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minutes) demonstrated that individual CAR4 cells on average
required 2 extra hours to induce tumor cell death (Fig. 4E).
Consistent with the observation that the S2 subgroup is the
dominant population of CAR' T cells, CAR4 cells in the S2
subgroup (tpean 318 £ 23 minutes) demonstrated delayed kinet-
ics of killing in comparison with CARS8 cells within the S2
subgroup ({pean 158 + 18 minutes; Supplementary Fig. $17). As
mentioned above, because the motility of CAR4 cells could be
used to identify the most efficient killers (Fig. 4C), comparisons of
the kinetic efficiency of CAR4 cells in the S1 subgroup (tpeamn 157
=+ 17 minutes) with CARS cells in the S1 subgroup (tpeam, 204 & 34
minutes) demonstrated no significant differences. This finding
further supports the notion that motility might be a useful
parameter in identifying efficient cytolytic CAR" T cells. Compar-
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Figure 4.

Subpopulation of CAR4 cells,
identified on the basis of their motility,
can engage in efficient killing (E:T 1:1).
A, phenotypic characterization of the
CAR™ T cells from two separate
donors that comprise predominantly
CD4"CAR™ T cells. The mean: motility
(B) and killing efficiency (C) of single
CAR4 cells in each of three different
subgroups. D, comparison of the
means of the killing efficiencies
between single CAR8 and CAR4 cells
within the S1 subgroups. Each circle
represents a single cell in B, C, and D;
CAR4 cells are represented by gray
circles,and CAR8 cells are represented
by black circles. E, comparative
Kaplan—Meier estimators depicting
the differences in killing efficiencies
of the entire population of CAR4
cells and CAR8 cells. P values for
multiple comparisons (B and C)
were computed using a parametric
one-way ANOVA, and dual
comparisons (D and E) were
computed using the unpaired
two-tailed t test. *, P < 0.05;

kP < 0.00071; n.s., not statistically
significant.

isons of the single-cell behavioral interactions of multikiller CAR4
cells (Nyora1 = 78) with the CARS8 cells demonstrated that most
features were conserved across cells of both phenotypes. First, the
unconjugated motility of CAR4 cells (dye 6.9 & 0.5 um) was no
different from that of CARS cells (dyen 5.9 £ 0.5 um; Fig. 5A).
Second, like CARS cells, CAR4 cells-demonstrated a matched
decrease in motility (Fig. 5A) and increased circularization when
conjugated to one or more tumor cells (Supplementary Fig. S18).
Third, the preferred contact mode of the multikiller CAR4 cells
was also simultaneous conjugations to multiple tumor cells
(Supplementary Fig. S19 and Movie M5). Fourth, simultaneous
conjugates that result in killing accounted for 61% (60%-63%) of
multikilling events, indicating that this is an important mode of
killing intrinsic to T cells and not just CD8" T cells. Fifth,
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Figure 5.

Multikiller CAR4 cells demonstrated delayed kinetics of killing in comparison with CARS8 cells (E:T 1:2-5). Comparisons between the mean: motility (A) and
killing efficiency (B) of single multikiller CAR8 cells and CAR4 cells. Each circle represents a single cell; CAR4 cells are represented by gray circles, and CAR8 cells are
represented by black circles. C, box and whisker plots (extremities indicate 99% confidence intervals) displaying intracellular expression of granzyme B
identified by immunofluorescent staining and flow cytometry. CAR4 cells (from donors PB5858 and PB333038) and CARS8 cells (from donors PB243566 and
PB281848) were profiled using mAb against CD4/CD8/CAR and granzyme B. P values were computed using parametric one-way ANOVA for multiple comparisons
or t tests for dual comparisons. D, flow cytometric killing assay (E:T = 5:1) of CAR4 cells incubated with three separate target cell lines (Daudi-B2m, NALM-6, and
CD19"EL4) in the absence or presence of 5 mmol/L EGTA blockade. ****, P < 0.0001; n.s., not statistically significant.

comparisons of tpeyn for the different tumor cells killed by
individual multikiller CAR4 cells demonstrated no differences
(Fig. 5B). Finally, the number of CAR4 cell-tumor cell conjuga-
tions that lead to killing during the first tumor cell encounter [60%
(58%-61%)] is not significantly different from the number of
contacts that leads to killing when encountering the second tumor
cell [60% (57%-63%)], suggesting that the killing efficiency is
unchanged. Consistent with the observations at an E:T of 1:1,
multikiller CAR4 cells required extended conjugation (fcontac 214
+ 18 minutes) and demonstrated slower kinetics before killing
the first tumor cell (fpearn 310 £ 23 minutes) in comparison with
CARS cells (Fig. 5B). In aggregate these results demonstrate that
the major difference in CAR4 cells and CARS cells participating in
either single killing or multikilling is the kinetics of tumor cell
death.

www.aacrjournals.org

Intracellular granzyme B content can explain differences in
killing efficiency

To test the hypothesis that the varying efficiencies both between
cells of the same population and in comparing CAR4 cells with
CARS cells might be due to differences in expression of cytotoxic
enzymes, we used intracellular staining at the single-cell level
using flow cytometry to identify the expression of granzyme B
within these cells. To establish baseline controls, the intracellular
granzyme B content of CD3"CD4* cells (2.36 + 0.01) and CD3™"
CD8" cells (3.89 + 0.04) in PBMC of two separate donors was
determined (Fig. 5C). Consistent with our previous reports, both
CAR4 cells (38.6 + 0.2) and CARS8 cells (267 £ 2) showed
significantly increased expression of granzyme B, in comparison
with the controls (Fig. 5C). In agreement with the killing efficiency
data (Fig. 5B), CARA4 cells expressed smaller amounts of granzyme
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Figure 6.

Frequency and kinetics of killer cell
apoptosis are dependent on functional
conjugations with multiple NALM-6
tumor cells. A, comparisons of the
mean kinetics of effector apoptosis of
individual single killer CAR™ T cells
(E:T 1:1) with multikiller CAR™ T cells
(E:T 1:2-5). Each circle represents a
single-cell; CARA4 cells are represented
o by gray circles, and CARS cells are
represented by black circles. B,
frequency of killer cell apoptosis as

a function of tumor cell density.
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B in comparison with CARS cells, suggesting that the origin of the
differing kinetic efficiencies of these cells might be the differences
in granzyme B content (Fig. 5C).

To quantify the contribution of granzyme B secretion to tumor
cell killing at the single-cell level, the ability of CAR4 cells to kill
tumor cells in the presence of the calcium chelator EGTA was
studied using flow cytometry (30). EGTA blocks cytotoxic granule
exocytosis, and hence should eliminate granzyme B-mediated
killing. Not surprisingly, CAR4 cells cocultured with tumor cells in
the presence of 5 mmol/L EGTA demonstrated a substantial
reduction in tumor cell killing across three different cell lines,
Daudi-B2m, NALM-6, and CD19"EL4 (Fig. 5D). The most strik-
ing reduction was seen with Daubi-$2m tumor cells, in which
CAR4 cell-mediated killing was completely abolished (Fig. 5D).

CAR" T-cell fate is dependent on tumor-cell density

AICD is a mechanism by which T cells undergo programmed
apoptosis in response to functional activation (31). The frequency
and kinetics of individual cytolytic CAR™ T cells to undergo AICD
was monitored under the two conditions: at high and low tumor
densities. CARS8 cells inducing apoptosis of single targets dem-
onstrated significantly faster kinetics of AICD (tacp 221 £+ 14
minutes) in comparison with the multikiller CARS cells from the
same donors (ftajcp 371 £ 29 minutes, Fig. 6A). This trend of faster
AICD kinetics at lower tumor cell density was also observed with
CAR4 cells, albeit with delayed kinetics (Fig. 6A). Direct compar-
isons of the cells of different phenotypes at the same tumor cell
density indicated that single-killer CAR8 cells underwent faster
AICD (taicp, 221 + 14 minutes) in comparison with CAR4 cells
(taicp 328 £ 19 minutes; Fig. 6A). Consistent with the expectation
that multikillers efficiently resist AICD, these T cells from three of
four donors displayed low frequencies of cells undergoing AICD
(13%-25%, Fig. 6B). However, multikiller T cells from the last
donor displayed AICD at elevated frequencies (58%), underscor-
ing that the efficiency of multikillers to execute multiple tumor
cells must be evaluated in the context of their ability to resist AICD
(Fig. 6B). We confirmed that the effector apoptosis that was
observed required functional antigenic stimulation by coincubat-
ing CAR8 cells with CD19 EL4 cells within nanowell grids
and imaged them using TIMING. The frequency of apoptotic
effectors under these conditions was only 4%, and this also con-
firmed that phototoxicity was negligible under the current imaging
conditions.
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*, P <0.05; ***, P<0.001;
***++ P < 0.00071; n.s., not statistically
significant.
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Significantly, across all four donors, the frequencies of cyto-
lytic CAR" T cells undergoing AICD were higher at an E:T of 1:1
in comparison with the multikiller CAR" T cells, and this effect
was more exaggerated with CARS cells (Fig. 6B). These data may
help account for the decrease in number and even disappear-
ance of infused CAR" T cells when the CD19" tumor mass is
reduced.

Discussion

We implemented a high-throughput single-cell assay
(TIMING) to dynamically profile the functionality of CAR"
T cells. Our analyses at the single-cell level demonstrate that,
much like CARS cells, CAR4 cells can directly engage in tumor cell
killing, albeit with altered kinetics. We further demonstrate that
CAR4 cells can participate in multikilling via simultaneous con-
jugation to multiple tumor cells.

Atlow tumor cell densities (E:T 1:1), the majority of the single-
killer CARS cells were significantly faster in killing tumor cells in
comparison with individual CAR4 cells (Fig. 4E). By contrast,
both single-killer CAR8 and CAR4 cells within the S1 subgroup,
characterized by their high basal motility, displayed no significant
differences in the kinetics of tumor cell killing. Furthermore, in
contrast with the rest of the population, effector apoptosis was
infrequent among CAR8 and CAR4 cells in the S1 subgroup.
Collectively, these data suggested that the high basal motility of
CAR™ T cells (CAR4 or CAR8) might help identify efficient killers
with decreased propensity for AICD.

When interacting with increased numbers of tumor cells (E:T
ratios of 1:2 to 1:5), both individual CAR4 and CARS8
cells efficiently conjugated to multiple tumor cells, facilitating
multiplexed killing. Comparisons among the different tumor
cells by these individual multikiller CAR4/CARS8 cells demon-
strated that they displayed an essentially unchanged efficiency
(tcontact) Of killing of not only the first and second target, but
also in comparison with (single-killer) CAR" T cells that were
incubated with only one tumor cell (Supplementary Fig. S20).
In comparing CAR4 cells with CARS cells, however, consistent
with the observations at an E:T ratio of 1:1, CAR4 cells were
significantly slower in tumor cell killing. Intracellular staining
at the single-cell level indicated that the molecular origin of the
differences in kinetic efficiency of the CAR4 and CARS8 cells
could be attributed to their granzyme B content, and this was
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further confirmed by blocking granule exocytosis using EGTA
(Fig. 5).

For both CAR4 and CARS cells, single-killer effectors under-
went apoptosis at higher frequencies and with faster kinetics in
comparison with multikiller CAR™ T cells (Figs. 1 and 4). These
data indicate that activation for lysis through multiple targets as
opposed to prolonged conjugation with a single target reduces the
propensity for effector apoptosis. Although the mechanistic basis
for the responsiveness of these T cells to antigen/target density is
not known, it is conceivable that the continuous propagation of
these cells on irradiated aAPC at defined ratios, allows for bal-
anced activation while minimizing AICD (32). Collectively, these
data could provide mechanistic insights into observations that
infused CAR™ T cells swell in number in response to addressing
large numbers of CD19" tumor cells, but then decline in number
as the tumor bioburden is lowered because of the multikilling by
effector T cells (6, 33).

In aggregate, comparisons of the CAR4 cells and CARS cells
demonstrate that, although CAR4 cells can participate in killing
and multikilling, they do so at slower rates, likely due to the
lower granzyme B content. This decreased kinetic efficiency,
however, is likely a minor disadvantage and is counter balanced
by their decreased propensity of these cells to undergo AICD in
the absence of help from other cells, as profiled in our nanowell
system. Indeed, recent preclinical and clinical data have sug-
gested that complete eradication of established tumors can be
accomplished by the adoptive transfer of T cells derived exclu-
sively from CD4" T cells (16-18). Similarly, adoptive transfer
of human T helper 17 (Ty17) cells has shown preclinical
promise for the treatment of ovarian cancer (34, 35). Although
we have focused on the heterogeneity among CAR" T cells, the
results presented here are also likely influenced by the under-
lying heterogeneity in tumor cells. Although the expression of
CD19 is uniform on the cells used as targets in our assays
(Supplementary Fig. S4), it is feasible that there could be
subpopulations of tumor cells that are resistant to CAR™
T-cell-mediated killing.

Data from clinical trials have also shown a correlation between
in vivo persistence of infused CAR™ T cells and patient outcomes
(36). Significantly, the findings of our short-term TIMING data
(12-hour monitoring) that describe motility and ability to resist
AICD as important attributes of functional T cells are consistent
with persistence data obtained in mouse models infusing CD19-
specific CAR" T cells that suggest that these same features are
essential for tumor regression (37). Motility is likely a key param-
eter of the efficacy of T-cell therapies and has a significant role in
tumor regression. It has been previously demonstrated that cancer
cells from B-cell malignancies effectively dampen antitumor
responses via disruption of actin-based basal T-cell motility
in vitro (38-40). Second, the negative costimulatory molecules,
PD-1 and CTLA4, have opposing effects on T-cell motility both
in vitro and in vivo (41, 42). Finally, recent intravital microscopy
data from melanoma models in mice have demonstrated
that successful therapeutic anti-CTLA4 treatment correlates with
greater T-cell motility (43).
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The variation in the composition of CAR" T cells within a
population of effector cells between donors across samples high-
lights the challenges in eliciting functional responsiveness
in heterogeneous samples. As the field of adoptive immunother-
apy takes on the challenge of targeting diseases that vary in
burden, biodistribution, and antigen expression and density, it
is important that a priori definitions of single-cell potency (pro-
liferation, killing, cytokine secretion, etc.) be available. We suggest
that identifying/quantifying specific biomarkers of efficacy, as
described herein, may enable the manufacture of next-generation
CAR" T cells.
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