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gd T cells reside at mucosal and epithelial barriers, and they often accumulate at sites of inflammation, both infectious and
autoimmune, as well as in certain tumors. However, progress in understanding their function is considerably hampered by a lack
of full understanding of the ligands recognized by TCR-gd and how expression of these ligands is regulated. We recently
developed a soluble human TCR-gd (Vg9Vd1) tetramer from a synovial gd T cell clone of a Lyme arthritis patient and observed
that it stains monocytes activated by Borrelia burgdorferi. Those findings are extended in the current study to further examine the
physiological regulation of ligand expression on monocytes. The TCR-gd ligand is induced by a variety of TLR agonists and
requires NF-kB activation. Of particular interest is that ligand expression also requires caspase activation of the inflammasome
and is dependent on active metabolism, mitochondrial reactive oxygen species, and activation of gasdermin-D. Consistent with
these observations, the TCR-gd ligand is expressed by a subset of metabolically active CD14+CD16+ monocytes and colocalizes
intracellularly with mitochondria. The findings suggest a model in which synovial gd T cell ligand is a self-antigen whose surface
expression is increased by inflammatory conditions and mitochondrial stress. The Journal of Immunology, 2023, 210: 61�71.

gd T cells remain something of an enigma in immunology.
They arose with the earliest appearances of T and B lympho-
cytes of the adaptive immune system and have been main-

tained as a “third rail” since then throughout all vertebrate species
(1�3). This may speak to their nonredundant function in the immune
system. gd T cells have demonstrated their importance in the immune
response to numerous infections (4�10), cancer (11, 12), and autoim-
munity (13�20). They also function in tissue repair and homeostasis,
as evidenced by their role in skin wound healing and thermogenesis
(21�24). Despite becoming activated during various infections, there
is little evidence that TCR-gd cells directly recognize foreign microbial
Ags (25). In addition, gd T cell activation is not restricted by classical
MHC molecules (26). Rather, there is growing evidence that gd T cells
respond to self-ligands that are upregulated during infection, cancer, or
autoimmunity, potentially by a common mechanism of cell stress or
death (2).
Of the various gd T cell ligands that have been proposed, there is

general agreement that these include various self-proteins, sometimes
in the presence of nonprotein components (27�30). Currently there
is no apparent common structural motif for the proposed TCR-gd
ligands, apart from nonclassical MHC-like molecules such as CD1
and butyrophilins (27�30). But even recognition of these molecules
may involve additional components, such as sulfatide in the case of

CD1d (29), or phosphoantigens in the case of butyrophilins (27, 28).
This lack of full understanding of TCR-gd ligands and their physio-
logical regulation leaves a considerable gap in our comprehension of
the biology of gd T cells.
We recently reported the development of a human soluble TCR-gd

(sTCR-gd) tetramer derived from a synovial gd T cell clone of a
Lyme arthritis patient (31). The original gd T cell clone is stimulated
by Borrelia burgdorferi in the presence of human monocytes but
does not activate in response to Borrelia alone (32). In agreement
with this, stimulation of monocytes with Borrelia induced significant
surface expression of ligand (31). Ligand expression was sensitive to
trypsin digestion, attesting to the protein nature of the ligand. The
current studies extend these findings through an examination of the
physiological regulation of ligand expression. Because Borrelia lipo-
peptides stimulate monocytes through TLR2 (33), we hypothesized
that Borrelia and other TLR ligands would induce TCR-gd ligands
via TLR-mediated signal pathways and involve the inflammasome
and metabolic stress. We observe that ligand is induced on mono-
cytes by a variety of TLR ligands and is blocked by inhibition of the
NF-kB pathway, as well as inhibitors of the inflammasome and
gasdermin-D activation. Ligand expression is also regulated by
mitochondrial reactive oxygen species (ROS), which were recently
shown to promote gasdermin-D activation (34, 35). Collectively, the
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findings are consistent with the role of gd T cells in the immune
surveillance of cell stress and inflammation.

Materials and Methods
Production of sTCR-cd

Human synovial gd T cell clones from a Lyme arthritis patient were
produced as previously described (14, 25). One of these clones, Bb15
(Vg9Vd1), was chosen for production of the sTCR-gd using modification of
a previously reported procedure (36, 37). Both TCR chains were produced as
a single transcript in a baculovirus vector. The pBACp10pH vector used con-
tains two back-to-back promoters, p10 and polyhedrin. The p10 promoter is
followed by multiple cloning sites for the g-chain, and the polyhedrin pro-
moter is followed by multiple cloning sites for the d-chain. Downstream of
the g-chain we placed a hexa-His tag for nickel column purification, followed
by a biotinylation sequence for tetramerization. The g-chain and d-chain were
PCR amplified using high-fidelity polymerase (Deep Vent polymerase, New
England Biolabs). Both TCR chain sequences were verified following the ini-
tial PCR amplification as well as after insertion into the pBACp10pH vector.
Virus encoding the sTCR-gd was generated by cotransfection of Sf21 moth
cells using the Sapphire baculovirus DNA and transfection kit (Orbigen) with
the sTCR pBACp10pH construct. Virus was harvested 6 d later and used as
primary (P1) stocks. Two additional rounds of viral amplification, P2 and P3,
were completed using midlog phase Sf21 cells (∼1.6 × 106 cells/ml) allowed
to adhere for 1 h before infecting at a multiplicity of infection of 0.01 or
0.1 with P1 and P2 stocks, respectively. After 72 h of infection, culture
media were clarified by centrifugation (1000 × g for 10 min) and filtration
(VacuCap 90PF 0.8/0.2-mm Supor membrane filter units; Pall, Westborough,
MA) before storing in the dark at 4◦C until use. Protein production occurred
in 12-l batches of midlog phase (∼1.6 × 106 cells/ml) Hi5 cells growing in
suspension (0.5 l of culture in 1-l spinner flasks) and infected with P3 stock
at a 1:50 dilution. Following 72 h of infection, cells were removed by centri-
fugation and filtration as described above. The filtered supernatant (∼12 l)
containing secreted sTCR-gd was concentrated to ∼100 ml before dialyzing
against 1 l of nickel column loading buffer (20 mM sodium phosphate buffer

[pH 7.4], 20 mM imidazole, 0.5 M NaCl) using a Pellicon diafiltration sys-
tem with two 10-kDa molecular mass cutoff membranes (Millipore, Burling-
ton, MA) back down to ∼100 ml. After system flushing, the final sample
volume was ∼200 ml. It was then loaded onto loading buffer�equilibrated
His-Trap HP columns (GE Healthcare, Little Chalfont, U.K.) at 100 ml per
2.5-ml column. Columns were washed with at least 10 column volumes of
loading buffer until baseline absorption was achieved. Bound proteins were
eluted using a gradient from 20 to 500 mM imidazole over 20 column vol-
umes. Elution was monitored by absorbance at 280 nM, and 1-ml fractions
were collected. Fractions containing the target protein were identified using
SDS-PAGE gel analysis using Coomassie Blue. High purity (>95%) sTCR-gd
fractions were pooled, dialyzed against PBS (pH 7.4), and frozen at −80◦C
until used in future studies. Yields were typically ∼1.0�2.5 mg/l culture.
Purified sTCR-gd was then biotinylated using a biotin-protein ligase system
(Avidity Biosciences) and tetramerized with streptavidin-PE (BioLegend)
for FACS staining. Verification of TCR-gd protein was confirmed by SDS-PAGE
gel analysis using Coomassie Blue as well as immunoblot using Abs to Vd1
or Cg (Endogen) (14, 25).

Purification and activation of human monocytes

Human PBMCs were obtained using an approved protocol from the University
of Vermont Human Studies Committee. Monocytes were purified from PBMCs
using CD14-labeled magnetic beads, followed by column purification (Miltenyi
Biotec), and then cultured in RPMI 1640 complete with 5% bovine calf serum
in the absence or presence of either a B. burgdorferi sonicate (10 mg/ml), LPS
(10 ng/ml) (InvivoGen), polyinosinic-polycytidylic acid (poly(I:C); 5.0 mg/ml)
(InvivoGen), or CpG (2.5 mM) (InvivoGen) for 24 or 48 h. A variety of
inhibitors were added to some of these cultures. These include the
TBK1 inhibitor GSK8612 (10 mM) (Selleckchem), TNFR-associated factor
6 (TRAF6) inhibitor 6877002 (10 mM) (Tocris/Bio-Techne), Toll/IL-1R
domain-containing adapter inducing IFN-b (TRIF) inhibitor resatorvid
(10 nM) (MedChemExpress), IKK inhibitor BMS-345541 (1 mM) (Milli-
poreSigma Calbiochem), RIPK1 inhibitor necrostatin (50 mM) (R&D Sys-
tems), NOD-like receptor family pyrin domain containing 3 (NLRP3) inhibitor
MCC950 (3 mM) (MilliporeSigma), caspase-1 inhibitor YVAD-CMK (40 mM)

A B

FIGURE 1. TLR agonists induce TCR-gd ligand surface expres-
sion on monocytes. Freshly isolated human monocytes were
untreated or activated with LPS (10 ng/ml) B. burgdorferi (Bb)
(10 mg/ml), poly(I:C) (5.0 mg/ml), or CpG (2.5 mM) for 48 h, then
stained with sTCR-gd tetramer-PE (10 mg/ml). (A) Representative
histograms with number inserts indicating mean fluorescence
intensity of entire histogram. (B) Graphs summarize findings from
all experiments. *p < 0.05.
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(Sigma-Aldrich), caspase-3 inhibitor DEVD-FMK (20 mM) (R&D Systems),
caspase-8 inhibitor IETD-FMK (20 mM) (R&D Systems), pan-caspase inhibitor
zVAD-FMK (20 mM) (MP Biomedicals), mitochondrial antioxidant MitoQ
(10 and 100 mM) (MitoQ), glucose competitive inhibitor 2-deoxyglucose
(5 mM) (Sigma), inhibitor of carnitine palmitoyltransferase 1a and fatty
acid oxidation etomoxir (200 mM) (Tocris/Bio-Techne), and a variety of
inhibitors of gasdermin-D, including FLTD (100 mM), necrosulfonamide
(10 mM) (MilliporeSigma Calbiochem), dimethyl fumarate (25 mM) (Sigma-
Aldrich), and fumarate hydratase inhibitor FHIN1 (25 mM) (MilliporeSigma/
MedChemExpress),

Flow cytometry

Cells were stained with sTCR-gd�PE tetramer (10 mg/ml), CD14-
allophycocyanin (BioLegend), and CD16 BV421 (BioLegend), anti�heat
shock protein (Hsp)70-PE (Miltenyi Biotec), or anti�annexin A2-PE (Cell
Signaling Technology), and samples were run on a MACSQuant VYB
(Miltenyi Biotec) or Cytek Aurora. Analysis was confined to living cells
based on Live/Dead staining (BD Biosciences).

Cytokine detection by Luminex assay

Cytokine levels of IL-1b were detected using a Luminex immunoassay
(R&D Systems) according to the manufacturer’s protocol. Briefly, samples
were analyzed undiluted or diluted 1:2 in RPMI 1640 complete media.
Then, 50 ml of the magnetic bead working solution was added to each well,
after which 50 ml of appropriate samples or standards were added to wells
and incubated at room temperature (RT) for 120 min at 800 rpm on an IKA
MS 3 digital shaker. After three washes with 100 ml of Luminex wash
buffer, 50 ml of the biotin detection beads was added to each well and incu-
bated for 60 min at RT at 800 rpm. Following another set of three washes,
50 ml of streptavidin-PE in wash buffer was added to each well and incu-
bated for 30 min at RT at 800 rpm. After an additional three washes, 100 ml
of wash buffer was added to each well and shaken for 1 min at 800 rpm.
Sample data were read and analyzed with Bio-Plex Manager software.

Confocal microscopy

Purified monocytes were washed in prewarmed RPMI 1640 without phenol
red in 5-mm polystyrene tubes. Cells were then stained with LysoView 488
(1:4000) (Biotium, Fremont, CA, no. 70067) for 30 min, MitoTracker Deep
Red FM (Molecular Probes/Invitrogen, no. M22426) (50 nM) for 45 min,
and sTCR-gd�PE (10 mg/ml) or negative control IgG-PE (10 mg/ml) for
60 min. All incubations were at 37◦C and 5% CO2. Cells were again
washed in prewarmed RPMI 1640, then stained with Hoechst 33342 nuclear
stain (Fisher Scientific, no. 62249) for 10 min at RT. After one final wash,

cells were resuspended in 150 ml of prewarmed RPMI 1640, transferred
onto glass-bottom microwell dishes (MatTek, Ashland, MA), and allowed to
adhere for 20�30 min.

Monocytes were imaged in a Tokai Hit stage top incubator (model
INUBG2A-TIZB) attached to a Nikon A1R HD laser scanning confocal micro-
scope (Nikon Instruments, Melville, NY) utilizing a ×40 Plan Fluor (numerical
aperture 1.3, working distance 0.24) objective lens. Image scan zoom was set
to 2.0, accomplishing 0.15 mm per pixel image resolution and imaged via a gal-
vanometric scanner. Cells were imaged using 405-, 488-, 561-, and 640-nm
lasers and collected with 450/50-, 525/50-, 600/50-, and 685/70-nm bandpass
filters, respectively. Laser power and gain settings were established by imaging
an unstained control sample. Imaging parameters remained constant for all
images acquired within the dataset. Z stacks were acquired with sequential
scanning over ∼30 mm in depth with a step interval of 0.625 mm. Images
were saved in the ND2 file format in NIS Elements (version 5.2.1, Nikon,
Tokyo, Japan).

Colocalization analysis

Z stacks of images were analyzed for fluorophore colocalization using Volocity
version 6.3.0 (PerkinElmer, Waltham, MA). Images were opened in the coloc-
alization tab, and cells that were completely contained within the image bound-
ary were circled with the ROI (region of interest) tool. A scatterplot of the
channels to be analyzed was used to manually threshold the image to exclude
background fluorescence. Background levels for PE staining and MitoTracker
Deep Red staining were set based on the background levels observed in an
unstained monocyte sample. The LysoView 488 threshold was set so that only
distinct punctate lysosomal structure staining was counted. Once the appropriate
threshold was determined colocalization was calculated. M1 and M2 values for
each cell were reported for the relationship between LysoView 488 and sTCR-
gd�PE staining, as well as the relationship between MitoTracker Deep Red
and sTCR-gd�PE staining. This process was repeated for all healthy cells
contained within the image boundary. A total of 67 cells were measured for
colocalization analysis.

Statistical analysis

All experiments were performed at least three times. The following statistical
tests were used: paired Student t test when comparing two conditions within
the same experiment, and one-way ANOVA with a Sidak test for correction
for multiple comparisons.

A

B

FIGURE 2. LPS-induced TCR-gd ligand expression is dependent on TBK1. Monocytes were untreated or activated with LPS in the absence or presence
of the TBK1 inhibitor GSK8612 (10 mM), the TRAF6 inhibitor 6877002 (10 mM), or the TRIF inhibitor resatorvid (10 mM) for 48 h and then stained with
sTCR-gd tetramer-PE (10 mg/ml). (A) Representative histograms with number inserts indicating mean fluorescence intensity of entire histogram. (B) Graphs
summarize findings from all experiments. *p < 0.05. ns, not significant.
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Results
Induction of TCR-cd ligand expression by TLR agonists is NF-jB� and
caspase-dependent

We previously observed that our panels of Lyme arthritis synovial
gd T cell clones are activated to produce cytokines by B. burgdor-
feri, a TLR2 agonist, as well as by several other TLR agonists, in
the presence of fresh human monocytes (32). We thus initially
examined for TCR-gd ligand expression on TLR-activated mono-
cytes. Whereas untreated monocytes expressed no detectable
ligand, activation for 48 h with either B. burgdorferi, LPS,
poly(I:C), or CpG all induced various levels of sTCR-gd tetramer
staining (Fig. 1).
Because many TLRs stimulate NF-kB and the inflammasome, we

examined the effects of inhibitors of these pathways on TCR-gd
ligand expression. Inhibition of TBK1 with GSK8612 completely
blocked ligand expression by LPS-activated monocytes, whereas
inhibitors of TRAF6 (6877002) and TRIF (resatorvid) had negligible
effects (Fig. 2). The NF-kB inhibitor BMS-345541 greatly reduced
ligand expression induced by either LPS or Borrelia (Fig. 3). LPS stim-
ulation of human monocytes can trigger an “alternative inflammasome”
involving TLR-TRIF-RIPK1-FADD-caspase-8 signaling upstream of
NLRP3 (38). However, the NLRP3 inhibitor MCC950 had negligi-
ble effects on ligand expression (Fig. 3). These findings paralleled
the observation that NF-kB inhibition blocked production of IL-1b
whereas inhibition of NLRP3 did not (Fig. 3).

The possible contribution of the inflammasome to TCR-gd ligand
expression was examined further by inhibiting specific caspases.
Targeting caspase-1 (YVAD) or caspase-8 (IETD) inhibited
ligand induction by Borrelia, but to a somewhat lesser extent
(YVAD) or not at all (IETD) by LPS (Fig. 4). Blocking cas-
pase-3 (DEVD) did not block ligand induction by either Borre-
lia or LPS. However, inhibition of all caspases with the pan-
caspase blocker zVAD completely abrogated ligand expression
to the level of unstimulated monocytes (Fig. 4). These findings
suggested the possibility that several caspases could partly con-
tribute to ligand expression.

TCR-cd ligand expression is dependent on activation of gasdermin-D

The partial inhibition of ligand expression with caspase-1 blockade
suggested the possible involvement of the inflammasome. Activation
of the inflammasome can lead not only to pro�IL-1b cleavage, but
its export following cleavage and activation of the pore-forming
complex gasdermin-D (39). Cleavage of gasdermin-D by caspase-1,
caspase-4, or caspase-5 in human cells (caspase-11 in murine cells)
releases its N-terminal fragment, which oligomerizes to form a pore
complex in the cell membrane (35, 40�42).
Given the ability of zVAD to inhibit all caspases, and to block

ligand expression, we more closely examined the potential role
of gasdermin-D. Various inhibitors of gasdermin-D activation have
been described. Perhaps the most specific inhibitor is the

BA C

FIGURE 3. NF-kB inhibition blocks expression of TCR-gd ligand expression. (A) Shown are the mean fluorescence intensity of sTCR-gd tetramer stain-
ing of LPS- or B. burgdorferi (Bb)�activated monocytes in the absence or presence of DMSO control, the IKK inhibitor BMS-345541 (1 mM), or the
NLRP3 inhibitor MCC950 (3 mM). Number inserts indicate mean fluorescence intensity of entire histogram. (B) Graphs summarize mean fluorescence inten-
sity from all experiments, and (C) IL-1b in culture supernatants. *p < 0.05, ***p 5 0.0001. ns, not significant.
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tetrapeptide FLTD, which corresponds to the cleavage site in gas-
dermin-D (43). As shown in Fig. 5, FLTD completely inhibited the
expression of TCR-gd ligand induction by LPS or Borrelia. The
Krebs cycle intermediate fumarate was recently reported to inhibit
gasdermin-D activation through derivatization of a critical Cys191,
as well as four additional cysteines, to 2-(succinyl)-cysteine, which
inhibited gasdermin-D oligomerization (44). We thus examined the
effect of increasing levels of fumarate in LPS- or Borrelia-activated
monocytes using either dimethyl fumarate to directly increase intra-
cellular fumarate levels, or by inhibiting fumarate metabolism by
blocking fumarate hydratase with FHIN1 (44). Both agents greatly
reduced surface expression of the TCR-gd ligand (Fig. 5). Necrosul-
fonamide also inhibits gasdermin-D activation through alkylating

the same cysteine residue Cys191 (45). Necrosulfonamide also
strongly blocked surface ligand expression (Fig. 5). Collectively, the
findings support the view that TCR-gd ligand expression by activated
monocytes requires activation of gasdermin-D. Similar results were
observed with the inhibitors following activation with poly(I:C) or
CpG (Supplemental Figs. 1, 2).
Necrosulfonamide has been reported to also inhibit pore formation

by mixed lineage kinase domain-like protein (MLKL) (46), which is
activated by RIPK1�RIPK3. To thus assess the possible contribution
of MLKL in ligand expression we inhibited MLKL pore formation of
the necroptosome with the RIPK1 inhibitor necrostatin (47). However,
necrostatin only modestly reduced ligand expression by Borrelia and
not at all with LPS (Fig. 6).

A

B

FIGURE 4. TCR-gd ligand expression is reduced by inhibiting caspases. Monocytes were activated with LPS of B. burgdorferi (Bb) in the absence or
presence of inhibitors of caspase-1 (YVAD) (40 mM), caspase-3 (DEVD) (20 mM), caspase-8 (IETD) (20 mM), or the pan-caspase inhibitor zVAD (20 mM).
(A) Representative histogram with number inserts indicating mean fluorescence intensity of entire histogram. (B) Graphs summarize findings from all experi-
ments. *p < 0.05, ***p < 0.0005. ns, not significant.
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TCR-cd ligand expression is driven by metabolic and redox state of
activated monocytes

LPS is known to induce ROS in monocytes and dendritic cells (48,
49). In addition, mitochondrial ROS were recently reported to pro-
mote oligomerization and activation of gasdermin-D (35). We there-
fore blocked mitochondrial ROS using the mitochondrially targeted
antioxidant MitoQ (50�52). MitoQ efficiently blocked both surface
TCR-gd ligand expression and lL-1b production in a dose-dependent
manner (Fig. 7). LPS also promotes robust metabolic changes in
monocytes, including activation of fatty acid oxidation and glycolysis.
These alterations were inhibited using either etomoxir, an inhibitor of
carnitine palmitoyltransferase-1 and fatty acid uptake (53, 54), or 2-
deoxyglucose, a competitive inhibitor of glucose utilization (55). Both
agents extensively blocked TCR-gd ligand expression (Fig. 7).

TCR-cd ligand expression by a subset of metabolically active CD141

CD161 monocytes

Freshly isolated human monocytes can be subset according to the
expression of CD14 (LPS coreceptor) and CD16 (FcgRIII) into

CD141CD16− classical monocytes and CD141CD161 inflamma-
tory monocytes, with the latter expressing high levels of inflamma-
tory cytokines, including IL-1b, higher Ag-presenting potential, and
greater metabolic activity (56). CD141CD161 monocytes are
believed to derive from the CD141CD16− subset following in vivo
activation, and their numbers are increased in various infections
(56�58). Based on our in vitro activation studies and the obser-
vation that a small subpopulation of untreated total monocytes
frequently expressed TCR-gd ligand (see Fig. 3, untreated), we
examined ligand expression on subsets of freshly isolated mono-
cytes and observed that the CD141CD161 subset expressed
considerably higher levels of the TCR-gd ligand than did other
subsets (Fig. 8).

Intracellular TCR-cd ligand expression colocalizes with mitochondria

Given that surface TCR-gd ligand is expressed by metabolically
active monocytes and requires gasdermin-D pore formation to reach
the cell surface, we considered that ligand might be present intracel-
lularly and that it might localize with sites of metabolic activity. We

A

B

FIGURE 5. Gasdermin-D activation is required for surface expression of TCR-gd ligand. LPS- or B. burgdorferi (Bb)�activated monocytes were treated with
either FLTD (100 mM), necrosulfonamide (NS) (10 mM), dimethyl fumarate (DMF) (25 mM), or fumarate hydratase inhibitor FHIN1 (25 mM). After 48 h cells
were stained with sTCR-gd tetramer. (A) Representative histograms with number inserts indicating mean fluorescence intensity of entire histogram. (B) Graphs
summarize findings from all experiments. **p < 0.005, ***p < 0.0005.
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thus performed confocal microscopic analysis of freshly isolated
monocytes stained with TCR-gd tetramer, LysoView to identify
lysosomes, MitoTracker to identify mitochondria, and Hoechst staining
of nuclei. As shown in Fig. 9, nearly all TCR-gd tetramer staining
colocalized with mitochondria (colocalization coefficient 5 0.723),
whereas only a small proportion colocalized with lysosomes (colocali-
zation coefficient 5 0.128).

Discussion
In this study, we demonstrate that the ligand for a human synovial
Vg9Vd1 T cell is induced in vitro by monocytes activated by various

TLR ligands, and it is also expressed on a naturally occurring CD141

CD161 subset of fresh monocytes that is known to be metabolically
active (56�58). Consistent with TLR activation of the NF-kB and
inflammasome/gasdermin-D pathways, ligand expression was also
dependent on these pathways. Additionally, the current findings
reveal a connection between the metabolic and redox states of
monocytes and expression of the TCR-gd ligand by demonstrating
that inhibition of fatty acid or glucose utilization, or mitochondrial
ROS, reduces ligand expression. Moreover, intracellular ligand
expression colocalized with mitochondria. Taken together, our
results expand the current understanding of the physiological

A B

FIGURE 7. sTCR-gd tetramer staining of activated monocytes is sensitive to inhibition of mitochondrial ROS and fatty acid and glucose utilization. LPS-
activated monocytes were treated with the mitochondrial antioxidant MitoQ at the indicated concentrations, or with inhibitors of carnitine palmitoyltransferase-1,
etomoxir, or glucose utilization, 2-deoxyglucose (2DG). After 48 h cells were stained with sTCR-gd tetramer. (A) Representative histograms with number inserts
indicating mean fluorescence intensity of entire histogram. (B) IL-1b levels in supernatants were determined by Luminex. Graphs summarize findings from all
experiments. *p < 0.05, **p < 0.005, ***p 5 0.0001.

A

B

FIGURE 6. TCR-gd ligand expression is only minimally inhibited by blocking necroptosis. LPS- or B. burgdorferi (Bb)�activated monocytes were either
untreated or treated with the RIPK1 inhibitor necrostatin (50 mM). After 48 h cells were stained with sTCR-gd tetramer. (A) Representative histograms with
number inserts indicating mean fluorescence intensity of entire histogram. (B) Graphs summarize findings from all experiments. ns, not significant.
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regulation of gd T cell ligands by defining the contributions of
metabolic activity, caspases, and gasdermin-D in ligand
expression.
The fact that several TLR agonists induce the TCR-gd ligand is

consistent with the known expansion of gd T cells in response to a
variety of infections, and the general benefit of gd T cells in immune
defense from numerous infections (4�10). The findings also sug-
gested that common TLR signaling pathways might be involved with
expression of the TCR-gd ligand. This was confirmed by blocking
ligand expression through inhibition of NF-kB activity as well as
inhibition of various components of the caspase-dependent inflamma-
some. Although induction of surface ligand expression was blocked
by the pan-caspase blocker zVAD, selective inhibitors of caspase-1 or
caspase-8 reduced ligand expression only partially, and inhibition of
caspase-3 had no effect on ligand expression. This suggested that the
activity of alternate caspase or several caspases might be involved
with ligand expression.

Gasdermin-D can be activated by a variety of caspases including
caspase-1, caspase-4, and caspase-8 in humans, or caspase-11 in mice
(40, 41, 43, 59). Similar to our findings, another study showed that
LPS plus Shiga toxin 2 promoted caspase-dependent gasdermin-D
activation that was independent of NLRP3 (60). Further direct target-
ing of gasdermin-D with a variety of inhibitors revealed its central
importance in expression of the TCR-gd ligand. Although gasdermin-D
has been studied primarily for its role in cell death (40), recent work
has suggested that limited gasdermin-D activation may also contribute
to cellular processes other than cell death, such as the release of IL-1b
(38, 39, 61, 62). Although the data in this study were intentionally gated
on living cells, as defined by vital dye exclusion, it is conceivable that
some of the cells were in early phases of cell death. Our findings dem-
onstrate that gasdermin-D activation is required for export to the cell
surface of the TCR-gd ligand, or some portion of it. This may also be
consistent with observations that although some TCR-gd ligands
bear MHC-like structure, as with CD1 or butyrophilins (27�30),

FIGURE 9. Intracellular TCR-gd ligand
colocalizes with mitochondria. (A and B)
Freshly isolated monocytes were stained
with LysoView (green) (A), MitoTracker
(red) (B), sTCR-gd tetramer (white), and
Hoechst stain for nuclei (blue) and analyzed
by confocal microscopy. Shown are repre-
sentative two-dimensional images illustrat-
ing colocalization of the TCR-gd ligand
with mitochondria. (C) Colocalization coef-
ficients (ccs) are shown for each of the
67 cells analyzed. Number inserts indicate
the mean ccs.

A B

FIGURE 8. CD141CD161 subset of fresh monocytes expresses higher levels of TCR-gd ligand. Freshly isolated monocytes were stained with anti-CD14,
anti-CD16, and sTCR-gd tetramer. (A) Shown is an example of sTCR-gd tetramer staining of the various monocyte subsets. (B) Graph summarizes findings
from four healthy volunteers. **p 5 0.0011.
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they may also contain an additional component, such as sulfatide with
CD1d (29).
Our study also reveals a connection between the metabolic and

redox states of monocytes and the expression of the TCR-gd ligand.
Inhibition of mitochondrial ROS resulted in a corresponding decrease
in the level of ligand expression. Conceivably, the TCR-gd ligand
may include an oxidized protein or lipid component, consistent with
the finding that some gd T cells recognize CD1 molecules presenting
lipids, including the mitochondrial lipid cardiolipin (63). Gasdermin-
D pore formation can also occur on membranes other than the
plasma membrane, such as lysosomes, mitochondria, and even the
nuclear membrane, promoting the release of DNA and the formation
of neutrophil extracellular traps (64, 65). This property may also con-
tribute to the release of TCR-gd ligand components from organelles.
The findings are also in agreement with a recent report demonstrat-
ing that mitochondrial ROS promote gasdermin-D oligomerization
and activation (34, 35). The N-terminal fragment of gasdermin-D
binds avidly to cardiolipin that is on the inner mitochondrial mem-
brane, but it can shuttle to the outer membrane, where it could serve
as a docking site for pore formation (66, 67). Gasdermin-D activation
can also lead to generation of mitochondrial ROS (68, 69) and thus
promote a positive feedback loop of mitochondrial ROS and
gasdermin-D activation.
Confirmation of these in vitro activation studies using TLR ago-

nists and various small molecule inhibitors comes from analysis of
subsets of freshly isolated monocytes based on expression of CD14
and CD16. Compared to classical CD141CD16− human monocytes,
the CD141CD161 subset manifests higher metabolic activity and
ROS, increased expression of IL-1b and other inflammatory cyto-
kines, and greater Ag presentation (56�58). That CD141CD161

monocytes also express considerably higher levels of surface
TCR-gd ligand than other subsets is consistent with a model of
ligand expression by monocytes being dependent on active metabo-
lism, ROS, and gasdermin-D activity. The further finding that intra-
cellular ligand expression colocalized nearly entirely with
mitochondria further underscores the notion that this TCR-gd may
recognize a self-mitochondrial component that is transported to the cell
surface on metabolically active or stressed cells.
Our findings do not address the issue whether there is more than

one ligand for this synovial TCR-gd. It is entirely possible that there
may be more than one ligand induced on TLR-activated monocytes
that is detected by this TCR-gd. Rather, the current study focuses on
the physiological regulation of ligand expression. Multiple ligands
might vary in their affinity and activation intensity for TCR-gd and
as such lead to different metabolic states of gd T cells and functional
outcomes, such as IL-17 versus IFN-g production (70�73). In this
regard, we previously used this TCR-gd tetramer to identify a list of
candidate ligands using differential tumor expression combined with
RNA sequencing data and bioinformatics, as well as by mass spec-
trometry identification of proteins from activated monocytes that
associated with the TCR-gd (31). Among the 16 candidate ligands
identified in both screens were 2 that have been previously proposed
as TCR-gd ligands, annexin A2 and Hsp70 (74�76). However, we
did not observe surface induction of annexin A2 by either LPS or
Borrelia, and only a modest induction of Hsp70 on a small subset of
monocytes (Supplemental Fig. 3). Hence, it seems unlikely either
molecule is the ligand observed in the current study. Moreover,
as this TCR-gd was derived from inflammatory synovium, it is note-
worthy that synovial fibroblasts also express detectable surface ligand
(Supplemental Fig. 4).
The current studies provide valuable information on the physiolog-

ical regulation of ligand for at least one synovial Vg9Vd1 TCR-gd.
This adds further insight into the potential functions of gd T cells.
The role of gasdermin-D in ligand expression also underscores the

prevailing view that gd T cells monitor tissue integrity to provide
immune surveillance of stressed or dying cells (3, 77) and contribute
to tissue repair and wound healing (22, 23, 78�80).
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