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L'importance de I'activité cytotoxique de lymphocyte T CD8* a été amplement décrite et
évaluée depuis la mise en place du test de lyse par relargage du chrome (Cr°!) en 19682%7>,
Ainsi, I'activité de lyse au niveau de populations polyclonale et clonale a pu étre appréhendée
dans différentes conditions mimant des contextes pathologiques comme l'infection ou le
processus tumoral. En revanche, au sein d’'une population, le degré d’implication de chaque

cellule tueuse a I'activité de lyse globale n’a pas encore été étudié.

L’objectif de ce travail était donc de déterminer I'activité de lyse individuelle au sein d’une

population clonale de lymphocytes T CD8* humains.

Pour réaliser cette étude, nous avons produit des lignées clonales de lymphocytes T CD8*
primaires ayant une spécificité pour un peptide de la protéine p65 du cytomégalovirus. Ce
modele d’étude a pour avantage de (i) avoir une population de CTL identique génétiquement
et (ii) une reconnaissance des cibles via le complexe peptide/CMH-I, similaire aux conditions
physiologiques. Afin d’étudier la participation de chaque cellule individuelle a la lyse globale,
nous avons mis en place une combinaison de tests de lyse, a la fois en cytométrie en flux et
en microscopie, ol les CTL sont face a un excés de cibles sur des temps prolongés (au-dela du
test classique réalisé en 4h). Ceci permet donc de défier leur capacité de lyse multiple et de

mesurer la cinétique de I'élimination des cibles au cours du temps.

Notre étude démontre une importante capacité des CTL a contrdler un exces de cellules cibles

sur des temps prolongés (jusqu’a 72h). De maniere individuelle, les CTL sont capables
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d’éliminer jusqu’a 12 cellules cibles en 12h. En revanche, la contribution individuelle des CTL
a l'activité de lyse globale est trés hétérogene. Des analyses statistiques plus approfondies ont
permis de révéler, au sein d’'une population clonale, qu’une sous-population de CTL a fait
preuve d’une capacité de lyse élevée. Le développement de cette sous-population nécessite
une forte activation du TCR et démontre un comportement de lyse « accéléré ». La mise en
place de ce comportement est différée dans le temps. Ainsi, I'activité cytotoxique des CTL est
un processus cumulatif reposant sur une capacité individuelle hétérogene de lyse permettant
d’effectuer de la lyse multiple et sur la mise en place différée d’une activité de lyse

« accélérée ».

Un tel processus pourrait permettre aux CTL de calibrer leur réponse au niveau de la

population face a un exces de cibles.

Jai eu I'opportunité de travailler sur ce projet pendant mon année de Master ou j'ai
beaucoup appris au co6té de Zilton, surtout sur les c6tés techniques comme ses
vidéomicroscopies en micromesh et les tests de lyse sur des temps prolongés. Ma
contribution qui apparait dans cet article est une analyse approfondie des résultats de
vidéomicoscopies obtenues pour les CTL individuels. Je cherchais alors a identifier ce qui
pouvait différencier les CTL a forte capacité cytotoxique versus ceux qui en démontrent peu.
J'ai alors exploré une multitude de parametres comme la vélocité, chaque événement de
lyse, le nombre de contact avec les cibles, le lien entre nombre de cibles en contact et
évenement de lyse ou alors j’ai suivi le tracé du CTL et essayé de déterminer son caractére
« exploratoire » ou non envers les cibles. Cette étude approfondie a pu mettre en évidence
les événements de lyse accélérés, une des caractéristiques des CTL a forte capacité
cytotoxique (Figure 5). En paralléle, j’ai souhaité expliquer la survenue de ces derniers par
plusieurs hypothéses dont un métabolisme plus élévé avec une forte consommation de
glucose mais ces recherches-ci n’ont pas aboutie. Pour finir, j’ai tout de méme pu participer

aux révisions finales permettant la publication de cet article.
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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.
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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 killing 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 Iytic 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
(Poanie 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,

1474 Cell Reports 17, 1474-1485, June 9, 2015 ©2015 The Authors

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 Iytic 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
el 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).

Inthis 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; Zeljle-
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 kiling 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 calls (targets) were pulsed with 100 nM ppé5 or
left unpulsed and were then seeded &t 100,000
celis together with different numbers of CTLs (ef-
fectors, at ET ratios of 2:1, 1:10, 1:20, and 1:40).
(A) Absclute counts of residual live target cells (see
Figure 51 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.

(C) Absolute counts of residual live target cells

E:Tratio |pulsing

g] “—"96%5998— after 24 hr under the following conditions: direct
170 gl;ss:s,:g contact with CTLs (as in A and B), separated from
1:-20 PPB5 or SAg stimulated CTL via a transwell, treated with an
1:40 ppB5 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 Figura S1,

target cells using beads as an internal
reference (Figures S1A and S1B). When
100,000 peptide-pulsed target cells
were incubated at a 2:1 E:T ratio. 15,020
target cells were found alive after 4 hr
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
kiled 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 cbserved at 24 hr, fol-
lowed by an outgrowth of target cells. In control conditions, un-
pulsed target celis 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 celis (Figure 52).
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 muttiple 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
CD45R0, CCR7, CD27, CD28, IL7Raz, PD-1, and perforin
expression showed that individual CTLs uniformly belonged to
the effector memory stage (Figure S2). 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 muitiple
killing. 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

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

Figure 2. | Heter inM Killing Cap 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 asingle 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) Rep 10% magnifi
(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 presentad.

(C) Counts of GFP-paositive calls 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 presanted.

(D) Following an initial 24-hr co-culture, wells in which the ten target celis 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-pesitive 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 CDST at their surface.

(G) Counts of GFP-positive cells in individual wells follewing 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.

images of wells initially containing one CTL and either ten unpulsed target cells (left panels) or ten pp85 pulsed targst cells
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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
51, 52, 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 polydimethyisi-
loxane (PDMS) meshwork array of 100-ym-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 kiling 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-

1478 Cell Reports 17, 1474-1485, June 9, 2015 ©2015 The Authors

(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 Moviea 51, 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
Puakie = 5.7 ¥ 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
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(brown dots), Data were pooled from three experiments, Bars ndicate mean values,

(C) Frequency of individual CTLs according 1o the number of total caspase-3° target calls
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curves represent the single Poisson distributions applying to the low-rate and high-rate killer CTL subpopulations (gfeen and red curves, respectively) or the
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measured as the number of caspase-3' target cells over 30-min time intervals.

Althcugh overlap does not allow visualization of each singie CTL, the graph reveals accelerated killing pace in numerous GTLs after 10 hr (vertical dashed bar),

which corrasponds to the time at which the breakpoint
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See also Movies 54, 55 and 56,

behave as low-rate killer CTLs, while some of them develop as
high-rate killer CTLs at later time points.

High-Rate Killing Relies on a Late Phase of Burst Killing
Preceded by Isolated Killing Events

We then investigated which characteristics might distinguish
the two subsets of CTLs. Based on the dataset comprising
259 single-CTL killing kinetics, we noticed that for most CTLs,
the killing pace was highly irregular over the 12-hr period. In
particular, some CTLs appeared to kill multiple target cells in
a row with a burst kinetic (Figure 5A). To appreciate the killing
pace of each CTL, we quantified the maximum killing rate
reached during the 12-hr recording (considering a series of
three consecutive killing events), Most CTLs killed with an irreg-

1ce of heterogeneity In the killing process.

ular pace, as indicated by the fact that we detected killing-rate
peaks above the theoretical average killing rate (Figure 5B). The
maximum killing rates increased as a function of individual 12-hr
killing performance to reach two to four killing events/hr in the
CTLs managing to kill 3-12 targets cells over 12 hr. On the basis
of this analysis, we defined burst killing as a serial killing of at
least three targets at a rate of more than one target/hr, which
is superior to the average killing rate of the best-performing
CTLs (12 targets killed in 12 hr). The analysis of the compiled
dataset revealed that 42% of the CTLs exhibited a burst killing
phenotype. This CTL subset killed an average of 6.3 target cells
over the 12-hr period. Furthermore, the distribution of the 12-hr
killing performance according to the occurrence of burst killing
revealed two subsets of CTLs that fitted the mixed Poisson
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Figure 5. Burst Killing Is Preceded by Isolated Killing Events

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

(B} Quantification of the maximum killing rate reached by each GTL 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 hrj. Bars reprasent 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 cellhr or no target cells/hr) and burst killers (red, rate more than one target
cell’hr) accerding to the number of total caspase-3"* target cells measured in 12 hr.

(D) Distribution of the burst killer CTLs according 1o both the number of isclated killing events (rate one call/ir or no target celis/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
breakpaint 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 BA). 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

1480 Cell Reports 17, 1474-1485, June 9, 2015 ©2015 The Authors

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

(&) 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 rapre-
sented after alignment of the killing records so that time 0 comresponds in each
well to the appearance of the first caspase-3' target cell.

(C) Cumuiative 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
arobustkillingin 4 hrata 2:1 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 ata
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 kiling 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 targat JY cells pulsed with
100 nM or 10 pM pp85, in the presence or absance of CsA.

(B) Quantification over the indicated time intervals of caspase-3* target cells from 61 microwells with one CTL and target celis 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 kiling. Data represent
mean + SEM from three experiments.

(D) Quantification over the ndicated time intervals of caspase-3* target cells from 56 microwells with one CTLand untreated pulsed target cells (gray dots) and 70
microwells with one CTL and CsA-treated pulsed target [orown 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 occumrence of high-rate killer CTLs, as represented by the frequency of CTLs displaying burst killing. Datarepresent mean +

SEM from three experiments.
See also Figura 54,

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 ET
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 Fried!, 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
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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 ot 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 Iytic 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 hetercgeneity reported here ap-
pears to be intrinsic to the phenomenon of muitiple 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 contralling 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
el 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 kKilling 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 comhining 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
were and p d following ethical proce-
dures (Helsinki protocol), after obtamning written informed consent from
each donor and approval for this study by the local ethics committee
(Comite de Protection des Personnes Sud-Ouest et Outremer 1l). Human
CD8" T cell lines were purified from healthy donor blood samples using
the RosetteSep Human CD8™ T Cell Enrichment Cocktall (STEMCELL Tech-
nologies). Celis were seeded at 5 x 10° cell/ml in complete medium
consisting of RPMI 1640 supplementad with 8% human AB sarum (PAA),
minimum essential amino acids, HEPES, and sodium pyruvate (Invitrogen).
For cloning, single HLA-A2-restricted CDB8' T cells specific for the
NLVPMVATV peptide of the CMV ppéS 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 allogenesic PBMCs and 1 x 10%ml irradiated EBV-trans-
formed JY celis and 2 pg/m| phytohemagglutinin in the case of CD8" T cell
clones or SAg m:xturs (100 ng/ml staphyloooocd enterotoxin B, staphylo-
coccal A, staphy in E, and toxic shock syn-
drome toxin-1 from Toxin Technolegy) in the case of CO8" T cell fines.
CD8" T celis were supplied with 100 IU/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
puised with pp85 (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 calls were loft unpulsed or pulsed during 2 hr at 37°C/5% COx,
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-
amethy/l s from | gen) for 20 min at 37°C/56% CO;
were added to the target cells at indicated ratios m 100 jl 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 expenments, 10 ug/ml anti-FasL an-
tibodies (clone NOK-1; BD Pharmingen) or 0.05 ua/ml aphidicolin [Sigma)
treatment was performed during 24-hr assays. A 50-ul solution made of
PBS containing 10% 7-AAD (BD F and 5% BD G d (8D
Phamingen) was added 10 min before flow cytometry analysis to measure
the percentage of lysed target celis or estimate the number of residual liva
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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d Cell Sorter-Assisted Clonal Killing Assay

Ten GFP-expressing target cells either unpulsed or pulsed with 100 nM pp65
waera distributed in 96-well U-bottom low-cel-binding plates (Nunc Dishes) us-
ing a BD FACSAria || cell sorter operating in single-cell-purity sorting made.
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 P wells i by 5-min cer gation at 1,500 rpm. After
24-hr incubation at 37°C/5% CO;, every well was then examined using an
Apctome Ano—observerwﬂocal mlcroscope {Zeiss) with a 10x Plan-Neofluar

for FP-exp g JY cell Y.

je

Confi Video-Micr py for Real-Time Caspase-3 Activation

For live callimaging, 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 yM NucView 488 caspase-3
substrate (Biotium) and CD8" T cell clones prestained with 0.5 yM CeilTrace
calcein red-orange (Invitrogen) in different ratios at the beginning of the
recording. Where indicated, a confined single CD8* T cell clene multiple killing
evaluation was performed in microchambers pre-coated with PDMS micro-
mesh arrays (Microsurfaces) containing 100-um-diameter wells. In some ex-
periments, 1 ug/ml CsA or 10pM ppés pulsing was performed in parallel. Every
2 min, one image was acquired during 12 hr using either a LSM 510 ora 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 maxmum fluorescence.

Measurement of IFN-y and Perforin Loss
Target cells were elther unpulsad or pulsed with 100 nM ppé56 were cocultivated
with CD8' T call clones prestained with 0.1 pM CeliTracker Green CMFDA (5-
Afluorescein di from Invil 1) at 1:10 E:T ratio during 4 hr.
In some experiments, 10 pg/ml brefeldin A (Sigma) and/or 1 pg/ml CeA was
added to the culture. Cells were fixed with 2% par yde, permeabil
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 5G9, BioLegend). Data were
acquired on a BD LSR Fortessa cytometer and analyzed using FlowJo software,

Image Data Analyses

For image analysis, the freeware ImageJ v1.47b and the LOCI plug-in were
downloaded from the National Institutes of Health websites (http://rsb Info
nih.gov/i] and hitp:/oci. wisc.edwsoftware/bio-formats, respectively). To
perform automated counting of caspase-3" cells through time, images were
binarized and further pr d using the erosion, dilatation, and watershed
Imageu tocls. 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 mavie by vi-
sual inspection. Killing scores were measured as mean of caspase-3” cells
over 2-hr time intervals,
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Statistical analysis of the distribution of individual CTL Kkilling efficacy, Related to
Figure 4

On the basis of the data obtained from the single-CTL killing assay. we assumed that each
CTL (referred as c) has an individual ability of killing, which is distributed according to a
time-inhomogeneous Poisson Process. whose intensity (7c(1))0 is unknown. The
experimental data indicate that ..(1) increases with t, from the initialization 0 to the ending

time Te =12 hrs.

We were primarily interested in evaluating the homogeneity of the whole population
of CTL with respect to the intensity A.. In order to assess this homogeneity. a statistical study
was conducted. For each of the n CTL analyzed (n=259). we recorded the cumulative number
of killed target cells during the first Te hr after the initialization of the killing process. From
the Poisson Process homogeneity assumption. the same intensity 2 is commonly shared by
each CTL and the cumulative number N, of killed target cells is distributed according to a

Poisson Distribution whose parameter A corresponds to the integral of A(t) between 0 and Te:
A= ") dt.

Hence, even though A is still unknown, we can test the homogeneity of the observations N,
when ¢ varies: 0 < ¢ < 260. In this view, we applied a Chi-square test to the Poisson
Distrtbution, whose parameter 1s the observed average value of the cumulative numbers of

killed target cells :
S=n" (N; + Ny+..+N,).
Remark that an average value S of 4.06 was obtained. The Chi-Square statistics is :
T =1 Zg ez (pelk)-ps(k)/ps(k).

where k varies from 0 to 12. The empirical frequency that one CTL killed k target cells is
designed as pe(k). it is the number of observations such that N; = k divided by n. The

theoretical Poisson frequency ps(k) is the given by :
ps(k) =e”(-S) S”k/k!if k<12 and ps(12) =e(-S) [SM12/121+8413/131+,..].

The last theoretical frequency is the size of the Poisson upper tail after 12. We obtained that

1
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the statistics T is greater than 113 in our numerical experiment. This statistics is much larger
than the 1-10™ quantile of the Chi-Square distribution of 13-2 = 11 degrees of freedom (which
is the reference distribution since we have to estimate the mean value of the Poisson
Distribution). Hence, we reject the homogeneity assumption of the CTL population with a

type I error lower than 10™.
We then reasoned that the collected data might fit @ mixture of two Poisson Distributions.

Using an Expectation Maximization algorithm (EM algorithm). the estimator of mixture

parameter is :
*=(0.66.0.34,2.8.6.4).

This means that the CTL population is divided in two subpopulations : 66% of the CTL
follow a Poisson Distribution with an average of 2.8 killed larget cells over 12 hr. while 34%

of the CTL follow a Poisson Distribution with an average of 6.4 killed target cells over 12 hr.
From a statistical point of view. the above formula may now be replaced by :
T' =1 % et (Pelk)-Puis(K)) /P (k).
where pyi(K) is the theoretical frequency obtained with the above Poisson mixture model.
Pmis(K) = q ps s(K)+(1-q) ps s(k).

T' is significantly reduced (T' = 8.9 in our experiment), which yields the acceptation of the
statistical assumption of a mixture of two Poisson Distributions (the type 1 error would be of

about 45%).

As the 259 observations come from 3 independent experiments. Chi-square tests were applied

separately to each data subset.

. The Chi-square test of homogeneity of the 88 CTL killing (first subset) 1s associated to
a type 1 error lower than = 0.003. leading to the rejection of the homogeneity
assumption of the CTL population. In addition the Chi-square statistics of goodness-of-
fit test of the observations to the mixture disiribution 1s lower than 12.33, which yields

the acceplation of the assumption of a mixture disiribution (the type I error would be of

Page |80



Vasconcelos ef al. Supplemental Methods
15%).
The estimator of mixture parameter obtained using £M algorithm is :
*=(0.77.0.23.3.26.6.9).

. The Chi-square test of homogeneity of the 97 CTL killing (second subset) is associated
to a type I error lower than = 8.9 10, leading 1o the rejection of the homogeneity
assumption of the CTL population. In addition the Chi-square statistics of goodness-of-
fit test of the observations to the mixture distribution is lower than 8.25. which vields
the acceptation of the assumption of a mixture disiribution (the type 1 error would be of
51%).

The estimator of mixture parameter obtained using EM algorithm is
*=(0.6.0.42457.1).

. The Chi-square test of homogeneity of the 75 CTL killing (third subset) is associated to
a tvpe I error lower than = 0.066. This does not clearly lead to reject the homogeneity
assumption of the CTL population of homogeneity of the CTL population. Noting that
the Chi-square statistics of goodness-of-fit test of the observations to the muxture
distribution is lower than 8, which vields to the type I error would be of 0.20. then we

favor the hypothesis of mixture distribution for the observations.
The estimator of mixture parameter obtained using M algorithm is
*=(0.97.0.03,3.5.4.84).

To the light of the estimator *. as one distribution has a proportion very low (0.03). that

call into question the mixture distribution of the observations,

Statistical analysis of cumulative killing kinetics, Related to Figure 4

We describe below the statistical test for the detection of a change in the mean of the counting

process involved in the CTL activity. For any CTL i among the n available ones. we denote
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Xi(1) the number of target cells killed at time t. The ime t varies in our experiment between 0
and 12 hr. sampled every 30 min (one unit below corresponds to half an hour). The averaged

killing process is then :
mx(t) = [Xi(O+HXo(O+..+Xu(0)] /. =11, 2, ... 24} half an hours.

and can be considered as an approximately GP thanks to the Central Limit Theorem (n is
large enough for a such approximation since n={88.97.74.259} ). We then use the statistical

test of Azais & Genz (2013) and consider the centered process :
Mx(t) = mx(t)-p. with t={1.2_ . 24} half an hours,

where p 1s the mean killing each half an hours of the whole population during all the

experiment. Recall that mathematically, p is given by :
= (mx(1)+mx(2)*+...+mx(24)) / 24,

Then, we compute for any time s between 1 and 24 half an hours the mean Killing per unit of

time before and after s. These two averages are thus :
M.(s) = (mx(D)tmx(2)+.. Amx(s-1)) / (s-1).
and :
Mi(s) = (mx(s+1)tmx(s+2)+...+mx(24)) / (24-(s+1)) .

To test the change in the mean of the time series. the difference between these two averages is
a key mathematical ingredient, which must be normalized by the variance of the averaging

before and after time s :
AS)=IML(s)-M.(s)| / (V(s-1)+V(2d-(s+1)).

The change in the mean test relies on the maximum of (A(s). 1<s<24). Following standard

notations of extreme events theory. this maximum is denoted M".

Let us denote now H the baseline assumption that no breakpoint in the mean occur in the
time series (X(t). 0 <t < 25). the statistical procedure relies on the value M': under the

assumption that X follows a centered GP. the distribution of the random variable M’ can be

4
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computed and especially the probability that M is greater than a given threshold u: P(M" > u)

by using an intricate and very eflective Quasi Monte Carlo integration, which is described by
Genz (2012).

We then compute the observed statistics M" in each of our situation and decide to reject the

baseline hypothesis Hy each time the p-value is lower than 5%. Using the Matlab package and

the gsimvnv function, we obtained the following numerical results :

The first data subset made up of 88 CTL killing kinetics presents a change in the
average behavior of the CTL and the first type error of our test is lower than pyye=1.5
10, (meaning that our statistics would occur with a probability lower than peye if no
breakpoint occurs in the series). Moreover, this breakpoint is likely to occur at about
8.5 hr.

The second data subset made up of 97 CTL killing Kinetics is associated to a first type
error test lower than pyu,.=8.9 107 with a breakpoint likely to occur at about 10 hr.
The third data subset made up of 74 CTL killing kinetics is associated to a first type
error test lower than pyae=5.7 107 with a breakpoint likely to occur at about 10 hr.
The compiled dataset comprising 259 CTL killing kinetics is associated (o a first lype
error test lower than pyue=5.7 107 with a breakpoint likely to occur at about 10 hr.

Whatever the data set considered, our statistical analysis leads to the rejection of the

homogeneity in the time series. Note also that we have decided to pinpoint the breakpoint

location at the time where A(s) reaches its maximal value.
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Figure S1
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Figure S1, Related to Figure 1. Flow cytometry-based counting of alive target cells

JY cells (Targets) were pulsed with 100 nM pp65 or left unpulsed and co-cultured for 4 and 24 hr
with CTL (Effectors), at E:T ratios of 2:1 and 1:10. Before {low cytometry analysis, microbeads
were added to harvested cells to serve as internal control. (A) The upper left dot plot corresponds
to the reference tube containing JY cells only, which was acquired until a number of 2,000 beads
was reached. The lower left dot plot indicates how alive target cells were discriminated (7AAD
negative and CFMDA negative) (o establish a reference count corresponding (o the initial
100,000 cells used. (B) Tubes corresponding to the indicated experimental conditions were also
acquired until a number of 2,000 beads was reached. The 7JAAD/CFMDA plots allow to
discriminate target cells (CEMDA negative) from CTL (CFMDA positive) and alive cells (7AAD
negative) from dead ones (7JAAD positive). The numbers of alive target cells were calculated on
the basis of the reference tube. The plots are from one representalive experiment.
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Figure S2
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Figure S2, Related to Figure 2. Loss of GFP in target cells as a measurement of death
GFP-expressing target cells, pulsed with 100 nM pp65 or left unpulsed, were co-cultivated with
CTL at a 2:1 E:T ratio for 4 hr and subsequently analyzed by flow cytometry for GFP expression
and 7-AAD staining. CTL-mediated killing of target cells results in a loss of GFP, which is
concomitant to 7-AAD uptake. Dot plots are representative of 3 experiments.
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Figure S3
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Figure S3, Related to Figure 2.
specific CTL clones
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Homogenous effector memory phenotype in the pp65-

Representative flow cytometry analysis of the phenotype of three pp65-specific CD8' CTL
clones, based on the expression of CD45RO, CCR7, CD27, CD28, CD127 (IL-7Ra), PD-1,
Perforin and CD57.
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Figure S4
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Figure S4, Related to Figure 7. Early CTL cytotoxicity under reduced activation conditions
CTL were incubated with JY cells pulsed with 100 nM or 10 pM pp65 at a 2:1 E:T ratio during 4
hr in the presence or absence of 1 yg/mL CsA. Histogram plots showing percentage of target
cells positive for 7-AAD are representative of 3 experiments.
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Movie S1, Related to Figure 3. Rapid cumulative rise in caspase-3-positive target cells at 1:1
E:T ratio

Representative wide field of a Lab-Tek well showing the activation of Caspase-3 (with NucView
488 caspase-3 substrate) in JY targel cells pulsed with 100 nM pp65 and incubated with specific
CTL ata 1:1 E:T ratio. Images were taken over 12 hr at a frame rate of 1 image every 2 min.

Movie S2, Related to Figure 3. Substantial but delayed rise in caspase-3-positive target cells
at 1:10 E:T ratio

Representative wide field of a Lab-Tek well showing the activation of Caspase-3 (with NucView
48R caspase-3 substrate) in JY target cells pulsed with 100 nM pp65 and incubated with specific
CTL ata 1:10 E:T ratio. Images were taken over 12 hr at a frame rate of 1 image every 2 min.

Movie S3, Related to Figure 3. Low activation of caspase-3 in unpulsed target cells
Representative wide field of a Lab-Tek well showing the activation of Caspase-3 (with NucView
488 caspase-3 substrate) in unpulsed JY target cells incubated with specilic CTL at a 1:1 E:T
ratio. Images were taken over 12 hr at a frame rate of 1 image every 2 min.

Movie S4, Related to Figure 4. High-rate multiple killing by a single CTL

Sclected microwell of a PDMS micromesh array showing a single CTL (prestained with
CellTrace™ Calcein Red-Orange) displaying high cumulative killing, as evidenced by activation
ol Caspase-3 (with NucView 488 caspase-3 substrate) in multiple JY target cells pulsed with 100
nM pp65.

Movie S5, Related to Figure 4. Low-rate multiple killing by a single CTL

Selected microwell of a PDMS micromesh array showing a single CTL (prestained with
CellTrace™ Calcein Red-Orange) displaying low cumulative killing. as evidenced by activation
of Caspase-3 (with NucView 488 caspase-3 substrate) in few JY target cells pulsed with 100 nM
ppo5.

Movie S6, Related to Figure 4. Low activation of caspase-3 in the absence of CTL

Selected microwell of a PDMS micromesh array showing background activation of Caspase-3
(with NucView 488 caspase-3 substrate) in JY target cells pulsed with 100 nM pp65, in the
absence of CTL.
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Discussion et perspectives (partie 1)

Ainsi nous avons pu identifier que la lyse soutenue sur des temps prolongés, effectuée par
une population clonale de CTL, repose sur une hétérogénéité dans la capacité de lyse
individuelle, avec I'identification de deux sous-populations, dont I'une démontre une activité
de lyse multiple élevée par rapport a l'autre. L'émergence de cette sous-population de CTL
ayant un taux élevé de lyse nécessite une forte activation du TCR, et posséde une

charactéristique de lyse multiple « accélérée ».

L'avenir de cette étude serait alors d’identifier les mécanismes sous-jacents a cette
hétérogéniété de lyse, comment émerge une sous-populations de cellules aux capacités de

lyse multiple plus élevée ?

Une premiere hypothése pourrait étre une capacité migratoire différente permettant d’aller
a la rencontre de plus ou moins de cellules cibles, favorisant ainsi la lyse multiple. Ces
populations de CTL clonales semblent homogenes lors de phénotypage en cytométrie en flux.
Pourtant, dans le laboratoire, Javier Rey-Barroso a pu démontrer, sur un autre type cellulaire
supposé homogene, que chaque cellule posséde une capacité migratoire propre, avec des
cellules plus ou moins rapides en terme de vitesse ou de directionalité (Scientific Reports,
article révisé re-soumis). Dans notre cas, parmi les expériences de CTL isolés en présence de
plusieurs cibles (micromesh en microscopie en temps réel), nous avions pu observer, de
maniere qualitative, que les CTL éliminant peu de cibles semblaient tres exploratoires sur la
surface de 100um de diametre, tandis que les CTL ayant une grande capacité de lyse multiple
semblaient couvrir moins de surface, tout en étant capables de rencontrer des cellules cibles.
Nous souhaitons explorer ces possibilités en mesurant plusieurs parametres comme: la
vitesse individuelle des CTL, la longueur du trajet de migration, la surface occupée par ce
trajet, une possible directionalité vers les cibles, quantifier le nombre de rencontres avec les
cellules cibles au cours de leur trajet etc. Dans ce but, nous avons débuté une collaboration
avec des bio-informaticiens de I'Université Leiden, Joost Beltman et Richard Beck, afin de

comprendre et de modéliser le comportement migratoire des CTL au niveau individuel.

Suite a la migration pour aller a la rencontre des cibles, une différence possible serait la

capacité d’accrochage multiple a plusieurs cibles, et ainsi d’effectuer plusieurs synapses
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lytiques. Les événements de lyse multiple « accélérée » étaient principalement observés
lorsque le CTL était capable d’effectuer un accrochage a plusieurs cibles. Le CTL serait ainsi
capable d’effectuer des synapses lytiques séquentielles ou la repolarisation des granules
lytiques serait rapide d’une synapse a |'autre. Ce modeéle de lyse multiple grace a des synapses

lytiques séquentielles a été proposé en 2003 par J.B. Huppa et M.M. Davis®® (Figure 14).
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Figure 14. Modele de lyse multiple impliquant plusieurs synapses lytiques avec la re-

polarisation séquentielle des granules lytiques pour chaque synapse.

Je formule alors I’hypothése que chaque CTL individuel n’aurait pas la méme capacité a
effectuer des synapses lytiques multiples avec une re-polarisation des granules lytiques
efficaces. Afin d’observer et quantifier ce phénomene, il serait possible de rajouter la sonde
appelée « lysotracker » qui permet de marquer les lysosomes de cellules vivantes. Sachant
gue le compartiment lysosomale des CTL est majoritairement représenté par les granules
lytiques, nous pourrions suivre en temps réel, lors de la rencontre de plusieurs cellules cibles
en simultané, la re-polarisation des granules lytiques, en plus de nos parametres actuels. Nous
souhaitons ajouter cet élément pour notre collaboration avec Joost Beltman et Richard Beck.
Si une capacité différentielle de polarisation séquentielle des granules lytiques est observée,
il serait alors pertinent de mesurer la polarisation du MTOC et d’explorer au niveau

moléculaire les protéines impliquées dans le transport des granules le long des microtubules.

De maniere générale, méme si notre population de CTL est identique génétiquement, la cause
de I'hétérogénéité fonctionnelle, migratoire et/ou lyse multiple rapide, pourrait étre liée a des
différences au niveau transcriptionel au cours de la lyse multiple. La mesure en temps réel de
la transcription de génes cibles lors d’un test de lyse soutenue, comme la perforine, a I'aide

d’une sonde optique a base d’oligonucléotide?’® pourrait étre un nouveau challenge a
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effectuer afin d’y répondre. Au sein du laboratoire, nous émettons une autre hypothése : celle
d’une division asymétrique a I'origine des deux sous-populations. Un étudiant en these de
I’équipe, Romain Jugelé, a notamment pu identifier une répartition hétérogene de la perforine
lors de la division des CTL (données non publiées). La démonstration du lien avec I'activité de

lyse individuelle est en cours.

Par ailleurs, cette étude souléve de nouveau la question du rdle de I’hétérogénéité dans les
réponses immunitaires. En effet de plus en plus d’études récentes, en particulier pour les
lymphocytes T CD8*, suggerent que I'hétérogénéité permettrait de calibrer une réponse
immunitaire efficace?’’. Notamment, lors de I'activation de lymphocytes T CD8* naifs, les
précurseurs montrent une réponse hétérogéne au niveau individuel en terme d’expansion et

de différenciation, avec une diversification intra- et inter-clonale?”’-2%0,

Ainsi, une hétérogénéité fonctionnelle de la capacité de lyse des CTL permettrait une réponse
robuste pour une lyse soutenue face a un exces de cellules cibles. De plus, la capacité
cytotoxique n’est pas la seule fonction des CTL. Ceux-ci sécrétent aussi des cytokines comme
I"IFNy. La relation entre ces deux fonctions au niveau de CTL individuels a été étudiée par
Varadarajan et collaborateurs?®!. Ils ont alors démontré que ces fonctions étaient
indépendantes, c’est-a-dire que les CTL sécrétant fortement de I'IFNy n’étaient pas
cytotoxiques, et inversement. L’hétérogénéité fonctionelle pourrait alors étre le miroir d’'un

partage des fonctions exercées par une population cellulaire que I'on pense homogene.

Finalement, en vue du phénomene de contraction en fin de réponse inflammatoire, tout en
gardant un pool de cellules mémoires, I'hétérognéité fonctionnelle de lyse pourrait étre
impliquée dans ce phénomene. J'émets I’hypothése que la sous-population de CTL ayant une
forte activité de lyse multiple aurait une survie moins importante que I’autre sous-population.
Cette premiére sous-population serait plus sensible a I’AICD, et serait éliminée, tandis que

I"autre pourrait correspondre aux cellules mémoires.

En résumé, ces travaux apportent de nouvelles connaissances fondamentales au niveau
individuel de la fonction cytotoxique des CTL. Cependant, cette étude ouvre de nouvelles

guestions fondamentales a explorer pour de futures recherches.
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