated PD-1, 

which was intriguing given that GFP(IL-17)+ effectors already expressed more PD-1 than 

the bulk PD-1+ γδ17 population (Figure 3J). Thus, inflammation-associated exaggeration of 

PD-1 did not preclude concomitant upregulation of IL-17-producing effector functions.

Importantly, results from both antibiotic-treated and germ-free mice indicated that 

augmentation of PD-1 in DSS-colitis was microbiota-dependent, suggesting this microbiota-

driven module was conserved for both steady-state and inflammation (Figure S4). 

Altogether, these results suggest that microbiota-driven exaggeration of PD-1 and enhanced 

IL-17 production are defining characteristics of an inflammation-induced activation state of 

colon-resident γδ17 cells.

Augmented lipid metabolism is a subset-specific response of γδ17 cells in intestinal 
inflammation

We next set out to define the cell-intrinsic changes that supported inflammation-associated 

activation. We first evaluated TCR signaling in DSS colitis and found that the percentage 

of γδ17 cells expressing Nur77(GFP) and their MFI for Nur77(GFP) were enhanced, 

suggesting that inflammation-associated activation was linked to upregulated TCR signaling 

(Figures 4A–4C). Interestingly, Nur77(GFP) in γδIFN-γ cells was unchanged, suggesting 

that DSS-colitis augmented TCR signaling in γδ T cells in a subset-specific fashion (Figures 

4D–4F).
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We next tested whether augmented TCR signals and inflammation-associated activation 

were associated with metabolic rewiring. We assessed γδ17 and γδIFN-γ cells for their 

mitochondrial content and activity using MitoTracker and tetramethylrhodamine (TMRE), 

respectively. There were remarkable subset-specific distinctions at steady state, with the 

percentage of cells staining positive for these analytes 2– to 4-fold higher among the γδ17 

population (Figures 4G, 4H, 4J, and 4K). These results are consistent with reports outlining 

subset-specific distinctions for mitochondrion-related metabolism in non-intestinal tissues 

or tumors,14,16,44,45 and support the conclusion that γδ17 cells have superior mitochondrial 

content/activity in the colon, a tissue where they are naturally PD-1high. Results in antibiotic-

treated mice suggested that mitochondrial content/activity was independent of microbiota, 

albeit these analyses were obfuscated by the inability to clearly distinguish γδIFN-γ and 

γδ17 subsets in antibiotic-treated mice because of PD-1 downregulation in the latter (Figure 

S4). Subset-specific differences in mitochondrion-related metabolism were persistent and 

static during DSS colitis, with no changes for any parameter tested (Figures 4H, 4I, 4K, 

and 4L). Taken together, these data suggest that, although colon-resident γδ17 cells are 

highly enriched for mitochondrial content/activity, cellular activation in DSS colitis did not 

destabilize or enhance this pre-established metabolic trait.

Last, we analyzed metabolic capacity for lipid uptake, which has been shown to be a 

preferential function of γδ17 cells isolated from lymphoid tissues.14,16 Lipid uptake was 

robust for both subsets, with similar percentages of cells demonstrating a high capacity to 

take up labeled palmitate (BODIPY-FL-C16) (Figures 4M and 4N). While uptake was not 

subset specific, the MFI of BODIPY-FL-C16 was higher in γδ17 cells, an attribute that 

persisted in antibiotic-treated mice, although gating of γδ T cell subsets was obfuscated in 

this setting, as described above (Figure S4). Intriguingly, in contrast to the static nature of 

mitochondrion-related metabolism, lipid uptake by γδ17 cells was enhanced during DSS 

colitis, suggesting that inflammation-associated activation of γδ17 cells in the colon was 

concomitant with augmented lipid metabolism. This metabolic response did not occur in the 

γδIFN-γ subset, supporting the conclusion that enhanced lipid uptake in DSS colitis was 

an acute, subset-specific response of γδ17 cells (Figure 4O). That lipid uptake and TCR 

signaling were selectively enhanced suggests that altered dynamics of lipid homeostasis 

support augmented IL-17 production and cellular activation of γδ17 cells in response to 

intestinal inflammation.

DISCUSSION

γδ T cells are sculpted in the thymus and by environmental cues,3,8–16,46,47 and while an 

impact of microbiota is not unexpected, the nature of this regulation has been difficult to 

pinpoint for the γδ17 subset, perhaps because previous investigations focused on cytokines 

produced upon exogenous stimulation.27,28 By instead focusing on in situ IL-17 production, 

we identified a binary module for microbiota-mediated regulation where IL-17 effector 

functions and the inhibitory module, PD-1, were mutually upregulated in a microbiota-

dependent fashion. The interplay between microbiota-induced PD-1 and IL-17, dynamics of 

the microbes that upregulate these modules, and likely also microbiota-derived short-chain 

fatty acids (28) together sculpt γδ17 cells in the intestine and other mucosal barriers.
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Mechanisms underpinning PD-1 expression have focused on αβ T cells, which in 

some settings become “exhausted,” where the PD-1high phenotype is linked to their 

dysfunction.34,48 The PD-1high phenotype of exhausted αβ T cells is thought permanent 

because of remodeling of the PD-1-encoding locus.32,33,49 PD-1 expressed by follicular T 

helper cells is also permanent and critical for their function in germinal centers.34,50,51 

The impermanence of the PD-1high phenotype of mucosal γδ17 cells is thus a stark 

contrast to PD-1+ αβ T cells, suggesting distinct regulatory mechanisms that control 

modifications of the PD-1-encoding locus. Like mucosal barriers, skin also contains PD-1+ 

γδ17 cells,11 implicating these and PD-1-inducing microbiota in various tissue outcomes 

during PD-1 blockade and autoimmunity associated with PD-1 deficiency.34,52 Indeed, 

while this manuscript was in revision, two reports found PD-1+ γδ17 cells among tumor 

infiltrates in mice, raising the possibility that γδ17 cells could be modulated by anti-PD-1 

immunotherapy.53,54 This therapy may also act on γδIFN-γ cells because we found many 

PD-1+ γδIFN-γ cells in lymph nodes and lungs, and in humans, PD-1+, IFNγ-producing 

γδ T cells were identified in breast tissue and peripheral blood.55–58 PD-1’s mode of action 

on either γδ T subset should become clear when these cells are evaluated in environments 

where they receive physiological cues, including those originating from microbiota.

Our findings demonstrate the dynamic nature of TCR signaling, IL-17, PD-1, and lipid 

metabolism in response to intestinal inflammation. These augmentations were specific 

to γδ17 cells and define characteristics of inflammation-associated activation of these 

effectors. These acute remodeling events are likely fundamental to the innate-like abilities 

of γδ17 cells, and if conserved across tissues and disease states, these findings open doors 

to therapies that modulate γδ signaling via TCR or PD-1 modalities. Indeed, recombinant 

PD-L1 improves outcomes in mouse models of colitis,59 suggesting that the inhibitory 

PD-1 module on γδ17 cells is a therapeutic target during intestinal inflammation. Other 

therapeutic modalities centered around modulating bioavailable lipids or lipid metabolism 

are also attractive new possibilities.

Limitations of the study

While short-term anti-PD-1 was used to address the functional role of PD-1 signaling 

in γδ17 cells, it remains possible that the impact on this population was indirect. The 

physiological role of PD-1 expression on γδ17 cells in steady-state, colitis, and other 

settings needs further functional assessment of impact and significance; a clear answer to 

these questions would require cell-specific deletion of PD-1 on γδ17 cells. A technical 

limitation exists in that there are no commercially available antibodies to test the full 

repertoire of Vγ chains, and thus we cannot formally know the Vγ composition of 

PD-1+ γδ17 cells. Another technical limitation exists in antibiotic-treated mice, where 

downregulation of PD-1 obfuscates the gating strategy used to distinguish γδ T cell 

populations in the colon LP.
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STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should 

be directed to and will be fulfilled by the lead contact, Gianna Hammer 

(gianna.hammer@path.utah.edu).

Materials availability—This study did not generate new unique reagents.

Data and code availability

• All data reported in this paper will be shared by 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 MODELS AND SUBJECT DETAILS

Mice—Both male and female mice were used for all experiments. Il17a-GFP mice 

(C57BL/6-Il17atm1Bcgen/J, stock #018472) and Nur77-GFP mice (C57BL/6-Tg(Nr4a1-

EGFP/cre)820Khog/J, stock #016617) were purchased from The Jackson Laboratory. 

Muc2−/− mice41 crossed to a C57BL/6 background43 were imported to Duke University 

and further crossed to in-house C57BL/6J breeders purchased from the Jackson Laboratory. 

Colitic Muc2−/− mice were analyzed at 19–20 weeks of age. All other mice were analyzed 

between 8 and 12 weeks of age unless specially mentioned. Germ-free mice were housed at 

Duke University. All other mice were maintained under specific pathogen free “ultrabarrier” 

conditions (Helicobacter, Norovirus and Pasteurella pathogens were excluded) in housing 

at Duke University or University of Utah. All procedures were conducted with Institutional 

Animal Care and Use Committee approval at either Duke University or the University of 

Utah.

METHOD DETAILS

Cellular isolation from tissues—For intestine-resident cells, luminal contents were 

removed, tissue chopped into 2 mm segments, and intestinal tissue pieces were washed twice 

with HBSS/10mM HEPES/5mM EDTA/0.625% BSA/1mM DTT for 10 min at 37°C.60 

Supernatant was collected from these washes to isolate intraepithelial lymphocytes. Tissue 

was then washed for 10 min at 37°C with HBSS/10mM HEPES/0.625% BSA followed by 

incubation in C-tubes (Miltenyi) with digestion cocktail containing Liberase (57.6 μg/mL) 

and DNase I (8 U/mL).60 Tissue was digested for 37°C for 30 min with shaking, followed by 

GentleMACS dissociation (Miltenyi). Proximal and distal small intestine samples were each 

~10 cm long and defined as the first (stomach adjacent) or last (cecum adjacent) quarter of 

the small intestinal organ.

For isolation of uterine-resident cells minced uteri were incubated at 37°C in C-tubes 

in Liberase (57.6 μg/mL) and DNase I (8 U/mL) for 1 h, dissociated by GentleMACS 

(Miltenyi), and incubated again at 37°C for an additional 20 min. Samples were processed 
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a final time by GentleMACS (Miltenyi) prior to cell isolation. For lung-resident cells, lung 

was inflated with solution containing Liberase (60 μg/mL) and DNase I (6500 U/mL) in 

HBSS/10mM HEPES/5%FBS, followed by incubation at 37°C for 45 min, with vigorous 

vortex every 15 min.61 After digestion all cellular suspensions were filtered and subjected to 

RBC lysis prior to analysis.

Flow cytometry and cell sorting—Freshly isolated cells were stained with FcR 

block (Biolegend) and Live/dead fixable dead cell staining (Thermo Fisher) followed by 

antibodies below to gate T cell populations, surface marker, and cytokine expression: 

anti-CD45 (30-F11), anti-CD3ε (145-2C11), anti-TCRβ (H57-597), anti-TCRδ (GL3), anti-

CD4 (GK1.5), anti-CD8α (53-6.7), anti-CD44 (IM7), anti-PD-1 (29F.1A12), anti-CD69 

(H1.2F3), anti-CD27 (LG.3A10), anti-CCR6 (29-2L17), anti-Vγ1/2 (4B2.9), anti-Vγ4 

(UC3-10A6), anti-IFNγ (XMG1.2), anti-IL-17A (TC11-18H10.1), anti-Nur77 (12.14), 

and anti-RORγt (B2D). All populations analyzed were gated from live cells according 

to following markers, γδ T cells, (CD45+CD3+TCRδ+TCRβ−, followed by PD-1 and 

CD44 to distinguish PD-1+CD44high, PD-1−CD44high, and PD-1−CD44mid populations; 

in some experiments CD27, CCR6, Vγ1/2, or Vγ4 were also used); CD4 T cells, 

(CD45+CD3+TCRβ+TCRδ−CD4+); CD8 T cells, (CD45+CD3+TCRβ+TCRδ−CD8α+). For 

intracellular staining of cytokines, cells were stimulated with PMA (50 ng/mL) and 

ionomycin (2000 ng/mL) for 5h in complete RPMI medium with BD Golgi plug (BD 

Biosciences). Stimulated cells were fixed by eBioscience IC fixation buffer (Invitrogen) and 

for RORγt and Nur77 staining, cells were fixed by eBioscience Foxp3/Tanscription factor 

fixation/permeabilization concentrate and diluent (Invitrogen) followed by intracellular 

antibody staining. Flow cytometry analysis was performed on a BD Fortessa X20 (BD 

Biosciences), and data further analyzed using FlowJo software. For FACS sorting, cells were 

gated as described above and sorted by MoFlo Astrios Sorter (Beckman Coulter).

Quantitative PCR—For each experiment, colon lamina propria cells were pooled from 5 

mice and γδ T cell subsets sorted into TriZol (Thermo Fisher). cDNA was generated using 

QuantiTect Reverse Transcription Kit (Qiagen) and gene expression analyzed using TaqMan 

Gene Expression Master Mix (AppliedBiosystems) with the following TaqMan probes: 

Il17a (Mm00439618_m1), Il17f (Mm00521423_m1), IFNγ (Mm01168134_m1), and Hprt 
(Mm03024075_m1). Data were analyzed according to the 2^ddct algorithm.

In vivo PD-1 and IL-1β blockade—For PD-1 blockade, Il17a-GFP mice were injected 

intraperitoneally with 200 μg of anti-PD-1 (RMP1-14, BioXcell) or isotype control Rat 

IgG2a (2A3, BioXcell) antibodies for three consecutive days. Mice were analyzed 24 

h after the third antibody injection. For IL-1β blockade, Il17a-GFP mice were injected 

intraperitoneally with 200 μg of anti-IL-1β (B122, BioXcell) or isotype control polyclonal 

Armenian hamster IgG (BioXcell) twice a week for 2 weeks. Mice were analyzed 24 h after 

the last antibody injection.

Antibiotic treatment and DSS-induced colitis—Mice 8 to 10-weeks old received 

broad spectrum antibiotics containing ampicillin (1 g/L), vancomycin (500 mg/L), neomycin 

sulfate (1 g/L), metronidazole (1 g/L), and fluconazole (500 mg/L) in drinking water for 
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4 weeks. For DSS treatment mice were provided 2% (w/v) dextran sulfate sodium (DSS, 

Chem-Impex) in drinking water for 7 days. Following DSS withdrawal, mice were provided 

normal drinking water. Body weight was assessed throughout the experiment. Mice were 

analyzed at day 3 for early stage, or day 7–10 for inflammation stage of disease. In some 

experiments mice were administered antibiotics for 4 weeks prior to, and for the duration of 

DSS treatment.

Mitochondrial content/activity and lipid uptake—All reagents for metabolic analysis 

were purchased from Invitrogen and used per manufacturer’s instruction. LP cells 

were incubated for 30 min at 37C° with one of the following reagents: 200 nM 

tetramethylrhodamine ethyl ester (TMRE) to assess mitochondrial potential, 200 nM 

MitoTracker Green to measure mitochondrial mass (MitoGreen staining is independent of 

mitochondrial membrane potential), or 1 μM Bodipy-FL-C16 (palmitate) to measure lipid 

uptake. Cells were analyzed immediately by flow cytometry.

Intravascular staining for CD45+ cells in lung—To distinguish vascular and tissue-

resident immune cells mice were anesthetized and retro-orbitally injected with 3 μg FITC 

anti-CD45 (30-F11).62 Mice were euthanized 5 min post-injection, followed by immediate 

preparation of lung immune cells.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using GraphPad Prism (GraphPad, San Diego, CA) 

to perform 2-tailed Student’s t-test or one-way ANOVA with Tukey’s post hoc test, as 

appropriate. The data point represents one mouse or combined samples as indicated in figure 

legends or table legends. Data are presented as mean ± SD. The sample sizes, statistical 

tests, and p values are indicated in figure legends. p values are classified as follows: *p < 

0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Mucosal barrier-resident γδ17 cells are preferentially PD-1high

• Microbiota instruct and sustain γδ17 expression of PD-1 and IL-17

• PD-1’s inhibitory effect on γδ17 cells restricts in situ IL-17 production

• Intestinal inflammation augments γδ17 TCR signals, PD-1, IL-17, and lipid 

uptake
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Figure 1. PD-1 expression among colon-resident γδ T cells is specific to the γδ17 subset
(A and B) Phorbol 12-myristate 13-acetate (PMA) + ionomycin stimulated IEL-γδ 
evaluated for PD-1 and co-expression of either IL-17 (A) or IFNγ (B). (C and D) LP-γδ 
analyzed as in (A) and (B).

(E) Percentage of PD-1+ cells among IL-17+ or IFNγ+ LP-γδ (shaded gates in C and D).

(F) LP-γδ subset by PD-1 and CD44: PD-1+CD44high (I), PD-1−CD44mid (II), and 

PD-1−CD44high (III).

(G) Absolute number of the indicated population in (F). Each data point represents one 

mouse, and data are combined from three independent experiments.

(H–J) Representative plot gated on the indicated LP-γδ population analyzed for IL-17 

and IFNγ (H) and the percentages of IL-17+ (I) and IFNγ+ (J) in the indicated LP-γδ 
population.(K–M) Representative plot gated on the indicated LP-γδ population from 

Il17a-EGFP mice analyzed for GFP(IL-17)+ (K) and percentage (L) and number (M) of 

GFP(IL-17)+ cells in the indicated population.

Each data point represents one mouse. Data in (G), (I), and (J) are combined from 

three independent experiments. Data in (L) and (M) are combined from five independent 

experiments. Data in (A)–(G) are representative of more than 10 independent experiments. 

Error bars represent mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 

(one-way ANOVA with Tukey’s post hoc test). See also Figure S1.

Huang et al. Page 18

Cell Rep. Author manuscript; available in PMC 2023 October 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Microbiota sustain PD-1 on γδ17 cells to restrict natural IL-17 production by 
endogenous γδ17 effectors
(A) Colon LP γδ T cells from control or antibiotic (Abx)-treated mice.

(B–D) PD-1+CD44high γδ T cells from control and Abx-treated mice evaluated for MFI of 

PD-1 (B) and CD44 (C) and the relative abundance of the indicated population from control 

and Abx-treated mice (D).

(E and F) PD-1 and RORγt expression (E) and the MFI of PD-1 (F) expressed by total 

RORγt+ γδ T cells from control and Abx-treated mice.

(G–J) Representative plot (G) and percentage of GFP(IL-17)+ cells (H) and the absolute cell 

number (I) and MFI (J) of GFP(IL-17)+ cells from control (ctrl) or Abx-treated Il17a-GFP 

mice.

(K–N) Colon LP γδ T cells from mice of the indicated treatment groups were stimulated 

with PMA + ionomycin and analyzed for IL-17 production as in (G)–(J).
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(O–R) Representative plots of GFP(IL-17)+ cells among the indicated population from 

Il17a-GFP mice treated with the isotype (iso) ctrl (O) or anti-PD-1 (P) and the absolute 

number of GFP(IL-17)+ cells from PD-1+CD44high (Q) and PD-1−CD44high (R) γδ T cells 

(gated populations in O and P) from Il17a-GFP mice from the indicated treatment group.

Each data point represents one mouse and data in (H)–(J), (L)–(N), and (Q)–(R) are 

combined from two independent experiments. Error bars represent mean ± SD. *p < 0.05, 

**p < 0.01, ****p < 0.0001; n.s., not significant (unpaired Student’s t test). See also Figures 

S2 and S3 and Table S1.

Huang et al. Page 20

Cell Rep. Author manuscript; available in PMC 2023 October 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Inflammation-associated activation of γδ17 cells exaggerates PD-1 and IL-17-
production
(A–F) Colon LP γδ T cells from ctrl (A) or DSS-treated mice (B) and percentage of 

PD-1+CD44high populations (C) and their MFI of PD-1 (D) on the indicated day. Data in (D) 

are normalized to the average MFI for PD-1 expressed by ctrl samples analyzed on the same 

day. Also shown are the percentage of IL-17+ (E) and the relative MFI for IL-17 protein 

(F) among PMA + ionomycin-stimulated PD-1+CD44high γδ T cells in samples described 

in (C) and (D). Each data point represents one mouse, and data are combined from two 

independent experiments.

(G–J) Ctrl or DSS-treated (day 7) Il17a-GFP mice analyzed for GFP(IL-17)+ (plot is gated 

on PD-1+CD44high γδ T cells) (G), percentage of GFP(IL-17)+ among PD-1+CD44high γδ T 

cells (H), the MFI for GFP(IL-17) (I), and the MFI of PD-1 among GFP− and GFP(IL-17)+ 

populations among PD-1+CD44high γδ T cells for the indicated treatment group.
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Each data point represents one mouse, and data are representative of two independent 

experiments. Error bars represent mean ± SD. *p < 0.05, **p < 0.01, ****p < 0.0001; n.s., 

not significant (unpaired Student’s t test (C–I) and one-way ANOVA with Tukey’s post hoc 

test (J)). See also Figure S4 and Table S3.
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Figure 4. Dynamic metabolic rewiring of γδ17 cells upon inflammation-associated activation 
enhances their lipid uptake in the colon LP
(A–F) Ctrl and DSS-treated mice evaluated for Nur77(GFP) among PD-1+CD44high (γδ17) 

(A–C) and PD-1−CD44mid (γδIFN-γ) subsets (D–F) and Nur77(GFP) expression (A and 

D), percentage (B and E), and MFI of Nur77(GFP)+ populations (C and F) from either γδ17 

or γδIFN-γ subsets from the indicated treatment group.

(G–O) γδ17 and γδIFN-γ subsets from ctrl and DSS-treated mice were evaluated for 

metabolic parameters.

(G–I) MitoTracker staining evaluating mitochondrial content/mass (G), percentage (H), and 

MitoTracker MFI (I) of MitoTracker+ cells in the indicated subset from each treatment 

group.

(J–L) Mitochondrial activity measured by tetramethylrhodamine (TMRE) staining as in (G)–

(I).

(M–O) Lipid uptake evaluated by labeled palmitate (BODIPY-FL-C16) as in (G)–(I).
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Each data point represents one mouse, and data are representative of two independent 

experiments. Error bars represent mean ± SD. **p < 0.001, ***p < 0.005, ****p < 0.0001; 

n.s., not significant (unpaired Student’s t test (B–F) and one-way ANOVA with Tukey’s post 

hoc test (H–O)). See also Figure S4.

Huang et al. Page 24

Cell Rep. Author manuscript; available in PMC 2023 October 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Huang et al. Page 25

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Brilliant Violet 785™ anti-mouse CD45 (30-F11) Biolegend Cat#103149; RRID:AB_2564590

Biotin anti-mouse CD3ε (145-2C11) Biolegend Cat#100304; RRID:AB_312669

FITC anti-mouse TCRβ (H57-597) Biolegend Cat#109206; RRID:AB_313429

PE/Cyanine7 anti-mouse TCRβ (H57-597) Biolegend Cat#109222; RRID:AB_893625

APC/Fire™ 750 anti-mouse TCRγ/δ (GL3) Biolegend Cat#118136; RRID:AB_2650828

PE anti-mouse TCRγ/δ (GL3) Biolegend Cat#118108; RRID:AB_313832

Brilliant Violet 510™ anti-mouse CD4 (GK1.5) Biolegend Cat#100449; RRID:AB_2564587

Brilliant Violet 711™ anti-mouse CD8α (53-6.7) Biolegend Cat#100747; RRID:AB_11219594

PerCP/Cyanine5.5 anti-mouse CD44 (IM7) Biolegend Cat#103032; RRID:AB_2076204

APC anti-mouse PD-1 (29F.1A12) Biolegend Cat#135210; RRID:AB_2159183

Brilliant Violet 421™ anti-mouse PD-1 (29F.1A12) Biolegend Cat#135221; RRID:AB_2562568

PE anti-mouse CD69 (H1.2F3) Biolegend Cat#104507; RRID:AB_313110

PE anti-mouse CD27 (LG.3A10) Biolegend Cat#124209; RRID:AB_1236464

APC anti-mouse CCR6 (29-2L17) Biolegend Cat#129813; RRID:AB_1877148

PE anti-mouse Vγ1/2 (4B2.9) Biolegend Cat#142703; RRID:AB_10960739

APC ant-mouse Vγ4 (UC3-10A6) Biolegend Cat#137707; RRID:AB_10899574

PE/Cyanine7 anti-mouse IFNγ (XMG1.2) Biolegend Cat#505826; RRID:AB_2295770

PE anti-mouse IL-17A (TC11-18H10.1) Biolegend Cat#506904; RRID:AB_315464

TruStain FcX™ PLUS (anti-mouse CD16/32) (S17011E) Biolegend Cat#156604; RRID:AB_2783138

FITC CD45 (30-F11), eBioscience Invitrogen Cat#11-0451-81; RRID:AB_465049

PE anti-mouse RORγt (B2D), eBioscience Invitrogen Cat#12-6981-82; RRID:AB_10807092

PE anti-mouse Nur77 (12.14), eBioscience Invitrogen Cat#12-5965-80; RRID:AB_1257210

InVivoMAb™ anti-mouse PD-1 (RMP1-14) Bio X cell Cat#BE0146; RRID:AB_10949053

InVivoMAb™ rat IgG2a isotype control (2A3) Bio X cell Cat#BE0089; RRID:AB_1107769

InVivoMAb™ anti-mouse/rat IL-1β (B122) Bio X cell Cat#BE0246; RRID:AB_2687727

InVivoMAb™ Polyclonal Armenian hamster IgG Bio X cell Cat#BE0091; RRID:AB_1107773

Chemicals, peptides, and recombinant proteins

LIBERASE™ research grade Sigma Aldrich Cat#5401127001

DNase I recombinant, RNase-free solution Sigma Aldrich Cat#04716728001

Ampicillin Duke University Hospital 
pharmacy

N/A

Vancomycin Hydrocholoride Duke University Hospital 
pharmacy

N/A

Neomycin Duke University Hospital 
pharmacy

N/A

Metronidazole Duke University Hospital 
pharmacy

N/A

Fluconazole Duke University Hospital 
pharmacy

N/A

Dextran sulfate sodium salt (DSS), Mw ~ 40000 Chem-Impex Cat#01288
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REAGENT or RESOURCE SOURCE IDENTIFIER

IC fixation buffer Invitrogen Cat#00-8222-49

eBioscience™ Fixation/Permeabilization concentrate Invitrogen Cat#00-5123-43

eBioscience™ Fixation/Permeabilization diluent Invitrogen Cat#00-5223-56

Permeabilization buffer 10× Invitrogen Cat#00-8333-56

TRIzol Reagent Invitrogen Cat#15596026

Phorbol 12-myristate 13-acetate (PMA) Sigma Aldrich Cat#P8139

Ionomycin calcium salt from Streptomyces conglobatus Sigma Aldrich Cat#I0634

BD Golgi Plug™ protein transport inhibitor BD Biosciences Cat#555029

eBioscience™ RBC Lysis buffer (multi-species) 10× Invitrogen Cat#00-4300-54

LIVE/DEAD™ fixable blue dead cell stain kit Invitrogen Cat#L34962

LIVE/DEAD™ fixable green dead cell stain kit Invitrogen Cat#L23101

MitoTracker™ Green FM Invitrogen Cat#M7514

Tetramethylrhodamine, Ethyl Ester, Perchlorate (TMRE) Invitrogen Cat#T669

BODIPY™ FL C16 (4,4-Difluoro-5,7-Dimethyl-4-Bora-3a,4a-
Diaza-s-Indacene-3-Hexadecanoic Acid)

Invitrogen Cat#D3821

Critical commercial assays

TaqMan probe: Il17a Thermo Fisher Scientific Mm00439118_m1

TaqMan probe: Il17f Thermo Fisher Scientific Mm0052143_m1

TaqMan probe: IFNγ Thermo Fisher Scientific Mm01168134_m1

TaqMan probe: Hprt Thermo Fisher Scientific Mm03024075_m1

QuantiTect Reverse Transcription kit Qiagen Cat#205313

TaqMan™ Gene Expression Master Mix appliedbiosystems Cat#4369016

Experimental models: Organisms/strains

Mouse: Il17a-GFP mice (C57BL/6-Il17atm1Bcgen/J) Jackson Laboratory Strain#018472; 
RRID:IMSR_JAX:018472

Mouse: Nur77-GFP mice (C57BL/6-Tg (Nr4a1-EGFP/
cre)820Khog/J)

Jackson Laboratory Strain#016617; 
RRID:IMSR_JAX:016617

Mouse: C57BL/6J Jackson Laboratory Strain#000664; 
RRID:IMSR_JAX:000664

Mouse: Muc2−/− mice Velcich et al.41 N/A

Germ-free mice Duke University Gnotobiotic 
Core

N/A

Software and algorithms

FlowJo™ v10 BD Biosciences https://www.flowjo.com/solutions/
flowjo/downloads

GraphPad Prism v9 GraphPad https://www.graphpad.com/

Other

BD LSRFortessa X20 Cell Analyzer BD Biosciences N/A

BD LSRFortessa Cell Analyzer BD Biosciences N/A

GentleMACS™ Dissociator Miltenyi Biotec Inc. N/A
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