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Enabling Cell Therapy
Finding and Processing the Cells We Need

Do you have the 
cells you need?



• Harvest
• Assay
• Isolation
• Attachment
• Proliferation
• Migration
• Differentiation
• Transplantation
• Homing
• Kinetics

Integrated Cellular Imaging, Analysis
and Processing Tools for Regenerative Medicine



• What cells do we want?
• How can they assayed?
• Where are they? 
• How many are there? Patient Variation
• Harvest Technique? Yield?
• Transplantation Environment?
• Processing/Selection Methods?
• Transplantation Method?
• Clinical Setting of Need?
• Preclinical Testing – Safety and Efficacy?
• Regulatory Barriers – Uncertainty?
• Market Size, IP Protection, Price?
• Clinical Trials – Time/Money/ROI?

Questions – Problems - Opportunity



• Ask Important Questions
• Solve Important Problems
• Create Opportunity
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• Ask Important Questions
• Solve Important Problems
• Create Opportunity

Questions – Problems - Opportunity

Sources of Variation?
Methods for Management
Safe and Efficient Products



Tissue

“Life is a River”

Cell Therapy Paradigm



Tissue Loss

“Life is a River”

Senescence
Degeneration
Destruction
Trauma

Tissue

Cell Therapy Paradigm



Stem Cell Progenitor Cell

“Life is a River”

Tissue Loss

Senescence
Degeneration
Destruction
Trauma

Tissue

Activation
Proliferation
Migration
Differentiation
Survival

Cell Therapy Paradigm



Stem Cell Progenitor Cell

“Life is a River”

Tissue LossTissue

Cell Therapy Paradigm



Skin



Intestinal Lining Cells



Marrow and Blood

Hematopoietic Stem Cell  (HSC)

LT-HSC



The Stem Cell Life Cycle

Self Renewal

Proliferation

Terminal Differentiation

Activation

Migration

Commitment

Death



What is a Stem Cell?

Self Renewal

Proliferation

Activation

Differentiation

Resting

Undifferentiated

Progenitors

Stem Cells



The Stem Cell Life Cycle

Stem Cell

Progenitor Cell

Mature Cell



Bone



Stem and Progenitor Cell Compartment Kinetics
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Compartments Downstream From Osteoblasts

NOb

NO NL

lOb ~ 0.1 yrs

dNOb/dt

lO ~ lL ~ 15-25 yrs

o = .20
A= .75 
l  = .05Apoptosis

Stem and Progenitor Cell Compartment Kinetics



Compartments Upstream of Osteoblasts

NC

NWB

NOb
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lOb

dNOb/dt
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Stem and Progenitor Cell Compartment Kinetics



PDPN+
CD146+
CD73+
CD164+

PDPN +
CD146 -
CD73 +/-
CD 164 +/-

Bone Only Cartilage Only

PDPN -
CD146 +
CD90 hi/lo

2 populations 3 populations

PDPN+
CD146 lo
CD73+
CD164+

Loss of 73 or 164

Stem and Progenitor Cell Compartment Kinetics

Loss of PDPN

Loss of CD146

Bone
Cartilage
Stroma



Sources of Variation in Cell Sourcing and Selection

Patient/Donor
Diagnosis

Site

Systemic Health

Tissue Health Tissue Turnover StateHarvest Tissue

Harvest Technique Precision

Processing Method Mechanical Chemical Enzymatic

Cell Selection Criteria Adherence MarkersDensity Size Granularity

Expansion Conditions Media Activators Inhibitors

Stage Site History
GenotypePhenotype

Age Gender Medications Diet

Clone Diversity

Preclinical Models

Clinical Model Inclusion/Exclusion     Methods     Outcome Parameters

Clinical Use Patient/Donor   Patient Co-Morbidities    Methods    Skill Outcome Parameters

Species   Age   Gender    Site   Size   Methods    Outcome Parameters

Comorbidities

Sampling Efficiency Yield

Thermal

Surfaces

Storage Conditions

Transport Conditions Temperature Humidity Container MechanicalMedium

Mechanical

Freeze Rate Temp DurationThaw Rate Medium

Assay Technique

Performance

Imaging/AutomatedVisual/Manual Imaging/Manual Biochemical
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Colony Forming Unit Assay

Alk Phos



Hand Count CFU Assay

 Utility

Accuracy?

Reproducibility?

Efficiency?



Hand Count CFU Assay

 Utility

Accuracy?

Reproducibility?

Efficiency?

CFU = 14



Hand Count CFU Assay

 Utility

Accuracy?

Reproducibility?

Efficiency?

CFU = 17



Hand Count CFU Assay

 Utility

Accuracy?

Reproducibility?

Efficiency?

CFU = 24



• Concentration

• Prevalence

• Activation Efficiency

• Proliferation

• Migration

• Differentiation

• Response to Stimuli

• Heterogeneity

Colony Counting Population Characterization

CFU Assay Upgrade?



Automated Image Acquisition

• Automated slide 
scanning

• 10x magnification

• 884 individual 
image tiles per 
chamber

x,y,z  motorized stage

Leica DMXRA 

motorized microscope

Quantix 12-bit digital camera 

Roper Scientific



CFU Analysis: Image Processing

• 480 Individual Images were 
montaged to produce one entire image 
of the cell culture 

• Background Correction

• Image obtained by subtracting a smoothed, 
unlabeled background image from each 
individual image

• An ROI within the boundaries of the
cell culture was defined

• Nuclear segmentation using gray level 
threshold

• Removal of lint debris, apoptotic debris,
and glass aberrations (size and shape
segmentation)



Culture Chamber

Montaged Culture Chamber Processed Montage

20x24 Matrix of Images (160MB)-8 bit gray level-10x objective -pixel size =3.56m



Colony Metrics
Large Colony

378 cells
Colony area = 2.07mm2

Density = 182 cells/mm2

Nuclei Area = 621μm2

Small Colony

13 cells
Colony area = 0.037mm2

Density = 351 cells/mm2

Nuclei Area = 570μm2

Identified colonies containing eight or more cells where each nuclei was under 
six nuclear distances (6*142.2μm= 852μm) to its nearest neighbor



Cartilage Progenitor Assays

Proteoglycan Synthesis – Acridine Orange

Variation Between Cell Colonies



Osteogenic CFUs

Chondrogenic CFUs

Fibroblasts/Endothelial Cells

Hematopoietic CFUs

Keratinocytes/Melanocytes



Automated Cell and Colony Management

Ed Kwee

“Cell X” Robot



UBC HSC Assay

What is the inter- and
intra-observer variation?



UBC HSC Assay



UBC HSC Assay



Reviewer Variation

1 2 3

Plate A

Plate B



Grey = 70% agreement on presence of a colony (excluding colony type)

Plate 3 Plate 4

Auto Analysis

R3

R2,R3

R1

R2

R1,R3

R1,R2

R1,R2,R3

Reviewer Variation



[Cell] [PCTP]

70% due to variation between patients
20% due to variation between aspirates 

Variation between Patients and Aspirates in [Cells] and PCTP

J Bone Joint Surg [Am] 1997; 79-A; 1699-1709



Variation between Patients and Aspirates in [Cells] and PCTP

2001 2017



Cellularity ([Cell]) CTP Prevalence (PCTP) CTP Concentration ([CTP])

MS

TS
JBJS 2017



Cellularity ([Cell]) CTP Prevalence (PCTP) CTP Concentration ([CTP])

MS

TS

Mean BMA 3 fold lower that ICB

MS or TS CTP Harvest may 
dominate 

Mean of 70% of CTPs on TS,
But huge variation

BMA variably diluted 
with Peripheral Blood

MS >> Cells than TS

JBJS 2017



Magnetic cell
suspension out

Cell suspension in

Sheath fluid in

Non-magnetic 
cell suspension out

Magnet
s

Annular
flow
channel

Solid 
Center
Core

Density Separation Selective Retention Magnetic Separation

Rapid Clinical Cell Processing Methods

BMA HA+



CTP Selection 
Using Magnetic Separation

Hyaluronic Acid

G1-link Complex Mag. Bead
T. Caralla



A

B

D

C

1 2 3

4a

4b

HA+

HA-

Unsorted

T. Caralla

CTP Selection 
Using Magnetic Separation



Unselected HA+ HA-

PCTP  - 4-20 fold
Cells per colony (Proliferation)
AP per cell (Differentiation)

CTP Selection 
Using Magnetic Separation

Caralla et al, Annals of Biomedical Engineering, 40(12): 2559–2567, 2012
Caralla T, et al: Tissue Eng Part A. 2013 Jan;19(1-2):125-34.



In Vitro Expansion Methods?

Impact of 
Clone Diversity?



Moving to Performance-Based Selection

How repeatable and reproducible is this Preferential Expansion?

e.g. “MSCs”



Patient #-Cell Source CD105 CD73 CD90 Oct3/4  Sox2 Nanog SSEA-4 SSEA-1 SSEA-3 Cripto-1 E-Cadherin Ep-CAM CD146  HA

1-MS 99.0 100.0 100.0 2.7 99.4 100.0 7.5 3.1 0.9 2.9 18.3 3.9 22.8 0.1

1-TS 100.0 100.0 100.0 22.9 96.3 100.0 43.6 25.4 0.7 19.8 63.6 11.7 38.3 5.5

1-AT 100.0 100.0 100.0 27.1 99.3 100.0 6.8 17.5 2.1 32.1 84.2 16.0 8.0 8.5

2-MS 99.5 100.0 100.0 83.5 98.3 99.4 78.8 60.4 8.9 47.8 74.9 25.2 63.2 37.5

2-TS 99.8 100.0 100.0 17.3 87.2 99.8 62.2 44.2 1.6 16.2 65.3 5.1 13.0 8.4

2-AT 99.9 100.0 100.0 22.3 47.5 99.7 32.5 49.3 0.4 31.9 80.8 9.8 14.2 2.3

3-MS 99.9 100.0 99.9 92.4 99.7 99.5 69.4 89.1 4.5 92.6 99.0 81.8 96.5 67.2

3-TS 97.7 98.1 97.8 99.2 99.9 99.8 90.9 89.9 4.4 92.1 96.8 55.8 96.0 76.5

3-AT 100.0 100.0 100.0 97.2 99.9 99.1 96.9 97.9 24.0 85.9 99.2 54.6 95.2 95.7

4-MS 99.9 100.0 100.0 18.4 16.1 64.5 87.0 42.8 1.8 48.4 87.0 9.0 69.0 4.2

4-TS 99.9 100.0 100.0 21.4 16.8 83.2 71.5 43.0 4.6 42.6 66.0 8.6 80.1 7.5

4-AT 100.0 100.0 100.0 9.9 24.6 92.2 69.7 56.7 4.6 60.0 93.5 17.1 56.2 12.2

5-MS 94.5 100.0 100.0 4.3 37.1 58.2 43.2 25.2 0.3 14.8 79.5 3.0 20.1 2.3

5-TS 99.7 100.0 100.0 8.0 63.1 76.7 31.8 20.3 0.4 10.6 43.9 3.5 31.0 0.7

5-AT 97.7 100.0 100.0 8.2 56.5 68.0 13.4 5.3 0.1 5.7 34.0 0.9 9.1 0.8

6-MS 99.1 99.9 100.0 4.1 78.6 91.1 24.6 5.0 0.1 16.7 80.1 4.0 37.8 18.8

6-TS 99.7 100.0 100.0 20.0 96.2 74.6 78.0 35.2 1.8 40.2 87.2 17.1 55.1 16.8

6-AT 99.9 100.0 100.0 20.8 78.8 82.6 50.7 55.3 1.7 24.3 65.9 4.2 32.8 2.1

7-MS 97.2 100.0 100.0 49.6 99.3 94.7 93.6 53.7 1.7 50.3 73.4 5.8 64.0 54.5

7-TS 99.7 100.0 100.0 79.3 99.7 99.5 92.6 35.4 2.2 63.9 75.3 9.4 58.5 32.5

7-AT 99.7 99.9 100.0 91.7 98.9 96.9 72.6 15.7 1.3 68.4 70.8 5.2 56.8 99.3

8-MS 99.3 100.0 100.0 8.6 40.3 96.1 18.8 3.9 0.3 29.9 33.2 2.3 27.0 28.1

8-TS 99.6 99.9 100.0 4.1 3.7 72.9 61.0 3.5 0.4 16.1 39.4 1.8 20.1 15.1

8-AT 90.0 99.6 97.3 4.6 3.7 12.6 16.1 0.1 0.1 17.0 2.1 0.1 7.1 7.3

Adherent Culture Expanded “MSCs”
Far More Variation than Reported

P2 “MSC” cultures from 8 subjects

Marrow Space (MS)
Trabecular Surface (TS)
Adipose Tissue (AT)



Patient #-Cell Source CD105 CD73 CD90 Oct3/4  Sox2 Nanog SSEA-4 SSEA-1 SSEA-3 Cripto-1 E-Cadherin Ep-CAM CD146  HA

1-MS 99.0 100.0 100.0 2.7 99.4 100.0 7.5 3.1 0.9 2.9 18.3 3.9 22.8 0.1

1-TS 100.0 100.0 100.0 22.9 96.3 100.0 43.6 25.4 0.7 19.8 63.6 11.7 38.3 5.5

1-AT 100.0 100.0 100.0 27.1 99.3 100.0 6.8 17.5 2.1 32.1 84.2 16.0 8.0 8.5

2-MS 99.5 100.0 100.0 83.5 98.3 99.4 78.8 60.4 8.9 47.8 74.9 25.2 63.2 37.5

2-TS 99.8 100.0 100.0 17.3 87.2 99.8 62.2 44.2 1.6 16.2 65.3 5.1 13.0 8.4

2-AT 99.9 100.0 100.0 22.3 47.5 99.7 32.5 49.3 0.4 31.9 80.8 9.8 14.2 2.3

3-MS 99.9 100.0 99.9 92.4 99.7 99.5 69.4 89.1 4.5 92.6 99.0 81.8 96.5 67.2

3-TS 97.7 98.1 97.8 99.2 99.9 99.8 90.9 89.9 4.4 92.1 96.8 55.8 96.0 76.5

3-AT 100.0 100.0 100.0 97.2 99.9 99.1 96.9 97.9 24.0 85.9 99.2 54.6 95.2 95.7

4-MS 99.9 100.0 100.0 18.4 16.1 64.5 87.0 42.8 1.8 48.4 87.0 9.0 69.0 4.2

4-TS 99.9 100.0 100.0 21.4 16.8 83.2 71.5 43.0 4.6 42.6 66.0 8.6 80.1 7.5

4-AT 100.0 100.0 100.0 9.9 24.6 92.2 69.7 56.7 4.6 60.0 93.5 17.1 56.2 12.2

5-MS 94.5 100.0 100.0 4.3 37.1 58.2 43.2 25.2 0.3 14.8 79.5 3.0 20.1 2.3

5-TS 99.7 100.0 100.0 8.0 63.1 76.7 31.8 20.3 0.4 10.6 43.9 3.5 31.0 0.7

5-AT 97.7 100.0 100.0 8.2 56.5 68.0 13.4 5.3 0.1 5.7 34.0 0.9 9.1 0.8

6-MS 99.1 99.9 100.0 4.1 78.6 91.1 24.6 5.0 0.1 16.7 80.1 4.0 37.8 18.8

6-TS 99.7 100.0 100.0 20.0 96.2 74.6 78.0 35.2 1.8 40.2 87.2 17.1 55.1 16.8

6-AT 99.9 100.0 100.0 20.8 78.8 82.6 50.7 55.3 1.7 24.3 65.9 4.2 32.8 2.1

7-MS 97.2 100.0 100.0 49.6 99.3 94.7 93.6 53.7 1.7 50.3 73.4 5.8 64.0 54.5

7-TS 99.7 100.0 100.0 79.3 99.7 99.5 92.6 35.4 2.2 63.9 75.3 9.4 58.5 32.5

7-AT 99.7 99.9 100.0 91.7 98.9 96.9 72.6 15.7 1.3 68.4 70.8 5.2 56.8 99.3

8-MS 99.3 100.0 100.0 8.6 40.3 96.1 18.8 3.9 0.3 29.9 33.2 2.3 27.0 28.1

8-TS 99.6 99.9 100.0 4.1 3.7 72.9 61.0 3.5 0.4 16.1 39.4 1.8 20.1 15.1

8-AT 90.0 99.6 97.3 4.6 3.7 12.6 16.1 0.1 0.1 17.0 2.1 0.1 7.1 7.3

Adherent Culture Expanded (ACE) Cells
Far More Variation than Reported

Traditional MSC Markers are ALL near 100%!



Patient #-Cell Source CD105 CD73 CD90 Oct3/4  Sox2 Nanog SSEA-4 SSEA-1 SSEA-3 Cripto-1 E-Cadherin Ep-CAM CD146  HA

1-MS 99.0 100.0 100.0 2.7 99.4 100.0 7.5 3.1 0.9 2.9 18.3 3.9 22.8 0.1

1-TS 100.0 100.0 100.0 22.9 96.3 100.0 43.6 25.4 0.7 19.8 63.6 11.7 38.3 5.5

1-AT 100.0 100.0 100.0 27.1 99.3 100.0 6.8 17.5 2.1 32.1 84.2 16.0 8.0 8.5

2-MS 99.5 100.0 100.0 83.5 98.3 99.4 78.8 60.4 8.9 47.8 74.9 25.2 63.2 37.5

2-TS 99.8 100.0 100.0 17.3 87.2 99.8 62.2 44.2 1.6 16.2 65.3 5.1 13.0 8.4

2-AT 99.9 100.0 100.0 22.3 47.5 99.7 32.5 49.3 0.4 31.9 80.8 9.8 14.2 2.3

3-MS 99.9 100.0 99.9 92.4 99.7 99.5 69.4 89.1 4.5 92.6 99.0 81.8 96.5 67.2

3-TS 97.7 98.1 97.8 99.2 99.9 99.8 90.9 89.9 4.4 92.1 96.8 55.8 96.0 76.5

3-AT 100.0 100.0 100.0 97.2 99.9 99.1 96.9 97.9 24.0 85.9 99.2 54.6 95.2 95.7

4-MS 99.9 100.0 100.0 18.4 16.1 64.5 87.0 42.8 1.8 48.4 87.0 9.0 69.0 4.2

4-TS 99.9 100.0 100.0 21.4 16.8 83.2 71.5 43.0 4.6 42.6 66.0 8.6 80.1 7.5

4-AT 100.0 100.0 100.0 9.9 24.6 92.2 69.7 56.7 4.6 60.0 93.5 17.1 56.2 12.2

5-MS 94.5 100.0 100.0 4.3 37.1 58.2 43.2 25.2 0.3 14.8 79.5 3.0 20.1 2.3

5-TS 99.7 100.0 100.0 8.0 63.1 76.7 31.8 20.3 0.4 10.6 43.9 3.5 31.0 0.7

5-AT 97.7 100.0 100.0 8.2 56.5 68.0 13.4 5.3 0.1 5.7 34.0 0.9 9.1 0.8

6-MS 99.1 99.9 100.0 4.1 78.6 91.1 24.6 5.0 0.1 16.7 80.1 4.0 37.8 18.8

6-TS 99.7 100.0 100.0 20.0 96.2 74.6 78.0 35.2 1.8 40.2 87.2 17.1 55.1 16.8

6-AT 99.9 100.0 100.0 20.8 78.8 82.6 50.7 55.3 1.7 24.3 65.9 4.2 32.8 2.1

7-MS 97.2 100.0 100.0 49.6 99.3 94.7 93.6 53.7 1.7 50.3 73.4 5.8 64.0 54.5

7-TS 99.7 100.0 100.0 79.3 99.7 99.5 92.6 35.4 2.2 63.9 75.3 9.4 58.5 32.5

7-AT 99.7 99.9 100.0 91.7 98.9 96.9 72.6 15.7 1.3 68.4 70.8 5.2 56.8 99.3

8-MS 99.3 100.0 100.0 8.6 40.3 96.1 18.8 3.9 0.3 29.9 33.2 2.3 27.0 28.1

8-TS 99.6 99.9 100.0 4.1 3.7 72.9 61.0 3.5 0.4 16.1 39.4 1.8 20.1 15.1

8-AT 90.0 99.6 97.3 4.6 3.7 12.6 16.1 0.1 0.1 17.0 2.1 0.1 7.1 7.3

Adherent Culture Expanded (ACE) Cells
Far More Variation than Reported

Traditional MSC Markers are NOT a Measure of Quality



Patient #-Cell Source CD105 CD73 CD90 Oct3/4  Sox2 Nanog SSEA-4 SSEA-1 SSEA-3 Cripto-1 E-Cadherin Ep-CAM CD146  HA

1-MS 99.0 100.0 100.0 2.7 99.4 100.0 7.5 3.1 0.9 2.9 18.3 3.9 22.8 0.1

1-TS 100.0 100.0 100.0 22.9 96.3 100.0 43.6 25.4 0.7 19.8 63.6 11.7 38.3 5.5

1-AT 100.0 100.0 100.0 27.1 99.3 100.0 6.8 17.5 2.1 32.1 84.2 16.0 8.0 8.5

2-MS 99.5 100.0 100.0 83.5 98.3 99.4 78.8 60.4 8.9 47.8 74.9 25.2 63.2 37.5

2-TS 99.8 100.0 100.0 17.3 87.2 99.8 62.2 44.2 1.6 16.2 65.3 5.1 13.0 8.4

2-AT 99.9 100.0 100.0 22.3 47.5 99.7 32.5 49.3 0.4 31.9 80.8 9.8 14.2 2.3

3-MS 99.9 100.0 99.9 92.4 99.7 99.5 69.4 89.1 4.5 92.6 99.0 81.8 96.5 67.2

3-TS 97.7 98.1 97.8 99.2 99.9 99.8 90.9 89.9 4.4 92.1 96.8 55.8 96.0 76.5

3-AT 100.0 100.0 100.0 97.2 99.9 99.1 96.9 97.9 24.0 85.9 99.2 54.6 95.2 95.7

4-MS 99.9 100.0 100.0 18.4 16.1 64.5 87.0 42.8 1.8 48.4 87.0 9.0 69.0 4.2

4-TS 99.9 100.0 100.0 21.4 16.8 83.2 71.5 43.0 4.6 42.6 66.0 8.6 80.1 7.5

4-AT 100.0 100.0 100.0 9.9 24.6 92.2 69.7 56.7 4.6 60.0 93.5 17.1 56.2 12.2

5-MS 94.5 100.0 100.0 4.3 37.1 58.2 43.2 25.2 0.3 14.8 79.5 3.0 20.1 2.3

5-TS 99.7 100.0 100.0 8.0 63.1 76.7 31.8 20.3 0.4 10.6 43.9 3.5 31.0 0.7

5-AT 97.7 100.0 100.0 8.2 56.5 68.0 13.4 5.3 0.1 5.7 34.0 0.9 9.1 0.8

6-MS 99.1 99.9 100.0 4.1 78.6 91.1 24.6 5.0 0.1 16.7 80.1 4.0 37.8 18.8

6-TS 99.7 100.0 100.0 20.0 96.2 74.6 78.0 35.2 1.8 40.2 87.2 17.1 55.1 16.8

6-AT 99.9 100.0 100.0 20.8 78.8 82.6 50.7 55.3 1.7 24.3 65.9 4.2 32.8 2.1

7-MS 97.2 100.0 100.0 49.6 99.3 94.7 93.6 53.7 1.7 50.3 73.4 5.8 64.0 54.5

7-TS 99.7 100.0 100.0 79.3 99.7 99.5 92.6 35.4 2.2 63.9 75.3 9.4 58.5 32.5

7-AT 99.7 99.9 100.0 91.7 98.9 96.9 72.6 15.7 1.3 68.4 70.8 5.2 56.8 99.3

8-MS 99.3 100.0 100.0 8.6 40.3 96.1 18.8 3.9 0.3 29.9 33.2 2.3 27.0 28.1

8-TS 99.6 99.9 100.0 4.1 3.7 72.9 61.0 3.5 0.4 16.1 39.4 1.8 20.1 15.1

8-AT 90.0 99.6 97.3 4.6 3.7 12.6 16.1 0.1 0.1 17.0 2.1 0.1 7.1 7.3

Adherent Culture Expanded (ACE) Cells
Far More Variation than Reported

Traditional MSC Markers are NOT a Measure of Quality

?



Patient #-Cell Source CD105 CD73 CD90 Oct3/4  Sox2 Nanog SSEA-4 SSEA-1 SSEA-3 Cripto-1 E-Cadherin Ep-CAM CD146  HA

1-MS 99.0 100.0 100.0 2.7 99.4 100.0 7.5 3.1 0.9 2.9 18.3 3.9 22.8 0.1

1-TS 100.0 100.0 100.0 22.9 96.3 100.0 43.6 25.4 0.7 19.8 63.6 11.7 38.3 5.5

1-AT 100.0 100.0 100.0 27.1 99.3 100.0 6.8 17.5 2.1 32.1 84.2 16.0 8.0 8.5

2-MS 99.5 100.0 100.0 83.5 98.3 99.4 78.8 60.4 8.9 47.8 74.9 25.2 63.2 37.5

2-TS 99.8 100.0 100.0 17.3 87.2 99.8 62.2 44.2 1.6 16.2 65.3 5.1 13.0 8.4

2-AT 99.9 100.0 100.0 22.3 47.5 99.7 32.5 49.3 0.4 31.9 80.8 9.8 14.2 2.3

3-MS 99.9 100.0 99.9 92.4 99.7 99.5 69.4 89.1 4.5 92.6 99.0 81.8 96.5 67.2

3-TS 97.7 98.1 97.8 99.2 99.9 99.8 90.9 89.9 4.4 92.1 96.8 55.8 96.0 76.5

3-AT 100.0 100.0 100.0 97.2 99.9 99.1 96.9 97.9 24.0 85.9 99.2 54.6 95.2 95.7

4-MS 99.9 100.0 100.0 18.4 16.1 64.5 87.0 42.8 1.8 48.4 87.0 9.0 69.0 4.2

4-TS 99.9 100.0 100.0 21.4 16.8 83.2 71.5 43.0 4.6 42.6 66.0 8.6 80.1 7.5

4-AT 100.0 100.0 100.0 9.9 24.6 92.2 69.7 56.7 4.6 60.0 93.5 17.1 56.2 12.2

5-MS 94.5 100.0 100.0 4.3 37.1 58.2 43.2 25.2 0.3 14.8 79.5 3.0 20.1 2.3

5-TS 99.7 100.0 100.0 8.0 63.1 76.7 31.8 20.3 0.4 10.6 43.9 3.5 31.0 0.7

5-AT 97.7 100.0 100.0 8.2 56.5 68.0 13.4 5.3 0.1 5.7 34.0 0.9 9.1 0.8

6-MS 99.1 99.9 100.0 4.1 78.6 91.1 24.6 5.0 0.1 16.7 80.1 4.0 37.8 18.8

6-TS 99.7 100.0 100.0 20.0 96.2 74.6 78.0 35.2 1.8 40.2 87.2 17.1 55.1 16.8

6-AT 99.9 100.0 100.0 20.8 78.8 82.6 50.7 55.3 1.7 24.3 65.9 4.2 32.8 2.1

7-MS 97.2 100.0 100.0 49.6 99.3 94.7 93.6 53.7 1.7 50.3 73.4 5.8 64.0 54.5

7-TS 99.7 100.0 100.0 79.3 99.7 99.5 92.6 35.4 2.2 63.9 75.3 9.4 58.5 32.5

7-AT 99.7 99.9 100.0 91.7 98.9 96.9 72.6 15.7 1.3 68.4 70.8 5.2 56.8 99.3

8-MS 99.3 100.0 100.0 8.6 40.3 96.1 18.8 3.9 0.3 29.9 33.2 2.3 27.0 28.1

8-TS 99.6 99.9 100.0 4.1 3.7 72.9 61.0 3.5 0.4 16.1 39.4 1.8 20.1 15.1

8-AT 90.0 99.6 97.3 4.6 3.7 12.6 16.1 0.1 0.1 17.0 2.1 0.1 7.1 7.3

Adherent Culture Expanded (ACE) Cells
Far More Variation than Reported



Patient #-Cell Source CD105 CD73 CD90 Oct3/4  Sox2 Nanog SSEA-4 SSEA-1 SSEA-3 Cripto-1 E-Cadherin Ep-CAM CD146  HA

1-MS 99.0 100.0 100.0 2.7 99.4 100.0 7.5 3.1 0.9 2.9 18.3 3.9 22.8 0.1

1-TS 100.0 100.0 100.0 22.9 96.3 100.0 43.6 25.4 0.7 19.8 63.6 11.7 38.3 5.5

1-AT 100.0 100.0 100.0 27.1 99.3 100.0 6.8 17.5 2.1 32.1 84.2 16.0 8.0 8.5

2-MS 99.5 100.0 100.0 83.5 98.3 99.4 78.8 60.4 8.9 47.8 74.9 25.2 63.2 37.5

2-TS 99.8 100.0 100.0 17.3 87.2 99.8 62.2 44.2 1.6 16.2 65.3 5.1 13.0 8.4

2-AT 99.9 100.0 100.0 22.3 47.5 99.7 32.5 49.3 0.4 31.9 80.8 9.8 14.2 2.3

3-MS 99.9 100.0 99.9 92.4 99.7 99.5 69.4 89.1 4.5 92.6 99.0 81.8 96.5 67.2

3-TS 97.7 98.1 97.8 99.2 99.9 99.8 90.9 89.9 4.4 92.1 96.8 55.8 96.0 76.5

3-AT 100.0 100.0 100.0 97.2 99.9 99.1 96.9 97.9 24.0 85.9 99.2 54.6 95.2 95.7

4-MS 99.9 100.0 100.0 18.4 16.1 64.5 87.0 42.8 1.8 48.4 87.0 9.0 69.0 4.2

4-TS 99.9 100.0 100.0 21.4 16.8 83.2 71.5 43.0 4.6 42.6 66.0 8.6 80.1 7.5

4-AT 100.0 100.0 100.0 9.9 24.6 92.2 69.7 56.7 4.6 60.0 93.5 17.1 56.2 12.2

5-MS 94.5 100.0 100.0 4.3 37.1 58.2 43.2 25.2 0.3 14.8 79.5 3.0 20.1 2.3

5-TS 99.7 100.0 100.0 8.0 63.1 76.7 31.8 20.3 0.4 10.6 43.9 3.5 31.0 0.7

5-AT 97.7 100.0 100.0 8.2 56.5 68.0 13.4 5.3 0.1 5.7 34.0 0.9 9.1 0.8

6-MS 99.1 99.9 100.0 4.1 78.6 91.1 24.6 5.0 0.1 16.7 80.1 4.0 37.8 18.8

6-TS 99.7 100.0 100.0 20.0 96.2 74.6 78.0 35.2 1.8 40.2 87.2 17.1 55.1 16.8

6-AT 99.9 100.0 100.0 20.8 78.8 82.6 50.7 55.3 1.7 24.3 65.9 4.2 32.8 2.1

7-MS 97.2 100.0 100.0 49.6 99.3 94.7 93.6 53.7 1.7 50.3 73.4 5.8 64.0 54.5

7-TS 99.7 100.0 100.0 79.3 99.7 99.5 92.6 35.4 2.2 63.9 75.3 9.4 58.5 32.5

7-AT 99.7 99.9 100.0 91.7 98.9 96.9 72.6 15.7 1.3 68.4 70.8 5.2 56.8 99.3

8-MS 99.3 100.0 100.0 8.6 40.3 96.1 18.8 3.9 0.3 29.9 33.2 2.3 27.0 28.1

8-TS 99.6 99.9 100.0 4.1 3.7 72.9 61.0 3.5 0.4 16.1 39.4 1.8 20.1 15.1

8-AT 90.0 99.6 97.3 4.6 3.7 12.6 16.1 0.1 0.1 17.0 2.1 0.1 7.1 7.3

Adherent Culture Expanded (ACE) Cells
Far More Variation than Reported

Variation in Other Markers is most likely to be predictive

10-1000 fold Variation !



Patient #-Cell Source CD105 CD73 CD90 Oct3/4  Sox2 Nanog SSEA-4 SSEA-1 SSEA-3 Cripto-1 E-Cadherin Ep-CAM CD146  HA

1-MS 99.0 100.0 100.0 2.7 99.4 100.0 7.5 3.1 0.9 2.9 18.3 3.9 22.8 0.1

1-TS 100.0 100.0 100.0 22.9 96.3 100.0 43.6 25.4 0.7 19.8 63.6 11.7 38.3 5.5

1-AT 100.0 100.0 100.0 27.1 99.3 100.0 6.8 17.5 2.1 32.1 84.2 16.0 8.0 8.5

2-MS 99.5 100.0 100.0 83.5 98.3 99.4 78.8 60.4 8.9 47.8 74.9 25.2 63.2 37.5

2-TS 99.8 100.0 100.0 17.3 87.2 99.8 62.2 44.2 1.6 16.2 65.3 5.1 13.0 8.4

2-AT 99.9 100.0 100.0 22.3 47.5 99.7 32.5 49.3 0.4 31.9 80.8 9.8 14.2 2.3

3-MS 99.9 100.0 99.9 92.4 99.7 99.5 69.4 89.1 4.5 92.6 99.0 81.8 96.5 67.2

3-TS 97.7 98.1 97.8 99.2 99.9 99.8 90.9 89.9 4.4 92.1 96.8 55.8 96.0 76.5

3-AT 100.0 100.0 100.0 97.2 99.9 99.1 96.9 97.9 24.0 85.9 99.2 54.6 95.2 95.7

4-MS 99.9 100.0 100.0 18.4 16.1 64.5 87.0 42.8 1.8 48.4 87.0 9.0 69.0 4.2

4-TS 99.9 100.0 100.0 21.4 16.8 83.2 71.5 43.0 4.6 42.6 66.0 8.6 80.1 7.5

4-AT 100.0 100.0 100.0 9.9 24.6 92.2 69.7 56.7 4.6 60.0 93.5 17.1 56.2 12.2

5-MS 94.5 100.0 100.0 4.3 37.1 58.2 43.2 25.2 0.3 14.8 79.5 3.0 20.1 2.3

5-TS 99.7 100.0 100.0 8.0 63.1 76.7 31.8 20.3 0.4 10.6 43.9 3.5 31.0 0.7

5-AT 97.7 100.0 100.0 8.2 56.5 68.0 13.4 5.3 0.1 5.7 34.0 0.9 9.1 0.8

6-MS 99.1 99.9 100.0 4.1 78.6 91.1 24.6 5.0 0.1 16.7 80.1 4.0 37.8 18.8

6-TS 99.7 100.0 100.0 20.0 96.2 74.6 78.0 35.2 1.8 40.2 87.2 17.1 55.1 16.8

6-AT 99.9 100.0 100.0 20.8 78.8 82.6 50.7 55.3 1.7 24.3 65.9 4.2 32.8 2.1

7-MS 97.2 100.0 100.0 49.6 99.3 94.7 93.6 53.7 1.7 50.3 73.4 5.8 64.0 54.5

7-TS 99.7 100.0 100.0 79.3 99.7 99.5 92.6 35.4 2.2 63.9 75.3 9.4 58.5 32.5

7-AT 99.7 99.9 100.0 91.7 98.9 96.9 72.6 15.7 1.3 68.4 70.8 5.2 56.8 99.3

8-MS 99.3 100.0 100.0 8.6 40.3 96.1 18.8 3.9 0.3 29.9 33.2 2.3 27.0 28.1

8-TS 99.6 99.9 100.0 4.1 3.7 72.9 61.0 3.5 0.4 16.1 39.4 1.8 20.1 15.1

8-AT 90.0 99.6 97.3 4.6 3.7 12.6 16.1 0.1 0.1 17.0 2.1 0.1 7.1 7.3

Adherent Culture Expanded (ACE) Cells
Far More Variation than Reported

Some good donors and some poor donors



Patient #-Cell Source CD105 CD73 CD90 Oct3/4  Sox2 Nanog SSEA-4 SSEA-1 SSEA-3 Cripto-1 E-Cadherin Ep-CAM CD146  HA

1-MS 99.0 100.0 100.0 2.7 99.4 100.0 7.5 3.1 0.9 2.9 18.3 3.9 22.8 0.1

1-TS 100.0 100.0 100.0 22.9 96.3 100.0 43.6 25.4 0.7 19.8 63.6 11.7 38.3 5.5

1-AT 100.0 100.0 100.0 27.1 99.3 100.0 6.8 17.5 2.1 32.1 84.2 16.0 8.0 8.5

2-MS 99.5 100.0 100.0 83.5 98.3 99.4 78.8 60.4 8.9 47.8 74.9 25.2 63.2 37.5

2-TS 99.8 100.0 100.0 17.3 87.2 99.8 62.2 44.2 1.6 16.2 65.3 5.1 13.0 8.4

2-AT 99.9 100.0 100.0 22.3 47.5 99.7 32.5 49.3 0.4 31.9 80.8 9.8 14.2 2.3

3-MS 99.9 100.0 99.9 92.4 99.7 99.5 69.4 89.1 4.5 92.6 99.0 81.8 96.5 67.2

3-TS 97.7 98.1 97.8 99.2 99.9 99.8 90.9 89.9 4.4 92.1 96.8 55.8 96.0 76.5

3-AT 100.0 100.0 100.0 97.2 99.9 99.1 96.9 97.9 24.0 85.9 99.2 54.6 95.2 95.7

4-MS 99.9 100.0 100.0 18.4 16.1 64.5 87.0 42.8 1.8 48.4 87.0 9.0 69.0 4.2

4-TS 99.9 100.0 100.0 21.4 16.8 83.2 71.5 43.0 4.6 42.6 66.0 8.6 80.1 7.5

4-AT 100.0 100.0 100.0 9.9 24.6 92.2 69.7 56.7 4.6 60.0 93.5 17.1 56.2 12.2

5-MS 94.5 100.0 100.0 4.3 37.1 58.2 43.2 25.2 0.3 14.8 79.5 3.0 20.1 2.3

5-TS 99.7 100.0 100.0 8.0 63.1 76.7 31.8 20.3 0.4 10.6 43.9 3.5 31.0 0.7

5-AT 97.7 100.0 100.0 8.2 56.5 68.0 13.4 5.3 0.1 5.7 34.0 0.9 9.1 0.8

6-MS 99.1 99.9 100.0 4.1 78.6 91.1 24.6 5.0 0.1 16.7 80.1 4.0 37.8 18.8

6-TS 99.7 100.0 100.0 20.0 96.2 74.6 78.0 35.2 1.8 40.2 87.2 17.1 55.1 16.8

6-AT 99.9 100.0 100.0 20.8 78.8 82.6 50.7 55.3 1.7 24.3 65.9 4.2 32.8 2.1

7-MS 97.2 100.0 100.0 49.6 99.3 94.7 93.6 53.7 1.7 50.3 73.4 5.8 64.0 54.5

7-TS 99.7 100.0 100.0 79.3 99.7 99.5 92.6 35.4 2.2 63.9 75.3 9.4 58.5 32.5

7-AT 99.7 99.9 100.0 91.7 98.9 96.9 72.6 15.7 1.3 68.4 70.8 5.2 56.8 99.3

8-MS 99.3 100.0 100.0 8.6 40.3 96.1 18.8 3.9 0.3 29.9 33.2 2.3 27.0 28.1

8-TS 99.6 99.9 100.0 4.1 3.7 72.9 61.0 3.5 0.4 16.1 39.4 1.8 20.1 15.1

8-AT 90.0 99.6 97.3 4.6 3.7 12.6 16.1 0.1 0.1 17.0 2.1 0.1 7.1 7.3

Adherent Culture Expanded (ACE) Cells
Far More Variation than Reported

No clear difference between MS, TS, AT sources
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Automated Cell and Colony Management

Cell X™ Robot Colonyze ™ Software

Ed Kwee



Marker

(-) (+)



500 µ ID Tool

Pick Site

200µm

Cell X Picking
Sub-Confluent Cultures

After pick

- 90% efficiency



Picking Efficiency
Picking Efficiency
• Cell Area Before:

293000 µm2

• Cell Area Removed:
227000 µm2

• Picking Efficiency: 
92.1%
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Cell X Picking



Cell X™ - Integrated Biopsy, Picking, Transfer, Deletion  

Moving to Performance-Based Selection

?



Reverse Time Lapse

- Track and identify colony 
founding cell.

- Cell division does not 
start until day 3.

- Effective proliferation 
rate: 1.6 days-1



1000 µm

A B C

In vitro Videomicroscopy

Day 1 Day 3 Day 6
CD90



Cartilage Derived CTP-C Typing

Colony Metrics (Type 1)
Colony Area 73000 µm2

Cell Area 35000 µm2

Cell Density 47.7 %
CD73 (Area/Percent) 43000 µm2/71.4%
CD90 (Area/Percent) 55000 µm2/92.2%
CD105 (Area/Percent) 172 µm2/0.28%
Triple Positive (Area/Percent) 172 µm2/0.28%

Colony Metrics (Type2)
Colony Area 67000 µm2

Cell Area 6262 µm2

Cell Density 9.3 %
CD73 (Area/Percent) 10400 µm2/66.1%
CD90 (Area/Percent) 7500 µm2/48%
CD105 (Area/Percent) 104 µm2/0.66%
Triple Positive (Area/Percent) 104 µm2/

CTP Morphology Metrics (type2)
Area 87.5 µm2

Circularity 0.312
Feret Diameter 30.5 µm
CD73 Positive
CD90 Negative
CD105 Negative

CD73+/CD90+

CD73+
/CD90
+/CD1
05+

Type2

Type1 CD73+/CD90+

CD73+/CD90+/CD105+

Type2

Type1
CTP Morphology Metrics (type1)
Area 426.5 µm2

Circularity 0.34
Feret Diameter 46.7 µm
CD73 Positive
CD90 Negative
CD105 Negative



Cell X™ - Integrated Biopsy, Picking, Transfer, Deletion  

Moving to Performance-Based Selection

?



Pre-pick Post pick Day 10 post-pick

1000 μm100 μm 100 μm

Area = 1543.7 μm2

Perimeter = 274.4 μm
Feret diameter = 83.5
Round = 0.72

Cell area = 7971.8 μm2

Perimeter = 1290.3 μm
Feret diameter = 248.6
Round = 0.67

Cell area = 2482.3 μm2

Perimeter = 645.5 μm
Feret diameter = 171.2
Round = 0.40

Confluence = 1%

Confluence = 3.2%

Confluence = 21.6%

Single Cell Picking
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Single Cell Picking



Moving to Performance-Based Selection



Overview of Experimental Design and Data Collection.  The “Life Cycle” of an individual cartilage-derived CTP-C 
through clonal expansion and analysis at 18 Db or 25 Db, through pellet generation and analysis is outlined.  The data sets 
contributing to analysis at each stage are identified (Yellow Boxes). Sources of cells and data elements are tracked (Blue 
Arrows). Logistics of doublings, passage #, cells per clone and the number of wells required at each step are itemized.  

Moving to Performance-Based Selection

Connecting Early Attributes with Downstream Performance 



Biospherix

Cell X Xvivo System Module





Performance-Based iPS Clone Selection



Day 1 Day 2 Day 3

500um

After pick, expansion images

Before pick After pick

iPS Performance-Based Passaging

Pick parameters Values

Tip ID 533 um

Aspirate height off bottom 16.99um

Aspirate volume 200 ul

Aspiration flow rate 150 ul/sec

Dispense height 20 um

Dispense volume 200 ul

Dispense flow rate 100 ul/sec

Before pick After  pick

100um



Neural Organoid Quality Attributes

Wiley, et al., Scientific Reports, 2016







X8

5-7 days3-4 weeks3 days 5-7 days 5-7 days

Pick 12 
colonies

*
(30-50 
cells)

Hand 
Replate

all

Pick 
1 well*

(30-50 
cells)

Image days 1,3,7
2nd Exp Analysis

Image every 3 
days for 3-4 weeks

PR Analysis

Pick 4-6
colonies

*
(30-50 
cells)

5-7 days

1:6 
passage

Image days 1,3,7
1st Exp Analysis

Image day 1,3,7
Crisper Analysis

Reprogamming First Expansion
‘Scorecard’ Assay

CRISPER
correction

2nd Expansion
‘Best’ Clones

Image day 1

35 mm

Post 
Reprogamming

Vector Dilution

Media change 
every 3 days 

(1500 l and 
swirl)

Media change 
every 3 days 

(1500 l and 
swirl)

Media change 
every 3 days 

(500 l and swirl)

Media change 
every 3 days 

(1500 l and 
swirl)

Media change 
every 3 days 

(1500 l and 
swirl)

Weeding and 
Picking

Weeding and 
Picking

Weeding and 
Picking

Weeding and 
Picking

Weeding and 
Picking

Fi
br

ob
la

st
s

iPS Cells
Selection - Expansion - Correction
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Cell X™ Robot Colonyze ™ Software
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Parker Hannifin Cleveland Clinic Biospherix
• Precision Movement
• Precision Fluidics
• Automation Platforms
• Design Engineering
• System Integration

• Large Field of View Imaging
• Quantitative Image Analysis
• Cell and Colony Metrics
• Human Cell Sourcing
• Rapid Cell Processing

• CytoCentric Systems
• Environmental Control
• Closed System Biostations
• GMP Manufacturing Enclosures
• Custom Modularity 

Clinical Precision Bioprocessing (CPB) Team

Cleveland Clinic – Parker Hannifin - Biospherix

Integrated Tools and Solutions

Human 
Cell Sourcing

Cell
Processing

Quantitative
Assay

Process
Controls

Process 
Documentation

Environmental
Controls

Potency Efficacy Repeatability Reproducibility

Clinical Product – Clinical Therapy
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