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Adaptive resistance is a major limitation in the use of targeted
therapies for cancer. Using real time biomass tracking, we demon-
strate the isolation and identification of rare (1% fraction) diffuse
large B cell lymphoma cells resistant to the PI3K inhibitor idelalisib,
from an otherwise sensitive population. This technique allows
direct study of these rare, drug tolerant cells.

Introduction

Targeted therapies use novel agents that specifically target one
or more proteins in a cell and are administered based on the
genetic make-up of the patients’ cancer. As these drugs are
personalized to the patients’ specific cancer, they can be very
effective and are considerably less toxic to normal cells than
are chemotherapies. While targeted therapies continue to
change the landscape of cancer therapeutics and lead to
tumor shrinkage in many cases, the major drawback is
patients’ cancers eventually grow back in the presence of the
drug, a phenomenon known as “acquired resistance”.
Unfortunately, this usually occurs within one year, and after-
wards there are limited treatment options." In some cases, sec-
ondary mutations that confer resistance to targeted inhibitors
can exist—usually at hard-to detect frequencies—prior to
initiation of treatment,” or alternatively, appear de novo;> simi-
larly, other non-genetic-based resistant mechanisms can also
appear de novo, in response to the selection pressure of the tar-
geted inhibitor.”

In the case of non-pre-existing resistant clones (whether
mutation based or otherwise), it remains largely unknown how
some cancer cells survive initial treatment, allowing them to
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eventually acquire resistance, usually by multiple, hetero-
geneous mechanisms. An increasingly-recognized reason for
treatment failure involves this subpopulation of cells posses-
sing immediate drug tolerance, at least for some period of
time.”” These drug-tolerant cells survive long enough during
initial treatment to spontaneously acquire genetic or non-
genetic changes that confer long-term (stable) resistance.
There remains no good way to study these drug-tolerant sub-
populations because transient growth and survival at the
single cell level during initial treatment is very difficult to
measure.

In this work we overcome this hurdle and quickly identify
and isolate rare diffuse large B cell lymphoma (DLBCL) cells
tolerant of the targeted therapeutic agent, idelalisib, using a
novel single cell biomass tracking approach. Idelalisib is an
inhibitor of phosphatidylinositol 3-kinase (PI3K) that is some-
times used for salvage therapy in treatment refractory DLBCL
patients. While DLBCL provides a specific scenario where char-
acterizing drug-resistant subpopulations before relapse
becomes clinically relevant, cancer relapse is a problem
affecting nearly all cancers and isolating and studying drug-
resistant subpopulations at an early stage could inform clinical
decision making in nearly all of them.

Results and discussion

DLBCL is the most common subtype of non-Hodgkin’s lym-
phoma. Current frontline therapy for DLBCL is an immuno-
chemotherapy and chemotherapy combination of rituximab,
cyclophosphamide, doxorubicin, vincristine, and prednisone
(R-CHOP) with or without radiation depending on cancer
stage. This combination has improved five-year survival rates
up to 60-70%.% Despite these gains in survival, up to 50% of
patients become refractory to or relapse after treatment. Only
about 30-40% will respond to salvage therapy and 50% will
relapse after autologous stem cell transplant (ASCT), and the
overall survival of patients with refractory DLBCL, defined as
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no response to last chemotherapy or relapse <12 months post
ASCT, is only around 20%.°

Idelalisib is a potential second line therapy in DLBCL that is
currently being tested in clinical trials (ClinicalTrials.gov
Identifier: NCT03576443). Idelalisib induces apoptosis in malig-
nant B-cells by inhibiting the PI3K/AKT/mTOR growth signaling
pathway. We created an ex vivo, drug-resistant-clone-containing
tumor using a 1:100 mixture of two DLBCL cell lines,
SU-DHL-10 and SU-DHL-6,” which have differential sensitivity
to idelalisib. We then identified idelalisib-tolerant cells in real
time by their substantial and distinct biomass growth in the
presence of drug using High Speed Live Cell Interferometry
(HSLCI), a multi-well biomass accumulation assay depicted in
Fig. 1."%"* Fast growing cells were isolated via an automated
micropipette system and re-cultured to confirm their idelalisib
resistance. Both cell lines have IGH-BCL2 (t14:18) fusions with
SU-DHL-6 having a breakpoint in the major breakpoint region
(MBR) and SU-DHL-10 having a different breakpoint, in inter-
mediate cluster region (ICR), of chromosome 18. This difference
in translocation breakpoints between the two cell lines enables
the identification of the two lines through PCR."?

While previous work with HSLCI has identified rare drug
resistant cells,'"*>'* these studies are the first to isolate these
cells. This step forward is owed to the development of an auto-
mated micropipette system and improvements in real-time
data processing.

SU-DHL 6 and 10 differential sensitivity to idelalisib measured
with HSLCI

To measure the sensitivity of both SU-DHL-6 and -10 to idelali-
sib, cells were dosed at a range of concentrations from 0 uM to
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Fig. 1
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50 pM for 24 hours, followed by monitoring biomass growth
by HSLCI for 12 hours (Fig. 2). We found that SU-DHL-6 had a
half maximal effective concentration (EC50) of 46 + 13 nM (n =
3), while SU-DHL-10 had an EC50 of 7703 + 452 nM (n = 4).
Therefore, SU-DHL-10 requires greater than two orders of mag-
nitude more idelalisib to experience a similar effect on
biomass growth as SU-DHL-6. For reference, a patient taking
the recommended dose of idelalisib and the dose used in the
clinical trial, 150 mg, will have an maximum concentration of
idelalisib of approximately 2-3 uM in their blood."® At 2.5 uM,
SU-DHL-10 growth remains close to untreated cell growth
(97.8% + 4.9% of the normalized response), while the median
growth of SU-DHL-6 is negative even at 1 pM (p < 0.001 vs.
untreated cells). Of note, while SU-DHL-6 untreated cells
appear to have an even spread of hourly growth rates from
—2%-5%, SU-DHL-10 untreated or low dosed cells appear to
fall into one of two categories: growing at ~4% or dying or
dormant at ~0%.

Isolating idelalisib-tolerant cells and re-culturing to confirm
resistance

Individual cultures of SU-DHL-10 and -6 cells were collected
and counted, and then mixed at a 1:100 ratio on a six well
plate. Cells were then treated with either 0 or 2.5 uM of idelali-
sib, which is a dose commensurate with the highest concen-
tration seen in the blood of patients. After 24 hours the
biomass growth of single cells or cell clusters was measured
every 8 minutes by HSLCI for the next 12-16 h. At the end of
the observation period, single fast growing cells or clusters
were located and automatically collected into a micropipette
(ESI Fig. 1t). This process was repeated until the desired
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(a) Schema of HSLCI. (1) Wide field phase detection camera, (2) illumination source, (3) micropipette system, (4) tubes for cell collection. (5)

Dynamic focus control (b) examples of drug-tolerant and -sensitive DLBCL cells present in same culture. Left shows cell mass vs. time. Right shows

HSLCI cellular mass density images of the two cells. Scale bars 10 pm.
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b) SU-DHL-10
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(a & b) Representative box-plots of SU-DHL-6 and SU-DHL-10 cells treated with idelalisib. Individual dots in the overlaying box plot represent

the mass accumulation rates of single cells measured over the interval 24—-36 h post-dosing. The carrot “A" indicates the maximum dose reached in
the blood of human patients given the prescribed dose. (c & d) The ECsq is calculated by sigmoidal fit to the median mass accumulation rates for
SU-DHL-6 (N = 3) and SU-DHL-10 (N = 4). These responses indicate SU-DHL-6 is sensitive and SU-DHL-10 is resistant to idelalisib.

number of cells were collected. These isolated cells were then
re-cultured for two to three weeks and then re-screened in
2.5 uM idelalisib to confirm that they were indeed resistant to
the drug.

Three drug resistant cell isolations were performed with a
representative example shown in Fig. 3 (see also ESI Fig. 27).
The median hourly growth rates of the untreated 1:100 cell
mixtures ranged from 1.5% + 0.1% to 1.9% =+ 0.1% in the three
trials. In contrast, the median hourly growth rates of the cells
treated with 2.5 uM idelalisib ranged from —0.3% + 0.02% to
0% + 0.07%, indicating idelalisib had significant growth inhi-
bition effects at 2.5 pM. When evaluated with two sample
t-test, the comparison of corresponding treated and untreated
population for each trial yields p < 0.0001 for all three trials.

The fastest growing 1% of cells were isolated from each of
the treated population as indicated by the red asterisk “*”.

This journal is © The Royal Society of Chemistry 2021

These cells were then re-cultured for approximately two to
three weeks. Median growth rates of untreated populations
ranged from 4.0% + 0.1% to 4.4 + 0.1% while median growth
rates of treated populations ranged from 3.8% + 0.1% to 4.4 +
0.07% in the three trials. When evaluated with two sample
t-test, the comparison of corresponding treated and untreated
population for each trial yields p > 0.30 for all three trials. The
identity of the re-cultured resistant cells as SU-DHL-10 was
further confirmed through PCR (Fig. 3d and ESI Fig. 37)."?
These results indicate the successful isolation of the 1% idela-
lisib tolerant sub-population. As a further control, cultures of
media from micropipettes that were exposed in the media but
collected no cells resulted in no cell growth. Additionally, col-
lection of approximately 10 random cells in the bottom 95% of
growth rates resulted in no cell growth (Fig. 3c and ESI

Fig. 47).
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b) Re-Culture Screen
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(a) Representative example (n = 3) of the isolation of the top 1% of growing cells from 1:100 SU-DHL-10/SU-DHL-6 mixture. Cells were

treated with 2.5 pM idelalisib for 24 hours and mass accumulation rates were measured from 24—40 hours post dosing at which point the top 1% of
growing cells were isolated by micropipette. (b) Cells isolated in (a) were cultured for 20 days then rescreened at 2.5 pyM idelalisib. The median
growth rate at 2.5 uM idelalisib increased from —0.2% + 0.02% per hour in the isolation to 4.1% + 0.12% per hour after re-culture. (c). In an experi-
ment identical to (a), cells in the bottom <95 percentiles were isolated and cultured but no growth occurred. (d) PCR at the IGH-BCL2 loci for the
cell line-specific breakpoints was performed on cells from stock SU-DHL-6 and -10 lines, and re-cultured cells indicating SU-DHL-10 cells were iso-

lated from the 1:100 mixture.

Between 800-1300 cells were measured in the treatment
condition for each experiment, indicating a theoretical detec-
tion limit for the system as around ~0.1% for the isolation of a
single cell. While re-culturing a single cell may be more
difficult, isolation, cell lysis, and DNA or RNA analysis are emi-
nently achievable. The current bottleneck for the system is
real-time data processing which could be improved by
increased CPU and GPU power. Increases in processing speed
could lead to 3x the amount of data processed until being
limited by the camera’s maximum framerate.

Future developments of this technique will include adap-
tation to primary cells extracted from tissue, which typically

M60 | Analyst, 2021, 146, 1157-1162

have a shorter viability window, versus cell lines which grow
robustly in culture for extended periods. HSLCI has been used
successfully with primary tissue from triple negative breast
cancer patient-derived xenografts, including very limited quan-
tity samples obtained from a fine needle biopsy.'>'* However,
it is likely that additional optimization of media conditions
would be needed for some types of primary samples. These
PDX cells remain non-adherent."* Any work with fully-adher-
ent cells may require use of engineered surface coatings to
allow the cells to be aspirated into the pipette without damage,
or the careful application of proteases to reduce adhesion
during collection. If this is not feasible, one would be limited

This journal is © The Royal Society of Chemistry 2021
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to cell lysis and DNA and RNA analysis as cell damage due to
collection would prevent re-culture.

Traditional dye exclusion cell viability assays conducted via
microscopy at a single point in time could differentiate live
cells from apoptotic or necrotic cells for isolation. However,
this method would not discriminate slow growing or quiescent
cells from vigorously growing cells, as does biomass tracking.
Biologically, the cells growing vigorously in the presence of
drug are likely to be the most interesting candidates for
mechanistic studies. Furthermore, in contrast to the snapshot
nature of dye exclusion assays, the kinetic of single cell
responses captured by biomass tracking may prove to be par-
ticularly informative in fragile primary cultures which remain
viable for only short periods after isolation.

In addition to biomass tracking, other single cell analytical
methodologies can explore the heterogeneity of the drug
response such as fluorescence lifetime assays (FLT) or Raman
spectroscopy.'®!” While both techniques provide insights into
metabolic responses to drugs, they have not been used to
isolate low abundance drug-tolerant cells from mixed samples
Higher throughput FLT assays are prone to photo bleaching,
can have trouble resolving multi exponential decays, and data
processing is not yet real-time."”” High throughput Raman
based methods have only been able to provide of a snapshot in
time of drug response unlike the time dynamic measurements
acquired by HSLCL.'®

The ability to identify and isolate live resistant subpopu-
lations via HSLCI can be a valuable tool for both basic research
and clinical decision making in solid and liquid tumors alike.
Identification and re-culturing of resistant subpopulations in
cell lines or primary samples could facilitate the study of
mechanisms of drug-resistance and even reversion back to a
drug sensitive state to help develop new therapeutics. In the
clinical setting, HSLCI could be used to identify and character-
ize drug resistant clones, before disease relapse becomes
evident in the patient. HSLCI could potentially develop into a
tool to help direct evolutionary guided strategies of adaptive
therapy.'* !

Materials & methods

Cells and cell culture

SU-DHL-6 and -10 cells were obtained from American Type
Culture Collection (ATCC) and maintained with RMPI 1640
supplemented with 10% FBS also obtained from ATCC. Cells
isolated from HSLCI screenings were at first maintained in
200 uL of RMPI 1640 in a 96-well plate until they had grown
out to about 100 000 cells at which point cells were maintained
in a 24 well plate, and then finally in T25s.

HSLCI screening experiments

The HSLCI platform is a custom-built inverted optical micro-
scope coupled to an off-axis quadriwave lateral shearing inter-
ferometric camera (SID4BIO, Phasics, Inc.). Cells are imaged
in single, standard-footprint (128 x 85 mm), glass-bottomed, 6
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or 24 well plates (Cellvis). Acquired images are processed by a
downstream PC using NVIDIA K2000 GPU and a MATLAB pipe-
line. All of the platform’s hardware and software components
are available commercially. A 40x objective (Nikon, NA 0.75)
was used for all the studies. The imaging platform is installed
within a standard cell culture incubator.

Between 50 000-100 000 cells per well were plated in either
24 or 6 well plates. Cells were then treated with the proper
doses of idelalisib (ApeXBio). After 24 hours for treatment to
take effect, cells were monitored for 12-16 hours.

To ensure the quality of hourly growth rates recorded, data
was filtered such that only biomass tracks (mass vs. time) exhi-
biting linear fit standard errors less than 0.002 normalized
mass units per hour were included. This excludes tracks were
noise introduced by cell debris or drifting interrupts the tracks
of otherwise stable cells. Only cells greater than 300 pg were
included, as objects smaller than that never grew and
appeared to be just debris.

HSLCI isolation experiments

100 000 cells per well were plated in 6 well plates. Cells were
treated with either 0 or 2.5 pM of idelalisib. After 24 hours, cells
were monitored for 12-16 hours. Data from 2.5 pM condition
was processed in real-time, and the 0 uM data processed after
the experiment. Images are then tracked frame to frame and
hourly growth rates determined. Cells were then isolated with a
micropipette (0.5 mm, borosilicate glass, Sutter Instruments)
that was pulled using P-2000 micropipette puller (heat = 290,
pull = 25, delay = 150, velocty = 20, Sutter Instruments).

The locations of cells with growth rates in top ~1% are then
sent from a processing computer to a control computer.
HSLCI machine then automatically goes to each location, the
user then indicates whether the tracked cell or cell cluster is
present and should be isolated. Then the micropipette auto-
matically comes down and grabs cell or cell cluster using capil-
lary pressure. The micropipette then goes back above the
surface of the media, and machine moves to the next location.
After completion of collection, all the liquid in the micropip-
ette is deposited into 100 pL of RPMI 1640 media for re-
culture together in a single well of a 96-well plate.

PCR

PCR was performed on the re-cultured samples from Trials #1,
2, and 3 for detection of distinct breakpoints in BCL2 due
IGH-BCL2 fusions in SU-DHL-6 and SU-DHL-10. Primer
sequences and genomic coordinates are available in ESI
Table #1.f Genomic DNA was extracted with Qiagen’s
MagAttract HMW DNA kit. DNA concentration was then
measured with ThermoFisher’s Quibit dsDNA HS Assay kit.
Next the PCR solution composed of primers identified by
Bouamar et al.'® for identifying SU-DHL-6 and SU-DHL-10
cells, millipure water and New England Biotechnologies Long
AMP PCR Master Mix, was mixed with the samples. The solu-
tion was then heated to 95C for 1 minute and cycled 45 times
at 95C for 15 seconds, 57C for 15 seconds and then 60C for
1 minute. 5 puL aliquots were run on a 2% agarose gel.

Analyst, 2021, 146, 157-1162 | 1161
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