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Highlights

e Sustained killing activity allows CTLs to control an excess of

target cells

e The multiple killing performance of individual CTLs is highly

heterogeneous

e High-rate killing is delayed in time and requires strong

antigenic stimulation
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In Brief

Cytotoxicity is viewed as a rapid and
homogeneous response of CTLs to
antigen-bearing target cells. Vasconcelos
et al. report that human CTL clones are
endowed with a sustained cytotoxic
activity when facing an excess of target
cells. Such activity relies on a high
heterogeneity of individual CTL killing
performances, whereby only a subset of
high-rate killer CTLs develop with time.
The authors propose that these CTL traits
are key to the calibration of cytotoxic
responses.

Cell


mailto:salvatore.valitutti@inserm.fr
mailto:loic.dupre@inserm.fr
http://dx.doi.org/10.1016/j.celrep.2015.05.002
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2015.05.002&domain=pdf

OPEN

ACCESS
CellPress

Cell Reports

Individual Human Cytotoxic T Lymphocytes Exhibit
Intraclonal Heterogeneity during Sustained Killing

Zilton Vasconcelos,'-2:34 Sabina Miiller,-2-2 Delphine Guipouy,’-22 Wong Yu,® Claire Christophe,?¢ Sébastien Gadat,”

Salvatore Valitutti,’-2-3-8* and Loic Dupré!-2-3:8.*

1INSERM, UMR 1043, Centre de Physiopathologie de Toulouse Purpan, 31300 Toulouse, France

2Université Toulouse Il Paul-Sabatier, 31062 Toulouse, France
3CNRS, UMR 5282, 31300 Toulouse, France

4Fernandes Figueira Institute, Fiocruz, 22250-020 Rio de Janeiro, Brazil

5Department of Microbiology and Immunology, Stanford University School of Medicine, Stanford, CA 94305, USA
8Institut de Mathématiques de Toulouse, UMR 5219, 31062 Toulouse, France

“Toulouse School of Economics, Université Toulouse | Capitole, 31000 Toulouse, France

8Co-senior author

*Correspondence: salvatore.valitutti@inserm.fr (S.V.), loic.dupre@inserm.fr (L.D.)

http://dx.doi.org/10.1016/j.celrep.2015.05.002

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

SUMMARY

The killing of antigen-bearing cells by clonal popula-
tions of cytotoxic T lymphocytes (CTLs) is thought to
be a rapid phenomenon executed uniformly by indi-
vidual CTLs. We combined bulk and single-CTL
killing assays over a prolonged time period to pro-
vide the killing statistics of clonal human CTLs
against an excess of target cells. Our data reveal ef-
ficiency in sustained Kkilling at the population level,
which relied on a highly heterogeneous multiple
killing performance at the individual level. Although
intraclonal functional heterogeneity was a stable trait
in clonal populations, it was reset in the progeny of
individual CTLs. In-depth mathematical analysis of
individual CTL killing data revealed a substantial pro-
portion of high-rate killer CTLs with burst killing activ-
ity. Importantly, such activity was delayed and
required activation with strong antigenic stimulation.
Our study implies that functional heterogeneity al-
lows CTL populations to calibrate prolonged cyto-
toxic activity to the size of target cell populations.

INTRODUCTION

The major mechanism by which cytotoxic T lymphocytes (CTLs)
kill specific target cells relies on the secretion of lytic molecules
contained in specialized granules. Upon antigen recognition at
the surface of target cells, CTLs assemble a lytic synapse that al-
lows stable adhesion and secretion of lytic molecules (Dustin
and Long, 2010). Lethal hit delivery can occur within a few
minutes after the initial contact between CTLs and target cells
(Poenie et al., 1987), and in addition, it is triggered at antigen
concentrations much lower than those required for full activation
and cytokine production (Faroudi et al., 2003; Purbhoo et al.,
2004; Valitutti et al., 1996). Another distinct feature of CTLs is
their propensity to kill multiple target cells (Macken and Perelson,
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1984; Perelson and Bell, 1982; Rothstein et al., 1978), either
simultaneously or serially by bouncing from one target cell to
another (Wiedemann et al., 2006). Together, the above reported
CTL features contributed to put forth the notion that CTL-medi-
ated cytotoxicity is a binary response, rapidly elicited via the
release of small lytic quanta, sufficient to annihilate individual
target cells.

Recent studies have brought to light the concept that during
the activation of naive CD8" T lymphocyte populations, individ-
ual precursors display heterogeneous responses in terms of
expansion rate and differentiation (Beuneu et al., 2010; Buchholz
et al., 2013; Gerlach et al., 2013), with diversification occurring
both at interclonal and intraclonal levels (Lemaitre et al., 2013).
Rather than being a source of inconsistent T cell responses, het-
erogeneous individual behaviors appear to give rise to robust
T cell responses at a population level by an averaging process
(Buchholz et al., 2013).

In this context, we asked what level of heterogeneity individual
CD8* T cells might display in their cytotoxic function. This ques-
tion can be best addressed by studying CTL multiple killing
capability in conditions in which individual CTLs are challenged
by an excess of target cells. CTL killing efficiency is usually eval-
uated by measuring the percentage of dead target cells resulting
from a 4-hr incubation with CTLs at a relatively high cell density
and effector to target (E:T) ratio (Thorn and Henney, 1976; Zeijle-
maker et al., 1977). Although useful in estimating and comparing
the killing potential of different CTL populations, the conventional
assays fail to consider individual CTL behavior.

We developed here a combination of flow-cytometry- and mi-
croscopy-based assays to provide kinetic measurements of
target cell elimination by individual human CTLs belonging to
clonal populations. Our data reveal that CTLs are endowed
with a previously unappreciated ability to control an excess of
target cells over prolonged time frames. Individual CTLs were
able to eliminate up to 12 target cells in 12 hr. However, the
contribution of individual CTLs to the control of target cells
was very heterogeneous. A similar variability of individual killing
performance was measured in different clones. In-depth statisti-
cal analysis revealed that within a clone, only a subset of CTLs
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displayed a high-rate killing capability. This subset developed
upon contact with the target cells, required a strong T cell recep-
tor (TCR)-mediated CTL activation, and displayed a burst kinetic
behavior. Rather than being imprinted, such behavior was reset
in the progeny of individual cells. Together, our data reveal that
the cytotoxic activity of human CTLs is a cumulative process.
It results from the heterogeneous multiple killing capacity of indi-
vidual CTLs and from the delayed onset of a burst killing activity
in a subset of CTLs. Such a process might allow CTLs to cali-
brate their global responses to various and heterogeneous target
cell populations.

RESULTS

CTLs Control an Excess of Target Cells over Prolonged
Time Periods

To investigate the killing potential of CTLs at low E:T ratios, we
employed HLA-A2-restricted human CTL clones specific for
the cytomegalovirus (CMV) pp65 peptide NLVPMVATV pre-
sented by HLA-A2-matched Epstein-Barr virus (EBV)-trans-
formed B cells (JY). The impact of CTL on target cells was
assessed by counting, over time, the remaining number of live

Figure 1. CTLs Control an Excess of Target
Cells over Prolonged Time Periods

JY cells (targets) were pulsed with 100 nM pp65 or
left unpulsed and were then seeded at 100,000
cells together with different numbers of CTLs (ef-
fectors, at E:T ratios of 2:1, 1:10, 1:20, and 1:40).
(A) Absolute counts of residual live target cells (see
Figure S1 for a description of methods) after 4-,
24-, 48-, and 72-hr co-culture with CTLs at the
indicated ratios.

(B) Absolute counts of residual live target cells
after 24-hr co-culture with three different CTL
clones and a polyclonal CD8* T cell line.

E-T ratio | pulsing (C) Absolute counts of residual live target cells
2:1 unpulsed after 24 hr under the following conditions: direct
2:1 pp65 or SAg . .
- contact with CTLs (as in A and B), separated from
1:10 pp65 or SAg i i X
120 pp65 or SAg stimulated CTL via a transwell, treated with an
1:40 pp65 or SAg anti-FasL blocking antibody, and treated with
aphidicolin.
All graphical values represent the mean + SD of
triplicates from one representative experiment out
of six performed. See also Figure S1.
target cells using beads as an internal
P - reference (Figures S1A and S1B). When
E:T ratio |pulsing R
110 unpuised 100,090 peptide-pulsed target cells
J[1:10 pp65 were incubated at a 2:1 E:T ratio, 15,020
BH(1:20  |pp6S target cells were found alive after 4 hr
[1]1:40 pp65

and only 1,833 after 24 hr (Figure 1A).
Live target cells could no longer be de-
tected at 48 and 72 hr, indicating that
they had been fully eliminated. Unexpect-
edly, at a 1:10 E:T ratio, although 82,419
cells were still alive after 4 hr, only 5,854
target cells were found alive after 24 hr,
implying that the outnumbered CTLs
killed multiple target cells over this
period. At later time points, moderate target cell growth was de-
tected, indicating that the complete elimination of target cells
was not reached at this ratio. At the 1:20 and 1:40 E:T ratios, a
transient control of target cell number was observed at 24 hr, fol-
lowed by an outgrowth of target cells. In control conditions, un-
pulsed target cells expanded over time to reach 361,250 cells
after 72 hr, independently of the presence of CTL. We then
compared the efficiency of different CMV-specific CTL clones
at controlling target cell populations at low E:T ratios. The three
clones tested exhibited a similar capability to control target cells
over 24 hr (Figure 1B). This also applied to a polyclonal CTL line
reacting to a cocktail of super-antigens presented by the same
target cells, suggesting a very homogenous killing efficiency
among effector CTL populations. The observed impact of out-
numbered CTLs on target cells might operate via a contact-
dependent cytotoxicity or via the release of soluble factors
with cytotoxic or cytostatic effects. To test this latter possibility,
CTLs were activated by peptide-pulsed cells in the upper well of
a transwell (2:1 E:T ratio) and additional cells were placed in the
lower well as targets. The survival of these cells was unaffected,
indicating that in our model, the control exerted by CTLs requires
either a contact or a proximity that was lost in the transwell
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system (Figure 1C). To discriminate between the Fas-L and per-
forin/granzyme B pathways, we blocked Fas-L with a specific
antibody. The fact that this treatment did not alter the activity
of CTLs in controlling the target cells implies that the observed
effects are dependent on the perforin/granzyme B pathway.
Cell-cycle blockage with aphidicolin resulted in an improvement
of target cell control by the outnumbered CTLs, showing that at
low E:T ratios, the expansion of residual target cells partly coun-
teracts the global effect of CTLs. In conclusion, the above results
show that a small number of CTLs can control a large excess of
target cells over prolonged time frames, revealing that popula-
tions of human effector CTLs share a remarkably high multiple
killing capacity.

Intraclonal Heterogeneity in Multiple Killing Efficiency
by Individual CTLs

We then asked whether individual CTLs comprising a clonal pop-
ulation contributed equivalently to killing. We developed a cell-
sorter-assisted approach, whereby ten GFP-expressing target
cells were exposed to a single CTL. After 24 hr, the number of re-
sidual alive target cells was evaluated by counting GFP-positive
cells by microscopy. Indeed, our preliminary experiments
showed that GFP expression was lost by dead cells (Figure S2).
In control wells containing 20 CTLs and 10 pulsed target cells,
most target cells were eliminated after 24 hr, confirming our pre-
vious observation in bulk assays and indicating that our miniatur-
ized assay did not hinder killing activity (Figures 2A and 2B).
When the ten target cells were exposed to a single CTL, a broad
distribution in the number of residual live target cells was
measured in the different wells, suggesting a very heteroge-
neous ability of individual CTLs to eliminate multiple target cells.
Heterogeneity in residual live target cells could however be
related to differential target cell expansion among wells, as
observed in wells containing unpulsed target cells. To rule out
this possibility, we performed single-CTL assays in the presence
of aphidicolin to block the target cell cycle. Under this condition,
although the expansion of GFP-expressing target cells was pre-
vented, most of the heterogeneity in residual live target cells was
maintained (Figure 2C). We next challenged the possibility that
the observed heterogeneity might be related to the uneven dis-
tribution among wells of target cells with distinct susceptibility

to CTL attack. To this end, wells containing nine or ten live target
cells after incubation with a first CTL were re-exposed to a sec-
ond CTL. Heterogeneous numbers of residual live target cells
were counted from well to well, indicating that target cells surviv-
ing the first CTL were not intrinsically resistant to CTL attack (Fig-
ure 2D). These data demonstrate that, although most individual
CTLs derived from a particular effector clone contribute to killing
over a 24-hr time window, their efficiency in killing multiple target
cells is highly heterogeneous.

We then addressed whether heterogeneity in multiple killing
efficiency might be distinct from one CTL clone to another. In
the three pp65-specific clones tested, very similar multiple killing
heterogeneity was measured, as indicated by the range in the
number of residual live target cells (Figure 2E). The observed
killing heterogeneity might be linked to some degree of diversifi-
cation of individual CTLs comprising a clone. Analysis of
CD45R0O, CCR7, CD27, CD28, IL7Ra, PD-1, and perforin
expression showed that individual CTLs uniformly belonged to
the effector memory stage (Figure S3). In contrast, CD57, a
marker of terminally differentiated CTLs associated with reduced
proliferation and killing potential, was expressed with some level
of heterogeneity. To test whether CD57 expression might be
related to multiple killing efficacy, individual CD57* and CD57~
CTLs were sorted and exposed to ten target cells (Figure 2F).
A comparable multiple killing activity was observed in each sub-
set, reproducing the killing-rate heterogeneity observed in the
unsorted CTLs. We next asked whether the multiple killing activ-
ity of an individual CTL might be transmitted to its progeny. To
that aim, we expanded individual CTLs that had been shown to
eliminate ten target cells in the single-CTL killing assay. When
exposed to ten target cells, the progeny of such multiple killers
reproduced the individual cell heterogeneity previously observed
(Figure 2G). Taken together, the above results show that different
clones exhibit a similar intraclonal heterogeneity in multiple
kiling. They also reveal that this heterogeneity is reset in the
progeny of individual CTLs.

Analysis of CTL Killing Kinetics Identifies High-Rate

and Low-Rate Killer Cells

To first evaluate the kinetics of CTL multiple killing, we monitored
the occurrence of kiling events over 12 hr by detecting

Figure 2. Intraclonal Heterogeneity in Multiple Killing Capacity by Individual CTLs

GFP-expressing target JY cells, pulsed with 100 nM pp65 or left unpulsed, were seeded with a cell sorter at ten cells per well in U-bottom 96-well plates in the
presence of a single CTL (E:T ratio 1:10) or 20 CTLs (E:T ratio 2:1). Wells were examined by fluorescence microscopy after 24-hr co-culture to count the number of
residual GFP-positive cells.

(A) Representative 10x magnification images of wells initially containing one CTL and either ten unpulsed target cells (left panels) or ten pp65 pulsed target cells
(middle and right panels).

(B) Counts of GFP-positive cells in individual wells at input and following 24-hr co-culture with CTLs under the indicated pulsing and ratio conditions. Each
dot represents a well, while the bar represents the mean of 96 wells per condition. The p values are results of t tests between the indicated conditions (*p < 0.05;
**p < 0.001). One representative experiment out of four is presented.

(C) Counts of GFP-positive cells in individual wells following 24-hr co-culture with CTLs in the presence of aphidicolin, which was used to prevent target cell
division. One representative experiment out of three is presented.

(D) Following an initial 24-hr co-culture, wells in which the ten target cells had best resisted the single CTL (and still contained nine or ten GFP-positive cells) were
re-exposed for 24 hr to a new CTL (re-killing). Counts of GFP-positive cells in such wells stem from three pooled experiments.

(E) Counts of GFP-positive cells in individual wells following 24-hr co-culture with individual CTLs belonging to three pp65-specific CTL clones.

(F) Counts of GFP-positive cells in individual wells following 24-hr co-culture with individual CTLs expressing or not CD57 at their surface.

(G) Counts of GFP-positive cells in individual wells following 24-hr co-culture with individual CTLs from a primary clone and from four CTL sub-clones derived from
wells in which a single CTL had eliminated all ten target cells.

See also Figures S2 and S3.
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Figure 3. Distinct Killing Kinetics at High
versus Low E:T Ratios

ET
ratio - antigen

- 1:1-pp65 Target JY cells, pulsed with 100 nM pp65 or left
unpulsed, were seeded at 100,000 cells in Lab-Tek
chambers in the presence of CTLs at E:T ratios of

1410 - ppss 1:1 or 1:10. The NucView 488 caspase-3 substrate

was used to track individual target cell killing by
video-microscopy.

(A) Representative wide-field snapshots showing
activation of caspase-3* at 0, 4, 8, and 12 hr after
co-culture of target cells with CTLs in the indicated
conditions.
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caspase-3 activation in target cells by time-lapse microscopy.
Wide-field analysis ata 1:1 E:T ratio demonstrated a rapid cumu-
lative rise in the proportion of target cells positive for active cas-
pase-3, reaching a plateau corresponding to the nearly complete
elimination of target cells within 6 hr (Figures 3A and 3B; Movies
S1, S2,and S3). In contrast, ata 1:10 E:T ratio, a phase of latency
was initially observed, during which caspase-3 activation was
limited to a few target cells. Subsequent to this phase, a rise in
caspase-3" target cells was observed, reaching 60% in 12 hr.
This is in agreement with the very modest effect of the 1:10 E:T
ratio in 4 hr observed in the bulk killing assay (Figure 1A) and re-
veals that at a low ratio, most killing events arise in a 6- to 12-hr
window. To then assess the kinetics of CTL killing at a single-cell
level, we seeded a 1:10 E:T ratio mixture onto a polydimethylsi-
loxane (PDMS) meshwork array of 100-pm-diameter microwells
in a way to confine single CTLs and an excess of target cells in
each microwell. Single-CTL killing kinetics confirmed the
above-observed heterogeneity, since individual CTLs displayed
a dispersed multiple killing performance ranging from 0 to 12 tar-
gets killed over 12 hr, with a mean of 4 target cells killed over
12 hr (Figures 4A and 4B; Movies S4, S5, and S6). The mean
number of killed target cells was limited during the first 6 hr, while
it progressively increased over the 6- to 12-hr time interval (Fig-
ure 4B). This single-CTL analysis therefore confirms that, in a
context of an excess of target cells, the initial killing activity is
relatively modest and is followed by an increased multiple killing
activity in some CTLs.

We then aimed at characterizing the statistical nature of the
heterogeneity of multiple killing observed in individual CTLs.
Clearly, the killing time appears to follow an exponential law.
As a consequence, the distribution of the killing time on the
considered time window is a Poisson process whose unknown
intensity is closely related to the parameter of the exponential
law. With a dataset stemming from the analysis of 259 single
CTLs in three independent experiments, we first evaluated with
a chi-square test whether the cumulative number of killed target
cells over 12 hr would distribute according to a single Poisson
distribution (Supplemental Statistical Methods). Our analysis
yielded a T > 110 (T is defined as a statistical quantity that indi-
cates the goodness of fit of the null hypothesis to the data; see
Supplemental Statistical Methods), leading to the rejection of
this hypothesis with a type | error < 0.001. Instead, the applica-

A = 11-unp

8
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10 12 (B) Quantification of videos as frequency of target

cells activating caspase-3 over time. The mean +
SEM of three independent experiments is pre-
sented.

See also Movies S1, S2, and S3.

tion of an expectation maximization algorithm indicated that the
distribution of the 12-hr killing performance by the individual
CTLs could be modeled by a mixture of two subsets (Figure 4C).
Indeed, our data best fit with a mixed Poisson distribution
composed by 66% of CTL killing in an average of 2.8 target cells
and 34% of CTL killing in an average of 6.4 target cells. Our anal-
ysis yielded a T < 8.9, leading to the acceptance of the statistical
assumption of a mixture of two Poisson distributions. Compara-
ble results were obtained when considering the three data
subsets separately (see Supplemental Statistical Methods).
Our statistical analysis therefore implies that the intraclonal het-
erogeneity in multiple killing can be explained, at least in part, by
a split of the clonal population into high-rate and low-rate killer
CTL subsets.

To further investigate how the heterogeneity of individual CTL
killing performance is shaped over time, we developed and
applied a breakpoint test aimed at identifying the time at which
the two CTL subsets diverge. Our statistical testing procedure
is inspired by previous work on the detection of change in the
mean for stationary Gaussian processes (GPs) based on the re-
cord method (Rychlik, 1990). We adapted this method to the
case of a Poisson processes (PPs) by first computing the empir-
ical mean of the killing among the population of CTLs to convert
the observed PP to an approximately stationary GP according to
the central limit theorem. Then, we used the test of Azais and
Genz (Azais and Genz, 2013) to detect changes in the mean by
taking into account the correlation structure learned in the time
series (see Supplemental Information for a detailed description).
Our breakpoint test indicates that the baseline hypothesis,
namely that homogeneity in the mean is maintained all along
the killing process, is rejected when considering the compiled
dataset. The analysis indicates a first type error test lower than
Puvave = 5.7 X 10~* with a breakpoint in the homogeneity likely
to occur at about 10 hr (Figure 4D). Comparable results were ob-
tained when considering the three data subsets separately (see
Supplemental Information).

The registration of the prolonged killing kinetics of individual
CTLs facing an excess of target cells therefore confirms the
high heterogeneity in the killing efficiency measured with the
end-point assay. In-depth statistical analysis further suggests
a functional dichotomy within the CTL clonal population. Our da-
tasets can therefore be explained as follows: most CTLs initially
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Figure 4. The Onset of High-Rate Killing Is Delayed and Restricted to a CTL Subset

Single calcein-stained CTLs were confined in 100-mm-diameter microwells and co-cultured with an excess of target JY cells for 12 hr in the presence of the
NucView 488 caspase-3 substrate.

(A) Representative snapshots of microwells showing the CTL (in red) and the activation of caspase-3 in target cells (in green) at 0, 4, 8, and 12 hr in the indicated
conditions.

(B) Quantification over the indicated time intervals of caspase-3" target cells from 88 microwells containing one CTL (gray dots) and 30 microwells without CTLs
(brown dots). Data were pooled from three experiments. Bars indicate mean values.

(C) Frequency of individual CTLs according to the number of total caspase-3* target cells measured in 12 hr. Histograms represent empirical data (n = 259), while
curves represent the single Poisson distributions applying to the low-rate and high-rate killer CTL subpopulations (green and red curves, respectively) or the
complex Poisson distribution resulting from a mixture of the 2 single distributions and applying to the entire CTL population (brown curve).

(D) Killing kinetics of individual CTLs (n = 259, represented by different colors) measured as the number of caspase-3* target cells over 30-min time intervals.
Although overlap does not allow visualization of each single CTL, the graph reveals accelerated killing pace in numerous CTLs after 10 hr (vertical dashed bar),

which corresponds to the time at which the breakpoint analysis indicated the appearance of heterogeneity in the killing process.
See also Movies S4, S5, and S6.

behave as low-rate killer CTLs, while some of them develop as  ular pace, as indicated by the fact that we detected killing-rate
high-rate killer CTLs at later time points. peaks above the theoretical average killing rate (Figure 5B). The

maximum Killing rates increased as a function of individual 12-hr
High-Rate Killing Relies on a Late Phase of Burst Killing killing performance to reach two to four killing events/hr in the
Preceded by Isolated Killing Events CTLs managing to kill 9-12 targets cells over 12 hr. On the basis
We then investigated which characteristics might distinguish  of this analysis, we defined burst killing as a serial killing of at
the two subsets of CTLs. Based on the dataset comprising least three targets at a rate of more than one target/hr, which
259 single-CTL killing kinetics, we noticed that for most CTLs, is superior to the average killing rate of the best-performing
the killing pace was highly irregular over the 12-hr period. In  CTLs (12 targets killed in 12 hr). The analysis of the compiled
particular, some CTLs appeared to kill multiple target cells in  dataset revealed that 42% of the CTLs exhibited a burst killing
a row with a burst kinetic (Figure 5A). To appreciate the kiling  phenotype. This CTL subset killed an average of 6.3 target cells
pace of each CTL, we quantified the maximum kiling rate  over the 12-hr period. Furthermore, the distribution of the 12-hr
reached during the 12-hr recording (considering a series of  killing performance according to the occurrence of burst killing
three consecutive killing events). Most CTLs killed with an irreg-  revealed two subsets of CTLs that fitted the mixed Poisson
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Figure 5. Burst Killing Is Preceded by Isolated Killing Events

Time of burst killing initiation (hr)

(A) Schematic representation of killing events along the 12-hr observation interval in representative CTLs exposed to an excess of target cells in microwells. Black
arrows represent isolated killing events, while red arrows represent burst killing events.

(B) Quantification of the maximum killing rate reached by each CTL during the 12-hr recording, considering a series of three consecutive killing events. The
maximum killing rate of individual CTLs is plotted as a function of the 12-hr killing performance (number of targets cells killed after 12 hr). Bars represent mean
values. The blue line indicates the theoretical average killing rate expected from CTLs that would kill at a regular pace.

(C) Frequency of individual CTLs (n = 259) divided into basic killers (black, rate of one cell/hr or no target cells/hr) and burst killers (red, rate more than one target
cell/hr) according to the number of total caspase-3* target cells measured in 12 hr.

(D) Distribution of the burst killer CTLs according to both the number of isolated killing events (rate one cell/hr or no target cells/hr) preceding burst killing and the

time of burst killing initiation. Bars indicate mean values.

distribution identified by our statistical analysis (Figure 5C).
Together, these data indicate that a hallmark of high-rate killer
cells is their capacity to accelerate killing pace to kill multiple
target cells over a limited amount of time. We then investigated
when these events of burst killing occurred. Interestingly, a ma-
jority of the burst killing events were initiated in an 8- to 11-hr
time window (Figure 5D), which fits with the results from the
breakpoint test. Our analysis further shows that in most cases,
these events were preceded by one to three isolated killing
events.

We then reasoned that the delayed onset of the burst killing
might result from differences in killing initiation. The time delay
before the first killing event occurred was indeed widely distrib-
uted among individual CTLs (Figure 6A). Actually, the proportion
of CTLs killing at least one target cell was 59.1% in the initial
4-hr time window, while it increased to 96.5% over the 12-hr
time window. This clearly indicates that the proportion of indi-
vidual CTLs actively contributing to killing increased over
time. When the CTL killing records were synchronized on the
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basis of the first killing event, a wide distribution in killing effi-
ciency was observed after 4 or 6 hr (Figure 6B). This indicates
that individual CTL killing heterogeneity cannot be explained
by asynchrony in killing initiation. The synchronization of the
killing records on the basis of the first killing event resulted in
an anticipation of high-rate killing, as measured by the propor-
tion of CTLs that displayed a burst killing activity (Figure 6C).
This is in agreement with the above observation that burst killing
events were preceded by isolated killing events. Interestingly,
the synchronization abolished the lag phase, which was re-
placed by a progressive increase in the proportion of high-
rate killer CTLs. These data show that the subset of high-rate
killer CTLs is characterized by a burst killing process, which de-
velops progressively over a period of 10 hr following the first
killing event. The global killing activity of a clonal CTL population
at a low E:T ratio is therefore a cumulative process relying on
the progressive recruitment of actively killing CTLs over time
and on the onset of a delayed high-rate killing activity in a frac-
tion of the CTLs.
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Figure 6. Variability of Delays in Killing Initiation Does Not Account
for Heterogeneous Burst Killing

(A) Time delay before the first killing event analyzed for each CTL (n =259) as a
function of its 1-hr killing performance. Data represent mean values.

(B) Kinetics of multiple killing events following the first killing event is repre-
sented after alignment of the killing records so that time 0 corresponds in each
well to the appearance of the first caspase-3" target cell.

(C) Cumulative frequency of CTL displaying burst killing, with or without syn-
chronization of the killing kinetics on the basis of the first killing event. Data
represent mean + SEM from three experiments.

CTL Activation Requirements for the Onset of High-Rate
Killing

The delay in the onset of high-rate killing might be related to the
requirement of a TCR-driven activation process upon interaction
of the CTL with the first target cells it encounters. We and others
have shown that CTL-mediated killing can be triggered at a very

low TCR stimulation threshold that does not lead to full activation
(Huppa et al., 2003; Sykulev et al., 1996; Valitutti et al., 1996). We
therefore asked whether picomolar concentrations of peptide
sufficient to trigger early killing would be able to efficiently sus-
tain killing over prolonged time frames. CTL stimulated with 10
pM failed completely to produce interferon-y (IFN-y) while
partially maintaining the capacity to secrete perforin (Figure 7A).
However, this low peptide concentration was sufficient to trigger
arobustkillingin4 hrata2:1 E:T ratio (Figure S4). In contrast, this
only led to a very limited sustainment of killing over 12 hr (Fig-
ure 7B). In agreement, the proportion of CTLs displaying a burst
killing was drastically reduced (Figure 7C). To further assess the
CTL activation requirements for the onset of the secondary
phase of high-rate killing, CTL clones were cocultured with an
excess of target cells in the presence of cyclosporin A (CsA) as
a means to reduce CTL effector functions. As expected, CsA
treatment strongly impaired the neo-synthesis of IFN-y, while it
did not affect the secretion of prestored perforin in CTLs stimu-
lated for 4 hr by pulsed target cells (Figure 7A). Accordingly, CsA
treatment did not interfere significantly with early killing potential,
as measured after 4 hr at a 2:1 E:T ratio (Figure S4). However,
CsA treatment reduced significantly the onset of the late-devel-
oping high-rate killing (Figures 7D and 7E). Together, these data
show that the onset of high-rate killing is affected by suboptimal
T cell stimulation.

DISCUSSION

By assessing prolonged killing kinetics of human CTL clones at a
single-cell level in conditions of target cell excess, we reveal the
ability of individual CTLs to perform multiple killing in a sustained
manner. Remarkably, individual CTLs displayed highly heteroge-
neous multiple killing activity. This heterogeneity was mainly due
to the delayed development of a burst killing activity, which was
restricted to approximately one-third of the CTL population. Our
study therefore reveals an aspect of CTL killing activity, whereby
the basal killing activity shared among individual CTLs is fol-
lowed by the emergence of a split behavior characterized by
the initiation of burst killing activity in a subset of CTLs. Such het-
erogeneity, however, does not correspond to an inheritable
specialization, since it is reset in the progeny of individual
CTLs. The observed heterogeneity in the ability of individual
CTLs to control an excess of target cells appeared to be mainly
T cell intrinsic for the following reasons. First, killing heterogene-
ity was observed independently from the location of the CTL
relative to the target cells. Second, a comparable level of hetero-
geneity was measured using wells of distinct geometry and
confinement. Third, the micromesh experiments were not
consecutive to a cell-sorting approach, therefore excluding the
possibility that such procedure would affect CTL viability. Fourth,
we considered for our analysis only wells in which the CTLs re-
mained positive for calcein, thereby implying that the CTLs
analyzed were still alive at the end of the experiments.

We show here that the sensitivity of CTL-mediated killing can
be best appreciated by measuring, over prolonged time frames,
the impact of limited CTL numbers on the survival of an excess of
target cells. In our model of human CTL clones recognizing a
CMV peptide presented by EBV-transformed B cells, a
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Figure 7. Strong CTL Activation Required for the Onset of High-Rate Killing

(A) Histogram plots representing the production of IFN-y and the release of perforin by CTLs co-cultured with a 10-fold excess of target JY cells pulsed with
100 nM or 10 pM pp65, in the presence or absence of CsA.

(B) Quantification over the indicated time intervals of caspase-3* target cells from 61 microwells with one CTL and target cells pulsed with 100 nM pp65 (gray dots)
and 64 microwells with one CTL and target cells pulsed with 10 pM pp65 (brown dots). Data were pooled from three experiments. Bars indicate mean values. p
values are results of t tests between indicated conditions (*p < 0.05; **p < 0.001).

(C) The effect of pp65 concentration on the occurrence of high-rate killer CTLs, as represented by the frequency of CTLs displaying burst killing. Data represent
mean + SEM from three experiments.

(D) Quantification over the indicated time intervals of caspase-3* target cells from 56 microwells with one CTL and untreated pulsed target cells (gray dots) and 70
microwells with one CTL and CsA-treated pulsed target (brown dots). Data were pooled from three experiments. Bars indicate mean values. p values are results of
t tests between indicated conditions (*p < 0.05; **p < 0.001).

(E) The effect of CsA treatment on the occurrence of high-rate killer CTLs, as represented by the frequency of CTLs displaying burst killing. Data represent mean +

SEM from three experiments.
See also Figure S4.

reproducible impact on the target cell population was measured
at an E:T ratio as low as 1:40. Importantly, near-complete elimi-
nation of the target cell population was obtained with a 1:10 E:T
ratio. Such a level of killing has not been reported previously for
human CTLs. By revealing a previously undetected CTL killing
efficiency, our assays might be more sensitive than classical 4-
hr killing assays in predicting CTL efficiency in the context of
CTL-based therapies. As compared to in vivo settings, our ap-
proaches, however, fail to reproduce the 3D environment
encountered in tissues. Nevertheless, our data are comparable
to those obtained with murine CTLs embedded in 3D collagen
matrix (Weigelin and Friedl, 2010). This indicates that the multiple
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killing activity measured here is intrinsic to CTLs and that the 3D
matrix environment encountered in tissues should not funda-
mentally modify this property.

Beyond testing the limits of CTL killing efficiency, our study
provides kinetic measurements of multiple killing events over
time, both at the population and single-cell levels. Clearly, our
data show that the killing activity of human CTL clones is a cumu-
lative process, which results from a non-synchronized and non-
linear accumulation of killing events. Following an initial phase of
latency during which a relatively low number of target cells acti-
vated caspase-3, an accumulation of kiling events was
measured. Comparable kinetics were observed under bulk and



single-CTL settings, implying that they did not result from the
initiation of synergistic cooperation among CTLs. We show
that the delayed onset of an increased killing activity is preceded
by isolated events of low-pace killing. Strikingly, similar burst ki-
netics have been recently described for natural killer (NK) cell
killing activity, using a reporter of granzyme B activity in target
cells (Choi and Mitchison, 2013). Together, these data suggest
that upon a first kill, both CTLs and NK cells get primed for
quicker successive kills. Such behavior might be facilitated by
the high target cell density used in both models, allowing killer
cells, once they have established multiple contacts, to Kill
neighbor targets cells at increased frequency.

Our work extends the recent findings on NK cells, since it dem-
onstrates that functional heterogeneity applies to genetically
identical clonal populations, which could not be defined in the
NK cell models. Moreover, our statistical analysis suggests the
emergence of a functional dichotomy in the killing behavior of
CTLs belonging to a clonal population. The identification of
high-rate killer CTLs is in agreement with our previous demon-
stration that CTLs can kill multiple target cells encountered
simultaneously (Wiedemann et al., 2006). In vivo imaging has
shown that CTLs and NK cells use distinct killing strategies,
since, as compared to NK cells, CTL engage in more stable con-
tacts with their target cells (Deguine et al., 2010). It will therefore
be interesting to extend our observations to in vivo settings to
measure the kinetics of multiple killing in killer cells using live
microscopy.

Our study shows that a single CTL can kill up to 12 target cells
sequentially within a time frame of 12 hr. The onset of such high-
rate killing is dependent on efficient CTL activation via TCR
engagement as revealed by the reduction of high-rate killing at
low peptide concentrations and following CsA treatment. Our
data clearly indicate that the killing activity of a single CTL is sus-
tained over 12 to 24 hr. Although we did not measure multiple
killing by individual CTLs beyond 24 hr, we cannot exclude that
CTLs could keep killing beyond this time frame. However, the
fact that, after 24 hr, residual target cells progressively escape
the control exerted by CTLs strongly suggests that CTLs globally
lose cytotoxic potential. Whether this is due to progressive
exhaustion, limited refilling of lytic potential, or death will need
to be addressed in further studies.

A major finding of this work is that genetically and phenotypi-
cally homogeneous CTL clonal populations are composed of
individual CTLs harboring a wide range in ability to perform mul-
tiple killing over extended time frames. In a previous study, the
isolation of primary CD8* T cells specific for a HIV GAG epitope
in single-cell arrays has shown that only a minority of CTLs could
concomitantly kill and secrete IFN-y (Varadarajan et al., 2011).
Although highlighting the fact that not all effector CTLs might
be equally efficient at killing target cells, this study assessed
neither multiple killing over prolonged time periods nor the
spread of individual CTL killing performance. Furthermore, the
functional diversification reported might be linked to the poly-
clonal nature of the CD8* T cells studied, since in our clonal
model, most CTL were able to both kill and produce IFN-y.

Importantly, the individual heterogeneity in cytotoxic activity
parallels that recently described for expansion rate and differen-
tiation of CD8" T cell precursors (Buchholz et al., 2013; Gerlach

et al., 2013). Collectively, these data reveal that the key steps of
CTL responses are established on the basis of a high variability
of individual behaviors. Strikingly, individual heterogeneity in
both expansion and killing results in a very constant output at
the population level. Therefore, individual heterogeneity might
have evolved as a way to guarantee reproducible CTL responses
via an averaging process. The heterogeneity reported here ap-
pears to be intrinsic to the phenomenon of multiple killing.

A puzzling question is how the described distribution in killing
performance of individual CTLs is produced. It is possible that in-
dividual differences in CTL motility and scanning will condition
the ability to establish productive contacts with multiple target
cells. However, such differences might be difficult to pick, since
we observed that most CTLs within the microwells establish
rosette-like cellular complexes with the target cells, indepen-
dently of their multiple killing performance. The ability to develop
as high-rate killer CTLs might depend on an activation threshold
that is reached only for a fraction of the population. The
described heterogeneity might also result from differences in
the state or number of key molecules controlling the TCR-driven
release of lytic molecules. Computational modeling has shown
that phenotypic variability can be achieved in a controlled
manner by regulated variation in the expression of a few key
signaling molecules such as CD8, ERK, and SHP-1 (Feinerman
et al., 2008). On the other hand, analysis of multiple genes at a
single-cell level has highlighted how the coexpression of
different effector genes in CD8" T cells is associated to the func-
tional activity of the corresponding cells (Peixoto et al., 2007).
Our subcloning experiment indicates that CD8* T cells reset
functional heterogeneity following a few cycles of interaction
with target cells. These individual cells do not appear to retain
their specific properties in their progeny, excluding the possibil-
ity that such differences would be epigenetically imprinted.
Maintaining heterogeneity therefore appears a key principle in
CTL to guarantee that any given antigen-specific population
will generate reproducible outcomes in terms of expansion dy-
namics, killing efficiency, and differentiation.

What is the advantage for the non-genetic inter-individual vari-
ability observed here for cytotoxic function? Our data and anal-
ysis support the following model: an initial low-rate killing activity
is shared among most individuals. This may be sufficient to elim-
inate a sensitive target cell population at high E:T ratios. If target
cells persist after the initial phase of cytotoxicity (low E:T ratio, or
resistant target cells), the process of high-rate killing is launched
in some of the CTLs. Therefore, the sustained cytotoxicity medi-
ated by a CTL population is a non-linear cumulative process. It is
tempting to speculate that such a gradual process might allow
the calibration of CTL responses, allowing adaptation of the
whole CTL population to the resistance of the opposing target
cell population or to the persistence of the antigenic stimulus.
The scalability of cytokine production by CD4* T cell populations
has recently been shown to depend on the proportion of individ-
ual T cells engaging digitally into cytokine output (Huang et al.,
2013). Our study indicates that the regulation of the CTL
response obeys a distinct rule. Indeed, the scalability of killing
appears to depend on the proportion of individual T cells
engaging into an increased lytic potential if required by the
excess of target cells.
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In conclusion, our study unravels a previously unappreciated
level of functional heterogeneity in individual cells belonging to
clonal populations of effector CTLs. Such heterogeneity appears
to set the performance of CTLs to control an excess of target
cells at the population level. We reveal that the prolonged CTL
activity relies on a dual strategy combining low-rate killing by a
majority of cells and delayed onset of high-rate killing by a limited
proportion of cells. In the context of CTL-based approaches, our
findings on the intraclonal heterogeneity of the killing rate of indi-
vidual CTLs call for a re-evaluation of the precise performance of
CTLs and identify individual heterogeneity as a key parameter in
evaluating CTL performance in health and disease.

EXPERIMENTAL PROCEDURES

Human CD8"* T Cell Lines and Clones

Peripheral blood mononuclear cells (PBMCs) were isolated from buffy coats
of healthy donors obtained through the Etablissement Frangais du Sang
(EFS Midi-Pyrénées, Purpan University Hospital, Toulouse, France). Blood
samples were collected and processed following standard ethical proce-
dures (Helsinki protocol), after obtaining written informed consent from
each donor and approval for this study by the local ethics committee
(Comité de Protection des Personnes Sud-Ouest et Outremer Il). Human
CD8* T cell lines were purified from healthy donor blood samples using
the RosetteSep Human CD8* T Cell Enrichment Cocktail (STEMCELL Tech-
nologies). Cells were seeded at 5 x 10° cells/ml in complete medium
consisting of RPMI 1640 supplemented with 8% human AB serum (PAA),
minimum essential amino acids, HEPES, and sodium pyruvate (Invitrogen).
For cloning, single HLA-A2-restricted CD8* T cells specific for the
NLVPMVATV peptide of the CMV pp65 protein were distributed in 96-well
U-bottom plates using a BD FACSAria Il cell sorter operating in “single-
cell purity” sorting mode. CD8" T cells were stimulated in the presence of 1
x 10%/ml irradiated allogeneic PBMCs and 1 x 10%/ml irradiated EBV-trans-
formed JY cells and 2 pg/ml phytohemagglutinin in the case of CD8" T cell
clones or SAg mixture (100 ng/ml staphylococcal enterotoxin B, staphylo-
coccal enterotoxins A, staphylococcal enterotoxin E, and toxic shock syn-
drome toxin-1 from Toxin Technology) in the case of CD8" T cell lines.
CD8* T cells were supplied with 100 1U/ml human rlL-2 was added on
day 3 and restimulated every 2 weeks.

Residual Live Target Cell Quantification

HLA-A2-matched EBV-transformed B cells (JY) were used as target cells and
pulsed with pp65 (at 10 pM or 100 nM) when cocultured with CTL clones or
1 ng/ml of SAg mixture when cocultured with CD8" T cell lines. For cytotoxic
assays, target cells were left unpulsed or pulsed during 2 hr at 37°C/5% CO,,
washed three times, and subsequently transferred to a 96 well plate U-bot-
tom at 1 x 10° cells/100 ul complete medium without interleukin-2 (IL-2).
CD8" T cells prestained with 0.1 uM of CellTracker Green CMFDA (5-chlor-
omethylfluorescein diacetate from Invitrogen) for 20 min at 37°C/5% CO,
were added to the target cells at indicated ratios in 100 ul complete medium
without IL-2. Cells were pelleted for 1 min at 1,500 rpm and incubated at
37°C/5% CO, from 4 to 72 hr. In some experiments, 10 ug/ml anti-FasL an-
tibodies (clone NOK-1; BD Pharmingen) or 0.05 pg/ml aphidicolin (Sigma)
treatment was performed during 24-hr assays. A 50-pl solution made of
PBS containing 10% 7-AAD (BD Pharmingen) and 5% BD CompBead (BD
Pharmingen) was added 10 min before flow cytometry analysis to measure
the percentage of lysed target cells or estimate the number of residual live
cells. A reference tube consisting of 1 x 10° JY cells in 200 pl plus 50-pl
bead solution was acquired until reaching 2,000 beads. In the experimental
tubes, acquisition was also fixed to 2,000 beads. The absolute number of re-
sidual live target cells was calculated by multiplying the number of events
collected in the CFMDA /7-AAD~ gate by the ratio set by the reference
tube. All data were acquired on a BD FACSCalibur cytometer and analyzed
using FlowJo software.
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Fluorescence-Activated Cell Sorter-Assisted Clonal Killing Assay
Ten GFP-expressing target cells either unpulsed or pulsed with 100 nM pp65
were distributed in 96-well U-bottom low-cell-binding plates (Nunc Dishes) us-
ing a BD FACSAria Il cell sorter operating in single-cell-purity sorting mode.
Sequentially, 1 or 20 CD8* T cell clones prestained with 0.5 uM CellTrace cal-
cein red-orange (Invitrogen) for 30 min at 37°C/5% CO, were distributed in the
same microplate wells followed by 5-min centrifugation at 1,500 rpm. After
24-hr incubation at 37°C/5% CO,, every well was then examined using an
Apotome Axio-observer confocal microscope (Zeiss) with a 10x Plan-Neofluar
objective for residual GFP-expressing JY cell enumeration.

Confocal Video-Microscopy for Real-Time Caspase-3 Activation

For live cellimaging, 1 x 10° pulsed target cells were seeded into microcham-
bers (Lab-Tek Chambered coverglass; Nalgen Nunc) previously coated with
poly-D lysine (Sigma), followed by addition of 2 uM NucView 488 caspase-3
substrate (Biotium) and CD8* T cell clones prestained with 0.5 pM CellTrace
calcein red-orange (Invitrogen) in different ratios at the beginning of the
recording. Where indicated, a confined single CD8* T cell clone multiple killing
evaluation was performed in microchambers pre-coated with PDMS micro-
mesh arrays (Microsurfaces) containing 100-pum-diameter wells. In some ex-
periments, 1 ng/ml CsA or 10pM pp65 pulsing was performed in parallel. Every
2 min, one image was acquired during 12 hr using either a LSM 510 or a 710
confocal microscope (Zeiss) with a 20x Plan Apo objective equipped with
an environmental chamber kept at 37°C and 5% CO, and the pinhole was
opened to 10 um to capture maximum fluorescence.

Measurement of IFN-y and Perforin Loss

Target cells were either unpulsed or pulsed with 100 nM pp65 were cocultivated
with CD8* T cell clones prestained with 0.1 uM CellTracker Green CMFDA (5-
chloromethylfluorescein diacetate from Invitrogen) at 1:10 E:T ratio during 4 hr.
In some experiments, 10 pg/ml brefeldin A (Sigma) and/or 1 pg/ml CsA was
added to the culture. Cells were fixed with 2% paraformaldehyde, permeabilized
with 0.1% saponin (in PBS/3% BSA/HEPES), stained with AF700-labeled anti-
IFN-y monoclonal antibody (clone XMG1.2; BD Biosciences), and AF647-labeled
anti-human perforin monocolonal antibody (clone 3G9; BioLegend). Data were
acquired on a BD LSR Fortessa cytometer and analyzed using FlowJo software.

Image Data Analyses

For image analysis, the freeware ImagedJ v1.47b and the LOCI plug-in were
downloaded from the National Institutes of Health websites (http://rsb.info.
nih.gov/ij and http://loci.wisc.edu/software/bio-formats, respectively). To
perform automated counting of caspase-3* cells through time, images were
binarized and further processed using the erosion, dilatation, and watershed
Imaged tools. For the single-CTL assay, microwells were selected on the basis
of the presence of a single calcein-stained CTL all along the 12-hr movie by vi-
sual inspection. Killing scores were measured as mean of caspase-3* cells
over 2-hr time intervals.
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