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Brief Definit ive Report

CTLs and NK cells are essential eliminators  
of cancerous and virus-infected cells. After  
immunological synapse (IS) formation, these  
“killer cells” release perforin (Prf ) and granzymes 
(Gzms) from their specialized secretory vesicles  
( Jenkins and Griffiths, 2010). Prf transiently 
forms pores on the target cell membrane, en-
abling diffusion of proapoptotic serine protease 
Gzms into the cytosol (Lopez et al., 2013a,b), 
to trigger caspase activation via both the ex-
trinsic and intrinsic (mitochondrial) pathways. 
In our recent study, target cell death was thus 
initiated within 2–3 min of Prf pore formation 
(Lopez et al., 2013a). After detaching, a CTL/
NK cell can rapidly attack other target cells, and 
“serial killing” of up to 10 cells can be observed 

for NK cells in vitro within 6 h (Choi and 
Mitchison, 2013).

Prf-dependent cytotoxicity is critical for 
human immune homeostasis: infants with bial-
lelic PRF1 gene mutations develop a fatal im-
mune dysregulation syndrome, type 2 familial 
hemophagocytic lymphohistiocytosis (FHL2;  
Stepp et al., 1999). This hyperinflammatory 
state reflects release of the proinflammatory cy-
tokine IFN- by CTLs/NK cells after their fail-
ure to shut down the antigen-driven phase of 
the immune response and copious IL-1, IL-6, 
and TNF that then emanate from the myeloid 
compartment. Intractable fever, pancytopenia, 
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Failure of cytotoxic T lymphocytes (CTLs) or natural killer (NK) cells to kill target cells by 
perforin (Prf)/granzyme (Gzm)-induced apoptosis causes severe immune dysregulation. In 
familial hemophagocytic lymphohistiocytosis, Prf-deficient infants suffer a fatal “cytokine 
storm” resulting from macrophage overactivation, but the link to failed target cell death is 
not understood. We show that prolonged target cell survival greatly amplifies the quanta of 
inflammatory cytokines secreted by CTLs/NK cells and that interferon- (IFN-) directly 
invokes the activation and secondary overproduction of proinflammatory IL-6 from naive 
macrophages. Furthermore, using live cell microscopy to visualize hundreds of synapses 
formed between wild-type, Prf-null, or GzmA/B-null CTLs/NK cells and their targets in real 
time, we show that hypersecretion of IL-2, TNF, IFN-, and various chemokines is linked to 
failed disengagement of Prf- or Gzm-deficient lymphocytes from their targets, with mean 
synapse time increased fivefold, from 8 to >40 min. Surprisingly, the signal for detach-
ment arose from the dying target cell and was caspase dependent, as delaying target cell 
death with various forms of caspase blockade also prevented their disengagement from 
fully competent CTLs/NK cells and caused cytokine hypersecretion. Our findings provide the 
cellular mechanism through which failed killing by lymphocytes causes systemic inflamma-
tion involving recruitment and activation of myeloid cells.

© 2015 Jenkins et al.  This article is distributed under the terms of an Attribution– 
Noncommercial–Share Alike–No Mirror Sites license for the first six months 
after the publication date (see http://www.rupress.org/terms). After six months 
it is available under a Creative Commons License (Attribution–Noncommercial– 
Share Alike 3.0 Unported license, as described at http://creativecommons.org/ 
licenses/by-nc-sa/3.0/).
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Figure 1.  CTLs and NK cells lacking Prf and GzmAB overproduce cytokines, which induces myeloid cells to produce IL-6. (A and B) CTLs 
(OTI, OTI.GzmAB/, or OTI.Prf/) were added to MC57-OVA257 target cells (A), or NK cells lacking GzmAB or Prf were added to MC57 target cells (B), 
and supernatant was collected after 5 h. Supernatants were analyzed for IFN-, TNF, IL-2, CCL3, CCL4, and CCL5 by CBA. Shown is the fold difference 
above WT (mean ± SD) of four independent experiments. (C and D) Each corresponding CTL target or NK target cell supernatant was cultured with 
bone marrow–derived syngeneic macrophages (generated in vitro for 5 d with M-CSF), and IL-6 production was analyzed after 48 h by CBA. Shown is 
the fold difference pooled from three experiments for CTLs (mean ± SEM; C) or one representative experiment of two for NK cells (mean ± SD; D). 
(E) CTLs produce cytokines in an antigen-dependent manner. The experiment in A was repeated but using MC57 target cells pulsed with titrated pep-
tide. Supernatants were analyzed for concentration of IFN- produced (mean ± SD) of three independent pooled experiments. Statistical significance 
compares OTI with OTI.Prf/ within individual peptide concentration. (F) The CTL target supernatants (from A) were also co-cultured with B6.IFNR/  
macrophages, and IL-6 production was measured by CBA after 48 h. Shown are triplicates of a representative experiment of two (mean ± SD).  
Statistical significance was determined by Tukey’s post-hoc ANOVA. (G) Immunodepletion of CCL3 and CBA. CTL target cell supernatant (from A)  
was depleted of CCL3 by immunoprecipitation with anti-CCL3 antibody and protein A. The remaining cytokine cocktail was co-cultured with syngeneic 
macrophages for 48 h. Shown are the concentrations of CCL3, IL-6, and TNF (control) detected in the macrophage culture, as detected by CBA  
(mean ± SEM of two independent pooled experiments). *, P < 0.05.
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activation and proliferation in vitro (Fig. S1, A and B; Hoves 
et al., 2011).

We found a significant increase in cytokine release by 
CTLs lacking either Prf or GzmAB compared with WT 
CTLs, including IFN- (>2-fold), TNF (>3-fold), and IL-2 
(25–30-fold; Fig. 1 A). Secretion of the chemokines CCL3 
(Mip1; 13–15-fold), CCL4 (Mip1; 2.5–3.5-fold), and 
CCL5 (RANTES; 6–7-fold) was also markedly increased 
(Fig. 1 A); however, IL-1, IL-1, and IL-6 were not de-
tected. As overall CTL/target cell avidity influences cytokine 
responses (La Gruta et al., 2006), the concentration of OVA257 
peptide was varied, and cytokine secretion was again esti-
mated. As expected, IFN- secretion was related to peptide 
concentration; however, OTI.Prf/ CTLs released more 
IFN- at every peptide concentration (Fig. 1 E).

Given that the symptoms and signs of FHL2 can occur 
within a few weeks of birth and neonates have relatively poor 
CD8+ T cell effector responses, we also examined the cyto-
kine response of primary NK cells devoid of Prf or GzmAB. 
Prf- or GzmAB-deficient mouse NK cells produced similar 
results as CTLs; indeed, the fold increase in cytokine secre-
tion was greater than that for an equivalent number of clono-
typic CTLs, varying from 15–20-fold for IFN- and CCL4 
to 30–80-fold for TNF, CCL3, and CCL5 (Fig. 1 B). Both 
TNF and CCL3 play a key role in pancytopenia ( Janka, 2012)  
but have been thought to originate from macrophages. How-
ever, our data suggest that NK cells may also prove to be an 
additional source of the cytokine storm in FHL2 patients, 
particularly at the early stage of the disease.

Macrophage-derived IL-6 is consistently elevated in the 
serum of FHL patients and reflects active disease (Janka, 
2012). We demonstrated that the CTL/target cell supernatants 
induced naive syngeneic macrophages to secrete proinflam-
matory IL-6 with coincubation (Fig. 1 C). OTI.Prf/  
supernatants induced 2.5-fold higher production of IL-6 
over 24 h compared with OTI CTL/target cell cultures  
(Fig. 1 C). The same supernatants also strongly induced MHC  
class I expression and other markers indicative of macrophage 
activation (Fig. S2). Consistent with the increased levels of 
cytokines elaborated by NK cells compared with CTLs, more 
macrophage IL-6 was secreted in response to the cytokine 
cocktail produced by Prf/ or GzmAB/ NK cells, typi-
cally three- to sixfold (Fig. 1 D). The release of IL-6 was 
largely (75%) inhibited when we used syngeneic macro-
phages lacking the receptor for IFN- (Fig. 1 F), indicating a 
pivotal role for this cytokine in IL-6 induction and consistent 
with earlier studies ( Jordan et al., 2004; Pachlopnik Schmid 
et al., 2009). In contrast, a neutralizing mAb to CCL3 had no 
effect on the release of IL-6 (Fig. 1 G).

Failure of target cell death results in a sustained  
IS and repetitive calcium signaling
The markedly aberrant cytokine secretion by Prf/ and 
GzmAB/ cytotoxic lymphocytes prompted us to closely 
examine the interaction of killer cells with target cells in real 
time. We used time-lapse microscopy methodologies that 

multiorgan failure, and death result unless patients receive 
cytotoxic agents or, ultimately, bone marrow transplantation 
(Janka, 2012). Prf1 knockout mice also develop a fatal FHL-
like state after challenge with certain antigenic or viral stimuli 
(Kägi et al., 1994; Jordan et al., 2004; van Dommelen et al., 
2006). In other congenital forms of FHL, PRF1 expression is 
normal, but the trafficking, docking, or exocytosis of cyto-
toxic granules is impaired and Prf is not delivered to the IS 
(Sieni et al., 2014). Linking failed killing by lymphoid cells 
with fatal hyperinflammation, mediated principally by my-
eloid cells (particularly macrophages), remains a central unan-
swered question.

In the current study, we discovered that failure of Prf/
Gzm cytotoxicity by human or mouse CTLs/NK cells dra-
matically extends the life of the IS, leading to repetitive  
calcium signaling and their pronounced hypersecretion of  
inflammatory cytokines and chemokines. In turn, this in-
flammatory “cocktail” was capable of activating naive macro-
phages and evoking IL-6 secretion. By blocking caspase 
processing in the target cell, we further demonstrated that 
disengagement of CTLs/NK cells from the target was specifi-
cally dependent on target cell death, revealing that the dying 
cell provides a caspase-dependent signal for detachment. Our 
study provides a mechanistic explanation for the immuno
pathology of FHL and links fatal myeloid cell activation with  
marked delay or failure of target cell death mediated by lym-
phocytes. Furthermore, our finding that corruption of apop-
totic pathways in tumor target cells attacked by CTLs/NK 
cells can influence the resultant inflammatory milieu has im-
plications for our understanding of the immune response to 
cancer and the mode of action of immune-based therapies 
that aim to augment lymphocytotoxicity.

RESULTS AND DISCUSSION
Infants with defects in lymphocytotoxicity, especially those 
that completely lack functional Prf (FHL2), frequently un-
dergo a fatal cytokine storm soon after birth, with elevated 
circulating IFN-, TNF, and IL-6 (Stepp et al., 1999; Janka, 
2012). To further our understanding of this fatal condition 
and its link to myeloid cell activation, we explored a possible 
link between failed Prf-dependent cell death and cytokine 
hypersecretion by both lymphocytes and macrophages.

Failure to kill target cells enhances  
cytokine secretion by CTLs/NK cells
We first generated antigen-restricted CTLs from transgenic 
C57BL/6.OTI (OTI) mice (Strasser et al., 1990a; Hogquist 
et al., 1994) or from syngeneic mice that lacked Prf (OTI.
Prf/) or both GzmA and GzmB, the two most potently 
cytotoxic Gzms (OTI.GzmAB/; Strasser et al., 1990b;  
Jenkins et al., 2007, 2008; Susanto et al., 2013). We coincubated  
OTI, OTI.Prf/, or OTI.GzmAB/ CTLs with OVA257-
pulsed MC57 target cells and measured cytokine release into 
the supernatant. Incubation for 5 h produced robust target 
cell killing by OTI CTLs, but almost none in the absence of 
Prf or GzmAB, despite the T cells having undergone similar 

http://www.jem.org/cgi/content/full/jem.20140964/DC1
http://www.jem.org/cgi/content/full/jem.20140964/DC1
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Figure 2.  Live cell imaging of CTL with targets. (A–C) Time-lapse microscopy of fluo-4–AM-labeled OTI, OTI.Prf/, and OTI.GzmAB/ CTLs killing 
MC57 target cells in the presence of 100 µM PI. OTI (A), OTI.Prf/ (B), or OTI.GzmAB/ (C) with MC57-OVA257 target cells are shown. Images were ac-
quired every 10 s and show fluo-4 (green)/PI (red)/brightfield overlay. Images depict conjugation of the CTL with the target cell and sequential elevations 
in CTL intracellular Ca2+, followed by cytosolic diffusion of PI into the target cell (A and C). Images are representative of 53, 26, and 26 conjugates, respec-
tively. See also Videos 1–3. Graphs beside each montage display the fold change (F/F0) of the fluo-4 fluorescence over time in the CTL and fold change in 
PI fluorescence by the target cells. (D) The time from first calcium flux until PI blush into target cell for targets “hit” by OTI or OTI.GzmAB/. Data repre-
sent mean ± SD of 41 and 33 conjugates, respectively. Student’s t test showed no statistical difference. (E) Representative live cell imaging of CTLs with 
targets with internal fluorescence control. The identical experiment to A was performed, with CTLs also labeled with cell trace far-red. Images were ac-
quired every 22 s, and shown is a montage of fluo-4 (green)/PI (red)/brightfield overlay (left panels) and cell trace far-red (corresponding right panels). 
Images depict conjugation of the CTLs with the target cell and sequential elevations in CTL intracellular Ca2+ (green), followed by cytosolic diffusion of PI 
into the target cell (red). Time above the montage shows minutes:seconds. The first panel shows regions in which fluorescence intensity was measured. 
See also Video 4. (F) Graph of montage displaying the fold change (F/F0) of the fluo-4 (red) and cell trace violet (blue) fluorescence over time in the CTL 
and fold change in PI fluorescence in the target cell. # denotes PI blush. Bars, 10 µm.

http://www.jem.org/cgi/content/full/jem.20140964/DC1
http://www.jem.org/cgi/content/full/jem.20140964/DC1
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from target cells was greatly delayed, similar to the Prf/ 
CTLs (Fig. 2 C and below). The concordance of our data 
with Prf- or GzmAB-null CTLs indicated that pore forma-
tion on the target cell per se was insufficient to trigger target 
cell detachment. Rather, death of the target cell appeared to 
be required (see below).

As cell movement and changes in their morphology might 
incidentally affect pixel fluorescence intensity, in some ex-
periments we colabeled OTI CTLs with fluo-4–AM (green) 
and ion-neutral cell trace dye (far-red) as an internal refer-
ence. The far-red signal did not oscillate, excluding this pos-
sible source of artifact (Fig. 2, E and F; and Video 4). We also 
confirmed (Lopez et al., 2013a) OTI T cell survival by the 
lack of PI uptake (<1% of all ISs) and also the lack of 51Cr  
release when CTLs rather than the target MC57 cells were 
labeled with 51Cr (Fig. 3, A and B).

Failed target cell death greatly delays  
detachment of the killer cell
Next, we compared the longevity of individual ISs, i.e., the 
time from the first Ca2+ flux into a given CTL until it de-
tached from its target cell. Remarkably, although OTI CTLs 
maintained the IS for 7.6 ± 1.1 min, detachment was signifi-
cantly delayed approximately fivefold for the OTI.Prf/ or 
OTI.GzmAB/ CTLs (38 ± 8 min and 41 ± 6 min, respec-
tively; Fig. 3 C). In contrast, the time lapsed between the  
calcium signaling in the killer cell and PI influx into the target  
was not significantly different for OTI and OTI.GzmAB/ 
CTLs (3.7 ± 0.4 min vs. 2.9 ± 0.3 min), indicating that TCR 
signaling, degranulation, and Prf pore formation were not  
altered between the two cell types (Fig. 2 D). This result 

precisely pinpoint the instant that Prf permeabilizes the target 
cell plasma membrane within the IS (Lopez et al., 2013a,b). 
Calcium influx into the OTI CTLs labeled with the calcium 
fluorophore fluo-4–AM indicated the formation of a bona 
fide IS with an OVA257 peptide–pulsed MC57 target cell and 
the stimulus for degranulation (Fig. 2 A). The formation of 
Prf pores on the target cell was inferred from the rapid diffu-
sion of propidium iodide (PI) into the target cell, producing 
a sudden strong “blush” in red fluorescence (Fig. 2 A and 
Video 1), consistent with our earlier studies (Lopez et al., 
2013a,b). Target cell rounding, an early hallmark of apopto-
sis, soon followed, and the CTLs then detached from the tar-
get cell (see below). In contrast, although OTI.Prf/ CTLs 
engaged their targets (as confirmed by Ca2+ influx), they 
failed to elicit a PI blush in the target cell because of the ab-
sence of Prf (Fig. 2 B and Video 2). Strikingly, although a 
Ca2+ flux of similar amplitude occurred in the two types of 
CTLs, green fluorescence (Ca2+ flux) continued to oscillate 
every 2–3 min in Prf/ CTLs, and they remained conjugated 
with the target cell for protracted periods of time (Fig. 2 B 
and Video 2).

In comparison with OTI.Prf/ CTLs, OTI.GzmAB/ 
cells offered the opportunity to study CTL–target cell conju-
gates, in which apoptosis was delayed because of a lack of 
Gzms. Despite delivering Prf and thus enabling us to define 
the precise moment of pore formation by uptake of PI  
(Fig. 2 C and Video 3), these cells induced little target cell death  
over 5 h (Fig. S1 A). In the absence of the early morphologi-
cal changes of apoptosis seen with WT CTLs (cell rounding 
and intense membrane blebbing), cytosolic calcium levels os-
cillated in the OTI.GzmAB/ CTLs, and their detachment 

Figure 3.  51Cr-labeled OTI CTLs demonstrate survival of 
the killer cell, and target cell death is required for rapid 
detachment of the killer cell. (A and B) OTI (closed) or 
OTI.Prf/ (open) CTLs were incubated for 5 h with MC57 tar-
get cells pulsed with 1 µM OVA257 peptide (or with no peptide 
as a control). Either the CTLs (A) or MC57 cells (B) were labeled 
with 51Cr to determine 51Cr release. Shown is the percentage of 
specific 51Cr release as the mean ± SD of two independent 
pooled experiments. (C) Time from calcium flux to killer cell 
detachment from target cells. OTI, OTI.GzmAB/, or OTI.Prf/ 
CTLs labeled with fluo-4–AM were added to MC57-OVA257 
target cells in the absence or presence of caspase inhibitor 
QVD. After conjugate formation, time was measured from first 
Ca2+ flux in CTL until its detachment from the target. Each data 
point represents one conjugate, and means are 8.5 ± 0.7, 38.1 ±  
5.7, 41.2 ± 7.7, and 41.6 ± 4.4 min (SEM; n = 53, 26, 26, and 66, 
respectively). (D) Mouse NK cells (WT B6 or GzmAB/ or 
Prf/) were labeled with fluo-4–AM and added to MC57 tar-
get cells. Shown is the time from first calcium flux until de-
tachment from the target: 12.77 ± 1.1, 30.2 ± 3.7, and 67.66 ± 
5.3 min (SEM; n = 51, 36, and 34, respectively), where each 
point represents a single NK cell–target cell conjugate. All data 
points shown in yellow indicate CTL–target cell conjugates that 
were still attached at the end of the video and therefore under-
estimate the duration of attachment. Statistical significance 
was determined by Tukey’s post-hoc ANOVA. *, P < 0.05.

http://www.jem.org/cgi/content/full/jem.20140964/DC1
http://www.jem.org/cgi/content/full/jem.20140964/DC1
http://www.jem.org/cgi/content/full/jem.20140964/DC1
http://www.jem.org/cgi/content/full/jem.20140964/DC1
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confirmed that the various CTL populations were equally 
activated with respect to degranulation (Hoves et al., 2011) 
and the absence of Gzms did not impair degranulation or  
Prf pore formation. Prf- and Gzm-deficient mouse NK cells  
also remained in synapse with their targets for significantly  
longer than WT cells (Fig. 3 B). Similar to CTLs, both WT  
NK cells and GzmAB/ NK cells displayed a single Ca2+ flux  
before delivery of Prf into the IS (not depicted). Synapse 
dwell time for NK cells lacking GzmAB was prolonged 
2.5-fold from 12.7 ± 1.1 min to 30.2 ± 3.7 min (P < 
0.0001) and was even longer in the absence of Prf (5-fold 
increase to 67.7 ± 5.3 min; Fig. 3 D). Interestingly, Prf/ 
NK cells remained in synapse with their targets for consider-
ably longer than GzmAB/ NK cells (Fig. 3 D), whereas the 
corresponding CTLs showed no difference (Fig. 3 C). De-
spite this, Prf/ and GzmAB/ NK cells secreted similar 
amounts of cytokines after encountering target cells (Fig. 1 B), 
limiting the significance of this observation for any potential 
inflammatory sequelae.

In most instances, the Prf/ or GzmAB/ killer cells 
did eventually dissociate from their targets (Fig. 3, C and D), 
and a proportion were able to detach with similar kinetics as 
WT killer cells despite failing to induce cell death. Although 
our data indicate that target cell death is a critical determinant 
of synapse breakage, we conclude that other mechanisms 
must also contribute. Although speculative, it is possible that 
the continual recycling of adhesion molecules to the cell sur-
face and/or the stochastic shearing forces continually applied 
to the IS because of fluctuations of cell shape may contribute. 
We propose that in vivo, where functionally impaired CTLs/
NK cells have the opportunity to interact with their targets 
for days or even weeks (rather than 5 h, as in our experiments), 
more pronounced macrophage and cytotoxic lymphocyte 
hyperactivation may occur. How Prf-mediated apoptosis 
down-regulates the immune response is debated, but one 
proposal is that CTLs are essential for removing “profes-
sional” APCs, particularly dendritic cells (Terrell and Jordan, 
2013). We support this notion, but our findings show that 
failure to kill “generic” target cells at an earlier phase of the 
immune response also induces potent proinflammatory cyto-
kine/chemokine responses, particularly from NK cells.

The signal for detachment arises in the dying  
target cell and is caspase dependent
The absence of either Prf or GzmAB dramatically increased 
synapse dwell time, raising the possibility that target cell death 
per se might provide the key signal for cell detachment, rather 
than degranulation or the actions of specific cytotoxic mole-
cules. To test this proposition, we presented OVA257-pulsed 
MC57 target cells to WT OTI CTLs, but delayed apoptosis 
by preincubating the target cells with Q-VD-OPh (QVD),  
a broad spectrum caspase inhibitor (Caserta et al., 2003). The  
CTLs initiated synapses with normal kinetics, but live cell  
imaging again demonstrated a striking delay in target cell  
detachment (41.6 ± 4.4 min), similar to that seen in the absence  
of Prf or GzmAB (Fig. 3 C). This observation confirmed that 

Figure 4.  Overproduction of cytokines in the absence of target cell 
death. (A–C) CBA of cytotoxic lymphocyte target cell supernatants (as in 
Fig. 1) in the presence or absence of QVD to block target cell death. Graphs 
show mouse CTL (A), human CTL (B), and mouse NK cell (C) fold change of 
cytokine/chemokines, and data represent mean ± SEM of three independent 
experiments. Statistical significance was determined by Tukey’s post-hoc 
ANOVA. *, P < 0.05; ^, P = 0.06.
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NK cells that are embedded in a reciprocal cross talk network 
with the APCs designed to shape/limit subsequent immune  
responses (Ferlazzo et al., 2002; Gerosa et al., 2002; Piccioli 
et al., 2002). In the absence of Prf delivery into the IS, APCs 
are not eliminated by NK cells and the cycle of activation be-
comes entrenched and, ultimately, systemic (Ferlazzo, 2012). 
This systemic cytokine production can enroll CD8+ T cells 

Figure 5.  Human CTLs display longer synapse duration in the absence 
of target cell death. Time-lapse microscopy of fluo-4–AM-labeled human 
CTLs killing Boleth target cells (prepulsed with GILGFVFTL peptide) in the pres-
ence of 100 µM PI ± QVD to block caspases. (A) After conjugate formation, 
time was measured from the first Ca2+ flux in CTL until it detached from the 
target cell for two human clones. Each point represents a single CTL–target 
cell conjugate, and all data points in yellow show conjugates that were still 
attached at the end of the video, therefore underestimating the duration of 
attachment. The synapse duration was 14 ± 4.8, 42.9 ± 4.4, 15.4 ± 3.2, and 
48.2 ± 6.8 min (SEM; n = 8, 12, 14, and 23, respectively). Statistical signifi-
cance was determined by Tukey’s ANOVA. *, P < 0.05. Images were acquired 
every 20 s. (B and C) Montage of human CTLs + Boleth targets (B) and with 
the addition of QVD (C). Fluo-4 (green)/PI (red)/brightfield overlay is shown. 
Time corresponds to minutes:seconds. See also Videos 5 and 6. Bars, 5 µm.

the signal for synapse breakage is generated in a caspase- 
dependent fashion in the target cell and is not intrinsically 
dependent on the secretion of Prf or Gzms.

We also measured the cytokines secreted by WT OTI 
CTL upon encountering peptide-labeled target cells in which 
caspases were blocked with QVD. This resulted in similar  
increases in IFN-, TNF, IL-2, CCL3, CCL4, and CCL5,  
as we observed with OTI.Prf/ or OTI.GzmAB/ CTLs  
(Fig. 4 A). This observation held across species, as two inde-
pendent human CTL clones detecting influenza matrix pep-
tide demonstrated very similar delays in breakage of the IS 
(Fig. 5 and Videos 5 and 6) and elaboration of cytokines  
(Fig. 4 B). The secretion of GzmB into the culture superna-
tant was also increased (Fig. 4 B), confirming that the CTLs 
continued to degranulate when in synapse with an apoptosis-
resistant target cell. Cytokine secretion by mouse NK cells 
incubated with target cells in which caspase activity was 
blocked was also markedly increased (Fig. 4 C).

QVD powerfully blocks many proapoptotic caspases,  
including initiator caspases 8/9/10 and effector caspase 3 
(Caserta et al., 2003; Kuželová et al., 2011), but it also blocks 
caspase 12, a polymorphic human caspase with proinflamma-
tory activity (Yeretssian et al., 2009). To confirm that pro-
longed synapse time and cytokine hypersecretion authentically 
arose from delayed cell death, we used HeLa target cells  
that overexpressed B cell lymphoma 2 (Bcl-2), alone or  
together with X-linked inhibitor of apoptosis protein (XIAP;  
Waterhouse et al., 2006; Sedelies et al., 2008). Bcl-2 prevents 
mitochondrial outer membrane permeabilization, thus inhibit-
ing both direct activation of the intrinsic apoptotic pathway in  
response to BH3-only proteins and amplification of caspase 
activity through activation of the extrinsic pathway (Strasser 
et al., 2011). In contrast, XIAP blocks procaspase processing 
through direct binding (Deveraux and Reed, 1999). Cells 
overexpressing Bcl-2/XIAP (Fig. 6 A) were exposed to 
human NK cells (Fig. 6 B), but this only partly reduced 51Cr 
release. However, when we additionally inhibited GzmB by 
pretreating the target cells with C20, a specific, cell-permeable 
human GzmB inhibitor (Willoughby et al., 2002; Sutton et al., 
2012), target cell death was reduced by 85%. This result 
supported previous observations from our group that both 
Bcl-2 overexpression and direct caspase inhibition are re-
quired for target cell survival in response to human NK cell 
attack (Sutton et al., 1997; Sedelies et al., 2008). When we 
exposed the caspase-inhibited HeLa cells to primary human 
NK cells as before, the cells remained in synapse for far lon-
ger, and the NK cells produced significantly more IFN-, 
TNF, CCL3, CCL4, and CCL5 than controls (Fig. 6 C).

Concluding remarks
Overall, our data have important implications for FHL and 
related inflammatory syndromes (perforinopathies; Voskoboinik 
and Trapani, 2013). We propose a model where FHL2-related 
immune pathology is initiated by cross talk of APCs with  
NK cells at the site of inflammation. In this setting, APCs are 
activated and produce cytokines. This, in turn, activates  

http://www.jem.org/cgi/content/full/jem.20140964/DC1
http://www.jem.org/cgi/content/full/jem.20140964/DC1
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duration, repetitive calcium signaling, cytokine hypersecre-
tion, and macrophage activation. It is extremely common for 
virus-infected or transformed cells to have defects of their 
apoptotic machinery because of the specific gene products 
encoded by viruses to counteract the immune response and 
delay cell death or the genetic instability inherent in cancer 
cells, respectively. If our proposed mechanism is correct, it 
provides a ready explanation for the far more common sec-
ondary hemophagocytic syndromes that occur in infectious 
and autoimmune diseases and in some cancers (particularly 

via bystander activation, which then undergo dysregulated 
clonal expansion owing to the absence of Prf (Tough and 
Sprent, 1998; Badovinac et al., 2000). Thus, in the absence of 
Prf, a localized insult becomes systemic when NK cells can-
not eliminate the initiating target.

A far greater surprise is our finding that delaying target 
cell death by a killer cell that secretes normal amounts of Prf/
GzmAB has a very similar outcome; indeed, caspase blockade 
in the target cell virtually phenocopied Prf (or GzmAB) defi-
ciency in the killer cell with respect to prolonged synapse 

Figure 6.  Blocking GzmB in target cells 
overexpressing Bcl-2 and XIAP causes 
increase in synapse dwell time and cyto-
kine production. (A) Western blot analysis 
of unmodified, Bcl-2–overexpressing, or both 
Bcl-2– and XIAP-overexpressing HeLa cells. 
(B) Cytotoxicity assay of human NK cells co-
cultured with 51Cr-labeled HeLa cells (paren-
tal or overexpressing Bcl-2 and XIAP) in the 
presence or absence of the human GzmB 
inhibitor compound 20 (C20). Shown is the 
percentage of specific 51Cr release at E/T of 
10:1 of three independent pooled experi-
ments (mean ± SEM). Statistical significance 
(*, P < 0.05) is shown. (C) Fluo-4–AM-labeled 
human NK cells were added to HeLa cells or 
HeLa Bcl-2hiXIAPhi cells in the presence of 
C20 to inhibit GzmB during time-lapse mi-
croscopy. After conjugate formation, synapse 
time was measured from the first Ca2+ flux in 
NK cell until it detached from the target cell 
and is shown as synapse dwell time (mean 
minutes ± SEM; n = 18 and 15, respectively). 
Each data point represents one conjugate; 
data points filled with yellow indicate conju-
gates, where NK cells were still attached to 
the targets at the end of the video, under-
representing the attachment time. The su-
pernatant from these experiments were then 
analyzed for cytokine secretion by CBA, and 
shown is the concentration of cytokines 
produced after 5 h (mean pg/ml ± SD of 
representative experiment of two). Statistical 
significance was determined by Tukey’s post-
hoc ANOVA. *, P < 0.05.
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IL-5 (PeproTech) were added, and the cells were cultured for a further 7 d. 
IFN-–secreting CD8+ cells were detected after restimulation with peptide 
and irradiated PBMCs by surface-capture staining (Miltenyi Biotec), and 
single clones were generated (Mannering et al., 2005). CTLs were main-
tained in RPMI 1640, 5% (vol/vol) human serum, 2 mM l-glutamine, 100 µM 
nonessential amino acids, and 100 U/ml rIL-2.

Purification of human NK cells. NK cells were isolated from human  
peripheral blood by negative selection using the MACS NK isolation kit. 
NK cell (CD3CD56+) content was assessed by flow cytometry and was >95%  
for all experiments. NK cells were maintained at 106 cells/ml in RPMI 1640 
NK medium (10% [vol/vol] heat-inactivated FCS, 2 mM l-glutamine, 10 mM 
Hepes, 1 mM sodium pyruvate, 100 µM nonessential amino acids, and 50 µM 
2-ME) containing 25 U/ml human rIL-2 for 24–48 h before use.

Live cell confocal microscopy. Live cell microscopy was performed as 
described previously (Lopez et al., 2013a). Target cells were prepared for live 
cell imaging by seeding 3 × 104 MC57 cells into each well of an 8-well cham-
ber slide (ibidi) and incubating overnight at 37°C/10% CO2. For CD8+  
T cell experiments, MC57 and Prf/ CTLs or Boleth target cells were pulsed 
for 1 h with 1 µM OVA257 or flu58-86 peptide, respectively. Suspension target 
cells were adhered to chamber slides 15 min before imaging by incubating in 
serum-free media at 37°C. 2 × 104 fluo-4–labeled (labeled for 20 min with  
1 µM fluo-4 and 0.02% [wt/vol] Pluronic F-127 carrier at 37°C/10% CO2) 
NK cells or CTLs were added to 8-well chamber slides containing adherent 
targets in media containing 100 µM PI. Chamber slides were mounted on  
a heated stage within a temperature-controlled chamber maintained at 37°C 
and constant CO2 concentrations (5%) and infused using a gas incubation sys-
tem with active gas mixer (The Brick; ibidi). Optical sections were acquired 
through the center of the cells by sequential scans of fluo-4 (excitation 488 nm)  
and PI (excitation 561 nm) or brightfield/differential interference contrast on 
a TCS SP5 confocal microscope (Leica) using a 40× (NA 0.85) air objective 
and LAS AF software (Leica). For the 488 and 561 channels, the pinhole was 
set to 4.2 AU, giving a section thickness of 5 µM and XY pixel size of 378.8 nM. 
Images were acquired at 6–7 frames/min. Some experiments were per-
formed in the presence of 40 µM QVD (Merck). Image analysis was per-
formed using LAS AF Lite software (Leica) or MetaMorph Imaging Series 7 
software (Universal Imaging). Statistical analyses used Prism 5 software 
(GraphPad Software) and ANOVA Tukey’s test.

Cytokine bead array (CBA) assays. Cytokine was measured from 10 µl 
of culture supernatant of effector lymphocytes and target cells (with or with-
out peptide) at a 5:1 E/T ratio, using CBA Flex sets (BD), for mouse or 
human IFN-, TNF, IL-2, IL-6, IL-1, IL-1, Mip1 (CCL3), Mip1 
(CCL4), and RANTES (CCL5) according to the manufacturer’s instruc-
tions. Samples were analyzed on a FACS VERSE using FCAP Array soft-
ware version 3.0 (BD).

Immunodepletion of CCL3. Effector OTI CTLs were mixed with 
MC57-OVA257 targets at 5:1 E/T ratio for 5 h, and then supernatant was  
incubated with 2 µg anti-CCL3 antibody for 3 h at 4°C, before adding Protein  
A and incubating overnight at 4°C. The supernatant was collected and 200 µl 
added to 105 syngeneic macrophages per well in a 96-well plate and incu-
bated at 37°C, 5% CO2 for 48 h. Medium was collected from the macro-
phage culture, and a CBA was performed examining for CCL3, IL-6, and 
TNF (control) production.

Statistical analysis. Statistical analyses were performed using Prism 6 soft-
ware (GraphPad Software). Asterisks refer to P < 0.05. Statistical tests ap-
plied are listed in the figure legends.

Ethics. Experiments involving human primary cells were approved by the 
Peter MacCallum Cancer Centre Human Research Ethics Committee (ap-
proval number 12/73) and St Vincent’s Hospital Human Research Ethics 
Committee (approval number 135/08).

hematopoietic cancers), both in children and adults. Our 
findings may also have significant implications for under-
standing the anticancer immune response. Resistance to apop-
tosis is a hallmark of human cancers and can commonly occur 
through overexpression of antiapoptotic molecules such as 
Bcl-2 or IAP (Tsujimoto et al., 1984) or deletions in pro-
apoptotic pathways (Fulda, 2009). In principle, an antigenic 
tumor cell that is resistant to apoptosis may delay CTL de-
tachment, resulting both in the death of fewer tumor cells 
and skewing of the inflammatory response. Enhanced proin-
flammatory cytokine production may in turn influence the 
immune infiltrate in a tumor, including the content and state 
of activation of tumor-infiltrating macrophages.

The current study resolves a key question in immuno
pathology, namely the relationship between the failure to kill 
target cells through the Prf pathway and inflammation. It also 
supports the importance of understanding the mechanism of 
IS breakage and cytotoxic lymphocyte detachment from tar-
get cells, an essential factor responsible for their serial killing 
capacity. This work provides a molecular and cellular basis 
for the immune dysregulation observed in FHL patients and 
is likely to have wider implications for understanding and 
shaping tumor immunity and immunotherapy.

MATERIALS AND METHODS
Cell culture. MC57 (mouse fibrosarcoma) and human HeLa cells were 
maintained in DMEM (Invitrogen) supplemented with 10% (vol/vol) heat-
inactivated FCS and 2 mM l-glutamine. HeLa cells expressing cytochrome 
c–GFP (referred to as HeLa in this manuscript) or also expressing Bcl-2 and/or 
XIAP are previously described (Waterhouse et al., 2006; Sedelies et al., 
2008) and were a gift from N. Waterhouse (QIMR Berghofer Medical Re-
search Institute, Brisbane, Queensland, Australia). Human Boleth (HLA-A2) 
target cells were grown in RPMI 1640 with 5% heat-inactivated human 
serum, 2 mM l-glutamine, and 100 µM nonessential amino acids.

Animals. 6–8-wk-old female C57BL/6.OTI and OTI lacking either Prf1 
or GzmAB were kept in specific pathogen–free conditions at the Peter Mac-
Callum Cancer Centre. Experiments respected institutional guidelines and 
were approved by the Peter MacCallum Cancer Centre animal ethics com-
mittee (E486).

Purification of mouse cytotoxic lymphocytes. Primary CTLs were iso-
lated from the spleens of C57BL/6.OTI, OTI.GzmAB/, or OTI.Prf/ 
mice and activated with OVA257 peptide, as described previously (Jenkins  
et al., 2009). Cells were Ficoll purified on day 4 and used on day 6 or 7. Mouse 
NK cells were isolated from spleens by negative selection using the MACS 
NK isolation kit and autoMACS separator (Miltenyi Biotec). Isolated NK cells 
were maintained at 7 × 105 cells/ml in RPMI 1640 medium containing 
1000 U/ml human IL-2 for 6–8 d before use.

Generation of mouse macrophages. Bone marrow was collected from 
OTI mice in PBS, and red blood cells were lysed and then resuspended at 
106 in media containing m-CSF (BioLengend) at 50 ng/ml. Cells were cul-
tured for 5 d before using in assays.

Generation of influenza-specific human CTLs. Human influenza ma-
trix peptide–specific CTL clones were generated as described previously 
(Campbell et al., 2008). In brief, PBMCs from an HLA A0201–positive 
donor were cultured with influenza matrix peptide 58–66 (GILGFVFTL) at 
1 µM (supplied by GL-Biochem) for 3 d in RPMI 1640 supplemented with 
5% (vol/vol) pooled human serum. After 3 d, 20 U/ml IL-2 and 5 ng/ml 
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