
Early midbrain progenitor verification. (A) Initial differentiation proceeds through midbrain NSC and NPCs (B) 
ICC indicates expression of multiple MB-NSC and MB-NPC markers. (C) Bulk RNA-seq indicates changing 
gene expression patterns over differentiation stage with increasing trend in MB neuronal gene expression. Color 
scale represents log2 fold change of differentially expressed genes of differentiating cells compared to hiPSCs. 
Scale bars in B = 100um.

Protocol Development for the Mass Production of hiPSC-Derived SOX6+ A9 
Dopaminergic Neurons Using a High Dimensional Design of Experiment Approach

Objective 
Developing an unbiased and data-driven method to systematically approach 
generation of A9 dopaminergic neurons using HD-DoE technology in a 
reasonable timeframe and budget.

Why A9 Dopaminergic Neurons?
Parkinson’s Disease (PD) affected over 8.5 million people in 2019 alone and has the 
fastest growing population of affected individuals of any neurological disorder (WHO). 
PD is characterized by the loss of the A9 subset of Dopaminergic Neurons (DN). 
While efforts have been made using mouse models to identify drugs and test cell 
therapies involving brain tissue grafts, one major barrier to this has been the lack of 
available DNs for drug discovery screening
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What is HD-DoE?

What is HD-DoE?
Applying mathematical models to study the developing cell space to understand the 
behavior of the cells and control their fate. In this approach, a large number of inputs 
are carefully chosen and tested at once and their individual and combinatorial effects 
on gene profile of differentiating cells are analyzed. (maybe take some notes from jan’s 
reprocell presentation)

>40x factor assessment
compression via
mathematical modeling

Commercially available neurons do not express the 
SNc/A9 marker SOX6. A substantial portion of these 
neurons express the VTA/A10 marker CALB

!"#ABCD !"#ABCE !"#ABCF

!G+D
GI+E
-K+E
LG+ME
NO+DM
NO+DK
O!+E
PG4RS
!G+T
M-I4D
L-LU
S-SE
99P

!NPTMF
S:!

IXKKF
9P+
OM<E
!G+E

<GX=LD
SMSG-
O>RT?

!"#

!$

#

$

"#

NF

SYN1

NF
THTH

NURR1

SOX6ALDH1A1 FOXA2

NFCALB1
TH

TH

Tuj1
TH

CALB1
NURR1
PITX3

DAT
KCNJ6

HD-DoE-developed adherent protocols produce A9 
dopaminergic neurons at scale via bioreactor

Optimization at each stage transition to recapitulate in vivo biological transitions via 
HD-DoE

High throughput, unbiased factor assessment 
combined with mathematical modeling via HD-
DoE yields insight into both the primary effects 
of individual differentiation factors plus 
combinatorial effects that are impossible assess 
otherwise (see jan presentation for better 
description)
Better terminal cell populations by recapitulating 
the progression of natural developmental 
differentiation – only on a faster timescale

Parkinson’s Disease causes 
degeneration of A9 dopaminergic 
neurons derived from SOX6+ SNc 
midbrain progenitors

HD-DoE-guided experiments differentiates adherent cells 
through intermediate steps found in vivo

A9 Dopaminergic Neurons
• Functional validation by electrophysiology
• Large scale production in larger bioreactors

HD-DoE
• Basic strategy applicable to all cell types
• Neuronal and non-neuronal cell differentiation
• Large scale production
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MB-NPC – Stage 3

A
C

Dopminergic neuron (DAn) differentiation. (A) TH+ neurons are produced from verified early stage progenitors. 
Expression of DAn and general neuronal and synaptic markers of Stage 3/4 cells are verified via ICC (B, D, Stage 
4) and flow cytometry (C, Stage 3). Images in D were taken on Yokagowa scope … (more data). (E) ELISA
detection of dopamine is enhanced compared to commercially available neurons. Scale bars in B = 100um, D = um
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Cell Line #2
Protocol robustness: 
DAn differentiation in 
additional cell line. HD-
DoE-developed protocol 
produces cells expressing 
TH and SOX6 with little 
astrocyte differentiation 
from a second cell line as 
indicated via ICC (A), RT-
PCR (B), and flow 
cytometry (C). Scale bars 
in A = 100um

Adherent-cell-validated HD-DoE protocol successfully produces SOX6+ DAn neurons from 
bioreactors. iPSCs were differentiated in bioreactors using stage-specific morphogens validated 
in adherent culture. Cells were then dissociated and used for RT-PCR and flow cytometry. For 
ICC, cells were plated briefly before labeling. (A) A9-specific DAn markers indicated IHC. (B) RT-
PCR of bioreactor grown cells indicates changing gene exspression patterns over differentiation 
stage with increasing trend to MB neuronal gene expression. (C) Flow cytometry indicates high 
proportion of TH+ cells (right) with few CD44+ astrocytes. Scale bars in A = 100um
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Directions
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What is HD-DoE?

Material & Methods:
Characterization: bulk RNA-seq performed by . Flow cytometry was 
done on Attune … qPCR was done on QS3 and QS 12K, 
ThermoFisher
Imaging: Cells are images by EVOS7000 fluorescence microscope and 
…. Yokogawa microscope on Aurora glass bottom plates.

Bulk RNA-seq: Log2 TPM count
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