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ABSTRACT

Genetically engineered T cells that express chimeric antigen receptors (CARC) are heterogeneous and thus,
understanding the immunotherapeutic efﬁcacy remains a challenge in adoptive cell therapy. We
developed a high-throughput single-cell methodology, Timelapse Imaging Microscopy In Nanowell Grids
(TIMING) to monitor interactions between immune cells and tumor cells in vitro. Using TIMING we
demonstrated that CD4C CARC T cells participate in multi-killing and beneﬁt from improved resistance to
activation induced cell death in comparison to CD8C CARC T cells. For both subsets of cells, effector cell
fate at the single-cell level was dependent on functional activation through multiple tumor cells.

Adoptive immunotherapy of chimeric antigen receptor T cells
(CARC T cells) represents one of the most signiﬁcant treatments against leukemia and lymphoma where it has been
shown to be successful in mediating superior and sustained
remission in previously relapsed and refractory cancer
patients.1-3 Because they express this hybrid immunoreceptors,
CARC T cells directly recognize tumor associated antigen
(TAA) on the surface of the cancer cells, bypassing conventional T-cell recognition that necessitates presentation by the
human leukocyte antigen (HLA) molecules. New generations
of CARC T cells constructs include one or two additional costimulatory molecules which further bestow activation to the T
cells. Despite the success of these therapies however, the deﬁnition of the potency of the inoculum remains unclear. For
instance, both pre-clinical and clinical studies in adoptive
immunotherapy have shown improved beneﬁts of infusing
CD4C and CD8C T cells together for mediating antitumor
response compared to infusing CD8C T cells only.4,5 The direct
comparison of potency and kinetics of conjugation of these different T cell subsets with tumor cells, at the single-cell level in
high-throughput, are lacking. Flow cytometry can identify phenotypic characteristics of immune cells at the single-cell level
and in high throughput, but it cannot be used to study the realtime interactional behavior of immune cells. Multi-photon
microscopy is a powerful tool used in tracking and studying
immune cells in vivo, but it is limited with respect to the number of events observed per unit of time, thus making statistical
decision challenging. There is a need for novel technologies to
study the potency of individual immune cells both pre-infusion
and post-infusion, and this single-cell technology ideally needs
to be adaptive, reliable, scalable, high-throughput, and fast.
Given the nature of adoptive immunotherapy in which infusions and treatments may be time-sensitive, rapid screening of
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potency of the inoculums may be paramount in identifying and
generating suitable treatments personalized for each patient.
We developed a high-throughput in vitro Time-lapse Imaging
Microscopy in Nanowell Grids (TIMING) platform which
allows the interrogation of thousands of single-cell level interactions between T cells and tumor cells in conﬁned nanowells.6-8 Speciﬁcally, we compared the potency and kinetics of
CD19-speciﬁc CD8C CARC T cells (CAR8) and CD4C CARC T
cells (CAR4) in their interactional behavior with CD19C tumor
cells.7
At E:T of 1: 2–5, we found that both CAR8 and CAR4 cells
can participate in multi-killing through conjugation to multiple
tumor cells, although CAR4 cells experience a signiﬁcant delay
in kinetics of killing the tumor cells (Fig. 1A).7 Interestingly,
the duration of conjugation leading to killing of the ﬁrst, second, and third tumor cells were not signiﬁcantly different, demonstrating no change in the efﬁciency of killing. In order to
provide a mechanistic basis for the differential kinetics, we
tested relative expression of the cytotoxic protease, granzyme B
(GzB). Consistent with the kinetic results, we found that CAR8
cells had signiﬁcantly higher expression of GzB compared with
individual CAR4 cells. We further conﬁrmed that GzB-mediated cytotoxicity is the major mechanism of killing mediated by
these CARC T cells by co-incubating them with tumor cell lines
in the presence/absence of EGTA calcium chelator.
The ability of T cells to mediate antitumor response and to
persist in vivo is one of the hallmarks of therapeutic success.9
Since T cells can undergo apoptosis upon functional activation,
we investigated the frequency and kinetics of them undergoing
apoptosis. Remarkably, the frequency and kinetics of activation-induced cell death (AICD) was dependent on functional
activation through multiple tumor cell lysis events. Although it
is known that T cell populations undergo activation, expansion,
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Figure 1. TIMING methodology provides insight into function and fate of CARC T cells at the single-cell level. (A) Comparative schematic of CAR8 cells and CAR4 cells with
respect to cytolytic efﬁciency and resistance to AICD. Both CAR8 (left) and CAR4 (right) cells participate in simultaneous conjugation with multiple tumor cells to engage in
multi-killing, but CAR8 cells do so at a faster rate than CAR4 cells most likely due to higher GzB content. In addition, CAR4 cells beneﬁts from improved AICD resistance
compared to CAR8 cells upon killing the tumor cells. (B) Resistance to AICD was more pronounced in both CAR8 cells and CAR4 cells that participate in multi-killing compared to mono-killing, providing insights into the observation that CARC T cell fate at the single-cell level is dependent on functional antigenic activation.

and subsequent contraction, our results provide direct linkage
to functional activation at the single-cell level modulating Tcell fate, in vitro (Fig. 1B). Comparisons of the CAR8 cells and
CAR4 cells demonstrated that CAR8 cells underwent AICD
faster than CAR4 cells, upon antigen limitation. Together, these
data are consistent with observations made in the clinic, where
CARC T cells regulate their numbers based on the tumor bioburden i.e. they proliferate to greater numbers after infusion to

respond to a large number of tumor cells, and then decreased
in numbers as tumor cells were killed by the CARC T cells.2,10
Overall, our short TIMING data (12 h) suggest that multi-killing, GzB content, and resistance to AICD may serve as critical
components in determining the functional attributes of the
inoculum that contribute to overall therapeutic success.
New immunobiology is needed to help deﬁne a T-cell product suitable for infusion. The large number of tumor-associated
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antigens, designs of immunoreceptors, T-cell subset(s) to be
modiﬁed is but a few of the variables that aggregate to deﬁne
the therapeutic potential of genetically modiﬁed T cells. Mouse
models of comparative oncology are not amenable to scale up,
and do not always predict efﬁcacy in human trials.
We propose that the a priori identiﬁcation of genetically
modiﬁed T cells capable of mediating antitumor effects in
humans can only be solved using high-throughput approaches
supported by robust computational algorithms. Thus, our TIMING platform may enable the identiﬁcation of this potency and
thus help the design and manufacture of future generation of
cellular infusion products.
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