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Summary statement. In this article we find that
FGF17 induces high expression of key dopamine
progenitor markers and that these cells can provide
functional rescue in a rat model of Parkinson’s dis-
ease.

Cell replacement therapies using human pluripo-
tent stem cell-derived ventral midbrain (VM) do-
paminergic (DA) progenitors are currently in clin-
ical trials for treatment of Parkinson’s disease
(PD). Recapitulating developmental patterning
cues, such as fibroblast growth factor 8 (FGF8),
secreted at the midbrain-hindbrain boundary
(MHB), is critical for the in vitro production of au-
thentic VM DA progenitors. Here, we explore the
application of alternative MHB-secreted FGF-fam-
ily members, FGF17 and FGF18, for VM DA pro-
genitor patterning. We show that while FGF17
and FGF18 both recapitulate VM DA progenitor
patterning events, FGF17 induced expression of
key VM DA progenitor markers at higher levels
than FGF8 and transplanted FGF17-patterned
progenitors fully reversed motor deficits in a rat
PD model. Early activation of the cAMP pathway
mimicked FGF17-induced patterning, although
strong cAMP activation came at the expense of
EN1 expression. In summary, we identified
FGF17 as a promising candidate for more robust
VM DA progenitor patterning, with the potential to
improve cell products for treatment of PD.

Correspondence: A. Kirkeby, agnete.kirkeby@sund.ku.dk

Introduction

Parkinson’s disease (PD) is an incurable neuro-
degenerative disorder, the motor symptoms of which
are caused by a relatively selective loss of dopamine
(DA) neurons in the substantia nigra. Engraftment of
VM DA progenitors to the putamen to replace the lost
endogenous cells is a promising restorative

therapeutic strategy to ensure continuous DA release
at physiological levels (Barker and Bjorklund, 2023),
and several approaches are currently in clinical trial
(Christiansen and Kirkeby, 2024). The differentiation
protocols used to generate VM DA progenitors from
human pluripotent stem cells (hPSCs) have been im-
proved by adjusting early patterning with growth fac-
tors (Doi et al., 2020; Kim et al., 2021; Nishimura et
al., 2023; Nolbrant et al., 2017). Although the current
clinically applied differentiation protocols efficiently
yield high-purity VM DA progenitor cells, a small pro-
portion of non-VM DA progenitors will inevitably be
produced. Fine-tuning of the current protocols to fur-
ther increase purity and reproducibility is crucial to
ensure the success of serial large-scale GMP manu-
facturing for clinical use.

The isthmic organizer is a key signalling centre lo-
cated at the midbrain-hindbrain boundary (MHB) of
the developing vertebrate embryo (Joyner et al.,
2000; Nakamura et al., 2005). It arises from a com-
plex interplay of molecular signals and interactions
between neighbouring cell populations and plays a
fundamental role in establishing positional infor-
mation and regional identity of the midbrain and hind-
brain. Expression of WNT1 and members of the fibro-
blast growth factor 8 (FGF8) family are crucial for the
function of this secondary organizer in guiding the
patterning of the VM in model organisms (Wurst and
Bally-Cuif, 2001). Based on this, FGF8 is applied in
several protocols for manufacturing of hPSC-derived
VM DA progenitors, where it functions to induce ex-
pression of the VM DA progenitor marker Engrailed 1
(EN1) (Doi et al., 2020; Nishimura et al., 2023;
Nolbrant et al., 2017). High levels of EN1 expression
is important for the in vitro-generation of bona fide
caudal VM DA progenitors and correlates with a good
graft outcome in animal models of PD (Xu et al.,
2000). While in vitro protocols have focused only on
the use of FGF8, older studies in chick and mouse
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have shown that not only FGF8, but also FGF17 and
FGF18 are expressed at the MHB (Liu et al., 2003).
FGF8, FGF17 and FGF18 belong to the same canon-
ical subfamily (FGF8 subfamily), acting on the same
receptors (Ornitz and Itoh, 2015), and ectopic appli-
cation of these FGFs has been shown to stimulate
expansion of the midbrain in the developing mouse
(Liu et al., 2003). Furthermore, FGF17 has been
found to be not only more highly expressed in the de-
veloping midbrain region, but also for longer periods
of time when compared to both FGF8 and FGF18 (Xu
et al., 2000). In humans, however, the dynamics of
MHB FGF expression have not been thoroughly ex-
plored.

Here, by wusing single-cell RNA sequencing
(scRNAseq) data from an in vitro model of the human
neural tube (Rifes et al., 2020) and from the develop-
ing human fetus (Braun et al., 2023), we identified a
broader and stronger expression of FGF17 com-
pared to FGF8 in the human MHB. We further show
that FGF17-mediated patterning yielded VM DA pro-
genitors with significantly higher expression of
FOXAZ2 and LMX1A when compared to FGF8. Trans-
plantation of FGF17-derived VM DA progenitors res-
cued motor deficits in rats and produced DA-rich and
highly innervating grafts. Through scRNAseq, we un-
covered biological pathways, such as cyclic adeno-
sine monophosphate (cCAMP) signalling, underlying
the LMX1A upregulation in FGF17-treated cells. In
summary, we have identified a new candidate for VM
patterning that favours production of the correct pop-
ulation of cells needed for an optimal cell replace-
ment therapy product.

Results

Additional FGF8 subfamily members induce VM
patterning

Investigation into the FGF expression patterns at the
MHB of the developing mouse brain (E11.5), shows
that fgf17 is more broadly expressed around the MHB
than fgf8, while fgf18 is only weakly expressed (Fig-
ure 1A). A similar broad expression pattern of FGF17
at the MHB junction was observed in a recently pub-
lished spatial transcriptomic data of human postcon-
ceptional week 5 (pcw 5) fetal tissue (Braun et al.,
2023) (Figure 1B). In line with this, we have previ-
ously found FGF17 to be expressed at the MHB of an
in vitro model of the developing human neural tube,
and here FGF17 showed both broader and stronger
expression than FGF8 (Figure 1C) (Rifes et al.,
2020). While data is not available for FGF18 in the
human embryo at pcw 5, we found FGF18 to be very
weakly expressed in our in vitro neural tube model at
day 14, aligning with a weak signal in the mouse at
E11.5 (Figure 1A-C).

To compare the ability of different MHB-associated
FGFs from the FGF8 subfamily to fine-tune hPSC

derived VM DA progenitors, we added either FGF8,
FGF17 or FGF18 from day 9 to 16 of an already pub-
lished directed differentiation protocol for the produc-
tion of clinical-grade VM DA progenitors (Kirkeby et
al., 2023; Nolbrant et al., 2017), and differentiated the
cells in parallel (Figure 1D). By gRT-PCR analysis
we found that all three FGFs induced a significant in-
crease in the caudal VM DA marker ENT mRNA ex-
pression levels (Figure 1E) while maintaining cul-
tures with a high purity of FOXA2+/LMX1A+ progen-
itors (Figure 1F). Through gRT-PCR analysis of par-
allel batches of VM differentiations, we found that
FGF17 induced significantly higher expression of
FOXA2 and LMX1A compared to FGF8, while OTX2
and EN1 expression did not differ (Figure 1G). We
found no difference in the expression of these mark-
ers between FGF17- and FGF18-patterned batches
(Figure S1A). Given the higher in vivo relevance of
FGF17 over FGF18 at the MHB (Figure 1A-C) we
therefore decided to focus on the actions of FGF17
for the remainder of the study. Nuclear flow cytometry
of FGF17-patterned day 16 VM DA progenitor cells
showed unchanged proportions of FOXA2/0TX2
double-positive cells compared to paired FGF8-pat-
terned cells (Figure S1B), indicating that the positive
effect of FGF17 on FOXA2 expression may in part be
due to increased expression levels within each cell.

FGF17-patterned VM DA progenitors reverse mo-
tor deficits in a rat model of PD

To assess the maturation capacity of FGF17-treated
VM DA progenitors, we performed in vitro-matura-
tion, and found that both FGF17- and FGF8-pat-
terned VM DA progenitors produced cultures of neu-
rons expressing TH, MAP2, FOXA2 and LMX1A at
day 42 of differentiation (Figure 1H and S1C). To as-
certain whether the FGF17-patterned VM DA progen-
itors were also functional upon engraftment, FGF17-
patterned VM DA progenitors were transplanted to
the striatum of unilaterally, 6-hydroxydopamine (6-
OHDA)-lesioned nude rats (Figure 2A). Immuno-
histochemical assessment showed dense human
neural fiber-innervation of the rat striatum (Figure
2B) and DA neuron-rich grafts (Figure 2C). The
transplanted cells yielded full amelioration of motor
deficits at 27-weeks post-transplantation in the am-
phetamine-induced rotation test (Fig. 2D). We next
confirmed that the FGF17 grafts expressed markers
of the A9-subtype of DA neurons through co-labelling
of TH with the floorplate marker FOXA2 (Kee et al.,
2017; Kirkeby et al., 2017) and the A9 DA neuron
marker ALDH1A1 (Carmichael et al., 2021) (Figure
2E). The FGF17-patterned grafts generated on aver-
age 23351812 mature TH* neurons per 1e5 trans-
planted cells (meantSD). This is comparable to the
yield obtained from the clinical-grade FGF8-pat-
terned VM DA progenitor cell product STEM-PD,
which is currently being tested in a European phase-
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Figure 1. FGF subfamily members are capable of ventral midbrain induction

A. Allen Developing Mouse Brain Atlas expression of important MHB genes Otx2, Wnt1, Fgf8, Fgf17, Fgf18 in a E11.5 mouse embryo. B.
Spatial transcriptomic data of OTX2, WNT1, FGF8, FGF17 in developing human postconceptional week (pcw) 5.5 fetus. C. ScCRNAseq data
from an in vitro human neural tube model (MiSTR) at day 14. D. Schematic of expression of endogeneous FGF8 subfamily members at the

MHB that induce rostral (rVM) and caudal (cVM) VM patterning as

well as schematic of their use in the in vitro protocol. E. mRNA expression

of EN1 in day 16 VM progenitors treated with No FGF, FGF8, FGF17 or FGF18 analysed by Brown-Forsythe ANOVA followed by Dunnet’s

multiple comparison. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001,

ns: non-significant, n=8 (no FGF), n=10 (FGF8, FGF17), n=9 (FGF18). F.

Immunolabelling of FOXA2, LMX1A in day 16 in vitro derived VM DA progenitors, patterned with either FGF8, FGF17 or FGF18. G. Analysis

of difference in mMRNA expression of important VM DA progenitor

markers between FGF8 and FGF17. **p<0.01, ***p<0.001, EN1 p= 0.11,

ns: non-significant, analysed with a paired t-test, n = 19. H. Immunolabelling of FOXA2, LMX1A and MAP2 in day 42 in vitro derived DA

neurons. All scalebars: 100uM.

I/lla clinical trial for PD, ClinicalTrials.gov number
NCT05635409 (2835+1466 TH* cells, Figure 2F,
data from Kirkeby et al., 2023).

RNA-sequencing reveals temporal differences in
FGF8 and FGF17 signalling

To uncover the biological pathways underlying the
differences observed between FGF8- and FGF17-
patterned cells, we performed two different RNA se-
quencing studies: 1) A time-course bulk RNA-seq ex-
periment on day 9 VM progenitors treated with either
FGF8 or FGF17 for up to 24 hours; and, 2) A
scRNAseq experiment on hashtag-labelled day 16
VM DA progenitors patterned with either FGF8 or
FGF17 for 7 days, from day 9-16 (Figure 3A). For the

bulk RNA-seq, differences in FGF response path-
ways were investigated at the earliest time points im-
mediately after initiation of FGF treatment (i. e. for 15
min, 60 min, 4 hours or 24 hours after adding the
FGFs, n=3 for each FGF). Principal component anal-
ysis showed that at 15 min post-FGF addition, there
were negligible differences between the groups, but
that the groups differed transcriptionally at the 1, 4
and 24 hour time-points (Figure 3B). Differentially
expressed gene (DEG) analysis at 1-4 hours post
FGF treatment showed a strong induction of a whole
group of ERK/MEK-pathway associated early re-
sponse genes (EGR2, EGR3, EGR4, IER2, IERS,
ARC and FOSB). Interestingly, all of these genes
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Figure 2. Functionality of FGF17-patterned DA neurons upon transplantation to Parkinsonian rats

A. Experimental outline: Nude rats (NRs) and Sprague-Dawley rats (SDRs) were unilaterally lesioned with 6-OHDA and then transplanted
with cryopreserved day 16 FGF17-patterned cells. The functionality of the transplanted cells was evaluated at 16-, 20-, 24- and 27-weeks
post-transplantation through amphetamine-induced rotations. SDRs were immunosuppressed with Cyclosporin upon transplantation. B-C.
Representative images of immunohistochemical stainings for ANCAM (B) and TH (C) in transplanted rat brains, showing dense human fiber
innervation and TH+-rich grafts. D. Mean net turns per min in amphetamine-induced rotation test from rats transplanted with FGF17-patterned
cells. n=7 (week 0), n=4 (week 16, 20, 24), n=3 (week 27). A Welch t-test was used to determine differences between week 0 and 27 (p-
value = 0.0175). E. Representative images of FGF17 graft at 27 weeks, immunofluorescently labelled for TH, FOXA2 and ALDH1A1. Triple-
postive cells are indicated by triangles. Overview scale bar = 200 ym, zoom-in scalebar = 40 uym. F. Quantified total yield of TH+ cells per
1e5 cells transplanted in FGF17 grafts at 27 weeks compared to the clinical cell product STEM-PD. Data for STEM-PD obtained from Kirkeby
et al,, 2023. n=8 (FGF17), n=18 (STEM-PD). Statistical significance determined by t-test, p=0.378.

were more upregulated in FGF8-treated cells com-
pared to FGF17-treated cells (Figure 3C-D).

Next, we performed scRNAseq on hashtag-labelled
day 16 VM DA progenitors patterned with either

FGF8 or FGF17 (n = 4 differentiation experiments,
each experiment testing FGF8 and FGF 17 in parallel,
Figure 3A). All 8 batches of differentiated cells
showed similar transcriptional profiles at day 16 (Fig-
ure S2), affirming the high similarity between VM
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Figure 3. Addition of cAMP during VM patterning mimicks the effect of FGF17

A. Experimental outline for bulk and scRNAseq. FGF8- or FGF17-patterned day 9 VM DA progenitors were (1) collected at 15 min, 1h, 4h,
or 24h after FGF addition for bulk RNAseq (n=3 per condition), or (2) differentiated until day 16 caudal ventral midbrain progenitors for
scRNAseq, n=4. B. PCA plot comparing bulk RNAseq of FGF8 and FGF17 treated VM DA progenitors at all four timepoints, n=3. C. Expres-
sion trajectories of early response genes after addition of FGFs (here represented by FOSB and EGR4). D. Volcano plot of DEGs at 1hr
between FGF8- and FGF17-treated VM DA progenitors. E. UMAP projection of scRNAseq data from FGF8 and FGF17 day 16 VM DA
progenitors. F. Violin plots of top DEGs between FGF8 and FGF17 cells in the scRNAseq data. G. Outline of in vitro differentiation strategy
to test target pathways uncovered by RNAseq. H. Quantitative RT-PCR of key VM markers in day 16 progenitors treated with either PDESi
or cAMP together with FGF8 from day 9-16. One-way ANOVA for paired data followed by Dunnet’s multiple comparisons test was performed
to analyse differences in gene expression *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, ns: non-significant, n=11. I. Immunocytochemistry
showing co-staining of OTX2, LMX1A and FOXA2 on day 16 VM DA progenitors treated wih PDE8i or cAMP, scalebar: 100uM.
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batches differentiated with either FGF8 or FGF17. As
expected, the majority of cells sequenced produced
a large cluster of caudal VM DA progenitors marked
by expression of FOXA2, LMX1A, OTX2 and EN1
(Figure 3E). Both treatments also gave rise to a small
proportion of rostral VM progenitors, marked by the
absence of EN1 and presence of OTX2, LMX1A and
FOXAZ2. Furthermore, we found a small cluster of
contaminating hindbrain floorplate progenitors
(FOXAZ2* but OTX2) in both treatment groups, arising
primarily from one of the 4 differentiation experi-
ments, VM#4 (Figure 3E, S2B). Analysis of the top
DEGs between all FGF8- and FGF17-treated cells
revealed enrichment of PDESA, PDE8B and DUSP6
in FGF8-treated cells. The PDES8 family members are
phosphodiesterases that play a major role in the hy-
drolysis of cAMP and DUSP6 (MKP3) is a protein
phosphatase that has previously been found to be co-
expressed with FGF8 at the MHB (Echevarria et al.,
2005). FGF17-treated cells in contrast expressed
higher levels of the thyroid binding hormone, trans-
thyretin (TTR) and protein tyrosine phosphatase re-
ceptor type O (PTPRO) within the
FOXA2+/LMX1A+/OTX2+/EN1+ VM DA progenitor
cluster (Figure 3F and S2). PTPRO has recently
been shown to be enriched on DA progenitor cells
(Xu et al., 2022).

To assess the impact of the targets identified in the
DEG analysis on progenitor patterning, we tested ad-
dition of commercially available agonists and antag-
onists of the pathways identified in the bulk and
scRNAseq analyses in combination with FGF8 treat-
ment (Figure 3G). Based on the difference in ERK-
related signalling between FGF8 and FGF17 treated
cells seen in the bulk RNAseq experiment, we tested
an ERK inhibitor (ERKIi) from day 9 to 16 together
with FGF8 treatment from day 9 to 16. While we ob-
served no effect on the expression of FOXA2 and
LMX1A, we found a significant decrease in EN1 ex-
pression when ERKi was maintained from day 9 to 16
(Figure S3A). In addition, we found expression of the
diencephalic marker BARHL?2 to be significantly in-
creased when cells were treated with ERKi. The phe-
notype observed in the ERKi-treated cultures resem-
bled that of cells in the ‘No FGF’ group. These results
show that ERK is necessary for FGF8 mediated in-
duction of EN1 expression as well as repression of
the diencephalic marker BARHL2.

We next proceeded to test addition of membrane-
permeable cAMP (dibutyryl-cAMP, referred to as
cAMP) as well as a PDES inhibitor (PF-04957325,
PDESi) to the cultures, as the scRNA-seq data indi-
cated involvement of the cAMP pathway in the differ-
ent action between FGF17 and FGF8. Addition of
cAMP is normally used in the late-stage of DA proto-
cols (after day 16) to induce neuronal maturation (Doi
et al., 2014; Kim et al., 2021; Nishimura et al., 2023;
Nolbrant et al., 2017), but in these experiments we
tested cAMP as well as the PDES8i together with

FGF8 earlier in the protocol, from day 9-16. Surpris-
ingly, early addition of cAMP to FGF8-treated cul-
tures caused a significant increase in expression of
VM markers FOXA2, LMX1A, OTX2 and SHH by day
16 of differentiation (Figures 3H-l and S3B), thereby
exacerbating the phenotype observed for FGF17-
compared to FGF8-patterned progenitors (Figure
1F). This indicated that increased activation of the
cAMP pathway may be a main mechanism differing
between FGF8 and FGF17 signalling. However, early
treatment with cAMP also induced a significant de-
crease in expression of the caudal VM marker EN1
as well as an upregulation of the diencephalic marker
BARHL2, implying that the cells generated with early
addition of cAMP were of a more rostral VM identity
which is not beneficial for DA generation (Figure 3H
and S3B). Interestingly, treatment with a PDESi,
which would be expected to increase endogenous
levels of cAMP, did not yield the same effects as
cAMP in the VM DA progenitors (Figure 3H-l and
S3B). This implies that the VM DA progenitors are
not at this stage producing high levels of cAMP en-
dogenously.

Finally, to uncover more details on the signalling dy-
namics of FGF8 versus FGF17, we employed the
computational tool Domino (Cherry et al., 2021) to
identify intercellular signalling and transcription factor
activation, specifically in our ‘caudal VM prog’ cluster
(Figure S3C). Among the most important networks
expressed in the FGF8-treated caudal VM progenitor
cluster were components of the TGF and PDGF path-
way, governed by ENT and FOXAT. In the FGF17-
treated cluster, signalling through the neurotrophin
ligand receptor NTRK3 was predicted to be related to
LMX1A expression. To investigate a potential role of
these pathways we tested PDGFR inhibition or acti-
vation and the addition of neurotrophin 3 (NT-3) in
combination with FGF8 treatment. However, by day
16 of differentiation we observed no significant differ-
ence in MRNA levels of key VM DA markers between
the treatment groups, and concluded that these path-
ways were not crucial for caudal VM DA patterning
(Figure S3D-F).

We have previously shown that the addition of FGF8
to the cell differentiation medium fine-tunes cell fates
to ensure a higher yield of VM DA progenitors com-
pared to the rostrally adjacent subthalamic nucleus
progenitors, which do not yield DA neurons after ter-
minal maturation (Kirkeby et al., 2017). However, the
use of other FGF8 subfamily members remains
largely neglected, dispite their recognition at the MHB
decades ago. At the turn of the century, a collection
of studies on MHB development demonstrated that
FGF submembers FGF8 and FGF17 could act syn-
ergistically during early MHB patterning (Picker et al.,
1999; Reifers et al., 1998, 2000; Xu et al., 2000).
Overall, our data indicates that both FGF17 and
FGF18 can work independently of FGF8 to govern
VM DA patterning, and that the effect of these three
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FGFs are to a large degree redundant. This is in line
with the knowledge that FGF8 subfamily ligands all
function on the same receptors (Olsen et al., 2006).
Not surprisingly, we could confirm that the effect of
FGF8 is highly dependent on the activity of ERK.

Despite the similar patterning effects, minor differ-
ences in activated signalling pathways between
FGF8 and FGF17 were evident. Although the proto-
cols for patterning of VM DA progenitors are already
very efficient, even minor improvements to purity can
be crucial for successful product release when man-
ufacturing cells in a GMP setting for clinical use. The
transcriptional differences between FGF8 and
FGF17 resulted in the identification of the cAMP path-
way as a pathway which, when activated early, can
increase expression of VM genes LMX1A and
FOXA2. However, this comes at the expense of the
crucial VM DA progenitor marker EN1, which we
have shown to be required for producing successful
DA grafts (Kirkeby et al., 2017). Interestingly, another
VM DA progenitor product which is currently in clini-
cal trial for PD by BlueRock Therapeutics includes
cAMP in the early patterning of their VM DA progeni-
tors, from day 10-16 (Kim et al., 2021). Based on this,
it would be relevant to investigate if there is a minimal
threshold of EN1 expression required at the progeni-
tor stage for achievement of optimal in vivo efficacy.

In summary, we have herein demonstrated the ability
of several FGF family members to induce VM pattern-
ing, and dissected the potential mechanisms by
which specifically FGF17 might enhance early MHB
cell fate decisions. The use of FGF17 might be benef-
ical compared to FGF8 for producing an efficacious
better stem cell product for transplantation, ultimately
additionally ameliorating PD patients’ motor symp-
toms. The observation that FGF8 +PDES inhibition
has the opposite effect of FGF8+cAMP on expres-
sion levels of key VM DA progenitor markers opens
for future investigations into the underlying mecha-
nism of this discrepancy and whether transplantation
of PDES inhibitor or cAMP-treated VM DA progeni-
tors can achieve functional recovery in an animal
model of PD.

Author contributions

A.K. conceived the study. A.H.N., A.S., Ad.S. and C.R. per-
formed in vitro differentiations. Z.A. and A.H.N. performed
cell hashing and ICC. E.H., G.S.R and Y.L. performed bi-
oinformatic analyses. A.S., Y.Z. and A.L.S. performed in
vivo transplantations. A.L.S. performed behavioral tests
and graft characterization. Z.A. compiled data and AK.,
Z.A., AH.N. and A.L.S. wrote the manuscript.

Acknowledgements

We thank the 10X sequencing platform SCOP at the Uni-
versity of Copenhagen as well as the Microscopy and Ge-
nomics platforms at reNEW Copenhagen.

Declaration of interests

A.K. is the owner of Kirkeby Cell Therapy APS, performs
paid consultancy to Novo Nordisk A/S and is a co-inventor
on patents WO2016162747A2/A3 and WO2019016113A1
on the generation of DA cells for treatment of PD.

Funding

This study has been supported by funding from the Novo
Nordisk Foundation (NNF180C0030286), EU H2020
(NSCReconstruct, Grant No. 874758), the Lundbeck Foun-
dation (R336-2019-2927) and the Knut and Alice Wallen-
berg Foundation. The Novo Nordisk Foundation Center for
Stem Cell Medicine is supported by a Novo Nordisk Foun-
dation grant (NNF21CC0073729). The funding bodies
played no role in the design of the study and collection,
analysis, and interpretation of data and in writing the man-
uscript.

Data availability

Spatial data from human 5 pcw fetal tissue is available at
https://github.com/linnarsson-lab/developing-human-brain/
and can be accessed through https://doi.org/10.1126/sci-
ence.adf1226. Developing mouse brain data is available
from Allen Developing Mouse Brain Atlas, https:/develop-
ingmouse.brain-map.org. Data from the in vitro model of
the developing human neural tube (MiSTR) can be ac-
cessed through
https://www.ncbi.nIm.nih.gov/geo/query/acc.cgi?acc=GSE
135399.

scRNAseq and bulk RNAseq datasets generated specifi-
cally for this study will be accessible upon publication.



https://doi.org/10.1126/science.adf1226
https://doi.org/10.1126/science.adf1226
https://developingmouse.brain-map.org/
https://developingmouse.brain-map.org/
https://doi.org/10.1101/2024.05.08.593131
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.05.08.593131; this version posted May 8, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC 4.0 International license.

References

Allen Institute for Brain Science (2014). Allen Developing
Mouse Brain Atlas [dataset]. Available from https://develop-
ingmouse.brain-map.org.

Barker, R.A., and Bjorklund, A. (2023). Restorative cell and
gene therapies for Parkinson’s disease. In Handbook of Clinical
Neurology, (Elsevier), pp. 211-226.

Biancalani, T., Scalia, G., Buffoni, L., Avasthi, R., Lu, Z., San-
ger, A., Tokcan, N., Vanderburg, C.R., Segerstolpe, A.,
Zhang, M., et al. (2021). Deep learning and alignment of spatially
resolved single-cell transcriptomes with Tangram. Nat Methods
18, 1352—1362. https://doi.org/10.1038/s41592-021-01264-7.

Braun, E., Danan-Gotthold, M., Borm, L.E., Lee, KW., Vins-
land, E., Lénnerberg, P., Hu, L., Li, X., He, X., Andrusivova,
2., et al. (2023). Comprehensive cell atlas of the first-trimester
developing human brain. Science 382, eadf1226.
https://doi.org/10.1126/science.adf1226.

Carmichael, K., Evans, R.C., Lopez, E., Sun, L., Kumar, M.,
Ding, J., Khalig, Z.M., and Cai, H. (2021). Function and Regula-
tion of ALDH1A1-Positive Nigrostriatal Dopaminergic Neurons in
Motor Control and Parkinson’s Disease. Front Neural Circuits 75,
644776. https://doi.org/10.3389/fncir.2021.644776.

Cherry, C., Maestas, D.R., Han, J., Andorko, J.l., Cahan, P.,

Fertig, E.J., Garmire, L.X., and Elisseeff, J.H. (2021). Compu-
tational reconstruction of the signalling networks surrounding im-
planted biomaterials from single-cell transcriptomics. Nat Biomed
Eng 5, 1228-1238. https://doi.org/10.1038/s41551-021-00770-5.

Christiansen, J.R., and Kirkeby, A. (2024). Clinical translation
of pluripotent stem cell-based therapies: successes and chal-
lenges. Development 157, dev202067.
https://doi.org/10.1242/dev.202067.

Doi, D., Samata, B., Katsukawa, M., Kikuchi, T., Morizane, A.,
Ono, Y., Sekiguchi, K., Nakagawa, M., Parmar, M., and
Takahashi, J. (2014). Isolation of Human Induced Pluripotent
Stem Cell-Derived Dopaminergic Progenitors by Cell Sorting for
Successful Transplantation. Stem Cell Reports 2, 337-350.
https://doi.org/10.1016/j.stemcr.2014.01.013.

Doi, D., Magotani, H., Kikuchi, T., Ikeda, M., Hiramatsu, S.,
Yoshida, K., Amano, N., Nomura, M., Umekage, M., Morizane,
A., et al. (2020). Pre-clinical study of induced pluripotent stem
cell-derived dopaminergic progenitor cells for Parkinson’s dis-
ease. Nat Commun 77, 3369. https://doi.org/10.1038/s41467-
020-17165-w.

Echevarria, D., Martinez, S., Marques, S., Lucas-Teixeira, V.,
and Belo, J.A. (2005). Mkp3 is a negative feedback modulator of
Fgf8 signaling in the mammalian isthmic organizer. Dev Biol 277,
114-128. https://doi.org/10.1016/j.ydbio.2004.09.011.

He, D., Zakeri, M., Sarkar, H., Soneson, C., Srivastava, A., and
Patro, R. (2022). Alevin-fry unlocks rapid, accurate and memory-
frugal quantification of single-cell RNA-seq data. Nat Methods 79,
316-322. https://doi.org/10.1038/s41592-022-01408-3.

Joyner, A.L., Liu, A., and Millet, S. (2000). Otx2, Gbx2 and Fgf8
interact to position and maintain a mid-hindbrain organizer. Curr
Opin Cell Biol 12, 736—741. https://doi.org/10.1016/s0955-
0674(00)00161-7.

Kee, N., Volakakis, N., Kirkeby, A., Dahl, L., Storvall, H.,
Nolbrant, S., Lahti, L., Bjérklund, A.K., Gillberg, L., Jood-
mardi, E., et al. (2017). Single-Cell Analysis Reveals a Close
Relationship between Differentiating Dopamine and Subthalamic
Nucleus Neuronal Lineages. Cell Stem Cell 20, 29—-40.
https://doi.org/10.1016/j.stem.2016.10.003.

Kim, T.W,, Piao, J., Koo, S.Y., Kriks, S., Chung, S.Y., Betel,
D., Socci, N.D., Choi, S.J., Zabierowski, S., Dubose, B.N., et
al. (2021). Biphasic Activation of WNT Signaling Facilitates the

Derivation of Midbrain Dopamine Neurons from hESCs for Trans-
lational Use. Cell Stem Cell 28, 343-355.e5.
https://doi.org/10.1016/j.stem.2021.01.005.

Kirkeby, A., Grealish, S., Wolf, D.A., Nelander, J., Wood, J.,
Lundblad, M., Lindvall, O., and Parmar, M. (2012). Generation
of regionally specified neural progenitors and functional neurons
from human embryonic stem cells under defined conditions. Cell
Rep 1, 703-714. https://doi.org/10.1016/j.celrep.2012.04.009.

Kirkeby, A., Nolbrant, S., Tiklova, K., Heuer, A., Kee, N., Car-
doso, T., Ottosson, D.R,, Lelos, M.J., Rifes, P., Dunnett, S.B.,
et al. (2017). Predictive Markers Guide Differentiation to Improve
Graft Outcome in Clinical Translation of hRESC-Based Therapy for
Parkinson’s Disease. Cell Stem Cell 20, 135-148.
https://doi.org/10.1016/j.stem.2016.09.004.

Kirkeby, A., Nelander, J., Hoban, D.B., Rogelius, N., Bjart-
marz, H., Novo Nordisk Cell Therapy R&D, Storm, P., Fio-
renzano, A., Adler, A.F., Vale, S., et al. (2023). Preclinical qual-
ity, safety, and efficacy of a human embryonic stem cell-derived
product for the treatment of Parkinson’s disease, STEM-PD. Cell
Stem Cell 30, 1299-1314.e9.
https://doi.org/10.1016/j.stem.2023.08.014.

Liu, A., Li, J.Y.H., Bromleigh, C., Lao, Z., Niswander, L.A.,
and Joyner, A.L. (2003). FGF17b and FGF18 have different
midbrain regulatory properties from FGF8b or activated FGF re-
ceptors. Development 130, 6175-6185.
https://doi.org/10.1242/dev.00845.

Livak, K.J., and Schmittgen, T.D. (2001). Analysis of relative
gene expression data using real-time quantitative PCR and the
2(-Delta Delta C(T)) Method. Methods 25, 402-408.
https://doi.org/10.1006/meth.2001.1262.

Love, M.I. (2021). Statistical Modeling of High Dimensional
Counts. Methods Mol Biol 2284, 97-134.
https://doi.org/10.1007/978-1-0716-1307-8_7.

Love, M.1., Huber, W., and Anders, S. (2014). Moderated esti-
mation of fold change and dispersion for RNA-seq data with
DESeq2. Genome Biol 715, 550. https://doi.org/10.1186/s13059-
014-0550-8.

Nakamura, H., Katahira, T., Matsunaga, E., and Sato, T.
(2005). Isthmus organizer for midbrain and hindbrain develop-
ment. Brain Res Brain Res Rev 49, 120-126.
https://doi.org/10.1016/j.brainresrev.2004.10.005.

Nishimura, K., Yang, S., Lee, K.W., Asgrimsdéttir, E.S., Ni-
kouei, K., Paslawski, W., Gnodde, S., Lyu, G., Hu, L., Salté,
C., et al. (2023). Single-cell transcriptomics reveals correct devel-
opmental dynamics and high-quality midbrain cell types by im-
proved hESC differentiation. Stem Cell Reports 18, 337-353.
https://doi.org/10.1016/j.stemcr.2022.10.016.

Nolbrant, S., Heuer, A., Parmar, M., and Kirkeby, A. (2017).
Generation of high-purity human ventral midbrain dopaminergic
progenitors for in vitro maturation and intracerebral transplanta-
tion. Nat Protoc 72, 1962—-1979.
https://doi.org/10.1038/nprot.2017.078.

Olsen, S.K., Li, J.Y.H., Bromleigh, C., Eliseenkova, A.V., Ibra-
himi, O.A,, Lao, Z., Zhang, F., Linhardt, R.J., Joyner, A.L., and
Mohammadi, M. (2006). Structural basis by which alternative
splicing modulates the organizer activity of FGF8 in the brain.
Genes Dev. 20, 185-198. https://doi.org/10.1101/gad.1365406.

Ornitz, D.M., and Itoh, N. (2015). The Fibroblast Growth Factor
signaling pathway. WIREs Developmental Biology 4, 215-266.
https://doi.org/10.1002/wdev.176.

Patel, H., Ewels, P., Peltzer, A., Manning, J., Botvinnik, O.,
Sturm, G., U Garcia, M., Moreno, D., Vemuri, P., Binzer-
Panchal, M., et al. (2024). nf-core/rnaseq.
https://doi.org/10.5281/zenodo.1400710.


https://doi.org/10.1101/2024.05.08.593131
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.05.08.593131; this version posted May 8, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC 4.0 International license.

Picker, A., Brennan, C., Reifers, F., Clarke, J.D., Holder, N.,
and Brand, M. (1999). Requirement for the zebrafish mid-hind-
brain boundary in midbrain polarisation, mapping and confine-

ment of the retinotectal projection. Development 126, 2967—2978.

https://doi.org/10.1242/dev.126.13.2967.

Reifers, F., Bohli, H., Walsh, E.C., Crossley, P.H., Stainier,
D.Y., and Brand, M. (1998). Fgf8 is mutated in zebrafish acere-
bellar (ace) mutants and is required for maintenance of midbrain-
hindbrain boundary development and somitogenesis. Develop-
ment 125, 2381-2395. https://doi.org/10.1242/dev.125.13.2381.

Reifers, F., Adams, J., Mason, l.J., Schulte-Merker, S., and
Brand, M. (2000). Overlapping and distinct functions provided by
fgf17, a new zebrafish member of the Fgf8/17/18 subgroup of
Fgfs. Mech Dev 99, 39-49. https://doi.org/10.1016/s0925-
4773(00)00475-5.

Rifes, P., Isaksson, M., Rathore, G.S., Aldrin-Kirk, P., Mgller,
0.K., Barzaghi, G, Lee, J., Egerod, K.L., Rausch, D.M., Par-
mar, M., et al. (2020). Modeling neural tube development by dif-
ferentiation of human embryonic stem cells in a microfluidic WNT
gradient. Nature Biotechnology 38, 1265-1273.
https://doi.org/10.1038/s41587-020-0525-0.

Stoeckius, M., Zheng, S., Houck-Loomis, B., Hao, S., Yeung,
B.Z., Mauck, W.M., Smibert, P., and Satija, R. (2018). Cell
Hashing with barcoded antibodies enables multiplexing and dou-
blet detection for single cell genomics. Genome Biol 19, 224.
https://doi.org/10.1186/s13059-018-1603-1.

Tiklova, K., Nolbrant, S., Fiorenzano, A., Bjorklund, A.K.,
Sharma, Y., Heuer, A., Gillberg, L., Hoban, D.B., Cardoso, T.,
Adler, A.F., et al. (2020). Single cell transcriptomics identifies
stem cell-derived graft composition in a model of Parkinson’s dis-
ease. Nature Communications 77.
https://doi.org/10.1038/s41467-020-16225-5.

Van de Sande, B., Flerin, C., Davie, K., De Waegeneer, M.,
Hulselmans, G., Aibar, S., Seurinck, R., Saelens, W., Can-
noodt, R., Rouchon, Q., et al. (2020). A scalable SCENIC work-
flow for single-cell gene regulatory network analysis. Nat Protoc
15, 2247-2276. https://doi.org/10.1038/s41596-020-0336-2.

Wurst, W., and Bally-Cuif, L. (2001). Neural plate patterning:
Upstream and downstream of the isthmic organizer. Nat Rev
Neurosci 2, 99-108. https://doi.org/10.1038/35053516.

Xu, J., Liu, Z., and Ornitz, D.M. (2000). Temporal and spatial
gradients of Fgf8 and Fgf17 regulate proliferation and differentia-
tion of midline cerebellar structures. Development 127, 1833—
1843. https://doi.org/10.1242/dev.127.9.1833.

Xu, P., He, H., Gao, Q., Zhou, Y., Wu, Z., Zhang, X., Sun, L.,
Hu, G., Guan, Q., You, Z., et al. (2022). Human midbrain dopa-
minergic neuronal differentiation markers predict cell therapy out-
comes in a Parkinson’s disease model. Journal of Clinical Investi-
gation 132. https://doi.org/10.1172/JCI156768.


https://doi.org/10.1101/2024.05.08.593131
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.05.08.593131; this version posted May 8, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC 4.0 International license.

Materials and methods

Cell culturing

Mycoplasma-free, karyotyped RC17 (Roslin cells) hESCs were cultured on Lam521 (1mg/ml) coated plates.
RC17 were cultured in StemMACS iPS Brew XF (Miltenyi Biotec) and passaging was performed using 0.5mM
EDTA dissociation at 37°C. For the first 24h after passaging 10pM ROCK inhibitor (Miltenyi Biotec) was included
in the media. Specification of hLESC towards VM fates was performed in accordance with the Nolbrant et al., 2017
protocol. Adaptation to the current protocol was the addition of either FGF8b (100 ng/ml, #423-F8-025/CF),
FGF18 (100ng/ml, #8988-F18-050) or FGF17b (100ng/ml, #319-FG-025) to test for optimal VM DA patterning.
FGFs were in all cases sourced from R&D Systems to avoid any comparibility issues related to the vendor.
Isoform b was chosen for FGF17 due to its potency and analogy to FGF8b. FGF18 does not undergo alternative
splicing. Cells were harvested at day 16 and day 42 for analysis.

For the additional factor screening experiments VM patterned cells were treated with PDES8 inhibitor PF-
04957325 300nM (MedChem, #HY-15426), dibutyryl-cAMP 500uM (Sigma-Aldrich, #D0627), DUSP6 inhibitor
(E/Z)-BCI hydrochloride 100ng/ml (Sigma-Aldrich, #B4313), T3 40ng/ml (Sigma-Aldrich, #16397), PDGFR inhib-
itor CP673451 100nM (R&D Systems, #CP 673451 5993/10), PDGFC 1ug/ml (R&D Systems, #1687-CC-025) or
NT-3 10-20ng/ml (R&D Systems, #267-N3-005) on top of FGF8b 100ng/ml from day 9 to 16. Analysis was
performed at day 16 and 42. In experiments with ERK inhibition cells were treated with Trametinib 50nM (Bio-
techne #7709/10) day 9 to 16 on top of FGF8b 100ng/ml from day9 to 16. Analysis was performed on day 16.

Animal experiments

All procedures were conducted in accordance with the European Union Directive (2010/63/EU) and was ap-
proved by the local ethical committee at Lund University and the Swedish Department for Agriculture (ethical
permit number 5.2.18-10992/18). Adult, female Sprague Dawley (SD) and athymic, nude rats (Hsd:RH-Foxn1™")
were purchased from Charles River and Envigo, respectively, and were housed on a 12:12-hr light:dark cycle
with ad libitum access to food and water, n = 4 SD rats, n = 7 nude rats. For all surgical procedures, rats weighting
>225 g and/or older than 3 months were anesthetized via intraperitoneal (IP) injection of a 20:1 or 3:2 mixture of
fentanyl-Dormitor or ketaminol-Dormitor (Apoteksbolaget), respectively, according to the weight. The DA neurons
of the rats were unilaterally ablated by intracranial injection of 10.5 pg 6-hydroxydopamine (6-OHDA) to the me-
dial forebrain bundle (MFB). The extent of the lesion was assessed by amphetamine-induced rotations test. For
this purpose, 3.5 mg/kg amphetamine was administered by IP injection, and mean net turns per min were meas-
ured over 90 min, following a 10 min staggered start. Cryopreserved VM DA progenitors derived from RC17
hESCs were prepared as previously described (Kirkeby et al., 2012; Nolbrant et al., 2017). 3e5 cells were unilat-
erally transplanted to SD- and nude rat striatum as described previously (Tiklova et al., 2020). SD rats were
injected at the coordinates AP, +0.8; ML, -2.8; DV, -4.5, and nude rats at the coordinates AP, +0.9/+1.4; ML, -
3.0/-2.6; DV, -5.0/-4.0. SD rats were administered 10 mg/kg cyclosporine by daily IP injections two days prior to
transplantation, and until euthanization, 18 weeks post-transplantation.

Immunolabelling

Brains were fixed in 4% (wt/vol) paraformaldehyde by perfusion, according to standard protocol. The brains were
removed, and post-fixed over-night before dehydration in 25% (wt/vol) sucrose. Brains were sectioned with a
thickness of 35 um in 1:8 series by using a freezing microtome (Leica), and were stored in Buffer A (13 mM
NaH2PO4, 38 mM Na2HPO4 30% (vol/vol) ethylene glycol, 30% (vol/vol) glycerol) at -20°C. Immunolabelling was
performed on free-floating sections, using the Corning® Netwells® system (Merck). The sections were placed on
a slowly rotating (~100 rpm) orbital shaker during all incubations, which were done at room temperature, unless
specified otherwise. Sections were washed for 3x 5 min in PBS between all steps unless otherwise specified. For
antigen retrieval, sections were incubated in Buffer B (10 mM Tris Base, 1 mM EDTA Solution, 0.05% Tween
20, pH 9.0, H20) at 80°C for 30 min. During immunohistochemistry — where the detection system was horseradish
peroxidase (HRP)-based — endogenous peroxidases were inactivated by incubation in Buffer C (10% (vol/vol)
methanol, 3% (vol/vol) H202, PBS) for 30 min. If necessary to decrease background toning in IHC, sections were
first blocked in Buffer D (2.5% vol/vol Triton-X, 5% (vol/vol) species-specific serum), supplemented avidin and
biotin, using the Avidin/Biotin Blocking Kit (Vector Laboratories) according to the manufacturer’s instructions.
Sections were blocked in Buffer D for 1h. The sections were after this incubated with one or several of the
primary antibodies ALDH1A1 (1:1000, AbCam, ab52492), hNCAM (1:1000, Santa Cruz Biotechnology, Sc-106),
TH (1:2000, Merck Millipore, AB152), TH (1:1000, Merck Millipore, AB1542), HuNu (1:1000, Merck Millipore,
MAB1281), FOXA2 (1:1000, Santa Cruz Biotechnology, sc-101060) and LMX1A (1:1000, Merck Millipore,
AB10533) over-night. The sections were then blocked for 15 min in Buffer D. After this, the section were incu-
bated in the biotinylated secondary antibody or fluorescently labelled secondary antibodies for 1h for IHC and
immunofluorescence (IF), respectively. For IHC, the sections were thereafter incubated in ABC HRP or ABC
alkaline phosphatase complex according to the manufacturer's instructions (Vector Laboratories). The
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chromogenic substrate development in IHC was thereafter performed by incubating the sections in the enzymatic
system-compatible substrate solution until the desired colour intensity had developed. The following substrate
were used: (i) 0.5 mg/mL DAB, catalysed by the addition of 0.125% (vol/vol) H202, (ii) Vector® Blue or (iii) Vector®
DAB, with or without supplementation with nickel (Vector Laboratories), prepared according to the instructions.
Sections were then immediately washed several times briefly in PBS to avoid colour saturation. IF necessary
during IHC, counterstaining was done using a mild progressive labelling with haematoxylin. Chromagenically-
labelled sections were mounted and dehydrated by incubation in step-wise-increasing concentrations of ethanol
and were then cleared. Lastly, the sections were coverslipped in an appropriate mounting media. Cells were
fluorescently labelled with the primary antibodies (Table S2) as previously described (Nolbrant et al., 2017).

Imaging and quantification
The rat brains were processed and sectioned in series of 8, and one series was used for the quantifications. For
quantification of TH* cells in DAB-labelled grafts, brightfield, Z-stack images under 20X magnification were cap-
tured and stitched automatically by using a Leica DMI6G000B with the LAS-X software program. TH* cells in
FGF17 grafts were counted manually in the software program Fiji (version 2.1.0) whereas the TH* cells in the
STEM-PD graft were counted manually at the microscope. The quantifications of TH* cells is presented as esti-
mated total number of TH* cells per 1e5 cells transplanted per animals using the formula:

Zper animal TH + (cells)

Sum TH lls =
um T+ cells 3e5 (cells)

x 8 (series)

Overview, 10X brightfield images of the chromagenically labelled rat brains was acquired on a Axio Scan Z1
(Zeiss) miscroscope. IF images were acquired using the 40X objective on the confocal microscope Stellaris
(Leica). Brightfield and IF images were processed in the software program QuPath (version 0.4.3). Imaging of
immunolabelled cells was performed on the Leica AF600 widefield epifluorescence microscope, using Leica LAS-
X software. Images were processed with Fiji (version 2.1.0).

Quantitative RT-PCR

RNA was collected on day 16 and 42 from 500,000 cells. For RNA isolation the RNeasy Micro Plus kit (Qiagen)
was used. cDNA synthesis was performed from 1ug purified RNA using the Maxima First strand synthesis kit
(ThermoFisher, #K1642). SYBR green (Roche, #04887352001), primer mix (fwd+rev) and cDNA for each gRT-
PCR reaction were pipetted using the liquid dispensing robot iDOT (Dispendix). Ct values were measured over
40 cycles on the Lightcycler 480 (Roche). Each reaction was run in duplicates and the average Ct value were
used for calculating fold change values over hESCs by the 224t method (Livak and Schmittgen, 2001).

Single cell RNA sequencing

Four batches of paired FGF8- and FGF17-treated day 16 VM DA progenitors (8 samples total) were thawed in
wash media containing DMEM/F12 + 5%KOSR. Next, cells were counted, spun down and resuspended in
PBS(wo Ca and Mg) with 0.5%BSA at 5mio cells per ml. 0.5mio cells per sample were stained with 0.5ug of
unique cell surface hashing antibody (Biolegend) and incubated for 30 min at 4 degrees. After antibody tagging,
cells were washed three times in PBS(wo Ca and Mg) with 0.5%BSA and resuspended at 1000 cells/ul in PBS(wo
Ca and Mg) +0.5%BSA. The eight samples were prepared to be run across two 10X sequencing lanes by pooling
two batches of paired FGF8 and FGF17 samples at 1:1:1:1 ratio for both sequencing lanes. Each sequencing
lane were loaded with 25,000 cells. For sequencing of our day 16 VM DA progenitors, we combined 10X scRNA-
seq with CITE-Seq for sample multiplexing to sequence eight different replicates across two protocols (Stoeckius
et al., 2018). We performed cell surface hashing on 4 different batches per treatment group and each 10X lane
ran 2x FGF8 and 2 xFGF17 treated groups to correct for batch effect. The raw sequence data has been prepro-
cessed with the Alevin-fry pipeline (He et al., 2022) and the downstream analyses were performed with Seurat
v.4.1.0. The acquired count matrices were filtered to remove low quality cells and doublets. All mitochondrial and
ribosomal genes were removed from the dataset before continuing with normalization by SCTransform. The di-
mensionality of the data was reduced with PCA and UMAP, followed by graph-based clustering and cluster-wise
differentially expressed gene identification. Differentially expressed gene analysis between the FGF8 and FGF17
protocols were performed using DESeq2 v.1.30.1(Love, 2021) as implemented in the FindAlIMarkers function of
Seurat v.4.10. Genes with p_val_adj < 0.05 were accepted as significantly differentially expressed genes. In order
to compare the signalling network between the two studied protocols, we analyzed the datasets for the two pro-
tocols separately with identical parameters. We first identified regulons (modules of genes that are targeted by
transcription factors) and quantified regulon activity in each cell using Pyscenic v.0.11.2 (Van de Sande et al.,
2020). We then used Domino v.0.1.1 (Cherry et al., 2021) to infer the signalling networks. Transcription factors
that were specific to each cluster were identified using the Mann-Whitney U test, top transcription factors (up to
ten) with p-values below 0.001 were selected. We next identified potential receptors that activated transcription
factors, where receptors and transcription factors were considered significantly connected if Pearson correla-
tion>0.23 with a maximum of ten receptors for each transcription factor. Afterwards, we acquired the ligand
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signalling partners for each connected receptor from the CellphoneDB2 database. Ligands that were not ex-
pressed were excluded. With the top ten transcription factors identified for each cluster and their connected
receptors and ligands, we generated the cluster-specific top regulon activity/transcription factor activation
heatmap, the transcription factor and receptor correlation heatmap, the global signalling network, as well as the
global intercellular signalling network.

Bulk RNAseq

RC17 cells were patterned towards VM according to Nolbrant et al. 2017. On day 9, cells were treated with either
FGF8b 100 ng/mL or FGF17 100 ng/mL for 15 min, 1 h, 4 h and 24 h. Upon sample collection cells were washed
once with cold PBS -/- and lysed in RLT buffer (QIAGEN). RNA was extracted using RNeasy Mini kit (QIAGEN)
including on column DNase treatment (QIAGEN). RNA quality was assessed using the HS RNA screentape kit
(Agilent) on Tapestation 4200 (Agilent) following manufacturers protocol. Samples with RIN® values >8 were
included for next steps. Libraries were prepared using the NEBNext Poly(A) mRNA magnetic isolation module
(NEB #E7490S) in combination with NEBNext Ultra Il directional RNA library prep kit for lllumina (NEB #E7765)
following manufacturer’s protocol. Libraries were eluted in 17.5ul 0.1X TE after the final clean up. Library yields
were quantified using the Qubit and quality control were performed on Tapestation 4200 (Agilent) using HS D1000
screentape kit (Agilent) following manufacturer’s protocol. Libraries were diluted to 10 nM and pooled. One addi-
tional clean up were performed on the pooled sample to eliminate an adaptor contamination in one sample. All
24 libraries were sequenced together on one flow cell on lllumina NextSeq 2000. The obtained sequencing data
underwent quality control and alignment with the nf-core/rnaseq (v3.10.1) (Patel et al., 2024) pipeline. Default
parameters were used, except for setting skip_trimming to true, and hg38 was used as reference genome for the
alignment. To ensure the data and alignment quality, we inspected the MultiQC report from the pipeline. The
uncorrected gene count matrix generated by the pipeline was quality-filtered by removing genes with low counts
across samples. The resulting count matrix served as an input for differential expression analysis, performed
using the DESeq2 package (v1.40.2) (Love et al., 2014), to identify genes with differential expression patterns
between FGF8 and FGF17 treatments at different time points of stimulation. To visualize the differences between
the treatments the results from differential expression analysis and the normalized gene counts were visualized
using a volcano plot and a heatmap.

Spatial gene expression visualisation

Publicly available spatial transcriptomics data from post-conception week 5 human neural

tube (Braun et al., 2023) was used to visualize spatial gene expression in developing human brain. The spatial
data was converted into an AnnData object, a format required by the Tangram (Biancalani et al., 2021) package.
To create the figures, we modified the plotting functions from Tangram to suit our purposes.

Statistical analysis

Statistical tests and visualization were done by using R (version 4.2.2) or Prism (10.0.02), with a critical signifi-
cance level of alpha < 0.05. Equality of variance was investigated with Brown-Forsythe tests, and normality with
Shapiro-Wilk tests and manual inspection of frequency distributions. Homoskedastic and normal data was ana-
lysed with the omnibus test analysis of variance (ANOVA), and data not meeting these criterions with a Kruskal-
Wallis test. Post-hoc analysis was done by using a Dunnet’s multiple-comparison test. Comparison of two groups
with normal distributions was done with paired or non-paired two-sided t-tests, with consideration for equality of
variance. Unless otherwise specified, the data is expressed as mean + SEM.
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