
Application Note

Chimeric antigen receptor T cells (CAR T) are 
promising immunotherapies shown to be efficacious 
for the treatment of hematologic cancers. Success 
notwithstanding, enabling cost effective CAR T cell 
production at scale means overcoming manufacturing 
challenges including continued dependence on open, 
manual, labor intensive processes. The ekko™ Acoustic 
Cell Processing System is a purposely designed, closed- 
and integrated-platform that enables user-friendly 
automation of cell washing, concentration, and media 
exchange. 

Here we demonstrate the use of the ekko™ System in 
several unit operations across the CAR T manufacturing 
workflow including DMSO washout from thawed 
cryopreserved donor leukopaks and concentrate and 
wash of expanded T cells. Recovery of total nucleated 
cells (TNC) from ekko™ System washed apheresis 
material ranged from 85% at 1e9 TNCs input and 
30-minute processing time to 92% for 10e9 TNCs 
and 100 minute processing time. DMSO washout 
efficiencies of 95% - 99% were achieved as incoming 
TNCs increased from 1e9-10e9. Cell expansion post 
ekko™ System DMSO washout demonstrated healthy 
T cells with high viability and no loss in phenotype. 
Concentrate and wash of expanded T cells was 
performed on the ekko™ System with 0.75, 1, 1.5 
and 3e9 total cells at feed volumes of 0.5, 1 and 2 
L. Cell recovery at process times similar to those 
for apheresis material averaged 85% with 97% IL-2 
washout efficiency. Concentration of cells into small 
product volumes is key for unit operations that include 
genetic modification and final formulation. Here we 
demonstrate 200-fold volume reduction for a standard 
1 L 1e9 T cell process using the ekko™ System to 
achieve cell concentrations of >140e6 cells/ml in 5 mL 
product output volumes.  

Introduction
Adoptive cell therapies (ACT) are promising 
immunotherapies designed to target and destroy cancer 
cells. Chimeric antigen receptor T cells (CAR T), a 
type of ACT consisting of genetically modified T cells, 
are designed to express a chimeric receptor directed 
against antigens on the surface of tumor cells. CAR T 
therapeutics have proven efficacious in the treatment 
of hematologic cancers and as a result, increasing 
numbers of products are moving into late-stage clinical 
trials towards FDA approval1. 

To meet the demands of a growing product pipeline and 
enable more widespread use of CAR T therapeutics, cell 
therapy manufacturers will need to overcome several 
challenges such as complex manufacturing processes. 
Closed and automated processing systems are a 
strategy that simplifies processing complexity, reduces 
contamination risk, improves product consistency, and 
limits production costs. However, access to fit-for-
purpose technologies in the cell therapy space remains 
limited.  As a result, many CAR T manufacturers rely on 
open, labor intensive, semi-manual workflows that are 
difficult to scale and limit reproducibility as production 
needs increase. 

CAR T workflows are generally consistent and may 
include such unit operations as T cell source collection 
and sample preparation, selection, activation, genetic 
modification with a CAR, cell expansion, and  
end-of-process wash, concentrate, and formulation 
(Figure 1). Many of today’s manufacturers leverage 
a modular and semi-automated approach for CAR T 
production. Cell wash and concentration, a processing 
step found in multiple CAR T unit operations, brings 
a unique set of manufacturing challenges to this 
workflow. For example, currently available filtration- 
and centrifugation-based technologies adapted for T 
cell wash and concentrate can negatively impact cell 
recovery and viability. 
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Methods

DMSO Washout from Freshly Thawed 
Cryopreserved Donor Leukopaks

Frozen donor leukopaks (HemaCare® and 
StemExpress®) were thawed directly in a 37°C water 
bath prior to undergoing automated washing on the 
ekko™ System. To determine washing efficiency,  
pre- and post-dilution cell counts were measured in 
triplicate using the Hycount 5 Plus (Hycel) complete 
blood counter for cell counts and the NucleoCounter® 
NC-202™ (Chemometec) automated cell counter for 
viability. The volume of material containing  
1-, 2.5-, 5-, and 10e9 total nucleated cells (TNCs) 
was determined by mass balance then diluted 9-fold 
in wash buffer consisting of Dulbecco’s phosphate 
buffered saline (DPBS), 1% human serum albumin 

(HSA), and 3 mM EDTA before processing. The transfer 
bag of diluted input material was sterile welded to the 
ekko™ Single-use Assembly for washing. A single cycle 
of recirculation, concentration, wash, cell settling, and 
harvest at a constant power/flow ratio of 2.3 (105 
W, 45 mL/min) was used to process starting material 
under benchmark conditions, i.e. ≤1.5e9 TNCs whereas 
multiple cycles of retention, wash, cell settling, and 
collection were used when inputs exceeded ≥1.5e9 
TNCs. Recovery was calculated by mass balance using 
total and viable cell counts for the feed, waste, and 
product measured in triplicate as described previously.  
Duplicate diluted leukapheresis samples processed 
manually by centrifugation in parallel with each ekko™ 
System run were used as controls (350 RCF for 8 
minutes).

Figure 1. End to End Model Workflow for CAR T Manufacturing
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Acoustic based systems offer a gentler alternative for 
cell wash and concentrate that is flexible for use in 
preclinical and industrial scale CAR T processes. The 
ekko™ Acoustic Cell Processing System is a purposely 
designed, closed and integrated manufacturing platform 
that enables user-friendly automation of cell washing, 
concentration and media exchanges. The ekko™ 
System’s core technology employs acoustophoresis 
to capture cells based on their size, density, and 
compressibility at low pressure areas within acoustic 
waves called nodes. The ekko™ System comes with an 
easy to install ekko™ Single Use Assembly designed to 
meet cell therapy regulatory requirements and software 
that is 21 CFR Part 11 compliance-ready and developed 
under GAMP5 guidelines.

The ekko™ System can be used in multiple CAR T unit 
operations for a wide range of incoming volumes, cells, 

and raw materials (Figure 1). The flexibility of the 
acoustic technology provides usage in upstream and 
downstream processing of therapeutic cells. 

As examples of upstream processes, we evaluated 
dimethyl sulfoxide (DMSO) washout from freshly 
thawed cryopreserved apheresis material and volume 
reduction of highly concentrated cell products for steps 
like genetic modification preparation. We focused on 
wash and concentration of expanded T cells ahead of 
final formulation as a sample downstream process. 
The results of these studies characterize operating 
test conditions for cell wash and concentrate using 
apheresis material and expanded T cells. We further 
demonstrated the capability to achieve reproducible 
recoveries with variable cell inputs, generation of 
relevant low volume high cell concentration material, 
and residual washout ≥95% with a single wash cycle.
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Wash and Concentrate of Expanded T Cells 

Expanded T cells for ekko™ System wash and 
concentration were generated from cryopreserved 
apheresis material (HemaCare®). PBMCs were 
isolated from apheresis products by density gradient 
centrifugation using Ficoll-Paque™ PLUS (Cytiva). 
T cells were then activated with OKT3 antibody 
(Biolegend®) and expanded for 6-9 days in a G-Rex® 
vessel (Wilson Wolf).  At time of ekko™ System 
processing, cell count and viability were determined 
using a NucleoCounter® NC-202 automated cell counter 
followed by dilution in TexMACS™ medium (Miltenyi 
Biotech) containing 5% human serum to achieve the 
pre-determined cell density for each run. Following the 
dilution of the starting material, final volume and cell 
density was determined by mass balance. Cell identity 
and phenotype were established by a Novocyte® flow 
cytometer (Agilent).

The operating test conditions for expanded T cells 
were evaluated at 0.75-, 1-, 1.5- and 3e9 total cells 
at varying volumes (0.5, 1 and 2 L). Low output 
volume testing was performed using 1e9 total cells 
in a 1 L volume (benchmark process).  After diluting 
the expanded T cells, as described above, the transfer 
bag of diluted T cell material was sterile welded to the 
ekko™ Single-use Assembly for wash and concentration 
using the ekko™ System in Manufacturing Mode.  

An optimized wash and concentration process 
consisting of a single recirculation cycle, concentration, 
wash, cell settling and harvest at a constant power/
flow ratio of 2.3 (105 W/ 45 mL/min) was used for all 
conditions tested. 

T cell recovery was calculated by mass balance to 
determine volume and by using total and viable cell 
counts from the feed, waste and product, measured in 
triplicate, using the NucleoCounter® NC-202 automated 
cell counter. Controls comprised T cells from the 
starting material that were processed manually by 
centrifugation with each ekko™ run (350 RCF for 8 
minutes).

Residual Washout

DMSO

Residual DMSO was measured in leukapheresis samples 
pre- (initial) and post (Product)-ekko™ System 
processing in DPBS with 1% HSA and 3 mM EDTA and 
quantified by HPLC from triplicate donor leukopaks at 
1-, 2.5-, 5-, and 10e9 WBCs. Percent washout was 
calculated using Equation 1 where [X]p is the DMSO 
concentration in the product and [X]f is the DMSO 
concentration in the incoming feed.

Percent Washout= *100
[X]p

[X]f
1-( )( )

Cytokine (IL-2) 

Residual interleukin-2 (IL-2) was quantified from three 
runs using the benchmark process.  Samples of the 
T cell starting material and corresponding products 
post ekko™ System processing were clarified via 
centrifugation and stored at -20°C until the time of 
assaying. Triplicate IL-2 samples were quantified 
using a Luminex® high sensitivity human IL-2 cytokine 
magnetic performance assay and the Luminex® 200 
System with xPONENT® acquisition and analysis 
software. Percent washout was calculated using 
Equation 1 where [X]p is the IL-2 concentration in the 
product and [X]f is IL-2 concentration in the incoming 
feed material.

Cell Expansion Post ekko™ System Processing 

Leukapheresis material containing 1e9 total WBCs 
underwent automated acoustic washing on the ekko™ 
System in parallel with samples processed manually 
by centrifugation at 200 x g for 10 minutes. PBMCs 
were isolated from both conditions by density gradient 
centrifugation at 400 x g for 30 minutes using Ficoll-
Paque™ PLUS (Cytiva). The buffy coat of leukocytes 
was collected, washed twice in DPBS, and resuspended 
in growth media consisting of TexMACS™ medium 
(Miltenyi Biotech) with 5% human serum and 10 µg/L 
IL-2.  Cells were seeded at 1e6 cells/mL in a G-Rex® 
100 vessel (Wilson Wolf) and activated with Ultra-
LEAF™ purified anti-human CD3 antibody (Biolegend). 
Samples were taken every 2 days starting on day 3 to 
measure cell growth and viability.  Cell concentration 
and viability in pre and post processed material was 
measured using a Hycount 5 Plus (Hycel) CBC and 
NucleoCounter® NC-202™ automated cell counter. 

Cell Characterization by Flow Cytometry 

Following ekko™ System processing,  concentrated T 
cell product was diluted 1:1 in CryoStor® CS10 Freeze 
Media (Corning), dispensed into 1.2 mL cryovials and 
cryopreserved. Control vials were processed from 
centrifuged starting material and cryopreserved at 
equivalent densities. Vials were kept in vapor phase 
for a minimum of 48 hours prior to thaw. Control and 
product vials, in duplicate, were thawed in a 37°C 
water bath, re-suspended in TexMACS™ medium, 
containing 10 ug/L IL-2, 5% human ab serum and 
1% penicillin/streptomycin, and centrifuged at 350 
RCF for 8 minutes. Cell pellets were re-suspended 
in fresh TexMACS™ medium and counted by the 
NucleoCounter® NC-202™ cell counter to determine 
cell recovery and viability post thaw.  Recovered cells 
were seeded into T-25 flasks at 2e6 cells/mL, cultured 
for two days then harvested and analyzed for identity 
(CD3, CD4, CD8) and phenotype (CD45RA, CD45RO, 
CCR7 and PD1) using the Novocyte® flow cytometer.
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Results 

Acoustic Processing of Thawed Apheresis 
Material for DMSO Washout

Fresh apheresis material can be used as a starting point 
for the generation of CAR T cells. However, the use 
of centralized manufacturing facilities for large scale 
commercial production often makes cryopreservation a 
logistical necessity. As a result, CAR T workflows often 
include wash of thawed apheresis material for removal 
of residual DMSO to maintain cell quality ahead of T cell 
isolation. Here we used the ekko™ to perform buffer 
exchange and DMSO washout from freshly thawed 
apheresis material with TNCs approximating amounts 
found in ¼, ½, and full leukopaks.

Addressing variable starting material, such as total 
incoming cells, is a challenge for many automated cell 
washing technologies. The ekko™ System is a highly 

tunable tool that enables custom process development 
for DMSO washout from a broad range of incoming 
thawed donor apheresis material. Key process 
considerations used in this study included acoustic 
capacity, total incoming cells, and cell quality.  
Figure 2 compares process workflows for DMSO 
washout as a function of incoming cells. A single cycle 
of cell capture, concentrate, wash, settle, and collection 
at an optimized power/flow ratio was used to process 
up to 1e9 incoming TNCs. In comparison, multiple 
power/flow ratios and cycles of capture and harvest 
were implemented at higher incoming cells (5e9) to 
balance cell capture with ekko™ Single Use Assembly 
acoustic field capacity. The example process flows 
shown in Figure 2 demonstrate the process flexibility 
ekko™ System can offer for washing apheresis 
material. To characterize the operating test conditions 
for apheresis processing we evaluated a broad range of 
inputs covering 1-10e9 TNCs and post dilution volumes 
of 250–1200 mL.
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Figure 3. TNC recovery following automated acoustic washing of 
thawed leukapheresis material. 1, 2.5, 5, and 10e9 incoming TNCs 
were processed on the ekko™ System following dilution with wash 
buffer. Data shown describes average recovery ± standard deviation 
(SD) for each condition tested across three donor leukopaks.

System performance was characterized for each 
condition across three different donor leukopaks 
by evaluating cell recovery, viability, process time, 
and output volume. Reproducible performance was 
achieved across all operating conditions with recoveries 
averaging 85% at 1e9 and 2.5e9 incoming TNCs and 
92% at 5e9 and 10e9 TNCs (Figure 3). Cell viabilities 
following automated processing on the ekko™ System 
or manual processing with centrifugation remained 
within 5% of starting values for all conditions (data not 
shown). Process times increased slightly with incoming 
TNCs however all runs were completed in a little over 
an hour and a half with outputs ≤200 mL.

Benchmark Process
1e9 TNCs
 Leukopak

5e9 TNCs

Recirculate
60 W at 45 

mL/min for 7 
min

60 W at 45 
mL/min for 10 

min

80 W at 45 
mL/min for 10 

min

90 W at 45 
mL/min for 10 

min

105 W at 45 
mL/min for 10 

min

Collect 10 mL 10 mL 10 mL - -

Concentrate Until Input Vessel Empties Until Input 
Vessel Empties

Wash With Wash Buffer With Wash 
Buffer

Settle 10 sec with acoustics turned off 10 sec with 
acoustics off

Harvest 90 mL 90 mL

Figure 2 DMSO Washout from Apheresis Material. Process flow diagram comparing DMSO washout for TNC numbers representing benchmark and 
½ leukopaks conditions.
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Acoustic Washing and Concentration of 
Expanded T Cells 

To effectively demonstrate the capabilities of the 
ekko™ System for downstream processing of T cells, 
15 expanded T cells runs were performed at varying 
cell and volume inputs. Cell concentrations ranged from 
0.75e9 - 3e9 total cells at volumes between 0.5 – 2 
L (Table 1).  Results show that the ekko™ System 
effectively concentrated and washed all test conditions 
with 86% recovery (Figure 4) and final output volumes 
of ≤100 mL (data not shown). 

The ekko™ System processing times ranged from 
<60 min for the benchmark process of 1 L 1e9 T cells 
to ≤90 minutes for 2 L 1.5e9 T cells. No impacts to 
product quality were detected with increased processing 
times needed at higher T cell input volumes. To show 
robustness of the ekko™ System, twelve runs were 
performed with different donors using the benchmark 
1 L 1e9 cells process. Recoveries across all tests and 
donors averaged 84% +/- 2.6% recovery (data not 
shown) demonstrating performance reproducibility of 
the ekko™ System for T cell wash and concentration.

Table 1. T cell Operating Test Conditions  
Study Conditions

Test Condition Input Volume (L) Total Cells (e9)

Benchmark 1.0 1.0

Low volume 0.5 1.5

Low density 1.0 0.8

High density 1.0 3.0

High volume 2.0 1.5
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Figure 4. T cell recovery following automated acoustic wash and 
concentration. Data shown is average recovery ±STDEV for each test 
condition described in table 1, in triplicate.  

Cell Concentration in Low Output Volumes

Processing and recovering T cells at high concentrations 
in low output volumes is often required for CAR 
introduction, sample preparation, and final formulation. 
To demonstrate this capability on the ekko™ System, 
we modified the benchmark process for T cells to 
extend cell settling times and utilized the supernatant 
port located in the Acoustic Chamber to reduce 
harvest volumes (Table 2). The data shown in Table 3 

demonstrates that viable cell concentrations of 140e6 
cells/mL can be reproducibly achieved in 5 mL output 
volumes with minimal impact to cell viability. Reducing 
the input volume of 1000 mL into an output volume of 
5 mL represents a 200X volume reduction.

Table 2. Low Output Volume Process Data to 
Achieve High Cell Concentrate
Target Output Volume Benchmark Low Volume

Recirculate 105 W, 45 mL/min, 15 minutes

Concentrate Concentrate until input bubble sensor 
detects air

Wash 400 mL wash buffer

Settle cells 10 seconds 1500 seconds

Remove supernatant N/A ~85 mL

Collect Product 90 mL 5 mL

Table 3. Low Output Volume Process Data to 
Achieve High Cell Concentrate (N=3)

Process Parameter
Performance Across 
Multiple Experiments

Incoming T cell concentration (e6/mL) 1.0

Input Volume (mL) 1002

Output Volume (mL) 5

Fold Volume Reduction (X) 200

Cell Concentration (e6 cells/mL) 142

Viability Change (%) -3

Process Time (min) 85

Residual Washout

Removal of process and product impurities is a key step 
in cell therapy manufacturing to ensure purity. Here we 
demonstrate the use of the ekko™ System for removal 
of residuals throughout the CAR T workflow. DMSO 
washout from thawed donor apheresis material, and 
IL-2 removal from expanded T cells, were determined 
following ekko™ System wash in Dulbecco’s phosphate 
buffered saline (DPBS), 1% human serum albumin 
(HSA), and 3 mM EDTA. Processes were designed with 
a single wash step for all materials and conditions 
tested independent of incoming cell numbers. Target 
output volumes were constant at ≤200 mL for 
apheresis and ≤100 mL for T cells. 

Results shown in Figure 5 are the mean (+/-% CV) 
washout across three donors for each condition. DMSO 
washout was characterized at a range of incoming TNCs 
(1, 2.5, 5, and 10e9), while IL-2 washout was tested 
with 1e9 incoming T cells using the benchmark process. 
DMSO washout efficiency with the ekko™ System is 
99% at 1e9 TNCs and decreases to 95% at 10e9 TNCs. 
The IL-2 washout efficiency is 97% for the benchmark 
1 L 1e9 T cell process. Washout efficiencies showed 
minimal run to run variability. Additional wash cycles 
may be used to increase residual removal with a trade-
off of increased process times.
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Figure 5. Residual washout with one cycle of acoustic wash. Washout 
was determined by mass balance in samples from 2 donors at each 
condition. Data shown describes mean residual washout ±% CV for 
each condition tested. Cyan = DMSO, vibrant blue = IL-2.  

Cell Expansion and Phenotype 

Expansion capacity of T cells generated from 
acoustically or manually washed apheresis material was 
assessed by monitoring cell growth in culture for 7 days 
post processing. T cell yields after 7 days in culture 
increased 9-10 fold independent of wash technology 
with viabilities ≥99% (Figure 6). Although some donor-
to-donor variability was observed, growth and viability 
were comparable for T cells isolated from the ekko™ 
System or centrifugation washed apheresis material.  
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Figure 6. Expansion capacity following ekko™ System processing. 
Comparison of cell growth in T cells isolated from automated (ekko™ 
System) or manually washed (centrifuge) apheresis material. Data 
shown are cell yield and viability for 7 days after activation across two 
donors.  

The impact of acoustic processing on cells further 
downstream in the CAR T workflow was evaluated using 
expanded T cells harvested with the ekko™ System 
or centrifugation then cryopreserved. Identity and 
phenotype of thawed cells were characterized by flow 
cytometry. Relative cell populations (CD3, CD4, CD8) 
and phenotypes (CD45RA, CD45RO, CCR7, & PD1) in 
thawed T cells post ekko™ System processing were 
comparable to centrifuge controls. (Figure 7). These 
results demonstrate that the ekko™ System can gently 
process cryopreserved apheresis material and T cells 
without affecting critical quality parameters including 
viability, identity, and phenotype.
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Figure 7. Identity and Phenotype Markers in Acoustically Processed 
T cells. A. T cell surface markers measured using flow cytometry on 
samples processed on ekko™ System or by centrifugation. Data shown 
are %gated cells. B. Representative T cell multiplexed data for CD45RO, 
CD45RA, and CCR7 markers on samples processed on the ekko™ 
System (left panels) or by centrifugation (right panels).

0%

20%

40%

60%

80%

100%

0.0

2.0

4.0

6.0

8.0

10.0

12.0

0 2 4 6 8

V
ia

bi
lit

y 
(%

)

C
el

l Y
ie

ld
 (

fo
ld

 c
ha

ng
e)

Time (day)

Donor 1 Ekko

Donor 1 Centrifuge

Donor 2 Ekko

Donor 2 Centrifuge

Donor 1 Ekko
Viability
Donor 1 Centrifuge
Viability
Donor 2 Ekko
Viability
Donor 2 Centrifuge
Viability

7A

7B

ekko™ System Centrifuge Control



7

Conclusion 
Closed and automated modular equipment like the 
ekko™ Acoustic Cell Processing System is needed to 
support manufacturing of the growing clinical pipeline 
and number of approved CAR T products. The ekko™ 
Acoustic Cell Processing System offers a flexible 
solution for cell washing, concentration, and media 
exchange that can be leveraged in unit operations 
across the CAR T workflow. We characterized cell 
wash and concentration operations and demonstrated 
reproducible recovery of mononuclear and expanded T 
cells with no impact on cell quality or phenotype. This 
study further establishes the use of acoustophoresis to 
deliver high cell concentration samples down to 5 mL 
volumes. 

Recovery of total nucleated cells (TNC) from ekko™ 
System washed apheresis material ranged from 85% at 
1e9 TNCs input and 30 minute processing time to 92% 
for 10e9 TNCs and 100 minute processing time. DMSO 
washout efficiencies of 95% to 99% were achieved 
as incoming TNCs increased from 1e9-10e9. Cell 
expansion post ekko™ DMSO washout demonstrated 
healthy T cells with high viability and no loss in 
phenotype. Wash and concentration of expanded T 
cells was performed on the ekko™ System with 0.75, 
1, 1.5 and 3e9 total cells at feed volumes of 0.5, 1 and 
2 L. Cell recovery at process times similar to those for 
apheresis material averaged 85% and resulted in 97% 

IL-2 washout efficiency. Concentration of cells into low 
product volumes is key for unit operations that include 
genetic modification and final formulation. Here we 
demonstrate 200-fold volume reduction for a standard 
1 L 1e9 benchmark T cell process using the ekko™ 
System to achieve T cell concentrations of >140e6 
cells/mL in 5 mL product output volumes. 

This study demonstrates the use of the ekko™ 
System in examples of upstream and downstream 
unit operations for CAR T processing. The robust 
cell recoveries achieved during wash, concentration, 
and low volume processing, in addition to high 
residual washout efficiencies, establish the use of 
this acoustophoresis-based technology for CAR T 
manufacturing. 
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