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Abstract
Background

Deficient Anterior pituitary with common Variable Immune Deficiency (DAVID) syndrome,
combining adrenocorticotropic hormone deficiency (ACTHD) and primary
hypogammaglobulinemia, is caused by NFKB2 heterozygous mutations. Nuclear factor kappa
B (NFKB) signaling is a key regulator of the immune system; however, the underlying
mechanism of its association with endocrine symptoms remains unknown. The role of NFKB2
in the development of the human pituitary was called into question by Nfkb2-deficient Lym1
mice, which have normal pituitary functions.

Purpose

The aim of this study was to create a human disease model to define the role of NFKB2 in
human pituitary development.

Methods

We established pituitary organoids in three-dimensional (3D) culture after directed
differentiation from CRISPR/Cas9-edited human induced pluripotent stem cells (hiPSC). First,
we conducted a proof-of-concept study, introducing a homozygous TBX19K146R/K146R

missense pathogenic variant in hiPSC, an allele found in patients with congenital isolated
ACTHD. We then used the same method to produce NFKB2D865G/D865G mutant organoids,
harboring the pathogenic missense variant previously identified in DAVID patients. This
mutation causes a failure of NFKB2 p100 phosphorylation that blocks processing to form
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active NFKB2 p52. We further characterized pituitary organoid development with bulk RNA
sequencing and validated findings with quantitative RT-PCR and by immunofluorescence in
section and whole organoids.

Results

Analysis of wild-type (WT) organoids demonstrated that this in vitro model recapitulates
corticotroph cell differentiation. TBX19K146R/K146R organoids conserved early expression of
HESX1, but had significantly decreased PITX1, TBX19, LHX3, and POMC transcription.
NFKB2D865G/D865G organoids also had dramatically reduced corticotrophs. Furthermore,
NFKB2D865G/D865G significantly perturbs the expression of 67 genes known to contribute to
pituitary development, among which 39 transcription factors. Differential expression was
found for several growth factor genes or genes associated with the epithelial-to-mesenchymal
transition and terminal endocrine differentiation.

Conclusion

We used a combination of CRISPR/Cas9 editing and refinement of a 3D organoid culture
protocol to model human ACTHD due to TBX19 or NFKB2 mutations. The NFKB2 variant
studied induced a significant decrease in corticotroph differentiation, confirming the
causative role of NFKB2 in isolated or syndromic ACTHD and demonstrating for the first time
a direct functional role of NFKB2 in human pituitary development.

eLife Assessment

This important study examines the effects of NFKB2 mutations on pituitary gland
development through hypothalamic-pituitary organoids. The evidence supporting
the main conclusions is solid, although analysis of additional clones to exclude inter-
clone variability would strengthen the conclusions. This is a revised study, but insight
into the mechanism of action of NFKB2 during pituitary development is incomplete.
This work will be of interest to endocrinologists and biologists working on pituitary
gland development and disease.

https://doi.org/10.7554/eLife.90875.2.sa4

Introduction

Adrenocorticotropic hormone deficiency (ACTHD) is defined by an insufficient production of
ACTH by the pituitary, and then low adrenal cortisol production. Proper diagnosis and
management of ACTHD is crucial as it is a life-threatening condition in the neonatal period
characterized by hypoglycemia, cholestatic jaundice and seizures1     . Constitutional ACTHD, i.e,
ACTHD diagnosed at birth or during the first years of life, can be isolated or associated with other
pituitary hormone deficiencies, such as growth hormone (GH) or thyrotropin-stimulating hormone
(TSH), then as part of combined pituitary hormone deficiency (CPHD). ACTHD can be due to
mutations in genes coding for transcription factors responsible for pituitary ontogenesis,
especially the T-box transcription factor TBX19 (also known as TPIT), NFKB2, LHX3, LHX4, PROP1,
HESX1, SOX2, SOX3, OTX2 and FGF8.

https://doi.org/10.7554/eLife.90875.2
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Mutations of TBX19 account for approximately two-thirds of neonatal-onset complete isolated
ACTHD1     . TBX19 is a T-box transcription factor restricted to pituitary pro-opiomelanocortin
(POMC)-expressing cells in mice and humans. It is essential for POMC gene transcription and
terminal differentiation of POMC-expressing cells2     . POMC is the precursor of ACTH. Tbx19 -
deficient mice have only a few pituitary Pomc-expressing cells, with very low ACTH and
undetectable corticosterone levels3     . In humans with isolated ACTH deficiency, TBX19 mutations
lead to loss-of-function by different mechanisms, such as the K146R (exon 2, c.437 A>G) pathogenic
variant located in the T-box region, which results in a loss of DNA-binding ability1     .

Thanks to GENHYPOPIT4     –6     , an international network aimed at identifying new genetic
etiologies of combined pituitary hormone deficiency, we described the first cases of DAVID
(Deficient Anterior pituitary with common Variable Immune Deficiency) syndrome, a rare
association of hypopituitarism (mainly ACTHD) and immune deficiency
(hypogammaglobulinemia) 7     . DAVID syndrome is associated with variants in the nuclear factor
kappa-B subunit 2 (NFKB2) gene8     ,9     . In particular, we reported that a pathogenic, heterozygous
D865G (exon 23, c.2594 A>G) NFKB2 variant was found in a patient presenting with severe
recurrent infections from 2 years of age, who at the age of 5 was diagnosed with ACTHD7     .
Mutations in the C-terminal region of NFKB2 lead to the disruption of both non-canonical and
canonical pathways10     –12     . Full-length NFKB2 (p100) protein has 2 critical serines, S866 and
S870, in the C-terminal domain. Phosphorylation of these sites yields the transcriptionally active
NFKB2 (p52) through proteasomal processing of p100 protein. The D865G mutation, located
adjacent to the critical S866 phosphorylation site, protects mutant protein from proteasomal
degradation, causes defective processing of p100 to p52, and results in reduced translocation of
p52 to the nucleus8     ,11     ,12     . NFKB2+/D865G resulted in 50% of normal processing to p52,
whereas NFKB2D865G/D865G exhibited near-absence of p5212     . The nuclear factor kappa B (NFKB)
signaling pathway is a known key regulator of the immune system12     –14     , which likely explains
the immune phenotype of patients with DAVID syndrome, including susceptibility to infections
and auto-immune disorders15     . In contrast, the underlying mechanism causing pituitary
disorders remains unknown, with two predominating hypotheses: an indirect autoimmune
hypophysitis, preferentially affecting corticotroph function, or a primary developmental defect
suggested by the expression of NFKB2 in the developing human pituitary16     . However, a
developmental role for NFKB2 was not confirmed in the mouse: the Lym1 mouse model carrying a
homozygous nonsense variant Y868* presented an apparently normal pituitary development and
function9     .

Over the last years, human induced pluripotent stem cell (hiPSC)-derived organoids have emerged
as promising models to study many developmental mechanisms and their perturbation in
disease17     . Pioneering work on human embryonic stem cells and later, hiPSC, has established
that 3D organoid models can replicate aspects of pituitary development18     –20     , and could thus
be of major interest in modeling pituitary disorders18     ,21     ,22     . In the present study, we applied
recent progress in genome editing using CRISPR/Cas923      to a refined protocol to derive 3D
organoids from hiPSC in order to model ACTHD. We validated the recapitulation of corticotroph
cell differentiation in vitro by introducing a TBX19 mutation known to induce isolated human
ACTHD and documenting the subsequent deficiencies in corticotroph development. When our
model was used to characterize the D865G NFKB2 variant found in patients with DAVID syndrome,
it displayed dramatically altered corticotroph differentiation in the absence of immune cells,
clearly demonstrating for the first time a direct role of NFKB2 in human pituitary development.

Materials and methods

https://doi.org/10.7554/eLife.90875.2
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Culture and maintenance of hiPSC lines
The 10742L healthy individual-derived hiPSC line was used in the study as the WT control
(provided by the Cell Reprogramming and Differentiation Facility [MaSC], Marseille Medical
Genetics, Marseille, France). Information about this hiPSC line is indicated in Suppl. Table S1. Two
“knock-in” mutant lines carrying TBX19K146R/K146R (thereafter also designated as TBX19 KI) and
NFKB2D865G/D865G (thereafter also abridged as NFKB2 KI) were generated using CRISPR/Cas9
editing from the isogenic control line. All hiPSC lines were cultured on six-well plates (Corning,
#3335, New York, USA) coated with Synthemax II-SC Substrate (working concentration at 0.025
mg/mL, Corning, New York, USA) and maintained undifferentiated in a chemically defined growth
medium (StemMACs hiPSC-Brew XF human medium; MACS Miltenyi Biotec, Paris, France)24     .
hiPSC lines were maintained in a humidified incubator under conditions of 37°C, 5% CO2, with a
daily change of medium, and passaged when cells reached 60-80 % confluency using enzyme-free
ReleSR according to manufacturer’s recommendations (StemCell Technologies, Canada, #05872).

CRISPR/Cas9 mediated genome editing of hiPSC
CRISPR/Cas9 gene editing was used to create the TBX19K146R/K146R and the NFKB2D865G/D865G

mutations using the method as previously described25     . CRISPR/Cas9 was used to generate two
mutant hiPSC lines from 10742L hiPSC:

1. The TBX19K146R/K146R line, harboring the c.437A>G, p.Lys146Arg TBX19 (NM_005149)
pathogenic missense variant1     .

2. The NFKB2D865G/D865G line, harboring the c.2594A>G, p.Asp865Gly NFKB2 (NM_001322934)
pathogenic missense variant.

Preparation of the CRISPR/Cas9 sgRNA plasmid

For each targeted gene, sgRNA plasmid was prepared as previously described26     . Briefly, we
designed a sgRNA sequence within 20 nucleotides from the target site selected with the open-
source CRISPOR tool (http://crispor.tefor.net/     )27     .

The sgRNA sequence used to generate TBX19K146R was (5’>3’): AAGCTGACCAACAAGCTCAA (see
also Table S2).

The sgRNA sequence used to generate N F KD865GB 2was (5’>3’): GTGAAGGAAGACAGTGCGTA (see
also Table S3).

We used the cAB03 (also known as pX459-pEF1alpha) vector as previously described25     . Briefly,
pSpCas9 (BB)-2A-Puro (PX459) V2.0 (Addgene plasmid # 62988, Addgene, Teddington, UK) was
modified by the EF1 alpha promoter25     . The chosen sgRNA was cloned into the cAB03 open
plasmid vector using the method previously described by Arnaud et al25     . The final vector
expressed the corresponding sgRNA under the control of the U6 promoter, as well as Cas9 under
the control of the EF-1alpha promoter, and a puromycin resistance gene.

Single-stranded oligo DNA nucleotides (ssODN) design

We also designed donor sequences to generate TBX19K146R and NFKB2D865G missense mutations. A
donor sequence is used for homology-directed repair, allowing the introduction (“knock-in”, KI) of
single nucleotide variations, with low efficiency. To optimize the efficiency of KI editing, the donor
sequences were designed as single-stranded oligo DNA nucleotides (ssODN), carrying the mutation
of interest, and also included a silent (or blocking) mutation that mutates the protospacer-adjacent
motif (PAM) or disrupts the sgRNA binding region to prevent re-cutting by Cas9 after successful
editing28     ,29     ,25     ,30     . The ssODN contained 100 nucleotides with homology arms on each side
of the target region. The ssODN sequence was as follows (see also Suppl. Tables S2 –S3) :

https://doi.org/10.7554/eLife.90875.2
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For TBX19K146R (5’-3’):

TGGATGAAAGCTCCCATCTCCTTCAGCAAAGTGAGGCTGACCAACAAGTTAAATGGAGGCGG
GCAGGTACGAATGAGGCGGGCAGGCCTGGCCACCCGCT.

For NFKB2D865G (5’-3’):

TCCCATTCCTGTCCCCATTTACCCCCAGCAGAGGTGAAGGAAGGCAGTGCCTACGGGAGCCAG
TCAGTGGAGCAGGAGGCAGAGAAGCTGGGCCCACCCC.

The ssODN were synthesized by Integrated DNA Technologies (Coralville, Iowa, US) at Ultramer™
quality.

Electroporation

hiPSC were transfected with constructed sgRNA/Cas9 vectors by electroporation using the Neon
Transfection System 100 µL kit (Invitrogen). A summary of the procedure is described in Suppl.
Figure S1.

Clone isolation and screening

On day 3 post-transfection, we used a cleaved amplified polymorphic sequences (CAPS) assay to
estimate the efficacy of CRISPR/Cas9 in bulk transfected hiPSC populations to choose the number
of colonies to be picked31     . A restriction enzyme recognition site is inserted in the donor
template. CAPS primers and restriction enzymes were determined with the help of AmplifX
software (version 2.0.0b3; https://inp.univ-amu.fr/en/amplifx-manage-test-and-design-your-primers-for-
pcr     ). CAPS primers were listed in Suppl. Table S4. The CAPS products were separated and
visualized by electrophoresis on a 2% agarose gel and analyzed for densitometry with
ImageJ25     ,30     .

After 10 days, the CAPS assay was also used to screen and identify the possible knock-in (KI) clones.
KI clones were screened by CAPS assay and confirmed by Sanger sequencing (Genewiz, Leipzig,
Germany). Analyses of Sanger traces were done by Sequencher DNA sequence analysis software
(version 5.4.6, Gene Codes Corporation, Ann Arbor, MI USA, http://www.genecodes.com     ) to align
sequences of KI clones with WT sequence to confirm the successful edition. Sanger sequencing
primers are described in Suppl. Table S4. KI clones were kept, amplified and then cryopreserved.

In vitro pituitary organoids differentiated from hiPSC
Pituitary organoids were produced at the same time, using the same protocol for WT and edited
hiPSC lines. Two batches of differentiation with two hundred organoids for each hiPSC line were
generated:

Batch 1: WT organoids versus TBX19 KI organoids

Batch 2: WT organoids versus NFKB2 KI organoids

The differentiation protocol was based on a protocol from Matsumoto et al. with some
modification.20     ,22     . hiPSCs were first dissociated into single cells using Accutase. Ten thousand
cells per organoid were plated in 20 µL hanging drop under the lid of a 127.8 x 85.5mm single-well
plate (Greiner bio-one) in growth factor-free chemically defined medium (gfCDM) supplemented
with 10% (vol/vol) Knockout Serum Replacement (KSR; Thermo Fisher Scientific) and 20 µM Y-
27632. The lid was inverted over the bottom chamber (filled with 10 mL of sterile water to avoid
the evaporation of droplets) and incubated at 37°C/5% CO2 for 2 days. Once aggregates formed,
organoids were transferred to non-adhesive 100×20mm culture dishes (Corning) containing 10 mL

https://doi.org/10.7554/eLife.90875.2
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of gfCDM medium supplemented with 10% KSR without Y-27632 and incubated at 37°C and 5%
CO2 until day 6. From days 6 to days 17, the medium was supplemented with 10% KSR, 5 nM
recombinant human bone morphogenetic protein 4 (BMP4; Peprotech, # AF-120-05ET, USA) and 2
μM Smoothened agonist (SAG; Sigma-Aldrich/Merck, # SML 1314). Half of the medium was
renewed every 2 - 3 days.

From day 18, BMP4 was withdrawn and half of the medium was renewed every 2 - 3 days. At this
point, organoids were maintained under high-O2 conditions (40%) and 5% CO2 in an MCO-5M
incubator (Panasonic). From day 30, gfCDM medium supplemented with 20% knockout serum
replacement was used, and all medium was renewed every 2-3 days until at least day 105.
Induction into pituitary progenitor cells (defined as LHX3+) and into pituitary hormone-producing
cells was evaluated by qRT-PCR (on days 0, 6, 18, 27, 48, 75, 105) and immunofluorescence (on days
48 and 105) (see below).

Validating TBX19 K146R targeting and assessing off-
target mutations by whole genome sequencing (WGS)
For TBX19K146R, we used whole genome sequencing (WGS) to assess on-target and off-target
mutations, because the edited site is far from the cut site (15 bases). DNA extracted from control
and TBX19 KI (5 organoids each) was submitted for WGS to an average depth of 15X (Integragen
Genomics platform). PCR-free libraries were prepared with the NEBNext UltraTM II DNA Library
Prep Kits (New England BioLabs) according to supplier recommendations. Specific double-strand
gDNA quantification and a fragmentation (300 ng of input with high-molecular-weight gDNA)
sonication method were used to obtain approximately 400 bp fragments. Finally, paired-end
adaptor oligonucleotides (xGen TS-LT Adapter Duplexes from Integrated DNA Technologies) were
ligated and re-paired. Tailed fragments were purified for direct sequencing without a PCR step.
DNA PCR free libraries were sequenced on paired-end 150 bp runs on the NovaSeq6000 (Illumina)
apparatus. Image analysis and base calling were performed using Illumina Real Time Analysis
(RTA) Pipeline with default parameters. Sequence reads were mapped on the Human Genome
Build (GRCh38) using the Burrows-Wheeler Aligner (BWA)32     . Variant calling was performed via
the GATK Haplotype Caller GVCF tool (GATK 3.8.1, Broad Institute)33     . Mutation enrichment was
determined using Fisher’s Exact Test. Variants were annotated with Ensembl’s Variant Effect
Predictor, VEP) by Integragen Genomics34     . NGS analyses confirmed the presence of on-target
mutation and the absence of off-target mutation in the top four predicted off-target sites.

Validating NFKB2 D865G targeting, assessing off-
target mutations and differential expression
analysis by bulk RNA sequencing (RNA-seq)
For NFKB2D865G, we used bulk RNA sequencing (RNA-seq) for analysis of differential RNA
expression, and to assess on-target and off-target mutations, because the target site is close to the
cleavage site (6 bases). A total of 500 ng of total RNA was extracted from 10 individual organoids (5
NFKB2 KI and 5 control organoids). RNA-seq libraries were generated using the KAPA mRNA
HyperPrep kit (Roche). The quality and profile of the libraries were visualized on a Bioanalyzer
using the High Sensitivity DNA assay (Agilent) and quantified on a Qubit using the dsDNA High
Sensibility Kit (Thermo Fisher Scientific). Finally, we performed a 2x 76-bp paired-end sequencing
on a NextSeq500 (Illumina). After quality control using FastQC (Braham Institute), reads were
aligned on the GRCh38 human reference genome using STAR (version 2.7.2b)35     . BAM files were
ordered and indexed using Samtools36     . Read counts on genes were determined using
StringTie37     . We assessed the presence of desired NFKB2 edits according to the CRISPR sgRNA
design by direct visualization of the BAM files and the absence of off-target coding variations by

https://doi.org/10.7554/eLife.90875.2
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the GATK Haplotype Caller GVCF tool 33     . Genes differentially expressed between conditions
were identified using the R package DESeq2 (version 1.34.0)38      and assigned as such with an
adjusted P-value < 0.05.

Total RNA isolation and quantitative real-time PCR
(qRT-PCR) analysis for assessment of mRNA
expression during pituitary organoid development
Organoids were harvested from the culture, placed on ice and then stored at −80°C until RNA
extraction. The total RNA was extracted from WT, TBX19 KI and NFKB2 KI organoids using the
NucleoSpin RNA Plus XS kit (Macherey-Nagel), and measured on a NanoDrop TM 1000
Spectrophotometer (Thermo Fisher Scientific). Organoid RNAs were extracted on days 0, 6 and 18
from 7 or 8 organoids, or on days 27, 48, 75 and 105 from single organoids (3-8 organoids per
group for each time point). cDNA was synthesized from 200 ng total RNA using the mix of M-MLV
reverse transcriptase (Invitrogen, UK, #28025013), dNTP 10mM (Invitrogen, #10297018), RNAseOut
Inhibitor (Invitrogen, #10777019) and random primers (Invitrogen, UK, #48190011). Quantitative
PCR was performed using iTaq Universal SYBR Green Supermix (Bio-Rad Laboratories), on
QuantstudioTM 5 Real-time PCR system (Thermo Fisher Scientific) and analysed using
QuantStudio™ 5 Design & Analysis Software. The thermal cycling profiles were as follows: initial
denaturation at 95°C for 20 seconds, followed by 40 cycles of denaturation at 95°C (3 sec),
annealing at 60°C (45 sec) and extension at 72°C (45 sec). All samples were assayed in duplicate.
The beta-actin (ACTB), glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and beta-tubulin
(TUBB) transcripts expressions were used as three endogenous reference controls. Target gene
expressions were normalized relative to the mean of the housekeeping genes using the delta Ct
method. For gene expression kinetics, these values were normalized relative to the highest mean
values of WT during 105 days using the comparative 2−ΔΔCt method39     . Primer sequences used in
the experiments are shown in Suppl. Table S7.

Immunofluorescence labeling experiments
At days 48 and 105, ten of each WT and mutant organoids were fixed using 4% buffered
paraformaldehyde in standard phosphate-buffered saline (PBS) for an hour at RT before rinsing in
PBS. After overnight incubation in 30% sucrose/PBS (w/v) at 4°C, organoids were embedded in
Surgipath medium (Leica) and snap frozen. Organoids were cryosectioned at 16 µm. After blocking
with 0.01% Triton X100, 10% normal donkey serum, and 1% fish skin gelatin in PBS with 5 ng/mL
4’,6-diamidino-2-phénylindole (DAPI) for an hour at RT, slides were incubated with primary
antibody diluted in antibody solution (PBS, Triton as above, 1% normal donkey serum and 0.1%
fish skin gelatin) overnight at 4°C, washed and incubated in a 1/500 dilution of secondary antibody
in PBS for 2 hours at RT. The primary antibodies and dilutions used in this study are summarized
in Suppl. Table S8. Secondary antibodies were species-specific conjugates to Alexa Fluor 488, 555
or 647 (Thermo Fisher Scientific). Fluorescence images were obtained using LSM 800 confocal
microscopy (Zeiss).

3D imaging of pituitary organoids
We used a whole-mount immunostaining and clearing protocol adapted from Belle et al40     . 4-8
organoids of each genotype (WT, TBX19 KI or NFKB2 KI) were fixed by immersion in 4 % buffered
paraformaldehyde (PFA) in PBS overnight at 4°C. All steps were carried out on a slowly rotating (70
rpm) agitator. After washing in PBS, organoids were either stored at 4°C or blocked and
permeabilized with 5 mL PBSGT for 2 days at RT (PBSGT: 0.2% fish skin gelatin, 0.5% Triton X100
in PBS, NaN3 0.01%). Organoids were incubated with primary antibodies in 3 mL PBSGT (at
concentrations used on sections) over 5 days at 37°C to increase penetration. Organoids were then
washed 6 times in an excess of PBSGT at RT, before incubation with secondary antibodies in 3ml
PBSGT at RT overnight. The wash step was repeated. Organoids were then embedded in 1% low-
melting temperature agarose in 1X TAE after it had cooled to about 45°C.

https://doi.org/10.7554/eLife.90875.2


Thi Thom Mac et al., 2024 eLife. https://doi.org/10.7554/eLife.90875.2 8 of 51

As adapted from the iDISCO+ protocol41     , organoids in agarose blocks were progressively
dehydrated from 20%, 40%, 60%, and 80% to 100% methanol for 1h at each graded step. After
overnight incubation in two parts dichloromethane (DCM, Sigma-Aldrich) to one part 100%
methanol, organoids were immersed in 100% DCM for 30 minutes before changing to 100%
dibenzyl ether (DBE; Sigma-Aldrich) for transparization over two hours. Samples were maintained
in DBE at RT and protected from light in an amber glass vial. Light-sheet fluorescence microscopy
(Miltenyi Biotec UltraMicroscope Blaze™) was used to acquire z-stacks of optical sections of
pituitary organoids at 4 µm intervals, in Ethyl cinnamate (Sigma-Aldrich). After 3D reconstruction
with Imaris software (version 9.6, Bitplane), the number of corticotrophs in each organoid was
defined by counting individualized cell-sized (7 µm) objects positive for ACTH immunoreactivity
with the Spots automatic classifier after setting parameters in a region of interest containing
positively labeled WT cells, then applied to all organoids. Using the Surfaces tool of the Imaris
software, the volume of organoids was determined based on thresholds corresponding to their
respective fluorescence intensities.

Statistical analysis
Statistical analyses were performed and visualized with GraphPad Prism 9.5.0 software (GraphPad
Software, Inc). Data are expressed as means ± SEM. Comparisons between the two groups (mutant
versus WT) were performed by unpaired two-tailed t-tests (non-parametric Mann-Whitney test). n
refers to the number of samples for each experiment outlined in the figure legends. p values of <
0.05 (*), < 0.01 (**), and < 0.001 (***) were considered statistically significant differences.

Results

Corticotroph deficiency can be modeled by directed
differentiation of TBX19 - mutant hiPSC in 3D culture
To first validate the pituitary organoid model and determine whether the TBX19 mutant can affect
corticotrophs differentiation, we generated a TBX19 KI hiPSC line from the control line using
CRISPR/Cas9 (Figures 1A     -1D     ; Suppl. Figure S1). One KI clone carrying TBX19K146R/K146R was
obtained after screening 100 clones by CAPS and confirmation by Sanger sequencing (Suppl
Figure S2). This mutant clone was then amplified and differentiated into pituitary organoids, in
parallel with the control line.

The ability of the TBX19 KI line to differentiate into the hypothalamo-pituitary structure was
compared to the control line (200 organoids for each line) using a 3D organoid culture method, in
which pituitary-like and hypothalamus-like structures simultaneously develop (Figures 1E     ,
2A     , Suppl Figure S3A-B). In this method, hiPSC differentiate into hypothalamic progenitors in
the central part of the organoids, whereas the outer layer differentiates into oral ectoderm, that
will in turn develop into anterior pituitary tissue (Figure 2A     , Suppl Figure S3). The expression
of several key markers of pituitary development and differentiation was then compared in mutant
TBX19 KI organoids over time, matched to control WT organoids using qRT-PCR (d0, d6, d18, d27,
d48, d75, d105) and immunofluorescence (d48 and d105) (Figure 2A     ). Organoids grew in the
culture medium with average sizes in their greatest dimension from 0.4 mm on day 6 to 1.9 mm on
day 105 (Figure 2B     ).

Successful differentiation was validated in WT organoids by qRT-PCR, at early stages by the
expression of a set of pituitary transcription factors, including HESX1, PITX1 and LHX3, and at the
latest stage of corticotroph cell differentiation by the expression of TBX19 and POMC (Figures
2A     , 2C     -2H     ). HESX1 is the first specific marker of pituitary primordium and its expression is
important for the early determination of the gland. In WT organoids, HESX1 peaked around day 6
of culture, and was rapidly downregulated from day 18 (Figure 2D     ). Expression of PITX1 (oral

https://doi.org/10.7554/eLife.90875.2
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Figure 1

Design of sgRNA and ssODN to edit in the TBX19 K146R mutation
A, Illustration of the TBX19 gene (HGNC: 11596; ENSEMBL: ENSG00000143178; Human GRCh38) and TBX19 protein.
B, Wild-type (WT) sequence containing target site, cut site, target and PAM sequences.
C, ssODN design to edit in a missense K146R mutant of TBX19 using CRISPR/Cas9.
D, Sequence analysis of a TBX19 KI hiPSC clone 63 obtained by Sanger sequencing after screening by CAPS. This clone was
subsequently used in this work to differentiate into pituitary organoids (see below).
E, Summary of our strategy procedure:
Step 1: Production of the knock-in hiPSC lines by CRISPR/Cas9 genome editing.
Step 2: Differentiation into pituitary organoids from mutant hiPSC lines in parallel with the isogenic WT line using 3D culture,
followed by comparison of the development of organoids between the two groups.
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Figure 2

Time course of organoid growth and gene expression in WT and TBX19 KI organoids
A, Culture protocol and outline to generate pituitary organoids in three-dimensional (3D) culture from hiPSC. Organoids were
collected at days (d) 0, 6, 18, 27, 48, 75, 105 during differentiation to analyze.
B, Bright-field microscopy views of WT organoid examples at different time points throughout differentiation. Scale bars
indicated in each image.
C, Number of replicates per time point and per genotype in experiments depicted in following graphs. Asterisks indicate that
7-8 organoids were grouped for each sample. For other points, each sample consists of a single organoid.
D-H, Relative quantification (RQ) mRNA expression analysis for key markers of pituitary organoids during differentiation: WT
(in black line) and TBX19 KI organoids (in red line). Relative quantification of each target gene was obtained by the 2−ΔΔCt

method from qRT-PCR results (see Methods). Data show means ± standard error of the mean (SEM, Mann-Whitney t-test
[unpaired, two-tailed, nonparametric]). p < 0.05 (*), p< 0.01 (**).
D, Relative quantification of HESX1 expression, the earliest pituitary placode marker assessed. The expression of HESX1 is
significantly downregulated in TBX19 KI organoids vs. WT at d18 and d27.
E, Relative quantification expression of PITX1, a pituitary progenitor marker. PITX1 was significantly downregulated in TBX19 KI
organoids by d48 and d75.
F, Relative quantification expression of LHX3, a pituitary progenitor marker. LHX3 was significantly lower in TBX19 KI organoids
as compared to WT from d48 onwards.
G, Relative quantification expression of TBX19, a critical transcriptional determinant for corticotroph differentiation. TBX19
expression is higher in TBX19 KI organoids at d105. H, Relative quantification expression of POMC, a corticotroph marker.
POMC was significantly downregulated in TBX19 KI organoids from d48 onwards.
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ectoderm marker) and LHX3 (pituitary progenitor marker) increased from day 27, then PITX1
reached a plateau from d48 (Figure 2E     ) whereas LHX3 peaked at d75 and was then slightly
downregulated (Figure 2F     ). Immunofluorescence confirmed the presence of oral ectoderm cells
expressing PITX1 and CDH1 (E-cadherin, Suppl Figure S3C), therefore resembling Rathke’s pouch
progenitors. The effective generation of pituitary progenitors was confirmed by the presence of
LHX3+ cells in WT organoids on day 48 (Figure 3A     , Suppl Figure S3A). These cells were located
in the outermost layer of WT organoids, surrounding the hypothalamic progenitor layer that
expressed NKX2.1 (Suppl Figure S3B). By day 105, WT organoids contained many differentiated
corticotrophs co-expressing TBX19 protein in the nucleus and ACTH in the cytoplasm, as seen in
confocal microscopy, a critical feature for the rest of our investigations (n=8, Figure 3B     , Suppl
Figure S3D). Consistent with these images, qRT-PCR results confirmed the highest levels of TBX19
and POMC expression after at least 75 days of culture in WT organoids (Figures 2G     -2H     ).
Taken together, these data showed that pituitary organoids in 3D culture mimic human pituitary
ontogenesis, and were characterized in our conditions by the ability to differentiate into pituitary
progenitors by day 48 and into corticotroph cells by day 105.

We then tested whether ACTHD could be modeled by TBX19 -mutant pituitary organoids. To this
end, the development of pituitary organoids carrying TBX19 KI was matched to WT organoid
development and analyzed using qRT-PCR and immunofluorescence for pituitary ontogenesis
markers as described above. Our data showed a significant decrease in the expression of HESX1 at
d18 and d27 in the mutant (Figure 2D     ). Both PITX1 and LHX3 transcript levels were
significantly decreased by day 48 and day 75 in mutant organoids (Figure 2E      and 2F     ), with
only partial recovery for PITX1 by d105, suggesting an impairment of pituitary progenitor
generation. Although TBX19 transcript levels were unchanged until d75 (Figure 2G     ), we
observed a decrease in POMC expression in the TBX19 KI organoids that was significant from day
48 onwards (Figure 2H     ). TBX19 expression was significantly higher in mutant organoids at
d105, but this had no influence on POMC expression, which remained very low. These results
confirmed that our organoid model can recapitulate the need for a fully functional TBX19 protein
to achieve proper POMC gene transcription during human pituitary development.

Next, we checked several pituitary markers by immunofluorescence (Figures 3A     -3D     ). In line
with qRT-PCR results, TBX19 KI organoid immunostaining on day 48 showed that LHX3 protein
expression was decreased in TBX19 KI organoids (n= 10 organoids for each group, Figures 3A     ,
3B     ). By day 105, we observed that there were significantly fewer corticotroph cells expressing
ACTH and TBX19 proteins in TBX19K146R/K146R organoids (n= 10 organoids for each group, Figures
3C     , 3D     ).

Finally, in order to take into account the possibility of regionalized sampling in the section, we
performed quantitative analysis of ACTH by transparizing organoids immunostained for the
hormone and imaging them by light-sheet confocal microscopy. 3D reconstruction confirmed that
ACTH was nearly absent from TBX19 KI organoids on day 105 compared to control organoids
(Figures 4A     -4B      and Suppl Movies 1-2). We observed that corticotroph cell distribution was
not uniform throughout the organoids, but was rather concentrated in one or a few buds. In
summary, there was a significant decrease in the number of ACTH+ corticotroph cells with a
TBX19 KI genotype on day 105 versus control organoids (Figure 4C     ).

Together, this first set of experiments demonstrated that genome editing of hiPSC with a KI
homozygous pathogenic variant of TBX19 effectively prevented their differentiation into ACTH-
producing corticotrophs.

NFKB2 signaling is vital for corticotroph development
As our organoid model for the study of ACTHD was validated with the TBX19 mutant line, we then
used the same approach to investigate the potential role of NFKB2 in human hypothalamic-
pituitary development. To do so, we first established a NFKB2 KI mutant hiPSC line using
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Figure 3

Impairment of corticotroph development in TBX19 KI organoids as compared with controls at the protein level
A, B, Immunostaining of LHX3 and CDH1 (E-cadherin) expression in epithelial cells, typical of Rathke’s pouch ectoderm in
early pituitary primordia, was reduced in TBX19 KI organoid vs WT on day 48 (n=10 organoids for each group). Scale bars: 10
μm.
C, D, Immunostaining showed that ACTH and TBX19 expressions were reduced in TBX19 KI organoid vs WT on day 105 (n=10
organoids for each group). Scale bars: 10 μm.

https://doi.org/10.7554/eLife.90875.2
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Figure 4

3D reconstruction of whole wild-type (WT) and TBX19 KI organoids on day 105
A, A representative image of whole-mount immunostaining against ACTH in a cleared WT organoid on d105 using light-sheet
microscopy. Scale bar: 200 μm.
B, A representative image of whole-mount immunostaining against ACTH in a cleared TBX19 KI organoid on d105 as above,
showing impaired corticotroph differentiation. Scale bar: 200 μm.
C, The number of corticotroph cells per mm3 was significantly decreased in TBX19 KI organoids (* p= 0.0159). Means ± SEM for
n=4 WT, n=5 TBX19 KI organoids. Mann-Whitney test (unpaired, two-tailed, nonparametric).
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CRISPR/Cas9 (Figure 5     ) from an isogenic control. The NFKB2D865G homozygous mutation was
chosen because it has been shown to severely affect NFKB2 p52 processing12     . Two homozygous
KI clones carrying NFKB2D865G/D865G were obtained after screening by CAPS and confirmation by
Sanger sequencing (Suppl Figure S4). We selected one homozygous missense mutation NFKB2 KI
clone (#7) to amplify and generated 200 mutant organoids in parallel with 200 WT organoids in 3D
culture.

Next, we compared the development and differentiation of the NFKB2 KI organoids versus WT
organoids during the culture by qRT-PCR and immunofluorescence as described above. The results
of qRT-PCR showed no significant difference in the peak expression level of HESX1. However,
higher HESX1 expression in mutant organoids from d27 to d75 suggested impaired
downregulation of the gene (Figure 6B     ). Concomitantly, a significantly decreased expression of
PITX1 and LHX3 in NFKB2 KI organoids was found from d48 onwards, suggesting reduced
differentiation of pituitary progenitors (Figures 6C     -6D     ). Similar to what we observed in
TBX19 KI mutants, TBX19 expression was increased in NFKB2 KI organoids at d105 (Figure 6E     ).
However, this had no impact on POMC expression levels, which remained significantly lower in
NFKB2 KI organoids (Figure 6F     ), suggesting a role for NFKB2 in corticotroph terminal
differentiation.

As MRI had revealed pituitary hypoplasia in 43% of patients with DAVID syndrome42     , we
investigated whether mutant organoids might be smaller than WT organoids. Comparing the
volume of both types of organoids on day 105, we found no significant difference (p= 0.6, WT n=7,
mutant n= 8, Figure 6G     ). In line with qRT-PCR results, immunostaining showed less expression
of LHX3 in NFKB2 KI organoids on day 48 compared to the WT (Figures 7A     -7B     ). NFKB2 (the
antibody did not discriminate between p100/p52 isoforms) was robustly expressed in WT LHX3+
pituitary progenitors on day 48 (Figure 7A     ). Unexpectedly, NFKB2 p100/p52 immunostaining
was weaker in NFKB2 KI organoids than in WT organoids (Figures 7A     -7B     ). Immunostaining
at d105 in NFKB2 KI organoids showed the presence of many TBX19+ nuclei, in line with the qRT-
PCR results, but few of them were surrounded by cytoplasmic ACTH signal (Figures 7C     -7D     ).
Quantification after 3D reconstruction of transparent whole organoids showed significantly fewer
ACTH+ cells in NFKB2 KI organoids on day 105 compared to WT organoids in both qualitative
(Figures 8A     -8B      and Suppl Videos 3-4) and quantitative (Figure 8C     ) assessments. In the
absence of an immune system, this is strong evidence in support of a direct role for NFKB2
signaling in pituitary differentiation.

To further investigate other downstream pathways altered in NFKB2 KI pituitary organoids, we
performed whole RNA-seq of five distinct organoids on day 48 from the NFKB2 KI line versus five
organoids derived from its corresponding hiPSC control line. As we found that only 60-70% of
organoids show signs of pituitary cell differentiation, we chose to perform a preselection of
organoids, based on RT-qPCR expression of selected markers (SOX2, HESX1, PITX1, LHX3, TBX19,
POU1F1 and POMC) in order to avoid having “empty” HPOs sent for bulk RNAseq. Differential
expression (DE) gene analysis identified 2559 significantly upregulated and 2260 significantly
downregulated genes at adjusted p value (pAdj) < 0.05. The global results are depicted as a
heatmap to show the similarities across organoids of similar genotypes (Figure 9A     ) and a
volcano plot highlights the magnitudes of DE between the two groups (Figure 9B     ).

NFKB signaling did not seem to be affected in NFKB2 KI organoids, as most genes involved in that
pathway had fold-change values between −0.5 and 0.5 when significant (Suppl Figure S5). Among
a list of 144 genes known to have a functional influence on pituitary-hypothalamic development as
curated from the published literature, 67 were found to be differentially expressed in NFKB2 KI
organoids (pAdj < 0.05) (Figure 9B     , and Table 1     ), of which 39 encode transcription factors
(Figure 9C     ). Expression of these transcription factors was mostly downregulated, with a marked
decrease in expression of pituitary progenitor markers such as PITX1 and LHX3. In contrast, the
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Figure 5

Design of sgRNA and ssODN to introduce a NFKB2 D865G mutation
A, Illustration of the NFKB2 gene (HGNC: 7795; ENSEMBL: ENSG00000077150; Human GRCh38).
B, WT sequence containing target site, cut site, target and PAM sequence.
C, ssODN design to introduce the missense mutation D865G into NFKB2 using CRISPR/Cas9.
D, Sequence analysis of the NFKB2 KI hiPSC clone 7, obtained by Sanger sequencing, after screening by CAPS. This clone was
subsequently used in this work to differentiate into pituitary organoids (see below).
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Figure 6

Time course of organoid growth and gene expression in WT and NFKB2 KI organoids
A, Number of replicates per time point and per genotype in experiments depicted in following graphs. Asterisks indicate that
7-8 organoids were grouped for each sample. For other point, each sample consists of a single organoid.
B-F, Relative quantification (RQ) mRNA expression analysis for key markers of pituitary organoids during differentiation: WT
(black line and dots) and NFKB2 KI organoids (red line and dots). Data show means ± standard error of the mean (SEM);.
Mann-Whitney t-test (unpaired, two-tailed, nonparametric). p < 0.05 (*), p< 0.01 (**).
B, Relative quantification expression of HESX1, the earliest pituitary placode marker assessed. The expression of HESX1 was
upregulated in NFKB2 KI organoids vs. WT between d27 and d75.
C, Pituitary progenitor marker P I T X 1was significantly downregulated in NFKB2 KI organoids at d48 and d75.
D, Pituitary progenitor marker LHX3 was significantly lower in NFKB2 KI organoids as compared to WT from d48 onwards.
E, Relative quantification expression of TBX19, a corticotroph marker. TBX19 was significantly increased in NFKB2 KI organoids
by d105.
F, Relative quantification expression of POMC, a corticotroph marker. POMC was significantly downregulated in NFKB2 KI
organoids from d75.
G, Volume of organoids (mm3) on d105, calculated using Imaris software (see in methods). There was no significant
difference in volume between WT and NFKB2 KI organoids (p= 0.6126). Data show means ± SEM; n=7 in the WT group, n=8 in
the mutant group. Mann-Whitney test (unpaired, two-tailed).

https://doi.org/10.7554/eLife.90875.2
https://doi.org/10.7554/eLife.90875.2


Thi Thom Mac et al., 2024 eLife. https://doi.org/10.7554/eLife.90875.2 17 of 51Thi Thom Mac et al., 2024 eLife. https://doi.org/10.7554/eLife.90875.2 17 of 51

Figure 7

Impairment of pituitary development in NFKB2 KI organoids
A, B, Immunostaining for LHX3 (green) and p100/p52 (red) in the early pituitary-type epithelium was reduced in NFKB2 KI
organoids vs WT on day 48 (n=10 organoids for each group). Stronger expression of p100/p52 was observed in pituitary
progenitors, but expression in the hypothalamic part of the organoid cannot be excluded. Scale bar: 10 μm
C, D, by day 105, although nuclear TBX19 was detectable in both mutants, these cells failed to co-express ACTH in NFKB2 KI
organoids (n=10 organoids for each group). Scale bars: 10 μm

https://doi.org/10.7554/eLife.90875.2
https://doi.org/10.7554/eLife.90875.2


Thi Thom Mac et al., 2024 eLife. https://doi.org/10.7554/eLife.90875.2 18 of 51Thi Thom Mac et al., 2024 eLife. https://doi.org/10.7554/eLife.90875.2 18 of 51

Figure 8

3D reconstruction of whole Wild type (WT) and NFKB2 KI organoids on day 105
A, A representative image of whole-mount immunostaining against ACTH in a cleared WT organoid on d105 using light-sheet
microscopy. Scale bar: 200 μm.
B, A representative image of whole-mount immunostaining against ACTH in a cleared NFKB2 KI organoid on d105 as above,
showing impaired corticotroph differentiation. Scale bar: 100 μm.
C, The number of corticotroph cells per mm3 was significantly decreased in NFKB2 KI organoids (* p= 0.0007). Means ± SEM
for n=6 organoids WT, n=8 NFKB2 KI organoids. Mann-Whitney test (unpaired, two-tailed, nonparametric).

https://doi.org/10.7554/eLife.90875.2
https://doi.org/10.7554/eLife.90875.2


Thi Thom Mac et al., 2024 eLife. https://doi.org/10.7554/eLife.90875.2 19 of 51Thi Thom Mac et al., 2024 eLife. https://doi.org/10.7554/eLife.90875.2 19 of 51

Figure 9

Whole-transcriptome profiles of WT vs NFKB2 KI organoids on day 48
A, Heat map showing global differential gene expression between WT vs NFKB 2KI organoids (n=5 for each group).
B, Volcano plot of genes showing differential gene expression between WT vs NFKB2 KI organoids (expressed in Log2 fold-
change). Blue dots in the left panel indicate 144 genes involved in hypothalamic-pituitary development. Grey dots indicate all
other genes detected in RNA-seq.
C, Volcano plot of genes showing differential gene expression between WT vs NFKB2 KI organoids. Green dots indicate genes
coding for 39 key transcription factors whose expression is significantly changed (padj < 0.05). Red dots indicate key
transcription factors with non-significant changes (padj> 0.05). Grey dots indicate all other genes detected in RNA-seq.
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earliest Rathke’s pouch marker, HESX1, showed a 2-fold increased expression in NFKB2 KI
organoids, suggesting impaired progression of pituitary progenitors towards more differentiated
stages.

During pituitary development, progenitors undergo epithelial to mesenchymal transition (EMT).
Data from human fetuses16      suggest that pituitary stem cells/progenitors are in an hybrid state,
as they simultaneously express “stemness” as well as epithelial and mesenchymal-associated
genes, and expression of all these gene sets decrease in concert during the course of
differentiation. While the overall number of anterior pituitary-type cells in NFKB2 KI organoids
was not affected, as confirmed by RT-qPCR of the pan-pituitary cell adhesion marker EPCAM, there
was a significant decrease in the expression of stemness markers such as HES1, SOX2 and SOX9
(Table 2     , left panel), accompanied by increased expression of stem cell-associated epithelial
markers CDH1 and KRT8 (Table 2     , middle panel) and decreased expression of stem cell-
associated mesenchymal markers CDH2 and VIM. Other mesenchymal markers expressed in both
stem cells and differentiating cells (COL1A1 and COL1A2) were upregulated (Table 2     , right
panel). CLDN6, which is expressed in early pituitary progenitors16     , was upregulated (fold
change = 2.3; p<0.0001) whereas CLDN9, widely expressed in the fetal human pituitary16     , was
decreased (fold change = 0.34; p<0.0001). Overall, these results suggest that progenitors initiate
EMT, but stall during the process. Of note, the expression of ZEB2, SNAI1 and SNAI2, key initiators
of EMT through the downregulation of CDH1, is significantly increased (fold changes of 1.37, 3.37,
and 5.36, respectively; p< 0.01), suggesting that NFKB2 plays an important role downstream from
these effectors.

TBX19 K I a n dNFKB2 KI alter hypothalamic-pituitary
organoid development through distinct mechanisms
The transcription factor RAX, which is physiologically expressed in the hypothalamus, also showed
a moderate but significant decrease in its expression in NFKB2 KI organoids (Figure 9C      and
Table, 1     ) suggesting that the phenotype could at least partially be due to a hypothalamic defect.
Indeed, among the growth factors known to mediate the interaction between hypothalamus and
oral ectoderm during pituitary development in animal models, BMP4, FGF8 and FGF10 had fold-
changes of 4.35, 0.5 and 0.26 in NFKB2 KI organoids respectively, whereas SHH, WNT5A and FGF8
expression levels were not modified (Table 1     ).

In comparing the results of RT-qPCR to those obtained by RNAseq, we found good correlations
(R2=0.7595; p<0.0001) between the NFKB2 KI to WT ratios measured with both techniques on the
same samples, except for TBX19 (Suppl Figure S7). As we obtained similar results with 2 sets of
TBX19 RT-qPCR primers, targeting different exons, and with at least one primer hybridizing over
the junction of two exons, we believe the RNAseq results for this gene to be likely biased, though
we have not identified the reason.

Comparing gene expression levels between TBX19 KI and NFKB2 KI organoids of developmentally
important transcription and growth factors shows their differences. As mentioned before, HESX1
was downregulated at d48 only in NFKB2 KI organoids, whereas both mutants had decreased
levels of PITX1 and LHX3, the latter being more severely impacted in NFKB2 KI organoids (Figure
10A     ). In these, we confirmed the increase in BMP4 and decrease in FGF8 /FGF10 expression
seen in RNAseq. We did not find any significant differences in these transcripts between WT and
TBX19 KI organoids (Figure 10B     ), suggesting that the impaired development of pituitary
progenitors in this model has a different mechanism.

We then explored markers of different stages of corticotroph maturation that were recently
identified in human fetal pituitary16     . RNAseq on d48 NFKB2 KI organoids showed increased
expression of FST, a gene expressed in immature corticotropes, and concomitant decreased levels
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Table 1

RNA-seq expression data for a list of 144 genes known from the literature to have a functional influence on pituitary-
hypothalamic development. Differentially expressed genes (padj < 0.05) in NFKB2 KI organoids are highlighted in green when
upregulated and in pink when downregulated.
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Table 2

Differential gene expression analysis for genes associated with different stages of epithelial-to-mesenchymal transition in
NFKB2 KI vs WT organoids. Significantly decreased and increased expressions are highlighted in pink and green, respectively.
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Figure 10

Impaired pituitary progenitor development is correlated with changes in growth factor expression in NFKB2 KI organoids
A, RT-qPCR experiments at d48 showing that HESX1 expression is upregulated NFKB2 KI organoids, compared to WT and
TBX19 KI, whereas PITX1 and LHX3 are downregulated in both mutants.
B, BMP4 expression is increased whereas and FGF8 and FGF10 are decreased in NFKB2 mutants, but unchanged in TBX19 KI
organoids.
Data show means ± SEM; n=17, 12 and 11 for WT, TBX19 KI and NFKB2 KI respectively. Mann-Whitney t-test (unpaired, two-
tailed, nonparametric). p < 0.05 (*), p< 0.01 (**), p<0.005 (***),
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of fully mature corticotrope markers AR, NR4A2, PCSK1 and POMC (0.63, 0.4, 0.35 and 0.43-fold
changes respectively) (Table 1     ). RT-qPCR at d48, d75 and d105 showed that TBX19 was
upregulated at later stages in both models, suggesting that both TBX19 and p52 are involved in the
control of TBX19 expression (Figure 11A     ). The NR4A2 transcription factor was downregulated
at d75 in both mutants, but strongly upregulated in TBX19 KI organoids and downregulated in
NFKB2 KI organoids at d105 (Figure 11B     ). PCSK1 expression, necessary for prohormone
processing, also decreased in both mutants, but this phenomenon started earlier in NFKB2 KI
organoids (Figure 11C     ). Finally, we found that POMC expression was as strongly impaired in
NFKB2 KI organoids as in TBX19 KI organoids. These results, combined with normal expression
levels for NEUROD1, corroborate the hypothesis that TBX19-positive precursors fail to achieve
terminal differentiation in NFKB2 KI organoids.

Interestingly, other lineages also appeared to be affected, both in TBX19 KI and NFKB2 KI
organoids. RNA-seq at d48 showed drastic downregulation of PROP1 and POU1F1 transcription
factors in NFKB2 mutants. Although we could not accurately measure POU1F1 expression at d48
due to its too low expression, RT-qPCR (Figure 11     ) showed that PROP1 downregulation was also
occurring in TBX19 KI organoids at d48 (Figure 11A     , left), and both PROP1 and POU1F1 levels
were barely detectable at d75 in the two models (Figure 11A      and 11D     ). This is likely to be the
consequence of the impaired generation of pituitary progenitors described above. Nonetheless,
other transcription factor markers of POU1F1 -dependent lineages were expressed, as shown by
normal expression of NEUROD4 and ZBTB20 in TBX19 KI organoids at d48 (Figure 11B      and
11C     , left). However, both genes had lower expression levels at 75 compared to WT (Figure
11B      and 11C     , right). In NFKB2 KI organoids, NEUROD4 was downregulated at both time
points (Figure 11B     ), and ZBTB20 at d48 only (Figure 11C     , left), with signs of recovery at d75
(Figure 11C     , right) and d105 (data not shown). Again, these results suggest that different
mechanisms converge on impaired POU1F1-dependent lineage development.

Finally, the glycoprotein hormone common alpha subunit CGA was strongly upregulated at d48
(Table 1     ) and d75 (data not shown) in NFKB2 KI organoids. The concomitant increase in GATA2,
CYP11A1 and FOLR1 may suggest a redirection of some progenitors towards a
gonadotroph/thyrotroph cell fate. However, lack of changes in expression of NR5A1, NEUROD1
and SOX11, and the undetectable transcripts for the specific beta subunits FSHB, LHB and TSHB
before d105, do not favour this hypothesis.

A few years ago, ChIP-seq experiments on Hodgkin lymphoma cells43      identified 10,893 DNA-
binding regions for NFKB2 p52, within or in the close vicinity of 5,497 genes. About half of p52
recruitments occurred in transcribed regions, with a high percentage within introns, and the other
half in intergenic regions close to a transcriptional start site (TSS). Among the 4,819 differentially
regulated genes identified in NFKB2 KI organoids at d48, 1,398 of them had p52 binding regions
nearby (Figure 12     ), of which 23 belong to our curated list of pituitary genes of interest. Among
them, we found genes crucial for progenitor development (SOX9, PITX1), EMT (CDH1, ZEB2),
POU1F1-dependent lineages (PROP1, NEUROD4), and most importantly, the principal genes of
corticotroph development and maturation (TBX19, NR4A2, PCSK1, POMC). Thus, these changes in
the expression of these genes we observed in NFKB2 KI organoids may be due to a direct effect on
transcriptional regulation.

Altogether, our data identify the NFKB2 signaling pathway as an important factor acting at
multiple levels on human pituitary development.
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Figure 11

Impaired differentiation of corticotrophs in TBX19 KI an dNFKB2 KI organoids
A, RT-qPCR measurements of TBX19 expression show a late (d105) increase in both mutants, with stronger effect in TBX19 KI
organoids.
B, Corticotroph terminal differentiation marker NR4A2 was decreased in both mutants at d48 and d75, but only in NFKB2
mutants at d105.
C, PCSK1 downregulation is only observed in NFKB2 KI at d48, and in both models at d75 and d102.
D, A decrease in POMC expression is observed in both mutants from d48 onwards.
Data show means ± SEM; d48: n=17, 12 and 11; d75, n=9, 7 and 6; d105: n=9, 5 and 5 for WT, TBX19 KI and NFKB2 KI organoids
respectively. Mann-Whitney t-test (unpaired, two-tailed, nonparametric). p < 0.05 (*), p< 0.01 (**), p<0.005 (***),
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Figure 12

POU1F1-dependent lineages are affected in TBX19 KI an dNFKB2 KI organoids
A, Strong downregulation of PROP1 expression is observed at d48 in both mutants and persists at d75.
B, Expression of POU1F1-dependant lineage progenitors and mature somatotrophs marker NEUROD4 is decreased at d48
inNFKB2 organoids, and in both models at d105.
C, ZBTB20, a marker for POU1F1-dependant lineage progenitors and mature lactotrophs, is less expressed in NFKB2 KI
organoids at d48, but at normal levels by d75. In TBX19 KI mutants, its expression is normal at d48 but decreased by d75.
D, On d75, POU1F1 expression is barely detectable in either model.
Data show means ± SEM; d48: n=17, 12 and 11; d75: n=9, 7 and 6 for WT, TBX19 KI and NFKB2 KI organoids respectively. Mann-
Whitney t-test (unpaired, two-tailed, nonparametric). p < 0.05 (*), p< 0.01 (**), p<0.005 (***).
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Discussion

After the description of DAVID syndrome as a rare combination of anterior pituitary deficit, mostly
ACTHD, with common variable immunodeficiency, we and others found that it is associated with
NFKB2 gene mutations affecting specific C-terminal residues of the NFKB2 protein, known to play
important roles in immunity and also expressed in the pituitary7     ,8     ,9     . As the mouse model
harboring a similar alteration of the ortholog gene lacked an endocrine phenotype9     , we wanted
to investigate the mechanism of ACTHD in this syndrome. Currently available in vitro models to
study ACTHD and CPHD have strong limits. For instance, studies based on transfections and
luciferase-coupled hormone promoters can only give indirect evidence of the effect of a variant of
unknown significance as they are based on partly arbitrary amounts of DNA and promoters in an
artificial context5     . Murine models only partially replicate human CPHD, as shown for PROP1
mutations and the occurrence of ACTHD (absent in mice but present in 40% of humans)44     . In the
past decade, the reprogramming of differentiated adult cells into induced pluripotent stem cells
and advancements in genome editing technologies using CRISPR/Cas9 systems have broadened
possibilities for modeling novel aspects of human disease ex vivo 45     . Organoid culture has
become a powerful tool for modeling otherwise inaccessible congenital human disorders in many
organs such as brain25     , intestine46     , kidney47     , liver48     , pancreas49     , ovary50     , and
lung51     . In the present study, we established a human in vitro model of congenital ACTHD using
3D pituitary organoids differentiated from TBX19 KI and NFKB2 KI hiPSC generated by
CRISPR/Cas9 genome editing, in order to compare them with their WT equivalents on the same
genetic background. After confirming that our model could replicate pituitary development, we
then determined whether it could also replicate a disease, namely ACTHD. As the TBX19K146R

homozygous variant led to ACTHD in humans, we designed a human “KI” organoid model derived
from TBX19K146R/K146R hiPSC. In line with the Tbx19−/− mouse model3     , TBX19 KI organoids
displayed markedly defective corticotroph differentiation, as compared to WT organoids, thereby
validating the methodological approach. Interestingly, in organoids carrying a TBX19K146R/K146R

missense mutation that affects DNA binding, a few corticotrophs were still present, suggesting
either a role for TBX19 independent of its DNA binding activity or persistence of residual DNA
binding activity with this mutation. This model also raises the possibility for a previously
undescribed role of TBX19 during early development and the generation of pituitary progenitors
in human. However, as TBX19 mutations have only rarely been associated with other pituitary
deficits - especially transient GHD52     , further investigations will be needed.

Using this same approach with NFKB2D865G/D865G human organoids generated by CRISPR/Cas9
genome edited hiPSC, we demonstrated for the first time a role for NFKB2 in pituitary
development. Heterozygous mutations in the C-terminal region of NFKB2, such as D865G, were
reported in DAVID syndrome, leading to the disruption of both non-canonical and canonical
pathways8     ,11     –13     ,53     ,54     . Even though NFKB2D865G was identified in a heterozygous state
in patients with ACTHD, we decided to use a homozygous model of NFKB2 KI to determine
whether NFKB2 was involved in pituitary development and could explain the defect in ACTH
production in DAVID syndrome (OMIM#, 615577) 7     ,8     ,55     . Indeed, while concomitant common
variable immune deficiency (CVID) can be explained by the key roles of NFKB signaling in the
immune system, the mechanism of the endocrine deficits caused by NFKB2 mutants was
unknown. In mouse models, deletion of Nfkb2 cause abnormal germinal center B-cell formation
and differentiation14     . However, the Lym1 mouse model, which carries a truncating variant
Y868* in the Nfkb2 orthologue that prevents its cleavage into a transcriptionally active form, had
apparently normal corticotroph function and ACTH expression in the pituitary in both
heterozygotes and homozygotes9     , despite reduced fertility and more severe immune
abnormalities in mutant NFKB2 homozygotes56     . Using pituitary organoids differentiated from a
NFKB2 KI hiPSC line in comparison with its unmutated control and in the absence of an immune
response, we have demonstrated that human corticotroph development is directly disrupted by
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Figure 13

Identification of genes potentially under direct p52 regulation
Venn diagram showing the total number and intersections of genes identified as p52 targets, genes differentially expressed
at d48 between WT and NFKB2 KI organoids, and a literature-curated list of genes particularly implicated in hypothalamus-
pituitary development. The table on the right shows the identity of the 23 genes (circled in red), with color code indicating
whether they are upregulated (green) or downregulated (pink) in NFKB2 KI mutants at d48.
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the missense mutation found in DAVID syndrome. The absence of global alteration of NFKB
signaling pathway shows that mutant p100/p52 protein is directly responsible for the observed
phenotype.

The precise molecular mechanisms by which NFKB2 mutation impairs corticotroph development
remain to be determined. However, our results (summarized in Figure 14     ) suggest both early
effects on the maturation of pituitary progenitors, on epithelial to mesenchymal transition, and
late effects on corticotroph differentiation. First, The NFKB2 gene product p52 could be involved in
the early steps of pituitary development. RNA-seq data on day 48 of NFKB2 KI organoid
development showed increased HESX1 and BMP4 transcription, in favor of a blockade in an
undifferentiated state evocative of the Rathke’s pouch epithelial primordium: indeed, down-
regulation of HESX1 is necessary for proper pituitary development57     . This is also suggested by
RNA-seq results showing downregulation of PITX1, HES1, LHX3 and FGF10 in mutant organoids,
whereas their expression is necessary for progression to a progenitor state58     ,59     . The shift in
the BMP4 /FGF10 balance favors the idea that the impaired differentiation of pituitary progenitors
is at least in part of hypothalamic origin. Our results also suggest a disorganized EMT process, and
the need for a functional p100/p52 to mediate the action of EMT inducers on CDH1
downregulation. Finally, concordant with the hypothesis of a differentiation blockade,
upregulation of epithelial markers such as CDH1 and KRT8 was observed in mutant NFKB2 KI
organoids on day 48. In contrast, RNA-seq showed no change in Wnt and Hedgehog signaling
pathways in NFKB2 KI organoids.

The NFKB2 gene product p52 could also be involved in the final steps of corticotroph
differentiation. While qRT-PCR showed increased levels of TBX19 mRNA in mutant organoids, this
did not lead to the expected increase in POMC mRNA transcripts. Moreover, some NFKB2 mutants
had TBX19+ cells without ACTH expression. This suggests that p52 is necessary for POMC synthesis,
which NFKB2D865G may prevent. This could be due to an abnormal DNA binding of the NFKB
heterodimer to the POMC promoter60     ,61     , but as other NFKB binding sites are found in intronic
regions, it may also be involved in changes in chromatin structures required for proper
transcription. The same possibilities apply to PCSK1, the gene coding for the enzyme necessary for
POMC to ACTH conversion, and to other genes involved in corticotroph maturation. Besides,
NFKB2D865G could also block TBX19+ cells in a pre-differentiated state of corticotroph cells
expressing FST through its derepression of chromatin remodeling factors such as EZH262     .

GH deficiency has been reported in some patients with heterozygous NFKB2 mutations15     . The
drastic effect on POU1F1 expression we observed is likely to be the consequence of different
phenomena. First, the impaired development of progenitors, and the disruption of PROP1
expression, possibly due to the absence of p52. Second, both FOXO1 and NEUROD4 have p52
binding regions and were differentially expressed. Alongside POU1F1, these two genes have been
described as crucial members of a feedforward loop controlling somatotroph function63     . The 12-
fold increase in CGA expression and increased expression of pre-gonadotropes or mature
thyrotropes (GATA2) and mature gonadotropes (GATA2, CYP11A1 and FOLR1) could be an
argument in favor of a redirection of pituitary progenitors towards these lineages. However, lack
of differential expression of NR5A1 contradicts this hypothesis. A more likely explanation is that
CGA repression by TBX19 may directly require p52.

The organoid model described in this article presents several advantages over other approaches. It
is a true human model of ACTHD, emphasizing the limits of mouse models, as exemplified by the
Lym1 model, which showed that Nfkb2 p100/p52 function was not essential for pituitary
development in mice, but did not provide insights for humans. Nfkb2Lym1/Lym1 mice and our
NFKB2 KI model have different but functionally very similar mutations, as they both lead to an
abnormal processing of p100 with its accumulation leading to a strong reduction of p52 content.
The phenotype of Nfkb2Lym1/Lym1 being more severe than in mice lacking the complete NFKB2
protein (Nfkb2−/−), these dominant-negative mutations have been called “super repressors”56     . In
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Figure 14

Changes in gene expression induced by NFKB2 D865G/D865G mutation during hypothalamic-pituitary organoid development
Diagram illustrating changes in gene expression (black arrows) associated with different stages of normal hypothalamic-
pituitary organoids development and cell differentiation. The NFKB2D865G/D865G mutation perturbs these changes (red arrow),
possibly through direct transcriptional control for genes indicated in blue.
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light of our results, it is surprising that no pituitary deficiencies have been observed in Nfkb2−/− or
Nfkb2Lym1/Lym1. This suggests that in human, NFKB2 plays an important role during pituitary
development, therefore constituting a major inter-species difference. Studying p52 binding regions
across different species may help understand how this role appeared during evolution.

All patients with DAVID syndrome harbour heterozygous NFKB2 mutations. Whether this reflects
embryonic lethality of the mutation at the homozygous state or just the rarity of this genotype is
still an unresolved question. However “super repressor” mutations have been shown to disturb
both canonical and non-canonical signalling pathways even when heterozygous10     ,11     . As our
results show impaired POU1F1-dependent lineages development in addition to the severe
corticotroph deficit, further experiments on organoids derived from NFKB2WT/D865G hiPSCs
should tell if there are differences in the sensitivity of different lineages to the dominant-negative
protein. If so, this could give us clues about why DAVID patients suffer from isolated ACTHD in
their vast majority rather than CPHD.

Despite some technical limits, CRISPR/Cas9-based genome editing of hiPSC is a powerful approach
to elucidate gene function in congenital pituitary deficiency patients, as was shown for the role of
hypothalamic OTX2 regulation of pituitary progenitor cells in congenital pituitary hypoplasia20     .
While the prevalence of pathogenic variants of known genes in primary hypopituitarism is
currently estimated at below 10%6     , exome and whole-genome sequencing regularly identify
new genes and variants, for which pathogenicity remains uncertain35     . This model could thus
become in the following years the gold standard to confirm the involvement of a given gene in
pituitary development, or to classify new variants of unknown significance as likely benign or
pathogenic. Finally, pituitary organoids derived from human embryonic stem cells have been
transplanted subcutaneously into mice with hypopituitarism; grafted cells were able to secrete
ACTH and respond to corticotropin-releasing hormone stimulation64     , paving the way for
innovative substitutive treatments in patients with hypopituitarism65     . Conversely, a limitation
of this model is the long duration of the differentiation period (approximately 3 months) and the
fact that not all hiPSC clones lead to full differentiation of hypothalamo-pituitary organoids despite
similar conditions of culture. For these reasons, we could not include confirmation of our results
on an independent clone in the present paper.

In conclusion, we have designed and validated a model replicating human constitutive ACTHD
using a combination of CRISPR/Cas9 and directed differentiation of hiPSC into 3D hypothalamic-
pituitary organoids. Not only has this proof-of-concept reproduced the known prerequisite for the
TBX19 transcription factor in human corticotroph differentiation, but it has also allowed a new
classification of a NFKB2 variant of previously unknown clinical significance as pathogenic in
pituitary development.

From a clinical viewpoint, this organoid model could provide evidence for the pathogenic role of
new candidate genes or variants investigated in patients where none other is available, especially
in a rare disease affecting a poorly accessible organ like the pituitary gland. From a physiological
viewpoint, modeling corticotroph deficiency using hiPSC allows us to find evidence for a
functional role for NFKB2 in human pituitary differentiation.

Future studies investigating the direct role of p52 on transcription and changes in chromatin
landscape during pituitary development will be necessary to elucidate its precise mechanism of
action, as well as the level of pathogenicity of the NFKB2D865G mutations in its heterozygous form.
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Reviewer #1 (Public review):

Summary:

NFKB mutations are thought to be one of the causes of pituitary dysfunction, but until now
they could not be reproduced in mice and their pathomechanism was unknown. The authors
used the differentiation of hypothalamic-pituitary organoids from human pluripotent stem
cells to recapitulate the disease in human iPS cells carrying the NFKB mutation.

Strengths:

The authors achieved their primary goal of recapitulating the disease in human cells. In
particular, the differentiation of the pituitary gland is closely linked to the adjacent
hypothalamus in embryology, and the authors have again shown that this method is useful
when the hypothalamus is suspected to be involved in pituitary abnormalities caused by
genetic mutations.

Weaknesses:

On the other hand, the pathomechanism is still not fully understood. This study provides
some clues to the pathomechanism, but further analysis of NFKB expression and experiments
investigating the relevant factors in more detail may help to clarify it further.
As for the revised manuscript, it is still insufficient for understanding the role of NFKB2 in
pituitary development although their additional experiments have improved the manuscript.
The strength of the hypothalamus-pituitary organoid lies in its ability to recapitulate the
differentiation process including not only the pituitary cells but also neighbouring non-
pituitary cells, such as hypothalamic cells in vitro. It is necessary to determine "at which
stages" and "in which localizations" NFKB2 expression is critical for pituitary development.

https://doi.org/10.7554/eLife.90875.2.sa3

Reviewer #2 (Public review):

Summary:

DAVID syndrome is a rare autosomal dominant disorder characterized by variable immune
dysfunction and variable ACTH deficiency. Nine different families have been reported, and all
have heterozygous mutations in NFKB2. The mechanism of NFKB2 action in the immune
systems has been well-studied, but nothing is known about its role in pituitary gland.

The DAVID mutations cluster in the C-terminus of the NFKB2 and interfere with cleavage and
nuclear translocation. The mutations are likely dominant negative, by affecting dimer
function. ACTH deficiency can be life-threatening in neonates and adults, thus, understanding
the mechanism of NFKB2 action in pituitary development and/or function is important.

The authors use CRISPR/Cas gene editing of human iPSC derived pituitary-hypothalamic
organoids to assess the function of NFKB2 and TBX19 in pituitary development. Mutations in
TBX19 are the most common, known cause of pituitary ACTH deficiency, and the mechanism
of action has been studied in mice, which phenocopy the human condition. Thus, the TBX19
organoids can serve as a positive control. The Nfkb2 mouse model has a p.Y868* mutation
that impairs cleavage of NFKB2 p100, and the immune phenotype mimics the patients with

https://doi.org/10.7554/eLife.90875.2
https://doi.org/10.7554/eLife.90875.2.sa3
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DAVID mutations, but no pituitary phenotype was evident. Thus, a human organoid model
might be the only approach suitable to discover the etiology of the pituitary phenotype.

Overall, the authors have selected an important problem, and the results suggest that the
pituitary insufficiency in DAVID syndrome is caused by a developmental defect rather than
an autoimmune hypophysitis condition. The use of gene editing in human iPSC derived
hypothalamic-pituitary organoids is significant, as there is only one example of this
previously, namely studies on OTX2. Only a few laboratories have demonstrated the ability to
differentiate iPSC or ES cells to these organoids, and the authors have improved the efficiency
of differentiation, which is also significant.

The strength of the evidence is excellent. The authors have thoroughly analyzed the
genetically engineered organoids compared to isogenic controls. They have validated their
findings with analysis of RNA and proteins. They have studied the time course of
differentiation in the organoids and have a robust experimental design involving many
replicates. Analysis of additional clones could strengthen the evidence.

Strengths:

The authors make mutations in TBX19 and NFKB2 that exist in affected patients. The TBX19
p.K146R mutation is recessive and causes isolated ACTH deficiency. Mutations in this gene
account for 2/3 of isolated ACTH deficiency cases. The NFKB2 p.D865G mutation is
heterozygous in a patient with recurrent infections and isolated ACTH deficiency. NFKB2
mutations are a rare cause of ACTH deficiency, and they can be associated with loss of other
pituitary hormones in some cases. However, all reported cases are heterozygous.
The developmental studies of organoid differentiation are rigorous in that 200 organoids
were generated for each hiPSC line, and 3-10 organoids were analyzed for each time point
and genotype. Differentiation analysis relied on both RNA transcript measurements and
immunohistochemistry of cleared organoids using light sheet microscopy. Multiple time
points were examined, including seven times for gene expression at the RNA level and two
times in the later stages of differentiation for IHC.
TBX19 deficient organoids exhibit reduced levels of PITX1, LHX3, and POMC (ACTH
precursor) expression at the RNA and IHC level, and there are fewer corticotropes in the
organoids, as ascertained by POMC IHC.
The NFKB2 deficient organoids have normal expression of the early pituitary transcription
factor HESX1, but reduced expression of PITX2, LHX3 and POMC. Because there is no immune
component in the organoid, this shows that NFKB2 mutations can affect corticotrope
differentiation to produce POMC. RNA sequencing analysis of the organoids reveals potential
downstream targets of NFKB2 action, including a potential effect on epithelial to
mesenchymal like transition and selected pituitary and hypothalamic transcription factors
and signaling pathways.

It is important to note that all NFKB2 patients are heterozygous for what appear to be
dominant negative mutations that affect protein cleavage and nuclear localization of
processed protein as homo or heterodimers. The organoids are homozygous for this
mutation.

Weakness:

There could be variation between individual iPSC lines that is unrelated to the genetically
engineered change. The work would be strengthened by analysis of independently
engineered clones or by correcting the engineered clone to wild type and demonstrating that
the phenotypic effects are reversed. The authors do check for off target effects of the guide
RNA at predicted sites using WGS.

https://doi.org/10.7554/eLife.90875.2.sa2
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Reviewer #3 (Public review):

Summary:

This manuscript by Mac et al addresses the causes of pituitary dysfunction in patients with
DAVID syndrome which is caused by mutations in the NFKB2 gene and leads to ACTH
deficiency. The authors seek to determine whether the mutation directly leads to altered
pituitary development, as opposed to an autoimmune defect, by using mutating human iPSCs
and then establishing organoids that differentiate into pituitary tissue. They first seek to
validate the system using a well-characterised mutation of the transcription factor TBX19,
which also results in ACTH deficiency in patients. Then they characterise altered pituitary cell
differentiation in mutant NFKB2 organoids and show that these lack corticotrophs, which
would lead to ACTH deficiency. Importantly, the findings here suggest the effects of mutant
NFKB2 on pituitary organoid differentiation are direct and not a result of altered
noncanonical NF-κB signalling, which has been shown to be a mechanism leading to
immunodeficiency in DAVID patients.

Strengths:

The conclusion of the paper that ACTH deficiency in DAVID syndrome is independent of an
autoimmune input is strong.

Weaknesses:

(1) The authors correctly emphasise the importance of establishing the validity of an iPSC-
based model in being able to recapitulate in vivo dysfunctional pituitary development
through characterisation of a TBX19 knock-in mutation. Whilst this leads to the expected
failure of functional corticotroph differentiation, other aspects of the normal pituitary
differentiation pathway upstream of cortocotroph commitment seem to have been affected in
surprising ways. In particular, the loss of LHX3 and PITX1 in TBX19 mutant organoids
compared with wild type requires explanation, especially as the mutant protein would only
be expected to be expressed in a small proportion of anterior pituitary lineage cells. This may
identify a difference between human and mouse pituitary development and emphasises the
importance of further establishing the developmental programme in human pituitary.

(2) It is notable that the manipulation of iPSC cells used to generate mutants through
CRISPR/Cas9 editing is not applied to the control iPSC line. It is possible that these
manipulations, including electroporation and puromycin selection may lead to changes to the
iPSC cells that is independent of the mutations introduced and this may change the
phenotype of the cells. The authors have established that there are no off-target mutations
through whole genome sequencing but the iPSC manipulation could have led to changes
through epigenetic mechanisms or through non-genomic alterations of developmental
potential. A better control in all experiments would have been an iPSC line with a benign
knock-in (such as GFP into the ROSA26 locus) or use of a selected line where editing failed.
The authors also ackowledge that use of a single clone is not ideal in these studies and
characterisation of multiple clones would strengthen the conclusions of the study.

https://doi.org/10.7554/eLife.90875.2.sa1

Author response:

The following is the authors’ response to the original reviews.
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eLife Assessment

This valuable study examines the effects of NFKB2 mutations on pituitary gland
development through hypothalamic-pituitary organoids. The evidence supporting the
main conclusions is solid, although analysis of additional clones to exclude inter-clone
variability would strengthen the conclusions. Insight into the mechanism of action of
NFKB2 during pituitary development is incomplete. This work will be of interest to
endocrinologists and biologists working on pituitary gland development and disease.

We agree with these considerations and the summary and thank the Editors for their
assessment. Although we indeed share the idea that reproduction of the experiments on a
second clone would be a useful confirmatory step, we have not been able to reach this goal
within a reasonable time frame for the reason mentioned above (unavailability of the main
research engineer knowledgeable in the challenging methods involved for organoids
differentiation) and due to the long turnaround time of this kind of experiments (3 months
for the whole differentiation starting form iPSC). We therefore decided to publish on a single
clone while we are still aiming at reproducing our results on at least a second one and will
hopefully be able to provide these additional data in a subsequent revised version. We now
acknowledge this limitation in the final part of the Discussion.

Revised text: “Conversely, a limitation of this model is the long duration of the differentiation
period (approximately 3 months) and the fact that not all hiPSC clones lead to full
differentiation of hypothalamo-pituitary organoids despite similar conditions of culture. For
these reasons, we could not include confirmation of our results on an independent clone in
the present paper.”

Public Reviews:

Reviewer #1 (Public Review):

Summary:

NFKB mutations are thought to be one of the causes of pituitary dysfunction, but until
now they could not be reproduced in mice and their pathomechanism was unknown. The
authors used the differentiation of hypothalamic-pituitary organoids from human
pluripotent stem cells to recapitulate the disease in human iPS cells carrying the NFKB
mutation.

Strengths:

The authors achieved their primary goal of recapitulating the disease in human cells. In
particular, the differentiation of the pituitary gland is closely linked to the adjacent
hypothalamus in embryology, and the authors have again shown that this method is
useful when the hypothalamus is suspected to be involved in pituitary abnormalities
caused by genetic mutations.

Weaknesses:

On the other hand, the pathomechanism is still not fully understood. This study provides
some clues to the pathomechanism, but further analysis of NFKB expression and
experiments investigating the relevant factors in more detail may help to clarify it
further.

We thank this reviewer for acknowledging that we've reached our primary objective, in
particular the fact that the HPO (hypothalamo-pituitary organoid) model allows
recapitulation of the disease in human cells, including hypothalamic-pituitary interactions.

https://doi.org/10.7554/eLife.90875.2
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Regarding the pathophysiological mechanism of the disease, we must admit that it remains
incompletely understood. However, we have analysed more samples by RT-qPCR and further
analysed RNASeq data from NFKB2 KI organoids, which provided with more insights into the
different levels where NFKB2 may play a role. We have now provided several additional
figures derived from these analyses, including a synthetic figure to summarize the most
relevant observed effects (Fig. 14).

Reviewer #2 (Public Review):

We also thank this reviewer for the detailed analysis of our manuscript, for the valuable
comments, suggestions and questions that are addressed point-by point below.

Summary:

DAVID syndrome is a rare autosomal dominant disorder characterized by variable
immune dysfunction and variable ACTH deficiency. Nine different families have been
reported, and all have heterozygous mutations in NFKB2. The mechanism of NFKB2
action in the immune systems has been well-studied, but nothing is known about its role
in the pituitary gland.

The DAVID mutations cluster in the C-terminus of the NFKB2 and interfere with cleavage
and nuclear translocation. The mutations are likely dominant negative, by affecting
dimer function. ACTH deficiency can be life-threatening in neonates and adults, thus,
understanding the mechanism of NFKB2 action in pituitary development and/or function
is important.

The authors use CRISPR/Cas gene editing of human iPSC-derived pituitary-hypothalamic
organoids to assess the function of NFKB2 and TBX19 in pituitary development.
Mutations in TBX19 are the most common, known cause of pituitary ACTH deficiency, and
the mechanism of action has been studied in mice, which phenocopy the human
condition. Thus, the TBX19 organoids can serve as a positive control. The
Nfkb2<Lym1/Lym1> mouse model has a p.Y868* mutation that impairs cleavage of
NFKB2 p100, and the immune phenotype mimics the patients with DAVID mutations, but
no pituitary phenotype was evident. Thus, a human organoid model might be the only
approach suitable to discover the etiology of the pituitary phenotype.

Overall, the authors have selected an important problem, and the results suggest that
the pituitary insufficiency in DAVID syndrome is caused by a developmental defect rather
than an autoimmune hypophysitis condition. The use of gene editing in human iPSC-
derived hypothalamic-pituitary organoids is significant, as there is only one example of
this previously, namely studies on OTX2. Only a few laboratories have demonstrated the
ability to differentiate iPSC or ES cells to these organoids, and the authors have improved
the efficiency of differentiation, which is also significant.

The strength of the evidence is excellent. However, the two ACTH-deficient organoid
models use a single genetically engineered clone, and the potential for variability
amongst clones makes the conclusions less compelling. Since the authors obtained two
independent clones for NFKB2 it is not clear why only one clone was studied.

We experienced difficulties obtaining an hiPSC population devoid of spontaneous
differentiation while purifying this second clone, and did not want to delay the start of the
experiments. This clone will be analysed in a follow-up study.

Finally, the effect of TBX19 on early pituitary fate markers is somewhat surprising given
the phenotype of the knockout mice and patients with mutations. Thus, the use of a
single clone for that study is also worrisome.

https://doi.org/10.7554/eLife.90875.2
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We agree that the effect of the TBX19 mutant on early pituitary progenitor development is
rather puzzling. In our model, TBX19 is expressed throughout the whole experiment,
although it is at very low levels in undifferentiated hiPSCs compared to peak expression (over
50-fold difference).

During the CRISPR-Cas9 gene edition, we obtained a clone with a homozygous one base
insertion at the cutting site, leading to a frameshift and a premature stop codon 48 bases
downstream. This would result in an expected protein of 163 amino acids instead of 488, but
with potentially still functional DNA-binding ability. This mutation had a similar effect on
LHX3 and PITX1 as the TBX19 KI mutation, although it was even more severe. Our most likely
explanation is that the two TBX19 mutants we generated have dominant negative effects.
Contrary to mouse, little is known about TBX19 expression in early human pituitary
development, but scRNA-seq data on human embryonic pituitaries (Zhang et al.) show low
expression in undifferentiated pituitary progenitors between 7 and 9 weeks of gestation.
Therefore, early expression of these dominant negative proteins could perturb differentiation
in the organoids. Future development of hiPSCs lines with total absence of TBX19 should help
clarify these questions.

Strengths:

The authors make mutations in TBX19 and NFKB2 that exist in affected patients. The
TBX19 p.K146R mutation is recessive and causes isolated ACTH deficiency. Mutations in
this gene account for 2/3 of isolated ACTH deficiency cases. The NFKB2 p.D865G mutation
is heterozygous in a patient with recurrent infections and isolated ACTH deficiency.
NFKB2 mutations are a rare cause of ACTH deficiency, and they can be associated with
the loss of other pituitary hormones in some cases. However, all reported cases are
heterozygous.

The developmental studies of organoid differentiation seem rigorous in that 200
organoids were generated for each hiPSC line, and 3-10 organoids were analyzed for
each time point and genotype. Differentiation analysis relied on both RNA transcript
measurements and immunohistochemistry of cleared organoids using light sheet
microscopy. Multiple time points were examined, including seven times for gene
expression at the RNA level and two times in the later stages of differentiation for IHC.
TBX19 deficient organoids exhibit reduced levels of PITX1, LHX3, and POMC (ACTH
precursor) expression at the RNA and IHC level, and there are fewer corticotropes in the
organoids, as ascertained by POMC IHC.

The NFKB2 deficient organoids have a normal expression of the early pituitary
transcription factor HESX1, but reduced expression of PITX2, LHX3, and POMC. Because
there is no immune component in the organoid, this shows that NFKB2 mutations can
affect corticotrope differentiation to produce POMC. RNA sequencing analysis of the
organoids reveals potential downstream targets of NFKB2 action, including a potential
effect on epithelial-to-mesenchymal-like transition and selected pituitary and
hypothalamic transcription factors and signaling pathways.

Weaknesses:

There could be variation between individual iPSC lines that is unrelated to the genetically
engineered change. While the authors check for off-target effects of the guide RNA at
predicted sites using WGS, a better control would be to have independently engineered
clones or to correct the engineered clone to wild type and show that the phenotypic
effects are reversed.

All NFKB2 patients are heterozygous for what appear to be dominant negative mutations
that affect protein cleavage and nuclear localization of processed protein as homo or

https://doi.org/10.7554/eLife.90875.2
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heterdimers. The organoids are homozygous for this mutation. Supplemental Figure 4
indicates that one heterozygous clone and two homozygous mutant clones were
obtained. Analysis of these additional clones would give more strength to the
conclusions, showing reproducibility and the effect of mutant gene dosage.

The main goal of this work was to evaluate if and how NFKB2D865G mutation affects
hypothalamic-pituitary organoids development, in order to determine if these organoids
would constitute a valuable model to study DAVID syndrome.

We thank this reviewer for noting that we identified an important question and have used
appropriate novel and not widely used methods to address it, including CRISPR/Cas9 genome
editing of iPSCs and disease modelling in iPSC-derived HPOs that had not previously been
reported by a team other than the one that initially described it, allowing to confirm our
working hypothesis that DAVID syndrome is caused by a developmental defect rather than an
autoimmune hypophysitis condition. We also agree that analysing more clones, generated
from same or different hiPSC lines, carrying homozygous or heterozygous mutations, and
corrected mutations will be necessary in the future.

Reviewer #3 (Public Review):

We also thank this reviewer for the detailed analysis of our manuscript, for the valuable
comments, suggestions and questions that are addressed point-by point below.

Summary:

This manuscript by Mac et al addresses the causes of pituitary dysfunction in patients
with DAVID syndrome which is caused by mutations in the NFKB2 gene and leads to ACTH
deficiency. The authors seek to determine whether the mutation directly leads to altered
pituitary development, as opposed to an autoimmune defect, by using mutating human
iPSCs and then establishing organoids that differentiate into pituitary tissue. They first
seek to validate the system using a well-characterised mutation of the transcription
factor TBX19, which also results in ACTH deficiency in patients. Then they characterise
altered pituitary cell differentiation in mutant NFKB2 organoids and show that these lack
corticotrophs, which would lead to ACTH deficiency.

Strengths:

The conclusion of the paper that ACTH deficiency in DAVID syndrome is independent of
an autoimmune input is strong.

Weaknesses:

(1) The authors correctly emphasise the importance of establishing the validity of an
iPSC-based model in being able to recapitulate in vivo dysfunctional pituitary
development through characterisation of a TBX19 knock-in mutation. Whilst this leads to
the expected failure of functional corticotroph differentiation, other aspects of the
normal pituitary differentiation pathway upstream of corticotroph commitment seem to
have been affected in surprising ways. In particular, the loss of LHX3 and PITX1 in TBX19
mutant organoids compared with wild type requires explanation, especially as the
mutant protein would only be expected to be expressed in a small proportion of anterior
pituitary lineage cells.

If the developmental expression profile of key transcription factors in mutant organoids
does not recapitulate that which occurs in vivo, any interpretation of the relevance of
expression differences in the NFKB2 organoids to the mechanism(s) leading to
corticotroph function in vivo has to be questionable.
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See response to Reviewer #2

It is notable that the manipulation of iPSC cells used to generate mutants through
CRISPR/Cas9 editing is not applied to the control iPSC line. It is possible that these
manipulations lead to changes to the iPSC cells that are independent of the mutations
introduced and this may change the phenotype of the cells. A better control would have
been an iPSC line with a benign knock-in (such as GFP into the ROSA26 locus).

We agree that the issue of off-target mutations should be addressed. However, we performed
whole genome sequencing on TBX19 KI and did not observe any pathogenic variants other
than the intended edition. We also checked that clones isolated during the screening
procedure but that returned negative for editing still had the ability to generate pituitary
cells. However, we made the choice to use the isogenic original hiPSC line as it could be
compared to both TBX19 KI and NFKB2 KI simultaneously, therefore reducing workload and
cost of the experiments. Any other knock-in mutation, such as GFP into the ROSA26 locus
would imply the same risk of off-target mutations, but presumably at other sites in the
genome.

(2) In the results section of the manuscript the authors acknowledge that hypothalamic
tissue in the NFKB2 mutant organoid may be having an effect on the development of
pituitary tissue. However, in the discussion the emphasis is entirely on pituitary
autonomous mechanisms such as pituitary HESX1 expression or POMC gene regulation;
in the conclusion of the abstract, a direct role for NFKB2 in pituitary differentiation is
described. Whilst the data here may suggest a non-immune mediated alteration in
pituitary function in DAVID syndrome, if this is due to alteration of the developing
hypothalamus then this is not direct. A fuller discussion of the potential hypothalamic
contribution and/or further characterisation of this aspect is warranted.

We agree with this reviewer that contributions of both hypothalamic and pituitary
developing tissues should be taken into account. We performed more experiments and
analysed the effect of both mutations on hypothalamic growth factors expression. These
results are displayed in new figure 10. The role of the hypothalamus is now clearly
mentioned and highlighted in the Discussion.

(3) qRT-PCR data presented in Figure 6A shows negligible alteration of HESX1 expression
at all time points in NFKB2 mutant organoids. This is not consistent with the 2-fold
increase in HESX1 expression described in day 48 organoids found by bulk RNA
sequencing.

How do the authors reconcile these results and why is one result focused on in the
discussion where a potential mechanism for a blockade of normal pituitary cell
differentiation is suggested? Further confirmation of HESX1 expression is required.

In the previous version on the manuscript, the HESX1 fold-change ratio between NFKB2 KI
and WT at d48 was of 2.06 (p=0.22). However, the type of representation for expression
kinetics (values relative to the expression peak in WT) and the scale used made it difficult to
see. In the new version of the manuscript, we analysed more samples from the same
experiments, and new figure (now 6B) shows significant increase of HESX1 expression (Fc =
2.46, p=0.019) in NFKB2 KI.

Also, qPCR results come from at least two different experiments whereas RNAseq come from
a single one. For RT-qPCR, 6 HPOs per genotype were picked and further analysed. As we
found that only 60-70% of organoids show signs of pituitary cell differentiation, we chose to
perform a preselection of organoids, based on RT-qPCR expression of selected markers (SOX2,
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HESX1, PITX1, LHX3, TBX19, POU1F1 and POMC) in order to avoid having “empty” HPOs sent
for bulk RNAseq. We compared HESX1 expression ratios obtained by the two different
techniques on the same samples (the ones used for RNA-seq) and found values of 2.19
(p=0.03) and 1.83 (p=0.061) for RNA-seq and RT-qPCR respectively. This is illustrated in
Supplementary Figure 7. Our new results thus clearly demonstrate the increase in HESX1
expression in NFKB2 KI from d27 to d75.

(4) Throughout the authors focus on POMC gene expression and ACTH antibody
immunopositive as being indicative of corticotroph cell identity. In the human fetal
pituitary melanotrophs are present and most ACTH antibodies are unable to distinguish
these cells from corticotrophs. Is the antibody used specifically for ACTH rather than
other products of the POMC gene? It is unlikely that all the ACTH-positive cells are
melanotrophs, nevertheless, it is important to know what the proportions of the 2 POMC-
positive cell types are. This could be distinguished by looking for the expression of
NeuroD1, which would also define whether corticotrophs are committed but not fully
differentiated in the NFKB2 mutant organoids. In support of an effect on corticotrophs, it
is notable that CRHR1 expression (which would be expected to be restricted to this cell
type) is reduced by 84% in bulk RNAseq data (Table 1) and this may be an indicator of the
loss of corticotrophs in the model.

The antibody we used is directed against ACTH. In HPOs, PAX7 expression was barely
detected during the whole experiment. Moreover, although PCSK2 transcripts were observed,
their expression started very early (d27) and remained constant, suggesting that an
expression of this gene in hypothalamic cells rather than pituitary cells. All these
observations suggest that melanotrophs are very unlikely to be present in HPOs.

(5) Notwithstanding the caveats about whether the organoid model recapitulates in vivo
pituitary differentiation (see 1 above) and whether the bulk RNAseq accurately reflects
expression levels (see 3 above), there are potentially some extremely interesting changes
in gene expression shown in Table 1 which warrant further discussion. For example,
there is a 25-fold reduction in POU1F1 expression which may be expected to reflect a loss
of somatotrophs in the organoid (and possibly lactotrophs) and highlights the
importance of characterising the effect of NFKB2 on other anterior pituitary cell types
within the organoid. If somatotrophs are affected, this may be relevant to the organoids
as a model of DAVID syndrome as GH deficiency has been described in some individuals
with NFKB2 mutations. The huge increase in CGA expression may reflect a switch in cell
fate to gonadotrophs, as has been described with a loss of TPIT in the mouse. These are
examples of the changes that warrant further characterisation and discussion.

We performed a more in-depth analysis of other pituitary lineages (mainly somatotrophs).
We confirmed the strong reduction in PROP1 and POU1F1 expression in NFKB2 KI organoids.
Although the strong increase in CGA expression in the mutant may raise the possibility of a
redirection towards gonadotroph lineage, the lack of change in NR5A1 expression may
suggest otherwise.

These results are now illustrated in figure 12 and discussed in a full paragraph.

(6) How do the authors explain the lack of effect of NFKB2 mutation on global NFKB
signalling?

The most likely explanation is that p100/p52 is not involved in controlling the expression of
other members of NFKB signalling. Therefore, the absence of global alteration of NFKB
signaling pathway shows that mutant p100/p52 protein is directly responsible for the
observed phenotype.
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Recommendations for the authors:

Reviewing editor summary of recommendation to authors:

The use of hypothalamic-pituitary organoids can provide a fundamental understanding
of pituitary gland development and differentiation. Their use to study human pituitary
insufficiency is important, gaining insight into the aetiology of disease and if it implicates
the hypothalamus or anterior pituitary. To this end, there is only one other example of
their use in the literature, where Matsumoto et al, (2019), used OTX2-mutant
hypothalamic-pituitary organoids to understand the aetiology of pituitary hypoplasia
driven by OTX2 mutations. This being the second example of using gene editing in
human iPSC-derived hypothalamic-pituitary organoids, these studies have improved the
efficiency of differentiation previously published by Suga et al. (2011) for ES cells, and
Matsumoto et al. (2019) for iPS cells. In addition, it has solidified that this method is
useful, especially when studying hypothalamic involvement in human pituitary
anomalies, due to the concerted development of these two structures.

The reviewers recognise the valuable insight provided into the mechanism of NFKB2
action during pituitary development and how this human organoid model might be one
of the few or only approaches suitable to discover the aetiology of the pituitary
phenotype.

The reviewers agree that both the evidence provided from the organoid model, as well as
the characterisation of the phenotype are incomplete. In particular, the strength of
evidence would be improved by analysing additional independent clones for both NFKB2
as well as TBX19 gene-edited iPSCs. Additionally, analysis of NFKB2 expression both in
vivo and in the organoids, as well as analysis for the NFKB2 targets put forward, would
be a lot more informative to help understand this phenotype.

The main recommendations discussed are summarised here and the reviewers have
elaborated on these points in their individual reviews:

The two ACTH-deficient organoid models use a single genetically engineered clone, and
the potential for variability amongst clones, unrelated to the mutation, makes the
conclusions less compelling. Two independent homozygous clones were obtained for
NFKB2 but only one was used, so analysis of the second clone would strengthen the
findings. A heterozygous clone was also obtained and given all NFKB2 patients are
heterozygous for what appears to be dominant negative mutations, the heterozygous
clone ought to be analysed. Analyses of these additional clones would give more strength
to the conclusions, showing reproducibility and the effect of mutant gene dosage. The
reviewers provide excellent suggestions for alternative controls for the engineered iPSC
lines in their specific comments.

The effect of TBX19 mutation on early pituitary fate markers LHX3 and PITX1 is surprising
given the phenotype of the knockout mice and patients with mutations. If the
developmental profile of essential transcription factors does not recapitulate the in vivo
expression in this well-characterised mutant, this brings the organoid model into
question. Thus, analysis of a further clone for the study of mutant TBX19 would be
crucial. The validity of this control affects the interpretations relying on expression
differences in the NFKB2-mutant organoids.

The study has implicated NFKB2 in pituitary development, but more insight is needed to
fully understand disease pathogenesis. The authors presented potential downstream
targets of NFKB2 action, including transcription factors and key signalling pathway
components; further analyses of NFKB2 expression and experiments investigating the
relevant factors in more detail will help elucidate this point.
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Discerning between the hypothalamus and pituitary tissue is fundamental to interpreting
phenotypes: (i) To pinpoint the primary tissue affected by NFKB2 deficiency, staining for
NFKB2 during development in vivo will determine if this is expressed both in the
developing hypothalamus and anterior pituitary gland or only one of these tissues. (ii)
Using markers of hypothalamus and pituitary to discern between these two tissues in
organoids, will provide a lot of valuable information where expression changes are
presented. This would help discern the contribution of the developing hypothalamus as
this is still unclear and has not been discussed. Knowing which tissue compartments
NFKB2 is expressed in the organoids would also be of great value.

The organoids provide an opportunity to characterise the effects of NFKB2 on other
pituitary cell types, since the bulk RNAseq presents intriguing changes indicating that not
only corticotrophs may be affected. This may be of relevance to patients, which can have
additional pituitary hormone deficiencies. If NFKB2 is expressed in the pituitary,
demonstrating expression in the different cell types in vivo as well as in the organoids
would help interpret the phenotype. Is this expressed only in corticotrophs/corticotroph
precursors, or in additional endocrine cells?

We agree with these considerations and the summary and thank the Editors for their
assessment. Although we indeed share the idea that reproduction of the experiments on a
second clone would be a useful confirmatory step, we have not been able to reach this goal
within a reasonable time frame for the reason mentioned above (unavailability of the main
research engineer knowledgeable in the challenging methods involved for organoids
differentiation) and due to the long turnaround time of this kind of experiments (3 months
for the whole differentiation starting form hiPSC). We therefore decided to publish on a single
clone while we are still aiming at reproducing our results on at least a second one and will
hopefully be able to provide these additional data in a subsequent revised version. We now
acknowledge this limitation in the final part of the Discussion.

We have analysed more samples by RT-qPCR and further analysed RNASeq data from NFKB2
KI organoids, which provided with more insights into the different levels where NFKB2 may
play a role. Specifically, we now show the effect of NFKB2 mutation on hypothalamic growth
factors and pituitary progenitor differentiation (figure 10), different stages of corticotroph
maturation (figure 11) and effects on PROP1/POU1F1-dependent lineages (figure 12). We
confronted our results to publicly available ChIPseq data concerning p52 transcriptional
targets (figure 13). We have now provided several additional figures derived from these
analyses, including a synthetic figure to summarize the most relevant observed effects (Fig.
14).

Reviewer #1 (Recommendations For The Authors):

In organoids, it is essential to stain for NFKB: is it the hypothalamus or the pituitary that
expresses NFKB, and if the pituitary, is it the corticotroph itself or the surrounding cells?
If immunostaining is not available, FISH or RNAscope can be used to look at expression.

Figure 7 shows stronger expression of p100/p52 in pituitary progenitors, and some
expression in the hypothalamic part of the organoid. Due to current lack of biological
material and length of experimental procedure, we could not yet determine which
differentiated cell types express p100/p52, but this is clearly something we will look at in
further experiments.

Regarding Figure 7, NFKB2 (D865G/D865G) shows no LHX3 expression already at day 48.
It would be better to look at expression including PITX1 at an earlier time point to see at
what point differentiation is impaired.
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RT-qPCR results show no statistically significant changes in PITX1 (Fc=0.58, p=0.25) or LHX3
(Fc = 0.15; p=0.22) expression at d27, although there was a tendency towards downregulation.

Is it really just a species difference that NFKB2-deficient mice do not have abnormal
pituitary function? This needs to be discussed in the manuscript.

_Nfkb2_Lym1/Lym1 mice and NFKB2 KI model have different but functionally very similar
mutations, as they both lead to an abnormal processing of p100 and a strong reduction of p52
content. In mice, these mutations are more severe than the complete absence of Nfkb2 gene
product, and they have been called “super repressors”. It is therefore surprising that no
pituitary phenotype as been observed in mice. In our opinion, this constitutes a strong
argument in favour of an inter-species difference, at least for the pathogenicity of this type of
mutations.

This point is now addressed in the Discussion

Just looking at changes in gene expression by qPCR and bulk RNA-seq does not give
enough information about localisation. We wish RNA-seq had at least been separated by
FACS first. For example, FACS can separate the anterior pituitary and hypothalamus by
EpCAM positivity/negativity (PMID: 35903276), so we would like to see gene expression in
such separated samples.

This is a pertinent suggestion. We are aware of these techniques and we hope we will be able
to include them in future studies

For Figures 2 and 6, just looking at changes in gene expression by qPCR does not provide
localisation information, so either (1) immunostaining for LHX3 and NKX2.1 should be
shown in each aggregate as in FigS3, or (2) qPCR should be performed on the FACSed
cells. (2) qPCR on FACSed cells.

PITX1, LHX3 (as confirmed by our immunofluorescence data) and HESX1 are only expressed
in non-neural tissue. TBX19 could be expressed in the hypothalamic part of the organoid, but
we observed very little immunostaining outside the outermost layers of organoids (i.e.
pituitary tissue). The antibody we used to detect corticotrophs only recognizes ACTH, and
therefore only marks pituitary cells.

In addition, pathway and gene ontology analyses should be performed.

Pathways and gene ontology have been performed. However, as organoids consist of two
different tissues, the analysis of over 4800 differentially expressed genes did not give us very
informative results, apart from an impairment of retinoic acid signalling that we are
currently investigating

Reviewer #2 (Recommendations For The Authors):

The differentiation of iPSC to organoids could be variable. The authors indicate that 200
organoids were analyzed for each line, and 3-10 organoids were analyzed per time point,
genotype, and assay. Is it clear that 100% of the organoids differentiate to produce
corticotropes? Please clarify.

In our experiments, almost 90% of organoids give rise to non-neural ectoderm, as
demonstrated by PITX1 expression. However, depending on experiments, only 60-70% of
organoids give rise to pituitary progenitors (LHX3+) and subsequently to corticotropes. This
has been clarified in the text.
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For TBX19, it seems surprising that there is an effect on PITX1 and LHX3 expression, since
TBX19 expression is normally activated after these genes are expressed. An effect of
TBX19 on EMT would also be surprising as the knockout mice do not have
dysmorphology of the stem cell niche. The only evidence for an effect is the reduced IHC
for E-cadherin. If this is an important point, the authors should examine other EMT
markers such as Zeb2. The TBX19 knockout mice appear to form corticotropes based on
the expression of NeuroD1, even though they lack TBX19 and POMC expression. It would
be reassuring to see that NeuroD1 is normally expressed in the TBX19 mutant organoids.

We agree that the effect of the TBX19 mutant on early pituitary progenitor development is
rather puzzling. In our model, TBX19 is expressed throughout the whole experiment,
although it is at very low levels in undifferentiated hiPSCs compared to peak expression (over
50-fold difference).

During the CRISPR-Cas9 gene edition, we obtained a clone with a homozygous one base
insertion at the cutting site, leading to a frameshift and a premature stop codon 48 bases
downstream. This would result in an expected protein of 163 amino acids instead of 488, but
with potentially still functional DNA-binding ability. This mutation had a similar effect on
LHX3 and PITX1 as the TBX19 KI mutation, although it was even more severe. Our most likely
explanation is that the two TBX19 mutants we generated have dominant negative effects.
Contrary to mouse, little is known about TBX19 expression in early human pituitary
development, but scRNA-seq data on human embryonic pituitaries (Zhang et al.) show low
expression in undifferentiated pituitary progenitors between 7 and 9 weeks of gestation.
Therefore, early expression of these dominant negative proteins could perturb differentiation
in the organoids. Future development of hiPSCs lines with total absence of TBX19 should help
clarify these questions.

Apart from the lack of change in ZEB2 expression in TBX19 KI (Fc = 1.15; p = 0.35), we did not
look further for changes in EMT markers in TBX19 KI. However, we added a more detailed
analysis for EMT markers expression in NFKB2 KI based on RNAseq results (see table 2).

Due to lack of material, we could not confirm NEUROD1 expression by immunostaining.
However, RT-qPCR showed there was no change in NEUROD1 expression in TBX19 KI (Fc =
0.81; p = 0.64)

NFKB2 IHC was markedly reduced in NFKB2 D865G/D865G organoids. Based on previous
experiments, the mutant protein should be expressed but not activated by proteolytic
cleavage. It is possible that the antibody has a different affinity for the mutant protein
and/or the uncleaved protein may be unstable. Can this be clarified? The mRNA for
mutant NFKB2 appears unchanged in Table 1.

This is puzzling indeed. We did not notice any change in NFKB2 from d27 to d105, and no
significant change either between WT and NFKB2 KI. Although the antibody we used
recognizes both p100 and p52, we cannot rule out the possibility that p100/p52 is degraded by
pathways other than proteasome. Another possibility is that p100 interactions with other
proteins may decrease the accessibility of the antibody to the epitope

The RNA sequencing data from the NFKB2 organoids is intriguing. It suggests that the
NFKB2 mutation may have a modest effect on Tbx19 transcription but not Neurod1. It
also suggests there are hypothalamic effects, i.e. altered expression of hypothalamic
markers in mutant organoids. Is NFKB2 expressed in the developing hypothalamus? Can
normal NEUROD1 IHC be confirmed? It is also intriguing that there may be an effect on
EMT. However, there seem to be some discrepancies in the direction of effect on these
markers. Please clarify.
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This is related to the point just above. P100/p52 is described as a ubiquitously expressed
protein. We think that it is expressed in the hypothalamic part of the organoids, but at a
lower level compared to pituitary progenitors.

As mentioned before, we could not yet confirm NEUROD1 expression by immunostaining, but
RT-qPCR clearly showed there was no change in NEUROD1 expression in TBX19 KI (Fc = 0.81;
p = 0.64) or NFKB2 KI (Fc = 0.88; p = 0.5). However, we investigated other markers of different
stages of corticotroph differentiation (see figure 11) and found that the later stages are most
affected.

Concerning the EMT, we also found changes in the expression of other markers that are
shown in Table 2 and discussed further in the text.

Cytokines have been proposed to play important roles in pituitary differentiation, i.e. IL6.
Is there any evidence for an altered cytokine or chemokine expression in the NFKB2
organoids?

We didn’t see any change in IL6 expression NFKB2 KI (Fc = 2.34; p = 0.55), but RNAseq shows
a strong increase in IL6R (Fc = 8.89; p = 2.13e-09). But at this point, the relevance of these
observations remains elusive.

Minor:

Some patients with DAVID syndrome have pituitary hypoplasia. The authors measure
organoid size and find no differences based on genotype. However, each organoid
probably has a variable amount of tissue differentiated to pituitary and hypothalamic
fates, therefore, the volume of the whole organoid may not be a good proxy for the
amount of pituitary tissue.

We are aware of this issue. However, for most pituitary genes measured by RT-qPCR (PITX1,
LHX3, TBX19), the deltaCt values did not drastically vary for a given time point/genotype,
suggesting a stable pituitary/hypothalamic ratio.

Figure 9 shows whole transcriptome data for the NFKB2 organoids, and Table 1 lists the
data for selected genes. There appears to be disagreement between the significance cut-
offs used in the figure and the table. Please adjust.

We removed the fold-change cut-offs to improve clarity

elife120868_0_supp_2945725_rxl2z4. "haft" appears several times, but it should be "half".
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