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 Introduction 

 γδ T cells represent a unique lymphoid lineage that 
functions at the interface between the innate and adaptive 
immune responses  [1, 2] . Clues to their specificity and 
function derive, in part, from the observation that they 
are frequently localized to selected anatomical areas, in-
cluding epithelial barriers and sites of inflammation, such 
as the synovium in Lyme and rheumatoid arthritis  [3, 4] . 
This is particularly striking in mice where a monoclonal 
γδ T cell subset expressing an invariant and canonical 
Vγ5/Vδ1 populates exclusively the epidermis whereas 
another subset of Vγ6/Vδ1 T cells colonizes specifically 
the female reproductive tract, the tongue and the lung  [2] . 
The limited diversity of expressed TCR-γδ, despite the 
potential for gene rearrangement of a large diversity of 
receptors, suggests a limited repertoire of TCR-γδ li-
gands. In striking contrast to αβ T cells or B cells, which 
eliminate self-reactive cells during development, γδ T 
cells appear to be biased toward the recognition of self-
antigens  [1] . Furthermore, growing evidence suggests 
that many of these self-ligands may be induced under 
conditions of stress in a variety of cell types  [1] . As such, 
γδ T cells may have evolved to respond to certain host-
derived molecules that are exposed and/or upregulated 
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 Abstract 

 γδ T cells function at the interface between innate and adap-
tive immunity and have well-demonstrated roles in response 
to infection, autoimmunity and tumors. A common charac-
teristic of these seemingly disparate conditions may be cel-
lular stress or death. However, the conditions under which 
ligands for γδ T cells are induced or exposed remain largely 
undefined. We observed that induction of necroptosis of 
murine or human dendritic cells (DC) by inhibition of caspase 
activity paradoxically augments their ability to activate γδ T 
cells. Furthermore, upregulation of the stabilizer of cas-
pase-8 activity, c-FLIP, by IL-4, not only greatly reduced the 
susceptibility of DC to necroptosis, but also considerably de-
creased their ability to activate γδ T cells. Collectively, these 
findings suggest that the induction of necroptosis in DC up-
regulates or exposes the expression of γδ T cell ligands, and 
they support the view that γδ T cells function in the immune 
surveillance of cell stress.  © 2016 S. Karger AG, Basel 
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during the early phases of infection, sterile inflammation, 
tumor development or even cell death  [5] .

  It has become clear that many danger-associated mo-
lecular patterns (DAMPs) are exposed during cell stress 
or death, and they can activate innate immune receptors. 
Caspase-8 activity is critical for the survival and prolif-
eration of T lymphocytes as well as a variety of other cell 
types  [6, 7] . Caspase-8 is known to promote cell survival 
through the cleavage of RIPK1 (receptor interacting pro-
tein kinase 1)  [8, 9] . Cleaved RIPK1 acts as an inhibitor of 
full-length RIPK1 in the formation of the Ripoptosome, 
containing FADD, caspase-8 and RIPK1, which induces 
cell death, called necroptosis, via RIPK3 and MLKL 
(mixed lineage kinase domain-like)  [10] . Caspase-8 activ-
ity in proliferating cells is maintained by the caspase-8 
paralog, c-FLIP, which lacks caspase enzymatic activity 
but instead contains a C-terminal loop that activates cas-
pase-8 when these molecules heterodimerize  [11] . Thus, 
the interactions of caspase-8, c-FLIP and RIPK1 can pro-
foundly influence cell fate.

  Given the known expression of c-FLIP in certain my-
eloid dendritic cells (DC), particularly in the presence of 
IL-4  [12, 13] , and the potential role of necroptosis in gen-
eral cell stress, we examined the susceptibility of murine 
and human DC to necroptosis and how this might influ-
ence their ability to activate γδ T cells. We observed that 
DC cultivated in the absence of IL-4 were highly suscep-
tible to necroptosis induced by the pan-caspase blocker 
zVAD, but paradoxically augmented the activation of 
both murine and human γδ T cells. IL-4 induced the ex-
pression of c-FLIP in DC that led to resistance to necrop-
tosis and a greatly reduced ability to activate γδ T cells. 
These findings are consistent with the role of γδ T cells in 
innate immune surveillance of cellular stress. 

  Materials and Methods 

 Mice 
 C57BL/6J wild-type (WT) and TNF-α –/–  mice were housed and 

bred in the animal facility at the University of Vermont approved 
by the Association for Assessment and Accreditation of Labora-
tory Animal Care and according to protocols approved by the Uni-
versity Institutional Animal Care and Use Committee. Mice were 
used at 8–12 weeks of age for the harvesting of T cells from their 
lymph nodes and spleens as well as the harvesting of bone marrow 
cells. Original breeders were obtained from Jackson Laboratory 
(Bar Harbor, Maine, USA).

  Murine γδ T Cell Purification and Culture 
 Spleens were isolated and disrupted through nylon mesh in 

RPMI 1640 with 25 mm HEPES (MediaTech, Herndon, Va., USA) 
containing 5% (v/v) bovine calf serum (HyClone, Logan, Utah, 

USA). Erythrocyte lysis of splenocytes was performed using Geys 
solution. γδ T lymphocytes were enriched by negative/positive se-
lection using a magnetic bead system (Miltenyi Biotec, Auburn, 
Calif., USA) Briefly, non-γδ T cells were labeled with CD45R 
(B220) and CD11b magnetic microbeads, and γδ T cells were la-
beled with anti-TCR-γδ-biotin. Magnetic separation was then per-
formed to initially remove the non-γδ T cells. The TCR-γδ-positive 
T cells were then further bound with antibiotin magnetic micro-
beads. Separation was done using a magnetic separation column, 
and the γδ T cells were collected. The purity of γδ T cells was on 
average 84%. Finally, enriched γδ T cells were resuspended in com-
plete medium (RPMI 1640, Mediatech), 2.5 mg/ml glucose (Sig-
ma, St. Louis, Mo., USA), 10 mg/ml folate (Invitrogen, Carlsbad, 
Calif., USA), 110 μg/ml pyruvate (Invitrogen), 5 × 10 –5   M  2-mer-
captoethanol (Sigma), 292.3 μg/ml glutamine (Invitrogen), 100 
units/ml penicillin-streptomycin (Invitrogen) and 5% bovine calf 
serum. Purified γδ T cells were initially activated at a density of 1 
× 10 6  cells/ml by plate-bound anti-TCR-γδ (5 μg/ml, clone GL-3) 
and recombinant human IL-2 (50 units/ml, Cetus). After 2 days, 
the cells were removed from anti-TCR-γδ stimulation, supplied 
with fresh medium plus IL-2, and returned to culture at a density 
of 0.3 × 10 6  cells/ml. Cells were counted daily and supplied with 
fresh media containing 50 units/ml IL-2. At the time of the exper-
iments, typically day 7, cultures were routinely >95% γδ T cells by 
pan-anti-γδ antibody staining, and approximately 45% Vγ1-
positive and negative for Vγ2, Vδ4 and Vδ6 by flow cytometry (not 
shown). In addition, in some experiments, freshly isolated splenic 
γδ T cells were prepared using anti-γδ-coated magnetic beads 
(Miltenyi Biotec) and magnet purification.

  Human γδ T Cell Clones 
 γδ T cell clones were derived from synovial fluid T cells stimu-

lated with  Borrelia burgdorferi  sonicate (10 μg/ml) and then cloned 
at limiting dilution as previously described  [14] . All clones cul-
tured with  B. burgdorferi  were of the Vδ1 subset according to an-
tibody staining and DNA sequencing  [14] . The HD.108 clone ex-
presses the Vγ2Vδ2 TCR and was derived from a normal adult 
human donor by stimulation of peripheral blood mononuclear 
cells with PPD for a short period followed by purification of γδ T 
cells by magnetic beads and cloning at limiting dilution with PHA-
P mitogen stimulation. Clones were restimulated every 10–14 days 
in the presence of irradiated peripheral blood lymphocytes (3 × 
10 5 /well), human recombinant IL-2 (100 U/ml) and either 10 μg/
ml of  B. burgdorferi  for Vδ1 clones or PHA-P (1:   1,000) for HD.108.

  Fresh Human γδ T Cell Purification 
 γδ T lymphocytes were enriched by negative selection using a 

magnetic bead system (Miltenyi Biotec). Non-γδ T cells (αβ T cells, 
NK cells, B cells, DC, granulocytes, monocytes, stem cells and ery-
throid cells) were labeled using a cocktail of biotin-conjugated an-
tibodies and anti-biotin magnetic microbeads. The non-γδ T cells 
were retained in the column in a magnetic field, while the unla-
beled γδ T cells flowed through and were collected. This selection 
method yielded 82% purity.

  Bone Marrow DC 
 The preparation of bone marrow-derived DC (BMDC) was 

done according to the method of Lutz et al.  [15]  using GM-CSF (10 
ng/ml PeproTech, Rocky Hill, N.J., USA) or GM-CSF plus IL-4 (10 
ng/ml, PeproTech). Cells were used on day 7. 
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  Human DC 
 Human monocytes were obtained as CD14-positive cells by 

magnetic bead purification (Miltenyi Biotech) from peripheral 
blood of healthy volunteers. Myeloid DC were prepared by culture 
of monocytes in AIM V media plus 10% fetal calf serum (HyClone) 
with 800 U/ml of GM-CSF (BioLegend, San Diego, Calif., USA) 
with or without 500 U/ml IL-4 (BioLegend). Cells were used on 
day 7.

  Mixed Cultures 
 Day 7 γδ T cells and DC were cultured either individually or 

together at a 1:   1 ratio (10 6  cells/ml each). To some cultures, the 
following reagents were added: a sonicate of  B. burgdorferi  (10 μg/
ml), zVAD-fmk (MP Biomedical, Santa Ana, Calif., USA) at the 
doses indicated, necrostatin (50 μ M , R&D Systems, Minneapolis, 
Minn., USA), anti-TNF-α (10 μg/ml, Calbiochem, Darmstadt, 
Germany), the anti-IL-1 receptor antagonist, Anakinra (200 ng/
ml, Amgen, Thousand Oaks, Calif., USA), anti-IL-12 (10 μg/ml, 
BioLegend), anti-IL-18 (10 μg/ml, MBL, Woburn, Mass., USA) or 
rat IgG (10 μg/ml Jackson Immunoresearch, West Grove, Pa., 
USA). Transwell assays were performed using transparent colla-
gen-treated microporous membranes (Corning Cat. No. 3495, 
Corning, N.Y., USA). γδ T cells (1 × 10 6 ) in 1 ml of complete me-
dium + IL-2 were placed in the lower chamber and 5 × 10 5  DC in 
100 μl were placed in the upper chamber. Supernatants were col-
lected after 20 h for cytokine analysis, and the surface expression 
of CD25 by γδ T cells was determined by flow cytometry.

  Cytokine/Chemokine Detection by the Multi-Plex Assay 
 Cytokine levels of IFN-γ, IL-1β, IL-12p40, IL-12p70, IL-17 and 

TNF-α were detected using the Bio-Plex, MilliPlex or Luminex im-
munoassay (Bio-Rad; Millipore-EMD and R&D Systems) accord-
ing to the manufacturer’s protocol. Briefly, samples were run un-
diluted or diluted 1:   10 in RPMI complete media; 50 μl of the mag-
netic-bead working solution was added to each well, then 50 μl of 
appropriate samples or standards were then added to wells and 
incubated at room temperature for 30–120 min at 800 r.p.m. on an 
IKA MS 3 digital shaker. After 3 washes with 100 μl Bio-Plex wash 
buffer, incubation with 25 μl of detection antibody solution was 
done at room temperature for 30–60 min on the shaker. Following 
another set of 3 washes, 50 μl of streptavidin-phycoerythrin in as-
say buffer was added to each well and incubated as described for 
the previous step. After an additional 3 washes, 125 μl of assay buf-
fer was added. Sample data were analyzed with Bio-Plex Manager 
software.

  Flow Cytometry 
 The following monoclonal antibodies to murine cell surface 

proteins were purchased from BioLegend: phycoerythrin-conju-
gated anti-CD25, APC-conjugated anti-TCR-γδ and TNF-α neu-
tralizing antibody. Rat IgG was purchased from Jackson Immu-
noresearch. For direct staining, single-cell suspensions (1 × 10 6  
total cells per staining condition) were washed with cold (4   °   C) PBS 
containing 1% (w/v) BSA fraction V (Sigma; PBS/1% BSA), incu-
bated with unconjugated rat IgG (50 μg/ml) for 15 min at 4   °   C, 
washed and then incubated with the appropriate antibodies in 
PBS/1% BSA. After washing, the cells were fixed with freshly made 
1% (v/v) methanol-free formaldehyde (Ted Pella Inc., Redding, 
Calif., USA) in PBS/1% BSA.

  Cell death was examined by terminal deoxynucleotidyl trans-
ferase dUTP nick-end labeling (TUNEL). Briefly, cells were stained 
for the expression of cell surface molecules, and then fixed with 1% 
methanol-free formaldehyde followed by 70% ethanol. After wash-
ing, the TUNEL reaction was performed by incubating cells in 50 
μl of reaction mix containing 10 units of terminal deoxyribosyl 
transferase (TdT), 2.5 m M  cobalt chloride in 1× TdT buffer and 0.2 
pmol/μl of FITC-dUTP (Roche, Indianapolis, Ind., USA) at 37   °   C 
for 1 h. The cells were washed twice and fixed in 1% methanol-free 
formaldehyde. Murine thymocytes were included as a positive 
control for apoptotic cells.   Flow cytometry was performed on an 
LSRII (BD Biosciences, San José, Calif., USA) calibrated with com-
pensation beads (BD Biosciences). Analysis was performed using 
FlowJo software (Tree Star, Inc., Ashland, Oreg., USA).

  Detection of Active Caspases by Immunoblot 
 On day 7, DC were lysed in Tris-buffer containing Complete 

Protease Inhibitor (Roche), 0.2% NP-40 (Roche) and biotin-VAD-
fmk (10 μ M , MP Biomedicals). Insoluble cell fragments were re-
moved by centrifugation, and the protein concentration of the re-
sulting whole-cell lysates was determined by Bradford assay (Bio-
Rad, Hercules, Calif., USA). Whole-cell lysates (30 μg/lane) were 
separated by SDS-PAGE. Precipitation of active caspases was per-
formed by rocking 600 μg of whole-cell lysates initially with sep-
harose 4B beads (Sigma) at 4   °   C for 2 h to remove nonspecific bind-
ing of proteins to the beads, followed by overnight rocking incuba-
tion with streptavidin-conjugated sepharose beads (Invitrogen) at 
4   °   C. Release of biotin-VAD-fmk-labeled caspases from the strep-
tavidin beads was achieved by heating to 95   °   C for 10 min in Laem-
mli buffer. After gel electrophoresis, proteins were transferred to 
PVDF membranes (0.2-μm pore size, Bio-Rad), and immunoblots 
were performed using antibodies (1 μg/ml) against caspase-3, cas-
pase-8 (Cell Signaling, Danvers, Mass., USA), caspase-9 (Stress-
gen, Farmingdale, N.Y., USA) and RIPK1 (BD Biosciences). Den-
sitometry was assessed by ImageStudio software (LI-COR Bio-
technology, Lincoln, Nebr., USA). Intensity differences between 
groups were tested using the Mann-Whitney U test.

  Statistical Analyses 
 Normal distribution of data was first determined using the Sha-

piro-Wilk test, followed by one-way ANOVA and Tukey’s post 
hoc test to assess the differences among the various conditions in 
the production of the indicated cytokines. p < 0.05 was considered 
to be significant.

  Results 

 Inhibition of Caspase Activity in Murine DC Results 
in Cell Death but an Enhanced Ability to Activate γδ 
T Cells 
 Both murine and certain human γδ T cells are acti-

vated by  B. burgdorferi  in the presence of DC  [4, 16] . 
Given the growing number of cell types in which caspase 
activity is critical for survival  [7] , we examined the effect 
of caspase inhibition on the survival of DC. As shown
in  figure 1 a, murine BMDC grown in GM-CSF were
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  Fig. 1.  Caspase inhibition induces cell death of murine DC but en-
hances their ability to activate cultured γδ T cells.  a  BMDC were 
cultured using GM-CSF and were incubated on day 6 with the in-
dicated concentrations of the pan-caspase inhibitor, zVAD or ve-
hicle control DMSO. Cultured γδ T cells were also treated with 
zVAD at 50 μ M . After 20 h, cells were analyzed for cell death by 
TUNEL assay.  b  γδ T cells and DC were cultured separately or to-
gether at a 1:   1 ratio in the absence or presence of  B. burgdorferi  
sonicate (Bb; 10 μg/ml). Either zVAD (50 μ M ) or control DMSO 
was added to cultures as indicated. After 20 h, supernatants were 

assessed for production of the γδ T cell cytokines IL-17 and IFN-γ 
by Bio-Plex, and the γδ T cells were assessed for CD25 expression 
using flow cytometry.  c  Cell cultures were as described in  b  except 
 B. burgdorferi  was deleted, in order to reveal the ability of zVAD-
treated DC alone to partially activate γδ T cells ( *  p < 0.05 by one-
way ANOVA followed by Tukey’s post hoc test). Data are repre-
sentative of 3–5 experiments, using pooled cells from 2–3 mice in 
each experiment. Cytokine results represent the mean ± SD of trip-
licate wells from 1 experiment. Flow cytometry results for TUNEL 
and CD25 represent single cultures of 1/3 experiments conducted. 
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exquisitely sensitive to the pan-caspase blocker zVAD, 
which was dose-dependent, yielding nearly 80% dead 
DC at 50 μ M  zVAD. By contrast, cultured murine splen-
ic γδ T cells in the same 50 μ M  dose of zVAD manifested 
no increase in cell death ( fig. 1 a). Despite the death of DC 
with zVAD, their ability to activate  B. burgdorferi -stim-
ulated γδ T cells was paradoxically enhanced, as indi-
cated by the augmented production of IL-17 and IFN-γ 
by the γδ T cells, and their increased expression of sur-
face CD25 ( fig. 1 b). In fact, even in the absence of  B. burg-
dorferi , zVAD treatment of DC was able to promote pro-
duction of IL-17 and IFN-γ by γδ T cells, albeit at less 
absolute levels than in the presence of  B. burgdorferi  
( fig. 1 c). This suggested that inhibition of caspase activ-
ity and induction of cell death in DC might induce the 
exposure of a self-antigen(s) that could activate the γδ T 
cells. Of interest was that induction of DC death using 
staurosporine did not augment the activation of γδ T 
cells (data not shown).

  Freshly isolated splenic γδ T cells behaved similarly to 
cultured γδ T cells. In the presence of zVAD-treated DC 

and  B. burgdorferi , fresh γδ T cells also manifested a 
greatly augmented production IL-17 and IFN-γ ( fig. 2 a), 
and this also occurred even in the absence of  B. burgdor-
feri  ( fig. 2 b).

  To further investigate how zVAD-treated DC might 
activate γδ T cells, we examined whether this involved a 
soluble factor or direct cell-to-cell contact. Initial exami-
nation of cytokine production by the DC revealed that 
zVAD did not augment, but actually partially inhibited, 
the production of IL-12 p40 or p70 by  B. burgdorferi -
stimulated DC ( fig. 3 a). Not surprisingly, DC production 
of IL-1β, which requires caspase-1 to cleave it into an ac-
tive form, was completely inhibited by zVAD. In addi-
tion, blocking of IL-1β, IL-12 and IL-18, individually or 
together, did not affect the activation of γδ T cells, nor did 
the addition of these cytokines, individually or in combi-
nation (data not shown).

  By contrast, murine DC production of TNF-α was 
considerably augmented in the presence of zVAD 
( fig. 3 a). We thus further investigated the possible con-
tribution of TNF-α to activation of the γδ T cells by first 
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  Fig. 2.  Caspase inhibition of DC also acti-
vates freshly isolated murine γδ T cells. 
Freshly isolated splenic γδ T cells (84% pu-
rity) and DC were cultured separately or 
together at a 1:   1 ratio in the presence ( a ) or 
absence ( b ) of  B. burgdorferi  sonicate (Bb; 
10 μg/ml). Either zVAD (50 μ M ) or control 
DMSO was added to cultures as indicated. 
After 20 h, supernatants were assessed for 
production of the γδ T cell cytokines IL-17 
and IFN-γ by Bio-Plex assay ( *  p < 0.05 by 
one-way ANOVA followed by Tukey’s post 
hoc test). Data represent triplicate wells 
from 1/2 experiments using 3–4 mice in 
each experiment. 
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  Fig. 3.  Augmented activation of γδ T cells by caspase-inhibited DC 
is mediated only partly by TNF-α.    a  BMDC were cultured with-
out or with    B. burgdorferi  in the absence or presence of zVAD. Af-
ter 20 h, supernatants were assayed by Bio-Plex for the DC cyto-
kines IL-12 p40, IL-12 p70, IL-1β and TNF-α.  b  DC from WT or 
TNFα –/–  mice were cultivated in GM-CSF. On day 6, DC were in-
cubated with 50 μ M  zVAD or vehicle control DMSO. After 20 h, 
cells were analyzed for cell death.  c  WT γδ T cells were cultured 
with DC from WT or TNFα –/–  mice, plus  B. burgdorferi  sonicate 

(Bb) either in the presence of DMSO or zVAD. After 20 h, super-
natants were collected and assayed for TNF-α, IL-17 and IFN-γ.
 d  γδ T cells cultured with WT DC and  B. burgdorferi  were incu-
bated with control IgG or anti-TNF-α (both 10 μg/ml) or without 
 B. burgdorferi  but with exogenous TNF-α (2.5 μg/ml). Superna-
tants were harvested after 20 h and assayed for IL-17 and IFN-γ 
( *  p < 0.05 by one-way ANOVA followed by Tukey’s post hoc test). 
Data were consistent in 3 ( a–c ) and 2 ( d ) experiments; 3–4 mice 
per experiment were used. 
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examining the ability of TNF-α-deficient (TNF-α –/– ) 
DC to activate γδ T cells. TNF-α –/–  DC were also suscep-
tible to zVAD-induced cell death, but were not as sensi-
tive as WT DC ( fig. 3 b). In parallel, TNF-α –/–  DC treated 
with zVAD also augmented the stimulation of γδ T cells, 
though not quite as strongly as WT DC ( fig. 3 c). These 
findings suggested that the reduced ability of TNF-α –/–  
DC to activate γδ T cells with zVAD might not be due 
to the lack of TNF-α per se, but rather their reduced 
death with zVAD. To further explore this possibility, we 
either blocked TNF-α or added it to cultures of γδ T cells 
and DC, with or without  B. burgdorferi . As shown in  fig-
ure 3 d, anti-TNF-α only partly inhibited IFN-γ produc-
tion, and there was no effect on IL-17 secretion. Further-

more, the addition of TNF-α to cultures did not aug-
ment production of either IFN-γ or IL-17. These findings 
suggested that a factor(s) in addition to or instead of 
TNF-α, was produced by DC + zVAD, that could acti-
vate γδ T cells.

  Further analyses suggested that the factor(s) from 
necroptotic DC that activated the γδ T cells was soluble. 
First, supernatants alone from cultures containing DC + 
 B. burgdorferi +  zVAD could partially augment activa-
tion of the γδ T cells in the absence of added DC or  B. 
burgdorferi  ( fig.  4 a). Second, transwell assays revealed 
that, in the absence of cell contact between the DC and 
γδ T cells, the γδ response to  B. burgdorferi  was lost when 
using intact DC but was still present when using zVAD-
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  Fig. 4.  Augmented activation of γδ T cells 
by caspase-inhibited DC involves a soluble 
factor.    a  γδ T cells were cultured with su-
pernatants (SN) previously obtained from 
20-hour cultures of DC plus    B. burgdorferi  
(Bb) with either DMSO or zVAD (50 μ     M ). 
After an additional 20 h, the γδ T cell su-
pernatants were assayed for IL-17 and 
IFN-γ.  b  Transwell cultures were estab-
lished in which γδ T cells were cultured in 
the lower chamber and DC cultured with
   B. burgdorferi  in the upper chamber in the 
absence or presence of zVAD. After 20 h, 
supernatants from triplicate cultures 
(mean ± SD) were evaluated for IL-17 and 
IFN-γ (       *  p < 0.05 by one-way ANOVA fol-
lowed by Tukey’s post hoc test). Data were 
consistent in 3 experiments; 2 mice were 
used in each experiment.     
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treated DC ( fig. 4 b). In addition to soluble cytokines se-
creted by DC, it is also possible that a ligand(s) for the γδ 
T cells was induced or exposed by the DC via caspase 
inhibition-induced cell stress that could pass through the 
rather large restriction size (0.4 μm) of the transwell sys-
tem.

  Caspase-8 Activity Is Detectable in DC and Is 
Increased by the IL-4 Induction of c-FLIP 
 Given the extreme sensitivity of GM-CSF-derived DC 

to zVAD-mediated cell death, and the known require-
ment for caspase-8 in the survival of many cell types, we 
examined the levels of specific caspases and their activity 
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  Fig. 5.  IL-4 induces c-FLIP and caspase-8 activity in DC. DC were 
cultured in GM-CSF in the absence or presence of IL-4. After 7 
days, lysates were made containing biotin-VAD (bVAD) to bind 
active caspases. Active caspases were then selectively precipitated 
using avidin-sepharose (bVAD ppt) and compared to whole-cell 

lysates (WCL) by Western blot for c-FLIP, caspase-8, caspase-9 
and caspase-3. The results were consistent in 3 experiments; 3 mice 
were used in each experiment. Densitometry represents a compila-
tion of the 3 experiments.                                 
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using biotin-VAD (bVAD) to selectively bind only the 
active caspase fraction, which was then precipitated with 
avidin-sepharose. In addition, we monitored the levels of 
the caspase-8 paralog, c-FLIP, which regulates caspase-8 
activity. Although c-FLIP was originally described as a 
competitive inhibitor of caspase-8 following Fas-induced 
cell death  [17] , subsequent studies revealed that it is also 
an activator of moderate caspase-8 activity, which is es-
sential for cell survival  [11, 18] . In addition, we and others 

have observed that c-FLIP levels increase during the mat-
uration of DC in the presence of IL-4  [12, 13] . As shown 
in  figure 5 , there was no difference in the levels of total 
cellular caspase-8, caspase-9 or pro-caspase-3 in whole-
cell lysates from DC grown with GM-CSF vs GM-CSF + 
IL-4. However, as observed previously  [12, 13] , IL-4 con-
siderably increased the level of c-FLIP ( fig. 5 ). This paral-
leled an increase in the level of active caspase-8 in DC 
cultured in GM-CSF + IL-4 ( fig. 5 ). However, active cas-
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  Fig. 6.  zVAD inhibits caspase-mediated RIPK1 cleavage and in-
duces DC cell death with GM-CSF but not with IL-4. DC cultured 
for 7 days in GM-CSF or GM-CSF + IL-4 were analyzed in the ab-
sence (DMSO) or presence of zVAD for cleavage of RIPK1 by 
Western blot of whole-cell lysates (   a ) or cell death ( b ).  c  Cell death 
of GM-CSF-cultivated DC was assessed following culture for 20 h 
in the absence (DMSO) or presence of the RIPK1-inhibitor, necro-
statin (necro; 50 μ       M ), in the absence or presence of zVAD (50 μ M ). 

 d  Cultures containing γδ T cells, DC and    B. burgdorferi  (Bb) were 
treated with either control DMSO, zVAD alone or zVAD + necro-
statin. Supernatants were assayed after 20 h for the indicated cyto-
kines (       *  p < 0.05 by one-way ANOVA followed by Tukey’s post hoc 
test). Data were similar in 3 experiments; 4 mice were used in each 
experiment. Densitometry represents a compilation of the 3 ex-
periments.     
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pase-9 and caspase-3 were undetectable in bVAD pre-
cipitates, even at long exposures. Thus, the active cas-
pase-8 signal did not propagate to the downstream cas-
pases.

  Cell death resulting from the absence of caspase-8 or 
FADD can be rescued by the loss of RIPK3 or RIPK1  [8, 
9] . Caspase-8 activity is required in the proliferating cells 
to cleave RIPK1, which prevents the formation of the
Ripoptosome and subsequent cell death by necroptosis 
 [19] . Consistent with this model, DC exhibited cleaved 
RIPK1 in both growth conditions ( fig. 6 a). The addition 
of zVAD completely inhibited cleavage of RIPK1 in DC 
cultured with GM-CSF only, but in the presence of GM-
CSF + IL-4, it did not effectively inhibit RIPK1 cleavage. 
This is consistent with both the increased caspase-8 activ-
ity in DC with IL-4 as well as the known ability of c-FLIP 
to reduce the accessibility of zVAD to the enzymatic 
pocket of caspase-8  [20] . The persistence of cleaved 
RIPK1 despite zVAD in GM-CSF + IL-4-cultured DC 
was paralleled by greatly reduced cell death in the pres-
ence of zVAD compared to DC cultured with only GM-
CSF ( fig. 6 b).

  Given these findings, we used the RIPK1 inhibitor, 
necrostatin  [21] , to examine whether RIPK1 activity in-
fluenced either cell death mediated by zVAD or the abil-
ity of zVAD-treated DC to augment γδ T cell stimulation. 
The addition of necrostatin to GM-CSF-cultured DC 
treated with zVAD rescued them from cell death ( fig. 6 c). 

Furthermore, Necrostatin also reversed the ability of 
zVAD-treated DC to produce TNF-α or to augment the 
activation of γδ T cells ( fig. 6 d). Necrostatin was not sim-
ply toxic to the cells, as it did not block production of 
these cytokines by DC exposed to  B. burgdorferi  in the 
absence of zVAD ( fig.  6 d). Thus, RIPK1-mediated ne-
croptosis of DC enhanced γδ T cell activation.

  IL-4 Reduces the Ability of zVAD-Treated DC to 
Activate γδ T Cells 
 Although zVAD treatment of GM-CSF-cultured DC 

augmented their ability to activate γδ T cells, it was not 
certain that this was due to cell death. DC cultured with 
GM-CSF + IL-4 afforded an opportunity to test this,
given their greater caspase-8 activity and resistance to 
zVAD-induced cell death. In fact, DC grown with GM-
CSF + IL-4 displayed greatly reduced ability to activate  B. 
burgdorferi- stimulated γδ T cells in the presence of zVAD 
( fig. 7 ) .  This further supports the view that the actual cell 
stress or death caused by the caspase inhibition of DC was 
responsible for the induction of a factor(s) that could pro-
mote the activation of γδ T cells.

  Necroptosis of DC Also Enhances the Activation of 
Human Vδ1 γδ T Cells 
 The ability of necroptotic DC to augment γδ T cell ac-

tivation also extended to human γδ T cells. Human DC 
from peripheral blood monocytes cultured with GM-CSF 
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  Fig. 7.  IL-4 inhibits the ability of DC to activate γδ T cells. DC 
grown with either GM-CSF or GM-CSF + IL-4 were mixed at a
1:   1 ratio with γδ T cells in the absence or presence of        B. burgdorferi  
(Bb) and zVAD. After 20 h, supernatants from triplicate cultures 
(mean ± SD) were analyzed by Bio-Plex for IL-17 ( a ), IFN-γ ( b ) 

and surface CD25 ( c ) on the γδ T cells measured by flow cytometry 
(                   *  p < 0.05 by one-way ANOVA followed by Tukey’s post hoc test). 
Findings were consistent in 3 experiments; 3–4 mice were used in 
each experiment. AU = Arbitrary units; MFI = mean fluorescence 
intesity.     
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  Fig. 8.  Caspase inhibition of DC also promotes activation of hu-
man Vδ1 but not Vδ2 T cells.    a  Human DC, cultured from periph-
eral blood monocytes with GM-CSF in the presence or absence of 
IL-4, were exposed to the indicated concentrations of zVAD for 20 
h and then assessed for the percentage of dead cells.  b  Surface phe-
notype of human DC cultured with GM-CSF following stimula-
tion for 20 h with    Borrelia , zVAD or  Borrelia  + zVAD. The mean 
fluorescence intensities (MFI) of the indicated surface marker are 
shown. AU = Arbitrary units; cII = class II.  c  Human synovial Vδ1 
clone Bb15 was cultured with human DC cultured with GM-CSF 
alone or GM-CSF + IL-4 in a 1:   1 ratio with                B. burgdorferi  (Bb; 10 
μg/ml) in the absence or presence of zVAD (50 μ M ). After 20 h, 

supernatants were assessed for IFN-γ production (human syno-
vial γδ T cells do not produce IL-17). n.s. = Not significant.  d  IFN-γ 
production by the human Vδ2 clone HD.108 (hatched bars) or 
human fresh peripheral blood γδ T cells (black bars) in the pres-
ence of human GM-CSF-cultivated DC without or with zVAD, 
HMBPP or HMBPP + zVAD. Supernatants from triplicate cul-
tures (mean ± SD) were harvested after 20 h.  e  TNF-α production 
by GM-CSF-cultivated DC in the absence or presence of zVAD 
(white bars), Vδ1 clone Bb15 +  Borrelia  (black bars) or Vδ2 clone 
HD.108 + HMBPP (hatched bars) (   *  p < 0.05 by one-way ANOVA 
followed by Tukey’s post hoc test). Data are representative of 2 ex-
periments.     
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were highly susceptible to death with zVAD at doses very 
similar to murine DC, and this was also blocked by the 
addition of IL-4 ( fig.  8 a). We have previously reported 
that IL-4 upregulates c-FLIP expression in human DC as 
it does in murine DC  [12] . In addition, neither  B. burg-
dorferi ,   zVAD, or both, altered the surface phenotype of 
GM-CSF-cultivated DC ( fig. 8 b). We further examined 
the ability of zVAD-treated human DC to promote the 
activation of human  B. burgdorferi -reactive synovial Vδ1 
γδ T cell clones from Lyme arthritis.  Figure 8 c shows an 
example of 1 of 3 synovial Vδ1 clones examined, Bb15, 
revealing increased IFN-γ production (the synovial γδ T 
cell clones do not produce IL-17) when cultured with  B. 
burgdorferi ,   plus zVAD-treated DC cultured with GM-
CSF alone but not when cultured with IL-4. In contrast, 
the response of Vδ2 γδ T cells, either as synovial-fluid
T cell clones or freshly isolated from peripheral blood to 
the prenyl phosphate ( E )-4-hydroxy-3-methyl-but-2-
enyl pyrophosphate (HMBPP), was not augmented by 
zVAD ( fig. 8 d). Unlike murine DC, zVAD did not aug-
ment the production of TNF-α from human GM-CSF-
cultivated DC, and so was not the source of augmented 
activation of Vδ1 T cells ( fig. 8 e). These findings establish 
the ability of necroptotic DC to augment subssets of hu-
man γδ T cell immune responses.

  Discussion 

 Our findings support a model in which murine and 
human γδ T cells respond to DC dying by necroptosis, 
consistent with the notion that γδ T cells function in a 
stress-surveillance immune response. Of further interest 
is that since the ability of necroptotic DC to activate γδ T 
cells was not entirely mediated by TNF-α or other known 
DC-derived cytokines, it raises the possibility that  ≥ 1 li-
gands for γδ T cell receptors are produced or exposed 
during the necroptosis of DC. This study further extends 
the growing list of cells that have been shown to require 
caspase-8 activity for survival. Additionally, our findings 
demonstrate that IL-4-induced upregulation of the cas-
pase-8 paralog, c-FLIP, parallels an increase in caspase-8 
activity in DC. This is consistent with the ability of c-FLIP 
to activate caspase-8 in its full-length form  [11] . Interest-
ingly, IL-4-induced c-FLIP also reduces both the sensitiv-
ity of DC to zVAD-mediated cell death as well as the abil-
ity of DC to activate γδ T cells, even in the presence of 
zVAD. As such, c-FLIP expression may be central to the 
regulation of inflammatory versus tolerogenic DC func-
tion. This is consistent with findings in mice in which c-

FLIP was deleted in the DC, resulting in reduced numbers 
of DC, consistent with the requirement of c-FLIP for their 
survival  [22] . Of particular interest was that these mice 
spontaneously developed autoreactive T cells and inflam-
matory arthritis.

  To date, only a limited number of ligands has been 
identified for murine or human γδ T cells, and they lack 
a common structure or any evidence of classical MHC 
restriction. The MHC class I-like molecule T22 is recog-
nized by the murine γδ T cell clone G8, almost exclu-
sively through the δ-chain  [23] . By contrast, endothelial 
protein C receptor was recently shown to be a ligand for 
a human γδ T cell clone from a CMV-infected individ-
ual, largely through the γ-chain  [24] . The stress-induc-
ible MHC class I-like molecules, MICA in humans  [25]  
and Rae-1 in the mouse  [26] , engage the activating re-
ceptor NKG2D, found on most γδ T cells, as well as en-
gaging some TCR-γδ  [27] . CD1d complexed with sulfa-
tide was also recently reported to be a ligand for some 
human γδ T cells  [28] . In addition, phosphoantigens 
from infectious agents and alkylamines can activate cer-
tain human Vδ1 T cells but not murine γδ T cells  [29] . 
Many of these potential ligands are induced during in-
fections or various types of cell stress. This has proffered 
the notion that γδ T cells are inherently biased toward 
the recognition of autologous molecules exposed or up-
regulated during cell stress or death  [1] . Our previous 
findings of the γδ T cell response to  B. burgdorferi  are 
consistent with this view. We found that both murine 
and human γδ T cells respond to  B. burgdorferi  indi-
rectly in a TLR2-dependent manner  [30] . It is of interest 
to note that  B. burgdorferi  has been reported to induce 
cell death of monocytes  [31] . We have also observed that 
a soluble human TCR-γδ tetramer derived from a Lyme 
arthritis synovial γδ T cell clone reacts with the intracel-
lular components of  B. burgdorferi -stimulated mono-
cytes (C.C., unpubl. observation). Collectively, these 
findings support a model in which γδ T cells respond to 
infection- or stress-induced cellular self-components. 
The findings are also consistent with our observations 
that reduced DC death with zVAD by 2 different means, 
either a lack of TNF-α or the upregulation of c-FLIP; 
both resulted in a reduced ability to activate γδ T cells. 
The fact that necroptotic DC could activate γδ T cells, 
even in the absence of  B. burgdorferi , albeit perhaps to a 
lesser extent, implies that such activation of γδ T cells 
could occur with necroptosis during sterile inflamma-
tion, as occurs during wound repair, inflammatory sy-
novitis or tumor immunology, all of which provoke γδ 
T cell responses.
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  Since the early descriptions of caspase-8 activity being 
required for T cell proliferation  [6] , a growing list of cell 
types has been identified that require caspase-8 activity 
for cell survival and growth. This includes endothelial 
cells, bone marrow cells and hepatocytes, among others 
 [7] . It has thus become of considerable interest how cas-
pase-8 activity is regulated between the modest levels in 
membrane lipid rafts that are required for cell growth ver-
sus the large cytoplasmic levels of active caspase-8 initi-
ated following the engagement of cell death receptors 
such as Fas (CD95)  [32] . The caspase-8 paralog, c-FLIP, 
is a critical regulator of caspase-8 activity  [11] . c-FLIP can 
inhibit caspase-8 activation via Fas by competing with 
caspase-8 for recruitment to FADD in the death-inducing 
signal complex  [17] . Paradoxically, c-FLIP can also het-
erodimerize with caspase-8 independently of death re-
ceptor engagement, in which case c-FLIP provides the ac-
tivation of full-length caspase-8 during cell growth  [11] . 
The lower level of caspase-8 activity that we observed in 
DC grown with only GM-CSF likely reflected the reduced 
levels of c-FLIP, as we have observed that deletion of c-
FLIP in T cells or mouse embryonic fibroblasts results in 
a loss of active caspase-8  [33]  whereas increased c-FLIP 
augments caspase-8 activity  [34] . It has recently been ap-
preciated that caspase-8 activity is required to maintain 
cleavage of RIPK1  [9] . In the absence of active caspase-8, 
full-length RIPK1 can form a complex with FADD, cas-
pase-8 and c-FLIP, known as the Ripoptosome, which in-
duces caspase-independent cell death or necroptosis via 
downstream RIPK3 and MLKL  [10, 19] . Thus, c-FLIP 
emerges as a key regulator of the Ripoptosome. Hence, 
the production of the endogenous self-ligand(s) recog-
nized by γδ T cells may occur through activation of the 
Ripoptosome. Future studies will determine to what ex-
tent c-FLIP and caspase-8 levels differ in various in vivo  
 DC subsets, as well as their susceptibility to zVAD-medi-
ated cell death.

  The finding that IL-4 upregulates c-FLIP in DC adds a 
new dimension to the known ability of IL-4 to promote 
‘alternate activation’ of M2 macrophages  [35] . Classically 
activated M1 macrophages, following exposure to IFN-γ, 
acquire tumoricidal activity and can elicit tissue-destruc-
tive reactions. By contrast, IL-4 and IL-13 can induce the 
alternative activation of M2 macrophages oriented more 
toward tissue repair and remodeling, immunoregulation 
and tumor promotion  [36] . This is accompanied by up-
regulation of the mannose receptor, certain chemokines 
such as CCL22 and intracellular enzymes such as argi-
nase, which are implicated in cell recruitment and granu-
loma formation  [36] . As previously observed in T cells 

from c-FLIP-transgenic mice  [34] , we found that the in-
creased expression of c-FLIP in DC with IL-4 paralleled 
the increased caspase-8 activity and hence resistance to 
zVAD-induced cell death. c-FLIP can also inhibit Fas-
mediated cell death and divert signals toward the NF-κB 
and ERK pathways, by virtue of its ability to associate with 
TRAF2 and Raf-1  [37, 38] . γδ T cells are known to express 
high levels of FasL  [39] , and hence the upregulation of
c-FLIP in DC could promote cross-talk of γδ T cells and 
DC via FasL-Fas interactions. Future studies will explore 
the potential contribution of γδ T cells to the activation 
of inflammatory versus immunoregulatory DC via FasL. 
Our findings reveal the ability of necroptotic DC to aug-
ment the activation of a subset of γδ T cells and to poten-
tially upregulate ligands for γδ T cells, underscoring their 
role in the immune surveillance of cell stress. 
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