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Modulation of lytic molecules restrain serial
killing in γδ T lymphocytes

Patrick A. Sandoz 1,12 , Kyra Kuhnigk 2,12, Edina K. Szabo3,4,
Sarah Thunberg 1, Elina Erikson1, Niklas Sandström 1, Quentin Verron 1,
Andreas Brech5,6,7, Carsten Watzl 8, Arnika K. Wagner2, Evren Alici2,
Karl-Johan Malmberg 2,3,4, Michael Uhlin 9,10 & Björn Önfelt 1,2,11

γδ T cells play a pivotal role in protection against various types of infections
and tumours, from early childhood on and throughout life. They consist of
several subsets characterised by adaptive and innate-like functions, with
Vγ9Vδ2 being the largest subset in human peripheral blood. Although these
cells show signs of cytotoxicity, their modus operandi remains poorly under-
stood. Here we explore, using live single-cell imaging, the cytotoxic functions
of γδT cells upon interactions with tumour target cells with high temporal and
spatial resolution. While γδ T cell killing is dominated by degranulation, the
availability of lytic molecules appears tightly regulated in time and space. In
particular, the limited co-occurrence of granzyme B and perforin restrains
serial killing of tumour cells by γδ T cells. Thus, our data provide new insights
into the cytotoxic arsenal and functions of γδ T cells, which may guide the
development of more efficient γδ T cell based adoptive immunotherapies.

Unlike conventional T cells that bind short peptides presented byHLA-
molecules, γδT cells can recognise and exert their effector functions in
response to a wider variety of molecular antigens, as reviewed in1,2.
Among several different types of human γδ T cells, Vγ9Vδ2 is the
largest subset in peripheral blood. Their T cell receptors (TCR) can
sense the concentration increase of phosphoantigenmetabolites, such
as endogenous isopentenyl pyrophosphate (IPP) of the mevalonate
pathway or microbial 4-hydroxy-3-methyl-but-2-enyl-pyrophosphate
(HMBPP) which derives from pathogenic bacteria such as Myco-
bacterium tuberculosis or from malaria parasites. These phosphoanti-
gens bind the intracellular B30.2 domain of the butyrophilin (BTN)
receptor isoform −3A1, inducing a conformational change3–5. The sig-
nal is transduced to the γδTCR via a partly unresolvedmechanism that
involves interactions with at least BTN2A1 in a complex with BTN3A16,7.

Due to the favourable prognostic outcome for patients with
increased levels of tumour-resident γδ T cells8,9 and the lack of MHC
restriction in γδ T cell recognition, there is a growing interest in using
these cells for off-the-shelf adoptive cell therapy against cancer10,11. In
tumour cells, malfunctioning of the mevalonate pathway leads to high
levels of phosphoantigens, which is recognised by Vγ9Vδ2 T cells12.
Similarly, Vγ9Vδ2 T cells expand in vivo and ex vivo in response to
zoledronate, a drug used in various bone diseases that inhibits the
farnesyl pyrophosphate synthase, an enzyme acting downstream of
IPP in the mevalonate pathway13–15. Phosphoantigen-driven expansion
of γδ T cells, which rapidly provides high amounts of enriched γδ
T cells, has therefore been used for immunotherapy in clinical trials
against various types of cancer16–18 but the outcome and benefits
remain debated19,20. For example, some γδT cell subpopulations play a
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regulatory role in the tumour microenvironment, such as the IL-17
producing γδ T cells that exhibit protumour effects21. After allogeneic
hematopoietic cell transplantation, frequencies of the γδT cell subsets
in the stem cell graft influence the treatment outcome as higher pro-
portions of CD8+ γδ T cells are associated with increased incidence of
acute graft versus host disease22.

Phenotypically, γδ T cells show signatures of both innate and
adaptive immunity23. The Vδ2+ compartment is known to increase in
early life and consists of a Vγ9+ fraction with a semi-invariant TCR
repertoire that recognises phosphoantigens24 while the Vγ9- subset
display adaptive features25. Single-cell RNA sequencing detected
populations of Vδ1+ and Vδ2 + T cells with mature, cytotoxic pheno-
types with innate features closely resembling those of natural killer
(NK) cells26,27. In NK effector cells, cytotoxicity is induced through lytic
vesicles which fuse with the effector plasma membrane. This releases
cytotoxic compounds, like granzymes, and the pore-forming protein
perforin at the effector-target contact site, called the immune synapse,
causing target cell death through apoptosis28,29. Alternative apoptosis-
inducingmechanisms have been described, suchas the engagement of
death receptors (FAS and TRAIL) with their ligands30. In γδ T cells,
although cytokine secretion and cytolytic activity have been reported
previously11,31, the dynamic aspects of their immune surveillance and
their killing mechanisms remain largely unknown. In particular, high-
resolutionmicroscopy of γδ T cells has been overlooked and γδT cells
effector-behaviours have not been characterised in detail by live-cell
imaging. This lack of fundamental knowledge about γδ T cells effector
mechanisms currently undermine the development of more effective
cell-based therapy. This is particularly true for the Vγ9Vδ2 T cell subset
which does not exist in rodents and is thereforemore difficult to study
in vivo.

Our present work aims to provide a temporal framework of the
phenotypic profiles and cytotoxic functions of Vγ9Vδ2 T cells during
their phosphoantigen-induced activation and expansion. Vγ9Vδ2 T cells
show twenty-fold upregulation of granzyme B in a narrow time window
of a fewdays after phosphoantigen stimulation.Microwell-based live-cell
imaging of Vγ9Vδ2 T cells interacting with tumour cells expressing
fluorescent reporters for enzymatic activity allows us to characterise
killingmechanisms and dynamics at the single-cell level. Only aminority
of the Vγ9Vδ2 T cells is able to kill several target cells in sequence.While
such serial killers predominantly usegranzymeB-mediatedmechanisms,
cells that kill fewer target cells often use death receptor signalling or a so
far unidentifiedmechanism. Super-resolution fluorescence and electron
microscopy imaging show that the spatial distribution of granzyme B
and perforin in the lytic granules is imbalanced, consistent with perforin
being limiting for efficient killing during early phases of the expansion.
Donors of Vγ9Vδ2 T cells with the highest co-occurrence of granzyme B
and perforin show the most efficient killing of tumour cells. Together,
our single-cell imaging represents an important first step to fill the vast
knowledge gap existing for γδ T cells and especially provides insights
into the cytolytic mechanisms used by γδ T cells. This will support the
development of efficient off-the-shelf products for cellular
immunotherapies.

Results
Granzyme B is upregulated during early phases of
phosphoantigen-triggered Vγ9Vδ2 T cell expansion
The dynamics of Vγ9Vδ2 T cell activation and expansion triggered by
phosphoantigens have been unclear. Therefore, we explored the
response of peripheral blood mononuclear cells (PBMC)-derived
Vγ9Vδ2 T cells stimulated by zoledronate and interleukin-2 (IL2) over
14days. Thismethodmainly generatesVγ9Vδ2 effectormemoryTcells
(CD45RO+CD27–) with cytotoxic properties13–15. Using flow cytometry,
Vγ9Vδ2T cell phenotypeswere assessed atmultiple timepoints during
the 14 days of culture (Fig. 1a). The majority of Vγ9Vδ2 T cells differ-
entiated into effector memory cells within the first 3 days (Fig. 1a

Supplementary Fig. 1a).Monitoring cell proliferation showed thatmost
of the expansion occurred after the third day (Fig. 1b, c), and the
proportion of Vγ9Vδ2 T cells in the cultures increased dramatically
around the fourth day (Fig. 1d and Supplementary Fig. 1b) with only a
minor residual fraction of Vγ9Vδ2 T cells that had not divided by then
(Fig. 1c). Together, these observations suggest that phosphoantigen
recognition leads to two successive phases in Vγ9Vδ2 T cells: a 3-4-day
maturation followed by massive proliferation.

Cytotoxic profiles have been identified in circulating Vγ9Vδ2 T cells
based on the surface expression of CD27, CD28, and CD16, including,
e.g., a scarce CD27negCD28negCD16pos mature subset which showed
enhanced cytotoxicity32. Using flow cytometry, we observed that most
of thepreviously reportedphenotypesbasedon thesemarkerswere lost
during the early expansion phase (Fig. 1e, f). On day 3 of the expansion,
the majority of Vγ9Vδ2 T cells had adopted a CD27negCD28 posCD16neg

phenotype (Fig. 1f, g and Supplementary Fig. 1c). The phenotypes later
changed tomore heterogeneous populations with partly restored CD16
expression (Fig. 1e–g and Supplementary Fig. 1c, d), as also recently
observed in Vδ2 +T cells from patients, ten days after acute malaria
infection33.

These relatively rapid phenotypic changes over the first days of
expansionmadeus investigatehowthe lytic arsenal of theVγ9Vδ2Tcells
was affected. As previously reported32, resting Vγ9Vδ2 T cells (day 0)
showed donor-dependent levels of granzyme B related to their CD27/
CD28/CD16 profiles (Supplementary Fig. 1e, f). Nevertheless, all donors
upregulated granzymeB to very high levels (GrzBbright) betweendays 3 to
5, which later returned to lower levels (GrzBdim) on days 6-14 (Fig. 1g, h
and Supplementary Fig. 1g). In comparison to its resting level, granzyme
B was upregulated ~20 fold as shown by flow cytometry (Fig. 1g, i) and
ELISA (Supplementary Fig. 1h) but only when the cells were stimulated
with both zoledronate and IL2 (Supplementary Fig. 1i). In line with the
previous observation that monocytes activate Vγ9Vδ2 T cells in vitro34

and during bacterial infection35,36, autologous isolated monocytes were
sufficient to drive the upregulation of granzyme B by Vγ9Vδ2 T cells on
day 3 (Supplementary Fig. 1j). In contrast, theother granzymes (A,K,H,M)
showed less pronounceddifferences (Fig. 1g and Supplementary Fig. 1k).
The expression of perforin remained stable over the expansion, while
granulysin gradually increased over the 14 days (Fig. 1g, i). The death
receptor ligand TRAIL showed a slight increase on day 3 while FasL
remained essentially constant during the expansion (Fig. 1g and Sup-
plementary Fig. 1k).

Notably, several activating receptors, i.e., NKp30, NKp44, NKG2A,
NKG2D, and DNAM1 were upregulated on day 3 and remained at
similar levels over the rest of the expansion (Fig. 1g and Supplementary
Fig. 1k). NKp46, on the other hand, was downregulated at day 3 and
then recovered to the original level at day 14 (Fig. 1g and Supple-
mentary Fig. 1k). Exhaustion markers such as PD1, CTLA4, and TIM3
exhibited minor expression differences over the 14 days (Fig. 1g and
Supplementary Fig. 1k).

Furthermore, Vγ9Vδ2 T cell expansions stimulated by HMBPP
(instead of zoledronate) and IL2 reached similar GrzBbright levels sug-
gesting that granzyme B is similarly regulated by different phos-
phoantigen stimulations (Fig. 1j). Stronger stimuli with additional IL2
or IL15, reported to increase granzyme B levels of fully expanded
cells37, did not significantly enhance the granzyme B peak on day 3
(Supplementary Fig. 1l).

Upregulation of granzymeBand γδTcell proliferation appeared to
be sequential events; γδTcellsfirst upregulated granzymeB (day 3) and
then went through several cell divisions (days 6 to 10, Fig. 1k and Sup-
plementary Fig. 1m). During the proliferation phase the expression of
granzyme B turned back to lower levels. To investigate if γδ T cells
wouldupregulate granzymeBagain if re-stimulatedafter the expansion,
CellTrace-stained 14-days expanded γδ T cells were mixed with thawed
autologous untreated PBMCs and re-stimulated with zoledronate and
IL2 for 14 days. AlthoughgranzymeBwasupregulated again after 3 days
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of re-stimulation, its level remained low compared to the initial peak
(Fig. 1l) and was driven mainly by IL2 (Supplementary Fig. 1n). Alto-
gether, these results show that in response to phosphoantigens, a

majority of Vγ9Vδ2 T cells transiently upregulate granzyme B during
maturation. This early expansion phase is accompanied by a loss of
phenotypic diversity, gradually re-established during the expansion.
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Vγ9Vδ2 T cell lytic vesicles are loaded and mature
Using anti-granzyme B labelling of sectioned cells in combination with
electron microscopy, we confirmed that granzyme B was mostly
localised in dense-core granules.We comparedVγ9Vδ2 T cells that had
been expanded for 4 days (γδD4, amid peaking granzyme B expression)
or 14 days (γδD14). For comparison, we also analysed IL2-activated NK
cells (NKD4) from the same donors (Fig. 2a). The average number of
granules per cell section was similar in all three conditions, but the
number of granzymeB-loaded granules was about twice as high in γδD4

T cells compared to γδD14 or NKD4 cells, and with about twice the
amount of granzyme B gold particles counted per granule in γδD4

T cells (Fig. 2b and Supplementary Fig. 2a, b). Granzyme B+ granules
were larger in γδD4 T cells (Fig. 2c and Supplementary Fig. 2c) but no
difference in shape was noticed (Supplementary Fig. 2d). However,
there was no strong correlation between granule size and granzyme B
loading (Supplementary Fig. 2e). Interestingly, γδD4 T cells also had
more chondroitin sulfate, which is associated with serglycin, a core
protein within the dense core of cytotoxic granules, (Fig. 2d, e and
Supplementary Fig. 2f) but the same level of CD63, a late endosomal/
lysosomal marker, (Supplementary Fig. 2g), suggesting that the gran-
ules in γδD4 T cells are more loaded and therefore possibly more
cytotoxic.

Granzyme B upregulation leads to more granzyme B-mediated
killing in γδD4 T cells
Vγ9Vδ2 T cells’ lytic strategies and killing dynamics have so far
remained unexplored. We, therefore, aimed to study in-depth how
Vγ9Vδ2 T cells attack tumour cells and how the phenotypic changes
seen during the expansion (shown in Fig. 1) affected their cytotoxic
functions. For this, we used an approach that we developed to study
NK cell cytotoxic behaviour38,39, where individual effector cells were
monitored by time-lapse microscopy screening while interacting with
tumour cells in a microwell chip (Fig. 3a). As target cells we used A498
kidney carcinoma cells expressing a dual fluorescent reporter for
granzymeB- and caspase-8 to distinguish granule- and death receptor-
mediated killing40 (cell line referred to as A498GBDR, Supplementary
Fig. 3a). At steady state, the two fluorescent moieties of the reporter
are expressed in the cytosol but excluded from the nucleus. Under
cytotoxic attack, the corresponding reporter construct is cleaved
allowing the fluorescent protein to diffuse into the nucleus (Supple-
mentary Fig. 3b). A498 cells were selected as targets because they
express both butyrophilins and death receptors (Supplemen-
tary Fig. 3c).

γδD4 or γδD14 T cells were isolated and seeded with A498GBDR cells
on a multichambered chip with 80 µm wide microwells at an effector-
to-target (E:T) cell ratio of 1:1. Cytotoxicity was assessed with and
without the addition of the phosphoantigen HMBPP, which once

loaded by tumour cells trigger Vγ9Vδ2 activation via the TCR. This
method allowed us to assess the killing capacity, cytotoxicmechanism,
and contact dynamics in detail (schematically shown in Fig. 3b).
Unstimulated γδD4 T cells killed about 20% of the A498GBDR cells while
HMBPP stimulation increased the killing to about 80% for both γδD4

and γδD14 T cells (Fig. 3c). This was also reflected in the fraction of wells
in which all targets were killed (Supplementary Fig. 3d). The sponta-
neous death of the A498GBDR (observed in the wells lacking Vγ9Vδ2
T cells) remained negligible (<1%). Thus, Vγ9Vδ2 T cells showed con-
siderable basal cytotoxicity, which increased significantly with the
engagement of the TCR.

For killing, γδD4 T cells used granzyme B (~40% of the events) and
death receptors (~15% of the events) independently of the HMBPP
stimulation (Fig. 3d and SupplementaryMovies 1 and 2). The remaining
fraction, which included unstained or masked target cells and other
putative mechanisms, is investigated further in the sections below.
Compared to γδD4, γδD14 T cells used granzyme B to a lower extent
(Fig. 3d) and overall killed fewer A498GBDR using this pathway (Fig. 3e)
with or withoutHMBPP stimulation. This difference in killing efficiency
of untreated target cells between γδD4 and γδD14 T cells was confirmed
using flow cytometry measuring cytotoxicity of γδ T cells co-cultured
with the human B cell line Daudi (Supplementary Fig. 3e). Together,
TCR-mediated recognition of phosphoantigens was a strong trigger
for Vγ9Vδ2 T cells to kill, partly through granzyme B but also through
other pathways. The increased fraction of granzymeB-mediated killing
observed in γδD4 compared to γδD14 T cells correlates with their higher
expression of granzyme B.

γδD4 T cells show rapid and effective granzyme B-mediated
killing
Next, we studied the timing of γδ T cell killing. As previously observed
inNK cells38, granzymeB killing occurred early in the assay (Fig. 3f, 50%
of kills within 65min) compared to death receptor (50% >4h). γδD14

T cells did not kill enough untreated A498GBDR (Fig. 3c, e) to provide a
robust statistical analysis of these dynamics (e.g., only 7 out of 1083
targets were killed by granzyme B), and these data were therefore
excluded from Fig. 3f–j. Upon HMBPP treatment, granzyme
B-mediated killing was detected earlier in the assay for γδD4 compared
to γδD14 T cells (Fig. 3f). The time interval between the fluorescent
protein diffusion into thenucleus and the actualdeathof the target cell
(phase iv-v in Fig. 3b) was shorter for γδD4 compared to γδD14 T cells,
suggesting a more powerful lytic hit by γδD4 T cells (Fig. 3g). The time
between the start of the assay until the initiation of the first lethal
contact between individual T cells and target cells (phases i-ii) and the
time from the beginning of individual lethal contacts to target cell
death (phases ii–v) showedonlyminor differences between conditions
(Supplementary Fig. 3f, g).

Fig. 1 | Vγ9Vδ2 T cells transiently upregulate granzyme B before expansion.
a–i Phenotypic changes and cell division of Vγ9Vδ2 T cells measured by flow
cytometry in peripheral blood mononuclear cells (PBMC) stimulated with zole-
dronate (ZOL) and IL2 at the indicated days. a Proportion of γδ T cells displaying
an effector memory phenotype (CD27–CD45RO+), n = 7 donors, ANOVA statis-
tical comparison. b Proliferation of γδ T cells in PBMCs initially stained by Cell-
Trace Violet (CTV). c Percentage of CTV-stained γδ T cells which maintained the
initial CTV high signal and therefore did not divide at the different time points,
n = 3 donors. d Percentage of γδ T cells during the expansion, n = 4 donors.
e UMAP dimension reduction of flow cytometry measurements of γδ T cells
stained for CD27, CD28, CD16, CD62L, CCR6, and NKG2A during the expansion
(contour plot with outlier points), n = 10 donors. f FlowSOM clustering of the γδ T
cell as six subpopulations shown on the UMAP analysis (indicative contour plots
from Fig. 1e in light grey). The markers mainly driving the population dynamics
are shown on the right. g MFI fold-change of the indicated proteins during the
expansion (normalised to MFI on day 0), n = between 6 (exhaustion) to 47

(granzyme B & perforin) donors. h Example of three donors with GrzBneg,
GrzBdim and GrzBbright levels at day 0. i Violin plot (dots: individual donors;
centre line: median; dotted lines: upper and lower quartiles) and ANOVA statis-
tical comparison of expression fold-changes. j Granzyme B fold-change in
expression at day 3 for PBMCs stimulated with IL2 and ZOL or IL2 and HMBPP,
n = 8 donors. k Expression of granzyme B and intensity of CTV in γδ T cells during
the expansion. The curves (right panel) report the proportion of high or low
expressing populations gated as indicated in the example contour plot, n = 10
donors. l Expression of granzyme B and perforin during re-stimulation of 14-days
expanded CTV-stained γδ T cells with ZOL and IL2 in thawed autologous
unstained PBMCs for additional 14-days. Granzyme B amounts weremeasured by
flow cytometry in the CTV+ γδ T cells, n = 3 donors. All applicable plots show
means with standard deviations unless specifically stated otherwise. a, i–j one dot
represents the measurement for one donor. Statistics were calculated using two-
tailed ratio paired t-test unless stated otherwise. ns: not-significant.
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The unidentified killing mechanism shows intermediate
dynamics
The unidentified death events included insufficiently labelled or
masked targets, double positive signals in the nucleus, or complete
absence of signal in the nucleus (Supplementary Fig. 3h). The
average time between contact and target cells’ death (phases ii–v)
was in-between the times found for granzyme B and death receptor
(Supplementary Fig. 3g). To assess the fraction of non-granzyme B,
non-caspase-8 mediated death, we looked in more detail into the
time span ii–v for individual events (Fig. 3h). The killing events
could be sorted into three categories: fast (granzyme B-like) killing,

slow (death receptors-like) killing, and intermediate killing. This
last category was unlike granzyme B or death receptor killing and
corresponded to ~25% of the killing events (Fig. 3h and Supple-
mentary Fig. 3i, j). It was characterised by a slow collapse of the
dying target cell with no clear signal in the nucleus (Supplementary
Movie 3).

It has previously been reported that lymphocytes can kill intra-
cellular parasites by granulysin41, and we, therefore, speculated that
granulysin could be responsible for the intermediate-timed death
observed here. The addition of recombinant granulysin on A498GBDR

cells showed that very high concentrations (>15 µM) are required to
induce target death (Supplementary Movie 4). Interestingly,
granulysin-induced target death showed slow collapse and nuclear
membrane rupture consistent with our observation of the unknown
mechanism in γδTcells. It is plausible that granulysin is responsible for
the intermediate killing mechanism. However, in the absence of an
available granulysin-specific inhibitor, this hypothesis will need to be
confirmed in a separate study.

Granzyme-B-mediated killing mainly occurs via committed
contact with the tumour cell
By tracking single γδ T cells, we could quantify the time spent in
contact with target cells and characterise the type of contact. We
separated “committed” from “uncommitted” contacts. In committed
contacts, the effector cell stopped and spreadout across the target cell
for at least 2 frames (6min), with a morphology consistent with the
formation of an immune synapse28. In uncommitted contacts, the
effector cell remained motile (Supplementary Movie 5), which could
be equivalent to kinapses described for conventional T cells28. In
untreated target cells, granzyme B killing was mainly observed in
committed contacts (Fig. 3i), while killing through death receptors or
the intermediate mechanism mainly occurred through uncommitted
contacts. For targets treated with HMBPP, thus leading to engagement
of the TCR, the fraction of committed contacts increased for all killing
mechanisms (Fig. 3i). HMBPP-treatment was also accompanied by
prolonged periods of attachment between γδ T cells and tumour cells
(Fig. 3j), where more than half of the γδ T cells never detached from
their targets during the 16-h assay. Only minor differences in type and
length of contacts were observed between γδD4 and γδD14 T cells. Upon
HMBPP treatment, events of fratricide (γδ T cell killing another γδ T
cell) were sometimes observed inmicrowellswith several effector cells
but no targets (Supplementary Movie 6).

Vγ9Vδ2 T cell serial killers mainly use granzyme B-mediated
killing
Next, we investigated the serial killing capacity of individual γδD4

T cells. To give each effector cell the possibility to interact with several
A498GBDR, we performed these experiments in a microwell chip with
larger wells (350μm) where there were ~20 target cells and ~5 effector
cells per well. In this setting, we recorded slightly lower overall killing
(Supplementary Fig. 4a), likely due to the smaller global E:T ratio but
the cytotoxic strategies and dynamics remained similar (Supplemen-
taryFig. 4b, c andSupplementaryMovie 7) as in the smallermicrowells.
HMBPP treatment strongly increased the number of cytotoxic γδD4

T cells (Fig. 4a). The majority of γδD4 T killers had only killed a single
target cell bothwith andwithoutHMBPP treatment (Fig. 4b). However,
some of the γδD4 T cells were able to kill several target cells in
sequence, and this fraction of serial killers increased by HMBPP
treatment (Fig. 4b–d). The vast majority of serial killers killed their
targets in an uninterrupted sequence before they finally stopped kill-
ing, although they frequently continued to interact with remaining
A498GBDR (Supplementary Fig. 4d). Very few cells alternated between
killing and not killing. This suggests that γδD4 T cell serial killers are
strongly activated and continue killing until exhausting their cytotoxic
potential.
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Comparing killing strategies used by γδD4 T cells that killed only
one target with the first kill performed by serial killers revealed that
serial killers used granzyme B to a larger extent (Fig. 4e). Thus, this
suggests a link between serial killing and degranulation-mediated
killing. However, overall the number of granzyme B-mediated kills per
killer was significantly lower in γδD4 T cells compared to NKD4 cells
(Fig. 4f and Supplementary Fig. 4e). Unlike NK cells38, γδD4 T cell serial
killers did not switch killingmechanism to using death receptors at the
end of serial killing sequences (Fig. 4c, d). In NK cells, this switch was
accompanied by surface upregulation of the death receptor FasL after
killing38. For γδD4 T cells, no upregulation of the death receptor ligands
FasL or TRAIL was observed within 4 h of co-culture (Fig. 4g). These
results show that even if a large majority of γδD4 T cells were cytotoxic
upon phosphoantigen stimulation, the killing potential was often
limited to one kill (≥50% of the cytotoxic cells in all donors,

Supplementary Fig. 4f). The population of γδD4 T serial killers pre-
ferentially used granzyme B- rather than death receptors-mediated
killing.

Perforin availability tunes granzyme B-mediated serial killing
To validate that granzyme B-mediated killing was occurring down-
stream of the TCR, we added anti-γδTCR blocking antibodies in killing
assays. This abrogated the killing upon stimulation with HMBPP but
did not affect the killing of untreated A498GBDR (Fig. 5a). This suggests
that γδD4 T cells recognise unstimulated target cells through TCR-
independent pathways (e.g., NKG2DorNCRs).Minor differences in the
distribution of killing strategies were observed with and without
treatment with phosphoantigens and antibody-blocking (Supplemen-
tary Fig. 5a), with only slightly increasing granzyme B-mediated killing
upon TCR involvement.
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Fig. 4 | Characterisation of Vγ9Vδ2 T cell serial killing dynamics. a–dMeasured
killing of the A498GBDR targets by γδD4 T cells +/− 1.5μM HMBPP in 350μm-well
chip during 16 h of imaging each position every 3min. a Percentage of γδT cell that
kill at least one target n = 6 donors and b percentage of γδ T cell killers that killed
more than one target cell, n = 6 donors. The box limits represent upper and lower
quartiles, and whiskers indicate the minimum and maximum values. One dot
represents the measurement for one donor. c, d Proportion of serial killing (Pie
chart) and killing strategies used during serial killing aggregated for all γδD4 T cells
(top bar graph) or for individual γδD4T cells (lower diagram). Numbers above each
bar of the top bar graph represent the respective number of events. Results from 6
donors were pooled. c Control condition and dHMBPP-treated cells. e Proportions

of killing strategies comparing γδD4 T cells killing a single target cell with the first
target killed from γδD4 T serial killers (data from c, d). f Number of killed target
cells per γδD4 T cell (targets treated with 1.5 μm HMBPP) or NKD4 cell killers for
each killing mechanism, n = 4 donors. g In-tube 4 h degranulation assay of γδD4
T cells against wild-type A498 measured by flow cytometry at the indicated time-
points. Surface expression of CD95/FasL (n = 3 donors) and TRAIL (n = 4 donors)
showed after gating on degranulating (CD107a+) γδT cells. Control is unstained. All
applicable plots show means with standard deviations unless specifically stated
otherwise. Statistics were calculated using two-tailed paired t-test (a, b, f) and one-
way ANOVA (g). ns=not-significant.
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γδD4 T cells have abundant amounts of granzyme B but limited
amounts of perforin (Fig. 1g, i), the latter being synthesised as a pre-
cursor cleaved by cathepsins in the maturing lytic vesicles42,43. To
estimate the extent of killing dependent on perforin, we tested how
treatment with the cathepsins-inhibitor E64 affected γδD4 T cell cyto-
toxicity. First, we confirmed that the E64 inhibitor blocked the

maturation of perforin as the antibody clone δG9, which only recog-
nises the mature form of perforin, showed a decreased signal while
granzyme B, FasL and TRAIL were not perturbed (Supplementary
Fig. 5b). On-chip killing assay against HMBPP-treated A498GBDR cells
showed the sameproportion of killers with andwithout the addition of
E64 (Fig. 5b). However, a substantial decrease in granzyme B-mediated
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on the last time point. jCo-culture of γδD4 T cells with wild-type A498 targets with
HMBPP prior immunofluorescence labelling for granzyme B, perforin and actin.
Boundaries of γδ T cells and A498 cells are marked in white and blue respectively.
Marked square (1) and γδ T cell (2) are zoomed in to the right. Yellow arrows point
to granzymeB+particles outside of γδD4cells. Scale bars: 5 µm. kQuantification of
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A498 cells without effectors) donors respectively. Individual dots represent the
number of particles detected in individual target cells and they are colour-coded
according to donor. The box limits represent upper and lower quartiles, and
whiskers indicate the minimum and maximum values. All applicable plots show
meanswith standard deviations unless specifically stated otherwise. Statistics were
calculated using two-tailed ratio paired t-test (a–c, e, g, h), two-tailed paired t-test
(b, d, i) and one-way ANOVA (k). ns: not-significant.
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killing was observed with E64, largely compensated by late death
receptor-mediated killings (Fig. 5c and Supplementary Fig. 5c, d).

To further test if the availability of perforin was limiting for the
cytotoxic potential, sublytic concentrations of recombinant human
perforin (rhPrf1) were added during chip killing assays using γδD4

T cells against HMBPP-stimulated A498GBDR. Our hypothesis was that
the sublytic levels of rhPrf1 added at the beginning of the assay would
integrate in the membrane of the A498GBDR target cells without killing
them. Killing of the rhPrf1-preloaded A498GBDR target cell would occur
only upon γδ T cell degranulation and the delivery of additional per-
forin and granzyme B as previously reported44. The addition of
60 ng/mL rhPrf1 increased overall killing, and this increase was not
driven by an increased fraction of killers (Fig. 5d) but instead due to
increased serial killing (Fig. 5e, f). No differences were observed in the
killing dynamics (Supplementary Fig. 5e, f). Thus altogether, these data
suggest thatperforin availability could be a bottleneck for serial killing.

Granzyme B and perforin are differentially regulated in Vγ9Vδ2
T cells
The limited availability of perforin suggests that perforin and gran-
zyme B are differently regulated. Supporting this hypothesis, mRNA
levels of perforin and granzyme B were comparable during the γδ
T cells expansion while the expression levels of the two proteins dif-
fered in the same cells (Fig. 5g, h, Fig. 1g and Supplementary Fig. 5g).
This differencewas not due to the level ofmaturation of perforin since
antibody clones for both forms showed similar results (Supplementary
Fig. 5h). These results suggest that granzyme B and perforin are dis-
tinctly regulated after transcription in γδ T cells.

In co-culture assays with HMBPP-treated A498 targets, most
γδD4 T cells rapidly and continuously degranulated (Supplemen-
tary Fig. 5i, j). To further test granzyme B and perforin regulation,
protein synthesis was blocked during a 4-h degranulation assay,
using cycloheximide. Intracellular levels of granzyme B and per-
forin were measured at multiple time points. Interestingly,
cycloheximide did not influence granzyme B degranulation,
showing that granzyme B was not newly synthesised during the
assay (Fig. 5i and Supplementary Fig. 5k). About 40% of the total
granzyme B was degranulated, and most degranulation occurred
within the first 2 h (Fig. 5i, left). Thus, a majority of the granzyme
B was conserved intracellularly for γδD4 T cells exposed to target
cells. In contrast, untreated γδD4 T cells replenished the level of
perforin during the assay, while cycloheximide-treated cells lost
perforin rapidly during the first 2 h of the assay (Fig. 5i, right).
This shows that Vγ9Vδ2 T cells use a pre-existing pool of gran-
zyme B that is gradually exhausted upon degranulation but syn-
thesise new perforin to maintain a constant level despite
degranulation (Supplementary Fig. 5l). The rate of this synthesis
may be insufficient to support prolonged granzyme B-mediated
serial killing.

Based on these data we hypothesised that there could be an
imbalance between the amount of granzyme B and perforin degra-
nulated in response to target cells. Therefore, γδD4 T cells were co-
cultured with HMBPP-treated A498 targets for 1.5 h, fixed, and stained
for microscopy. Interestingly, granzyme B-positive but perforin-
negative particles were found on A498 cells targeted by γδD4 T cells.
Similar structures were not observed on A498 cells targeted by NKD4

cells or on A498 target cells cultured alone (Fig. 5j, k). These results
suggest that γδD4 T cells degranulate granzymeB that cannotpenetrate
the target cells, possibly due to a lack of perforin in the cytotoxic
granules. Alternatively, the excess granzyme B could be dedicated to
supramolecular attack particles, a lytic body observed in conventional
T cells and NK cells45,46.

These results show that in response to stimulation γδD4 T cells use
part of the pre-existing large pool of granzymeBwhile a fraction of the
cells may rely on the formation of new mature perforin.

Vγ9Vδ2 T cells segregate granzyme B from perforin in lytic
vesicles
The differences in regulation and degranulation of granzyme B and
perforin highlighted the need to assess how these proteins are dis-
tributed in γδT cell lytic granules. γδD4 T cells andNKD4 cells werefixed
and stained for granzymeB, perforin, and CD107a. The latter served as
a mask defining the vesicles. As expected from our flow cytometry
data, γδD4 T cells showed a less balanced phenotypewith little perforin,
but higher granzyme B content compared to NKD4 cells (Fig. 6a and
Supplementary Fig. 6a). In both conditions, the CD107a+ vesicles
showed heterogeneous proportions of granzyme B and perforin signal
between individual cells (Supplementary Fig. 6b). The co-occurrence
of granzyme B and perforin differed significantly between γδD4 T cells
and NKD4 cells (Fig. 6b). In γδD4 T cells, perforin was almost always
found together with granzyme B (Fig. 6b, Prf-GrzB), while ~65% of
granzyme B could be found without perforin (Fig. 6b, GrzB-Prf). In
NKD4 cells, the co-occurrence of granzymeB andperforinwas balanced
at high levels (Fig. 6b). The previously shown loss of granzyme B
expression upon 14-days expansion of γδ T cells was evident from the
imaging (Fig. 6c and Supplementary Fig. 6c), and the balance was
reversed with co-occurrence of granzyme B with perforin significantly
increased (~60%) and perforin no longer exclusively occurring with
granzyme B (~40%, Fig. 6d). As donors showed variability in co-
occurrence, we wondered if protein amount and co-occurrence could
be correlated to γδD4 T cells’ killing strategy. The granzyme B signal
intensity in γδD4 T cells didnot correlatewith the granzymeB-mediated
killing capacity in the microwell chip assays, while this correlation was
observed for perforin signal intensity (Fig. 6e, f). Furthermore, gran-
zyme B co-occurrence with perforin strongly correlated with the
fraction of granzyme B-mediated killing and the number of granzyme
B-mediated kills per γδD4 T killer cell, with orwithoutHMBPP treatment
(Fig. 6g, h). Thus, our analysis shows that the co-occurrence of gran-
zyme B and perforin in the lytic vesicles allows more granzyme
B-mediated killing and serial killing in γδD4 T cells, while a reduced
amount of perforin limits the killing.

Discussion
Recent studies have highlighted the uniqueness of the γδ T cell
plasticity and multifaceted involvement in the body’s immune
defence1. Each individual harbours tissue-specific γδ T cell subsets
with γδTCR repertoires that are highly linked to one’s past infection
history47–50 and moreover show distinct repertoires infiltrating into
tumours51. The Vγ9Vδ2 T cell subset which is relatively abundant in
peripheral blood, matures, gains potent cytotoxic functions, and
expands early after birth24. It is likely during this development that a
functionally heterogeneous pool of Vγ9Vδ2 T cells is formed and
persists into adulthood32. Some of these cells might be able to sense
normality in somatic cells through weak TCR interactions, as
observed in Vδ1 + T cells52,53 but also recently suggested for the
Vγ9Vδ2 TCR7.

It was previously reported that Vγ9Vδ2 T cells respond to phos-
phoantigens by proliferating and upregulating granzyme B15,24. Studies
suggest that Vγ9Vδ2 T cell’s innate-like rapid responses might be
useful early during various infections by clearing pathogens such as
Plasmodium falciparum54, or Mycobacterium tuberculosis36. Here we
show that Vγ9Vδ2 T cells ex vivo rapidly upregulate high levels of
granzyme B, and later proliferate upon phosphoantigen and IL-2 sti-
mulation in presence of monocytes. In vivo, monocytes are one of the
first responders during infection and may therefore be exposed to
phosphoantigens in the nascent inflammation site. Thus, it is possible
that phosphoantigen-loaded monocytes activate Vγ9Vδ2 T cells that
respond by upregulating granzymeB, which is used in direct and rapid
response to pathogens. However, it is unclear if the upregulation of
granzyme B and proliferation that we observe in vitro arises with a
similar strength and timing in vivo, and if such a dynamic response can
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Fig. 6 | Vγ9Vδ2 T cells segregate granzyme B from perforin in different lytic
vesicles. a Representative Airyscanmicroscopy images of γδD4 or NKD4 cells from
the same donors prepared by immunofluorescence labelling against granzyme B,
perforin and CD107a. Scale bars: 2 µm. b Proportion of colocalized voxels of
granzyme B with perforin (GrzB-Prf) or perforin with granzyme B (Prf-GrzB) in
CD107a+ vesicles of γδD4 T cells or NKD4 cells. Square boxes are the means for
each donor (n = 5 donors, each ≥15 cells). c Representative Airyscan microscopy
images of γδD4 or γδD14 T cells from the same donors prepared by immuno-
fluorescence labelling against granzyme B, perforin and CD107a. Scale bars: 2 µm.
d Proportion of colocalized voxels of granzyme B with perforin (GrzB-Prf) or per-
forin with granzyme B (Prf-GrzB) in CD107a+ vesicles of γδD4 or γδD13/14 T cells.
Square boxes are the means for each donor (n = 9 donors, each ≥15 cells).

e, f Correlation between the sum intensity of granzyme B (e) or perforin (f) in the
CD107a+ vesicles with the on-chip percentage of granzyme B-mediated killing of
γδD4 T cells (upon HMBPP or not) from the same donors (n = 7). g Correlation
between theproportion of colocalizedvoxels of granzymeBwith perforin (b andd)
with the on-chip percentage of granzyme B-mediated killing of γδD4 T cells (upon
HMBPPor not) from the same donors (n = 7).hCorrelation between the proportion
of colocalized voxels of granzyme B with perforin (b and d) with the on-chip
granzyme B-mediated kills per γδD4 T killer (upon HMBPP or not) from the same
donors (n = 7). The lines in e–h are the linear fittings (with HMBPP treatment or
not). All are means with standard deviations. Statistics were calculated using two-
tailed paired t-test (b and d) and simple linear regression (e–h). ns: not-significant.
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also occur in their surveillanceagainst tumours since the latter develop
within a different timeframe and microenvironment.

It is also unclear how the phenotypically heterogeneous pool of
Vγ9Vδ2 T cells return to steady state after activation. The inability to
re-stimulate similar granzyme B upregulation in γδD14 T cells indicates
that the initial response to phosphoantigens is unique and irreversible.
Alternatively, a resting period longer than 14 days is necessary for the
cells to recover the potential to upregulate granzyme B, a possibility
that finds support in several studies that found increased cytotoxic
functions in Vγ9Vδ2 T cells expanded for longer than 14 days55. More
efforts are required to fully understand the steady states of the dif-
ferent Vγ9Vδ2 T cell populations and the extent and dynamics of their
activation.

Our time-lapsemicroscopy data show that a significant fraction of
the Vγ9Vδ2T cells are cytotoxic, especially when engaging via the TCR,
using a combination of cytotoxic strategies with different dynamics. A
large fraction of the cytotoxic Vγ9Vδ2 T cells form long stable contacts
with HMBPP-treated targets, sometimes continuing even after target
cell death. These contacts seem to be a double-edged sword. On the
one hand, HMBPP-treated targets are killedmore effectively, andwhen
granzyme B-mediated killing is inhibited by E64, other killing
mechanisms could compensate. This is probably facilitated by TCR
activation inducing strong and maintained adhesion to target cells
allowing time for killing. On the other hand, extended contacts that
sometimes last even after target death reduce the mobility and
thereby, the possibility for serial killing. In addition, excessive stimu-
lation via TCR has been linked to exhaustion in conventional T cells56.

Another plausible factor that limits serial killing is the restricted
availability of perforin. Donors that show a higher colocalization
between granzyme B and perforin kill more effectively with increased
serial killing. Granzyme B-mediated killing is also more frequent
among serial killers. Consistently, addition of rhPrf1 to the killing assay
increased γδ T cell serial killing. While low amounts of rhPrf1 are not
sufficient to kill the target cells alone, the added rhPrf1might remain at
the plasmamembrane or/and in the endosomal pathway of the target
cells. There, rhPrf1 could later facilitate γδ T cell-mediated killing via
granzyme B even if the degranulated amount of perforin was low57.
During co-culture with target cells, γδ T cells are translating new per-
forin. Thus, it is reasonable to assume that γδ T cells that kill several
targets have a bigger pre-existing pool of functional perforin or pos-
sibly more effective translation of new perforin. This might be con-
nected to distinct phenotypes or metabolism58. The translation of new
proteins can be high in energy consumption59 and therefore serial
killing might require additional energy. It has been shown that differ-
ent γδ T cell subsets have distinct metabolic signatures correlating to
their function60. However, more investigation is needed to address
what makes γδ T serial killers unique and if this potential can be har-
nessed in vivo, e.g., by increasing γδT cell’s expression of perforin. The
unbalanced expression of granzymeB andperforin remains intriguing.
It could be a mechanism for the Vγ9Vδ2 T cells to protect themselves
and the adjacent healthy tissues from unwanted damage occurring
from untargeted degranulation or dying cells. The considerable
amounts of granzyme B that do not seem to be immediately allocated
to cytolytic functions also suggest that granzyme B might be used in
othermechanisms. GranzymeB alone hasbeen shown to play different
roles such as extracellularmatrix remodelling61, facilitation of immune
cell transmigration62 and, receptor and cytokines maturation (e.g.,
cleavage of the IL18 precursor63) with relevance in multiple diseases64.
For instance, extracellular granzyme B degranulated by Vγ9Vδ2 T cells
could help shedding of killed cells, as it has recently been observed
in vivo for murine intestinal intraepithelial γδ T lymphocytes65, or
facilitate infiltration of other lymphocytes towards the inflammation
site by cleaving the extracellular matrix. Our results also suggest that
γδ T cells would still degranulate even though vesicles were lacking
perforin, as granzyme B-positive but perforin-negative particles were

found during co-cultures at the surface of target cells, either in the
extracellular space or freshly endocytosed. Although these structures
resembled supra-molecular attack particles seen in conventional
T cells45 and NK cells46, their exact nature and purpose remain to be
characterised.

Overall, our study sheds new light on the dynamics of Vγ9Vδ2
T cell cytotoxicity against tumours. After activation, γδT cells regulate
granzyme B and perforin differently in space and time, possibly
because the excess of granzyme B has perforin-independent functions
or to restrain collateral damage through undesirable cytotoxicity
during the early activation phase. Nevertheless, also at early stages of
the activation, target cells loaded with phosphoantigens induced the
formation of committed effector-target contacts through Vγ9Vδ2-TCR
activation, which led to rapid granzyme B-mediated killing when sup-
ported by sufficient co-loading of perforin in the lytic vesicles. Vγ9Vδ2
T cells with high perforin availability could go on and kill multiple
target cells in sequence. These results show that γδ T cells have a
previously unknown cytotoxic potential thatmay have evolved to fight
infection but could be unleashed with improved expansion protocols
and harnessed to design more efficient cellular immunotherapies.

Methods
Cell lines and culture
Wild-type: A498 kidney carcinoma, K562 lymphoblasts, DLD-1 color-
ectal adenocarcinoma, Kasumi-1 myeloblast, Daudi B lymphoblasts
and HeLa adenocarcinoma were all from ATCC. Wild-type U251 MG
glioblastoma was from Sigma Aldrich. A498, K562, DLD-1, Kasumi and
Daudi cells were cultured in Gibco RPMI 1640 medium (Fisher Scien-
tific). HeLa cells were cultured in MEME (Sigma Aldrich). U251 were
cultured in Gibco DMEM, low glucose, GlutaMAX™ (Thermo Fisher
Scientific). All media were supplemented with 10% heat-inactivated
FBS (Sigma Aldrich), 1% penicillin-streptomycin (Thermo Fisher Sci-
entific), 1% non-essential amino acid (Sigma Aldrich), and 1%
L-glutamine (Sigma Aldrich). Daudi cells were cultured with 10%
additional FBS after thawing. The cells were cultured in an incubator at
37 °C and supplemented with 5% CO2. The cultures were regularly
checked, and the cells passaged before reaching confluence (2-3 times
per week). The absence of mycoplasma in the cell cultures was reg-
ularly confirmed using Eurofins Genomics mycoplasmacheck tube
service according to the manufacturer’s instructions. Our research
complies with all relevant ethical regulations. The lab infrastructures
for working with BSL2 material were approved by the local work
environment authority (Arbetsmiljö verket).

Generation of stable A498GBDR

Wild-type A498 cells (ATCC) were transduced using lentivirus parti-
cles to stably express the following gene of the fluorescent reporter:
pJML1-NES-LQDT-mGFP-T2A-NES-VGPD-mCherry and sorted by flow
cytometry as previously described here40. A498GBDR maintenance
cultures were regularly selected, adding 2 µg/mL of puromycin
(Thermo Fisher Scientific) in the complete RPMI medium 24 h after
passaging.

γδ T cells isolation and characterisation
Anonymous buffy coats from healthy donors were obtained from the
department of Klinisk immunologi och transfusionsmedicin in Kar-
olinska Hospital, Huddinge and immediately processed upon arrival.
According to current local regulations, working with blood from
anonymous healthy human donors requires no ethical permit. Per-
ipheral blood mononuclear cells (PBMC) were harvested from the
buffy coat using a Ficoll gradient. Where stated, γδ T cells were
immediately extracted from the PBMCbynegative selection usingTCR
γ/δ T Cell Isolation Kit, human (Miltenyi Biotec) according to the
manufacturer’s instructions. Thawed or freshly prepared PBMCs were
cultured at 2×106 cells/mL in their expansion medium: AIM-V medium
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(Thermo Fisher Scientific) supplemented with 10 % heat-inactivated
human serum from human male AB plasma (Sigma-Aldrich), 2.5μM
zoledronate (Sigma Aldrich) and 200 IU/mL of recombinant human IL-
2 (PeproTech). Expanding cells were re-stimulatedwith 100U/mL rhIL-
2 every 2 to 3 days. When stated, 10 ng/mL of recombinant IL-15 (R&D
System) was used in addition to rhIL-2. 10 nM of (E)−1-hydroxy-2-
methyl-2-butenyl 4-pyrop (HMBPP, Sigma Aldrich) was used instead of
zoledronate to expand γδ T cells in PBMC cultures, as specifically
written in some experiments. On each experiment’s day, γδ T cells
were freshly extracted from the zoledronate+IL2 treated PBMCculture
by negative selection using TCRγδTCell Isolation Kit, human (Miltenyi
Biotec) according to the manufacturer’s instructions. The purification
rate of the isolated γδ T cells was assessed every time by flow cyto-
metry, and only the isolations withmore than 90% γδT cells purity and
low NK cell contaminants were used in the subsequent assays. Auto-
logous monocytes (used in the minimal expansion of Supplementary
Fig. 1j) were isolated using a pan-monocyte isolation kit (Miltenyi
Biotec) and seeded on petri dishes with isolated γδ T cells and stimu-
lated with zoledronate and IL2 as described for PBMCs above.

Immunostaining for flow cytometry
For phenotyping, PBMCs or expanded/isolated γδ T cells were stained
for 10minatRT in PBSwith antibodies at the listed concentration and a
fixable viability dye at 1:1000 (510 or AF700 from BD Bioscience) and
washed. For intracellular staining, the cells were fixed with a fix/perm
kit according to the manufacturer´s instructions (BD Biosciences) and
stained with antibodies diluted at the due concentration in the kit’s
buffer for 10min at RT. Compensation of the full panel was performed
for each experiment using the cells or CompBeads (BD Biosciences)
and an unstained sample was included as a control. Flow cytometry
data was acquired on the FACS Canto II system (BD Biosciences), and
analysis was performed using FlowJo 10.7.1 (FlowJo LLC). The Vγ9Vδ2
T cells size fluctuation during the expansion was compensated by
dividing fold-change values by their corresponding FSC-A value at each
time point. This enabled us to compare the signal/molecular densities
per cell rather than the total amount of signal/molecules. All anti-
bodies used in this study are described (name, conjugate, provider,
dilution) in the supplementary table 1. Dimensional reduction (10
donors): each dataset was down-sampled using the plugin Down-
SampleV3 (to obtain an equal number of measurements) prior to
concatenation and processing using the plugin UMAP. Clustering and
subpopulation visualisation was performed using the FlowSOMplugin
on the described markers.

CD107a degranulation assays
A498 wild-type cells were counted and seeded for 24 h in a flat bot-
tom 96-well plate (Sigma Aldrich) in complete RPMI medium. Iso-
lated Vγ9Vδ2 T cells (from4-days or 14-days expanded cultures) were
counted and re-suspended in fresh complete AIM-V medium. For the
assay, the A498 medium was replaced by complete AIM-V medium
and when stated HMBPP (1.5 μM) was added to the cells. The Vγ9Vδ2
T cells were then seeded on the target cells at a 1:1 E:T ratio and
co-cultured for 4 h at 37 °C and 5%CO2 in the incubator. After 1 h, 1 μL
of anti-CD107a (conjugated to BV421 or AF647, BD Biosciences) was
added to each well. When stated, monensin (Golgi STOP, BD Bios-
ciences) was added after 1 h to the wells at the manufacturer’s con-
centration. When stated cycloheximide (Sigma Aldrich) was added at
2 μg/mL to the corresponding wells at the start of the assay. For
degranulation experiments with multiple time points, a reverse time
course was implemented (differed starts at 4 h, 3 h, 2 h,…) to enable
to stain all samples at the same end point. At the end of the assay, all
cells were detached using PBS-EDTA for 15min at 37 °C and trans-
ferred to a v-bottom 96-well plate (Sigma Aldrich) for staining. All
wells were washed with PBS, stain for the surface markers (including
the TCRVδ2) and with a fixable viability dye, prior to fixation,

intracellular staining and measurement by flow cytometry as
described above.

FACS killing assay
Daudi cells were first stained using CellTrace FarRed (Invitrogen) fol-
lowing the manufacturer’s protocol, washed, counted, and re-
suspended in complete AIM-V medium for the assay. Isolated
Vγ9Vδ2 T cells (from 4-days or 14-days expanded cultures) were
counted and re-suspended in fresh complete AIM-Vmedium. Effectors
and targets were mixed at the mentioned E:T ratio in flow cytometry
sterile tubes and co-cultured for 4 h in the incubator. Single cultures
were performed to assess spontaneous death. At the end of the assay,
the samples were washed and stained for the surface markers (incl.
TCRVδ2) and a viability dye. The samples were kept on ice and
immediately measured by flow cytometry. The killing rate was estab-
lished as the percentage of dead Daudi cells minus the percentage of
their spontaneous death.

Time-lapse microscopy in the microwell chip
A498GBDR target cells were seeded into the microwell chip in complete
RPMI medium 24 h before the killing assay. Before seeding γδ T cells,
the medium in the microwells was changed to complete AIM-V med-
ium. The positions to image in the microwell chip platform were set
and scanned first to assess the initial spontaneous death of the targets.
Then the freshly isolated γδ T cells were counted and added into the
chamber resulting in stochastic distribution. HMBPP was added at
1.5μM when indicated. Images were immediately acquired after
seeding the γδ T cells with a 10x Plan-Apochromat objective on a Zeiss
Colibri 7 wide-field microscope (Zeiss, Germany) with an incubation
chamber at 37 °C and 5 % CO2 every 3min for 16 h covering >2000
hexagonal microwells/condition.

TCR blocking. The isolated Vγ9Vδ2 T cells were pre-blocked for
30min with 5μg/mL of anti-TCR (clone IMMU510, Beckman Coulter).
Then at the start of the killing assay, the anti-TCRwas added at 5μg/mL
in the medium of the corresponding condition.

Addition of recombinant perforin. The killing assay with isolated
Vγ9Vδ2 T cells and A498GBDR was performed by adding of human
recombinant perforin (hrPrf1, Abbexa). 60 ng/mL of rhPrf1 appeared to
be the sublytic thresholdof rhPrf1 as separately determinedusing serial
dilutions of rhPrf1 added in the medium of A498GBDR. This was in
agreement with previously reported literature values (30-120 ng/mL66).
Upon higher lethal doses of hrPrf1, A498GBDR cells were rapidly lysed
without showing a nuclear signal of the dual reporter construct. γδD4

T cells were not affected by the addition of 60 ng/mL rhPrf1.

Inhibition of perforin. The isolated expanded Vγ9Vδ2 T cells were pre-
incubated for 24 h with the E64 inhibitor (Sigma Aldrich) at 30 μM
(final concentration) in the complete AIM-Vmedium. Before the killing
assay, a fraction of the Vγ9Vδ2 T cells was retrieved and prepared as
described above for flow cytometry measurement of the indicated
protein of interest expression levels. The remaining Vγ9Vδ2 T cells
were seeded on A498GBDR in the microwell chip platform and E64 was
added in the medium of the corresponding conditions at 30μM (final
concentration) at the start of the assay.

Image analysis of the killing assay in microwell chip
To determine the type of death of A498GBDR target cells, the imaged
time-lapse was analysed manually frame by frame. The brightness of
each channel was adjusted to obtain uniform signal in the cytosol of
each A498GBDR cell. Each target cell was followed over the full experi-
ment time, and frames for contact initiation, reporter cleavage, timeof
death, and γδ T cells disassociation from the target were reported. For
serial killing analysis, γδ T cells were observed from the time of
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seeding, and contacts with target cells, commitment, and induction of
death or not were described.

Representative examples of the events observed in the killing
assay in the microwell platform were exported as supplementary
movies and annotated using ImageJ and OpenShot software.

Airyscan microscopy
Glass coverslips (18mm square, #1.5, Marienfield) were coated with
CorningTM Cell-Tak Cell and Tissue Adhesive (Fisher Scientific) at a
concentration of 4.5 µg/cm2 according to the manufacturer’s protocol.
Isolated γδ T cells were seeded on coated coverslips to adhere for
20min at 37 °C. Cells were fixed and permeabilized for 10min with BD
Cytofix/CytopermTM (BD Biosciences) and fluorescently labelled with
primary and secondary antibodies against perforin (clone δG9, Bio-
Legend), granzyme B (clone GB11, BD Biosciences) and CD107a (clone
H4A3, BD Biosciences). Coverslips were mounted with ProLongTM

Glass Antifade (Thermo Fisher Scientific) and imaged the following
day. Images were acquired using a confocal microscope LSM880
(Zeiss) with a 63x/1.4 Plan-Apochromat oil-immersion objective and
Airyscan detector. The images were then processed using the in-built
function (Airyscan 3D mode) of the ZEN 2.3 SP1 software (Zeiss). For
technical reasons, γδ T cells were expanded for either 13 or 14 days
prior to the Airyscan imaging of lytic vesicles (Fig. 6c, d) and pooled
together for analysis (referred as γδD13/14).

For detection of the extracellular particles, A498 wild-type cells
were used as targets and seeded on glass coverslips for 24h. Isolated
4-days expanded Vγ9Vδ2 T cells were co-cultured for 1.5 h with the
targets in the presence of 1.5μM of HMBPP. Treated-A498 targets
without Vγ9Vδ2 T cells were used as the negative control. After the
incubation, the cells were fixed and stained as described above. Per-
forin and granzyme B were used at the previously mentioned con-
centration. Phalloidin-AF568 (Thermo Fisher Scientific) was used at 1
unit/sample according to the manufacturer’s protocol. The Airyscan
microscopy was performed as mentioned above and the granzyme
B-positive extracellular particles were countedmanually on each A498
target cell using the same image settings in all conditions.

Image analysis of the lytic vesicles
The images acquired with Airyscan microscopy were processed with
Imaris 9.5 (Oxford Instruments) and ImageJ. The background was
removed using Imaris background subtraction method (sigma= 0.25),
a baseline was subtracted, and the channel shifts were adjusted. For
colocalization analysis between granzyme B and perforin, CD107a
channel was used as amask and thresholding was performedmanually
(one threshold for all conditions in each experimental dataset). For the
analysis of objects within the cell, channels for granzyme B and per-
forin were added using ImageJ and subsequently objects were defined
using the spots method in Imaris. Thresholding was performed
manually as stated above. Fluorescence sum intensities were normal-
ised to the standard deviation of all pooled objects in each dataset
(e.g., γδD4 and γδD14) to account for staining differences between
experiments.

Electron microscopy
Vγ9Vδ2 T and NK cell pellets were fixed in 0.1% glutaraldehyde and 4%
paraformaldehyde in 0.1M PHEM buffer (60mMPIPES, 25mMHEPES,
10mM EGTA, and 2mMMgCl2 at pH 6.9) overnight, and subsequently
embedded in 10% gelatin, infiltrated with 2.3M sucrose and frozen in
liquid nitrogen (LN2). Samples were stored in LN2 until sectioning.
Ultrathin sections of 70-80 nm were cut with a Leica Ultracut (equip-
ped with UFC cryochamber) at −110 °C and picked up with 50:50
mixture of 2.3M sucrose and 2% methyl cellulose.

Sections were labelled with rat anti-human Granzyme B (clone
496B, eBioscience) ormouse anti-humanCD63 (DSHB, USA) ormouse
anti-human Chondroitin Sulfate 4 (AMSBIO), followed by a bridging

rabbit-anti-rat antibody (Jackson Immuno Research Laboratories Inc.)
or rabbit-anti-mouse antibody (Rockland Immunochemicals) and
10 nm protein A gold (University Medical Centre, Utrecht, The Neth-
erland). Samples for Chondroitin Sulfate 4 staining were pretreated
with chondroitinase ABC (AMS.E1028-02, AMSBIO) for 2 h at 37 °C
according to the manufacturer’s instructions. For each sample, cells
were chosen for imaging by using systematic uniform random
sampling67; a starting point was assigned (e.g., the corner of the EM-
grid) on a section and every fourth cell was imaged (the cells orien-
tation is random as the EM-block comes from a cell pellet). 20 cells
were imagedper donor for eachcondition.Microscopywasdoneusing
JEOL JEM1230 at 80kV and images acquired with a Morada camera.
The dense-core secretory granules were recognised by morphology.
Quantification was done using Image J.

PrimeFlow and qPCR
The mRNA level measurements using the PrimeFlow method were
conductedby precisely following themanufacturer’s detailed protocol
(PrimeFlow RNA assay kit, Thermo Fisher Scientific). The PrimeFlow
probe sets were: PRF1-AF750 (VA6-13185, Thermo Fisher Scientific) and
GZMB-AF488 (VA4-3084452, Thermo Fisher Scientific) and the anti-
bodies: Anti-Perforin-Pacific-Blue; anti-granzyme B-AF647; anti-
Vδ2TCR-PE and anti-Vγ9TCR-PE-Cy7 and the fixable viability BV510.

For qPCR measurements: the mRNA was extracted from iso-
lated NK cells or isolated γδ T cells using the RNEasy kit (QIAGEN)
and cDNA was made using the iScript cDNA synthesis kit (Bio-Rad
laboratories). Quantitative PCR was performed using the SSoAd-
vanced Universal SYBR Green Supermix (Bio-Rad laboratories) with
the following primers: granzyme B: 5′- CGACAGTACCATTGAG
TTGTGCG-3′ and perforin: 5- ACTCACAGGCAGCCAACTTTGC-3′.
Samples were run using the CFX384 Touch Real-Time PCR Detec-
tion System (BioRad Laboratories). β−2-microglobulin (β2M) mRNA
was used as a housekeeping gene to normalise the mRNA levels of
granzyme B and perforin.

Re-stimulation of expanding γδ T cells
Whole PBMCs from healthy donors were first stained using CellTrace
Violet (CTV, Invitrogen) according to the manufacturer’s protocol. An
unstained vial of the PBMC was frozen (in human serum and 10%
DMSO) for later. The cells were stimulatedwith zoledronate and IL-2 to
expand Vγ9Vδ2 T cells (protocol above), and aliquots of the culture
were frozen at the indicated time points (0 to 14 days). After 14-days,
the expanded cells were stained again with CTV using the same pro-
cedure. The initially frozen PBMC vial was thawed and mixed with the
14-days expandedCTV + Vγ9Vδ2T cells (~5%of thenewculture) and re-
stimulated with the same concentrations of zoledronate and IL-2 for
14-days. Aliquots were frozen at the indicated time points (14 to
28 days). At the end of the second expansion, all samples were thawed
and stained (surface and intracellular) simultaneously and measured
using flow cytometry.

Statistical analysis
Statistical analyses were performed in GraphPad (Prism9) using a two-
tailed (paired when appropriate) Student’s t-test, Kruskal–Wallis test,
or one-way ANOVA as indicated. Data are represented as means ±
standard deviations or median as indicated. ns: not significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data in this study are available within the article and its supple-
mentary files and from the corresponding author upon reasonable
request. Source data are provided with this paper.
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Code availability
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References
1. Willcox, B. E. &Willcox, C. R. gammadelta TCR ligands: the quest to

solve a 500-million-year-old mystery. Nat. Immunol. 20,
121–128 (2019).

2. Ribot, J. C., Lopes, N. & Silva-Santos, B. gammadelta T cells in tissue
physiology and surveillance. Nat. Rev. Immunol. 21, 221–232 (2021).

3. Sandstrom, A. et al. The intracellular B30.2 domain of butyrophilin
3A1 binds phosphoantigens to mediate activation of human
Vgamma9Vdelta2 T cells. Immunity 40, 490–500 (2014).

4. Gu, S. et al. Phosphoantigen-induced conformational change of
butyrophilin 3A1 (BTN3A1) and its implication on Vgamma9Vdelta2
T cell activation. Proc. Natl Acad. Sci. USA 114, E7311–E7320 (2017).

5. Harly, C. et al. Key implication of CD277/butyrophilin-3 (BTN3A) in
cellular stress sensingby amajor humangammadelta T-cell subset.
Blood 120, 2269–2279 (2012).

6. Rigau, M. et al. Butyrophilin 2A1 is essential for phosphoantigen
reactivity by gammadelta T cells. Science 367, eaay5516 (2020).

7. Karunakaran, M. M. et al. Butyrophilin-2A1 directly binds germline-
encoded regions of the Vgamma9Vdelta2 TCR and is essential for
phosphoantigen sensing. Immunity 52, 487–498 e486 (2020).

8. Gentles, A. J. et al. The prognostic landscape of genes and infil-
trating immune cells across human cancers. Nat. Med. 21,
938–945 (2015).

9. Meraviglia, S. et al. Distinctive features of tumor-infiltrating gam-
madelta T lymphocytes in human colorectal cancer. Oncoimmu-
nology 6, e1347742 (2017).

10. Zou, C. et al. gammadelta T cells in cancer immunotherapy.
Oncotarget 8, 8900–8909 (2017).

11. Park, J. H. & Lee, H. K. Function of gammadelta T cells in tumor
immunology and their application to cancer therapy. Exp.Mol.Med.
53, 318–327 (2021).

12. Gober, H. J. et al. Human T cell receptor gammadelta cells recog-
nize endogenous mevalonate metabolites in tumor cells. J. Exp.
Med. 197, 163–168 (2003).

13. Sato, K. et al. Cytotoxic effects of gammadelta T cells expanded
ex vivo by a third generation bisphosphonate for cancer immu-
notherapy. Int. J. Cancer 116, 94–99 (2005).

14. Dieli, F. et al. Targeting human {gamma}delta} T cells with zole-
dronate and interleukin-2 for immunotherapy of hormone-
refractory prostate cancer. Cancer Res. 67, 7450–7457 (2007).

15. Kondo, M. et al. Zoledronate facilitates large-scale ex vivo expan-
sion of functional gammadelta T cells from cancer patients for use
in adoptive immunotherapy. Cytotherapy 10, 842–856 (2008).

16. Abe, Y. et al. Clinical and immunological evaluation of zoledronate-
activated Vgamma9gammadelta T-cell-based immunotherapy for
patientswithmultiplemyeloma. Exp. Hematol.37, 956–968 (2009).

17. Sakamoto, M. et al. Adoptive immunotherapy for advanced non-
small cell lung cancer using zoledronate-expanded gamma-
deltaTcells: a phase I clinical study. J. Immunother. 34,
202–211 (2011).

18. Kobayashi, H., Tanaka, Y., Yagi, J., Minato, N. & Tanabe, K. Phase I/II
study of adoptive transfer of gammadelta T cells in combination
with zoledronic acid and IL-2 to patients with advanced renal cell
carcinoma. Cancer Immunol. Immunother. 60, 1075–1084 (2011).

19. Arruda, L. C. M., Gaballa, A. & Uhlin, M. Impact of gammadelta
T cells on clinical outcome of hematopoietic stem cell transplan-
tation: systematic review and meta-analysis. Blood Adv. 3,
3436–3448 (2019).

20. Sebestyen, Z., Prinz, I., Dechanet-Merville, J., Silva-Santos, B. &
Kuball, J. Translating gammadelta (gammadelta) T cells and their
receptors into cancer cell therapies. Nat. Rev. Drug Discov. 19,
169–184 (2020).

21. Rei, M., Pennington, D. J. & Silva-Santos, B. The emerging Protumor
role of gammadelta T lymphocytes: implications for cancer immu-
notherapy. Cancer Res. 75, 798–802 (2015).

22. Gaballa, A. et al. T-cell frequencies of CD8(+) gammadelta and
CD27(+) gammadelta cells in the stem cell graft predict the out-
come after allogeneic hematopoietic cell transplantation. Bone
Marrow Transplant 54, 1562–1574 (2019).

23. Bonneville, M., O’Brien, R. L. & Born, W. K. Gammadelta T cell
effector functions: a blend of innate programming and acquired
plasticity. Nat. Rev. Immuno.l 10, 467–478 (2010).

24. Papadopoulou, M. et al. Fetal public Vgamma9Vdelta2 T cells
expand and gain potent cytotoxic functions early after birth. Proc.
Natl Acad. Sci. USA 117, 18638–18648 (2020).

25. Davey, M. S. et al. The human Vdelta2(+) T-cell compartment
comprises distinct innate-like Vgamma9(+) and adaptive
Vgamma9(-) subsets. Nat. Commun. 9, 1760 (2018).

26. Pizzolato, G. et al. Single-cell RNA sequencing unveils the shared
and the distinct cytotoxic hallmarks of human TCRVdelta1 and
TCRVdelta2 gammadelta T lymphocytes. Proc Natl Acad Sci USA
116, 11906–11915 (2019).

27. Gutierrez-Arcelus, M. et al. Lymphocyte innateness defined by
transcriptional states reflects a balance between proliferation and
effector functions. Nat. Commun. 10, 687 (2019).

28. Dustin, M. L. The immunological synapse. Cancer Immunol. Res. 2,
1023–1033 (2014).

29. Favier, B. et al. Uncoupling between immunological synapse for-
mation and functional outcome in human gamma delta T lympho-
cytes. J. Immunol. 171, 5027–5033 (2003).

30. Carneiro, B. A. & El-Deiry, W. S. Targeting apoptosis in cancer
therapy. Nat. Rev. Clin. Oncol. 17, 395–417 (2020).

31. Silva-Santos, B., Serre, K. & Norell, H. gammadelta T cells in cancer.
Nat. Rev. Immunol. 15, 683–691 (2015).

32. Ryan, P. L. et al. Heterogeneous yet stable Vdelta2(+) T-cell profiles
define distinct cytotoxic effector potentials in healthy human indi-
viduals. Proc. Natl Acad. Sci. USA 113, 14378–14383 (2016).

33. Lautenbach, M. J. et al. Systems analysis shows a role of cytophilic
antibodies in shaping innate tolerance to malaria. Cell Rep. 39,
110709 (2022).

34. Nerdal, P. T. et al. Butyrophilin 3A/CD277-dependent activation of
human gammadelta T cells: accessory cell capacity of distinct
leukocyte populations. J. Immunol. 197, 3059–3068 (2016).

35. Eberl, M. et al. A rapid crosstalk of human gammadelta T cells and
monocytes drives the acute inflammation in bacterial infections.
PLoS Pathog. 5, e1000308 (2009).

36. Havlir, D. V., Ellner, J. J., Chervenak, K. A. & Boom, W. H. Selective
expansion of human gamma delta T cells by monocytes infected
with live Mycobacterium tuberculosis. J. Clin. Invest. 87,
729–733 (1991).

37. Aehnlich, P., Carnaz Simoes, A. M., Skadborg, S. K., Holmen
Olofsson, G., & Straten, P. T.Expansion with IL-15 increases cyto-
toxicity of Vgamma9Vdelta2 T cells and is associated with higher
levels of cytotoxic molecules and T-bet. Front. Immunol. 11,
1868 (2020).

38. Prager, I. et al. NK cells switch from granzyme B to death receptor-
mediated cytotoxicity during serial killing. J. Exp. Med. 216,
2113–2127 (2019).

39. Guldevall, K. et al. Microchip screening platform for single cell
assessment of NK cell cytotoxicity. Front. Immunol. 7, 119
(2016).

40. Liesche, C. et al. Single-fluorescent protein reporters allow parallel
quantification of natural killer cell-mediated granzyme and caspase
activities in single target cells. Front. Immunol. 9, 1840 (2018).

41. Dotiwala, F. et al. Killer lymphocytes use granulysin, perforin and
granzymes to kill intracellular parasites. Nat. Med. 22,
210–216 (2016).

Article https://doi.org/10.1038/s41467-023-41634-7

Nature Communications |         (2023) 14:6035 14



42. Mahrus, S. & Craik, C. S. Selective chemical functional probes of
granzymes A and B reveal granzyme B is a major effector of natural
killer cell-mediated lysis of target cells. Chem. Biol. 12,
567–577 (2005).

43. Konjar, S. et al. Human and mouse perforin are processed in part
throughcleavageby the lysosomal cysteineproteinase cathepsin L.
Immunology 131, 257–267 (2010).

44. Waterhouse, N. J. et al. Cytotoxic T lymphocyte-induced killing in
the absence of granzymes A and B is unique and distinct from both
apoptosis and perforin-dependent lysis. J. Cell Biol. 173,
133–144 (2006).

45. Balint, S. et al. Supramolecular attack particles are autonomous
killing entities released from cytotoxic T cells. Science 368,
897–901 (2020).

46. Ambrose, A. R.,Hazime, K. S.,Worboys, J. D., Niembro-Vivanco,O.&
Davis, D. M. Synaptic secretion from human natural killer cells is
diverse and includes supramolecular attack particles. Proc. Natl
Acad. Sci. USA 117, 23717–23720 (2020).

47. Davey, M. S. et al. Clonal selection in the human Vdelta1 T cell
repertoire indicates gammadelta TCR-dependent adaptive immune
surveillance. Nat. Commun. 8, 14760 (2017).

48. Hunter, S. et al. Human liver infiltrating gammadelta T cells are
composed of clonally expanded circulating and tissue-resident
populations. J. Hepatol. 69, 654–665 (2018).

49. Ravens, S. et al. Human gammadelta T cells are quickly recon-
stituted after stem-cell transplantation and show adaptive clonal
expansion in response to viral infection. Nat. Immunol. 18,
393–401 (2017).

50. Ravens, S. et al. Microbial exposure drives polyclonal expansion of
innate gammadelta T cells immediately after birth. Proc. Natl Acad.
Sci. USA 117, 18649–18660 (2020).

51. Foord, E., Arruda, L. C. M., Gaballa, A., Klynning, C. & Uhlin, M.
Characterization of ascites- and tumor-infiltrating gammadelta
T cells reveals distinct repertoires and a beneficial role in ovarian
cancer. Sci. Transl. Med. 13, eabb0192 (2021).

52. Melandri, D. et al. The gammadeltaTCR combines innate immunity
with adaptive immunity by utilizing spatially distinct regions for
agonist selection and antigen responsiveness. Nat. Immunol. 19,
1352–1365 (2018).

53. Deseke, M. & Prinz, I. Ligand recognition by the gammadelta TCR
and discrimination between homeostasis and stress conditions.
Cell Mol. Immunol. 17, 914–924 (2020).

54. Hernandez-Castaneda, M. A. et al. gammadelta T cells kill Plasmo-
dium falciparum in a granzyme- and granulysin-dependent
mechanism during the late blood stage. J. Immunol. 204,
1798–1809 (2020).

55. Holmen Olofsson, G. et al. Vgamma9Vdelta2 T cells concurrently
kill cancer cells and cross-present tumor antigens. Front. Immunol.
12, 645131 (2021).

56. Wherry, E. J. T cell exhaustion. Nat. Immunol. 12, 492–499 (2011).
57. Prager, I. & Watzl, C. Mechanisms of natural killer cell-mediated

cellular cytotoxicity. J. Leukoc. Biol. 105, 1319–1329 (2019).
58. Lisci, M. et al. Mitochondrial translation is required for sustained

killing by cytotoxic T cells. Science 374, eabe9977 (2021).
59. Buttgereit, F. & Brand, M. D. A hierarchy of ATP-consuming pro-

cesses in mammalian cells. Biochem. J. 312, 163–167 (1995).
60. Lopes, N. et al. Distinct metabolic programs established in the

thymus control effector functions of gammadelta T cell sub-
sets in tumor microenvironments. Nat. Immunol. 22, 179–192
(2021).

61. Buzza, M. S. et al. Extracellular matrix remodeling by human gran-
zyme B via cleavage of vitronectin, fibronectin, and laminin. J. Biol.
Chem. 280, 23549–23558 (2005).

62. Prakash, M. D. et al. Granzyme B promotes cytotoxic lymphocyte
transmigration via basement membrane remodeling. Immunity 41,
960–972 (2014).

63. Omoto, Y. et al. Granzyme B is a novel interleukin-18 converting
enzyme. J. Dermatol. Sci. 59, 129–135 (2010).

64. Boivin, W. A., Cooper, D. M., Hiebert, P. R. & Granville, D. J. Intra-
cellular versus extracellular granzyme B in immunity and disease:
challenging the dogma. Lab Invest. 89, 1195–1220 (2009).

65. Hu, M. D. et al. gammadelta intraepithelial lymphocytes facilitate
pathological epithelial cell shedding via CD103-mediated gran-
zyme release. Gastroenterology 162, 877–889 e877 (2022).

66. Keefe, D. et al. Perforin triggers a plasma membrane-repair
response that facilitates CTL induction of apoptosis. Immunity 23,
249–262 (2005).

67. Gundersen, H. J. & Jensen, E. B. The efficiency of systematic sam-
pling in stereology and its prediction. J. Microsc. 147,
229–263 (1987).

Acknowledgements
We thank The Knut and Alice Wallenberg foundation (Grant No
2018.0106), The Swedish research council (Grant No 2019-04925), The
Swedish foundation for strategic research (Grant No SBE13-0092), The
Swedish childhood cancer fund (Grant No MT2019-0022), The Swedish
cancer society (Grant No 19 0540 Pj) for financial support. This work was
partially supported by the Research Council of Norway through its
Centres of Excellence scheme, project number 332727. We also thank
Juan Basile and the flow cytometry facility of the Karolinska Institutet,
and Albert Blanchart Aguado and the VirusTech Core Facility at Kar-
olinska Institutet.

Author contributions
P.A.S., S.T., K.K., E.A., M.U., B.Ö. conceptualised the study. P.A.S., K.K.,
E.K.S., E.E. and A.K.W. performed experiments with the help of S.T., Q.V.
and A.B. K.K. performed the Airyscan microscopy. N.S. designed and
prepared microwell chips. E.K.S. performed the electron microscopy
with input from A.B. and K.J.M. E.E. performed the qPCR. C.W. devel-
oped the fluorescent reporter and provided important input. P.A.S., K.K.
and B.Ö. wrote themanuscript with input fromall the authors. P.A.S. and
B.Ö. supervised the overall study.

Funding
Open access funding provided by Royal Institute of Technology.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-41634-7.

Correspondence and requests for materials should be addressed to
Patrick A. Sandoz or Björn Önfelt.

Peer review information Nature Communications thanks the anon-
ymous reviewer(s) for their contribution to the peer reviewof this work.
A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Article https://doi.org/10.1038/s41467-023-41634-7

Nature Communications |         (2023) 14:6035 15

https://doi.org/10.1038/s41467-023-41634-7
http://www.nature.com/reprints


Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Article https://doi.org/10.1038/s41467-023-41634-7

Nature Communications |         (2023) 14:6035 16

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Modulation of lytic molecules restrain serial killing in γδ T lymphocytes
	Results
	Granzyme B is upregulated during early phases of phosphoantigen-triggered Vγ9Vδ2 T cell expansion
	Vγ9Vδ2 T cell lytic vesicles are loaded and mature
	Granzyme B upregulation leads to more granzyme B-mediated killing in γδD4 T cells
	γδD4 T�cells show rapid and effective granzyme B-mediated killing
	The unidentified killing mechanism shows intermediate dynamics
	Granzyme-B-mediated killing mainly occurs via committed contact with the tumour cell
	Vγ9Vδ2 T cell serial killers mainly use granzyme B-mediated killing
	Perforin availability tunes granzyme B-mediated serial killing
	Granzyme B and perforin are differentially regulated in Vγ9Vδ2 T�cells
	Vγ9Vδ2 T�cells segregate granzyme B from perforin in lytic vesicles

	Discussion
	Methods
	Cell lines and culture
	Generation of stable A498GBDR
	γδ T�cells isolation and characterisation
	Immunostaining for flow cytometry
	CD107a degranulation assays
	FACS killing assay
	Time-lapse microscopy in the microwell chip
	TCR blocking
	Addition of recombinant perforin
	Inhibition of perforin
	Image analysis of the killing assay in microwell chip
	Airyscan microscopy
	Image analysis of the lytic vesicles
	Electron microscopy
	PrimeFlow and qPCR
	Re-stimulation of expanding γδ T�cells
	Statistical analysis
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




