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In brief

Th2 cells orchestrate type 2 immune
responses by producing specific
cytokines, but the mechanism underlying
their regulation is not fully understood.
Ferreira et al. discover that the
neuroprotective protein ADNP is required
for effective IL-13 production by Th2 cells
and is indispensable for immune
reactions to allergens.
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SUMMARY

Type 2 immune responses are critical in tissue homeostasis, anti-helminth immunity, and allergy. T helper 2
(Th2) cells produce interleukin-4 (IL-4), IL-5, and I1L-13 from the type 2 gene cluster under regulation by tran-
scription factors (TFs) including GATA3. To better understand transcriptional regulation of Th2 cell differen-
tiation, we performed CRISPR-Cas9 screens targeting 1,131 TFs. We discovered that activity-dependent
neuroprotector homeobox protein (ADNP) was indispensable for immune reactions to allergen. Mechanisti-
cally, ADNP performed a previously unappreciated role in gene activation, forming a critical bridge in the tran-
sition from pioneer TFs to chromatin remodeling by recruiting the helicase CHD4 and ATPase BRG1.
Although GATA3 and AP-1 bound the type 2 cytokine locus in the absence of ADNP, they were unable to
initiate histone acetylation or DNA accessibility, resulting in highly impaired type 2 cytokine expression.
Our results demonstrate an important role for ADNP in promoting immune cell specialization.

INTRODUCTION

To perform their roles, T lymphocytes and innate lymphoid cells
(ILCs) must be able to differentiate in response to external stimuli
to initiate specialized protective immune responses. For
example, T cells and ILCs express interferon-y promote so-
called type 1 defenses against bacteria, viruses, and cancer,
whereas fungi induce type 3 immunity.” Type 2 immune re-
sponses are critical for tissue homeostasis, tissue repair, and
protection of the host from infections such as parasitic hel-
minths.>™ However, inappropriate type 2 immunity can lead to
asthma and allergy.>® The key cellular orchestrators of these re-
sponses are ILC2s and adaptive T helper 2 (Th2) cells, which pro-
duce the secreted type 2 effector cytokines interleukin-4 (IL-4),
IL-5, and IL-13.?"° These cytokines act as messengers to induce
the widespread activation of immune effector cells such as eo-
sinophils, mucus-producing goblet cells, B cells, T cells, and
macrophages.” Consequently, the precise regulation of type 2
lymphocytes and ILs is critical in health and disease.®

The type 2 cytokine gene locus comprises a region of ~150 kb
on mouse chromosome 11 (and human chromosome 5), which
harbors the //4, II5, and //13 gene cluster, encoding IL-4, IL-5,
and IL-13. During Th2 cell differentiation, this locus undergoes
extensive chromatin remodeling and architectural reorganiza-
tion.®'° The pioneer transcription factor (TF) GATA3 is the “mas-
ter regulator” of Th2 cell differentiation and type 2 IL expres-
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sion'" and acts synergistically with other pioneer TFs such as
the activator protein 1 (AP-1) factors JUNB and BATF,'>"® and
TFs from the NF-«kB and NFAT families.'* By binding gene regu-
latory regions, these factors promote the recruitment of histone-
modifying enzymes (e.g., histone acetyl transferases [HATs]) and
chromatin remodeling complexes, which reshape the local chro-
matin landscape.'®™'” These processes increase chromatin
accessibility for the recruitment of additional factors and pro-
mote transcription. Indeed, components of the ATPase-depen-
dent BAF (BRG/BRM associated factor, mSWI/SNF) chromatin
remodeling complex, for example, Brahma-related gene-1
(BRG1, encoded by Smarca4), play key roles in Th2 cell differen-
tiation and type 2 cytokine production.’® Contributing to this
activated Th2 cell phenotype, regulators of genome architecture
and long-range chromosome interactions also play roles in Th2
cell differentiation.®'® The DNA-binding protein CCCTC-binding
factor (CTCF) which insulates topologically associated domains
(TADs), and cooperates with the cohesin complex to form chro-
matin loops to bring together enhancers and/or silencers to
regulate gene expression, is known to be required for type 2
cytokine expression.?® Further, the TF Ying Yang (YY1) was
found to bind multiple regions in the type 2 cytokine locus before
the recruitment of GATAS, to which it associates physically and
induce DNA loop formation.?"

Despite our knowledge that GATAS3 is necessary for type
2 cytokine expression,”“? in combination with TFs such as
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NF-kB, AP-1 and NFAT, and chromatin modifiers, we lack insight
into how these transitions are coordinated and maintained in a
Th2-cell-specific manner. To address this question, we per-
formed a CRISPR-Cas9 screen in differentiating Th2 cells to
identify factors that selectively regulated type 2 cytokine gene
expression. This approach identified a mechanism by which ac-
tivity-dependent neuroprotector homeobox protein (ADNP) has
a critical role in promoting the Th2 cell phenotype.

RESULTS

Identification of ADNP as a regulator of IL-13 expression
by Th2 cells

To identify additional regulators of //73 gene expression in mouse
Th2 cells from IL-13-reporter mice (Rosa26Cas9ECGFPj1 gtdTomatoy
we undertook an unbiased retrovirus-mediated CRISPR-Cas9
screening approach using a sgRNA library targeting 1,131 TFs.
Naive primary splenic CD4" T cells were retrovirally transduced
and differentiated into Th2 cells by initiating T cell receptor and
IL-4 signaling pathways.?® After 3 days in the CRISPR culture
conditions, transduced cells were sorted by IL-13Tom expres-
sion (BFP*IL-13Tom* and BFP*IL-13Tom™) and purified for
next-generation sequencing (NGS) of integrated sgRNA inserts.
Consistent with the known roles of GATA3 and STAT6 in Th2 cell
differentiation, sgRNAs targeting Gata3 and Stat6 were highly
enriched in IL-13Tom™ populations (Figure 1A; Table S1) as
were Yy1, Nfkb1, Junb, and Batf. Notably, Adnp was identified
as a previously unappreciated candidate for the regulation of
IL-13 expression (Figure 1A).

There is little-to-no characterization of ADNP in the context of
immune cells. Deletion of the Adnp in mice leads to compro-
mised brain formation and embryonic lethality,* and mutations
in ADNP underlie the complex neurological and developmental
disorder ADNP syndrome (Helsmoortel-Van der Aa autism syn-
drome, ADNP-related disorder).?>*® ADNP is reported to be ex-
pressed ubiquitously and have pleiotropic roles including repres-
sive functions during embryonic cell (EC) development.?’2° We
found that Adnp gene and protein expression were equivalent in
naive T, Th1, and Th2 cells (Figures 1B and 1C). ADNP contains 9
zinc-finger domains and a C-terminal homeobox domain medi-
ating DNA binding, and an 8 amino acid neuroprotective peptide
called NAP (NAPVSIPQ) which mediates neuroprotection when
secreted.>® However, treatment with NAP had no effect on Th2
cell differentiation (Figure 1D).

To confirm ADNP as a regulator of IL-13 expression in Th2
cells we used sgRNAs to individually genetically ablate Adnp
in vitro, compared with non-targeting and Gata3 sgRNAs.
Adnp disruption reduced the number of IL-13" cells by approxi-
mately 50% (Figures 1E and 1F). We next performed bulk RNA-
seq to compare gene expression in cultured Th2 cells following
Adnp deletion as compared with non-deleted cells. Targeting
Adnp resulted in the downregulation of 190 genes (including
Maf, ll4, and FIt3l) and upregulation of 117 genes (Figure 1G;
Table S2). Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analysis indicated that the differentially expressed
genes (DEGs) downregulated in the absence of ADNP were
associated with “Asthma” pathways, which correlates with the
roles of IL-13 and Th2 cells in allergic asthma (Figure 1H). Impor-
tantly, the effect of targeting Adnp was independent of GATA3
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expression, which was essential for IL-13 production (Figure 1l).
Additionally, the expression of Mki67 indicated that the prolifer-
ation of ADNP-deficient Th2 cells was not perturbed (Figure 1J).
Thus, ADNP represents a previously unappreciated regulator of
immune gene activation.

ADNP-deficient mice have reduced antigen-specific Th2
cell responses

To investigate the potential impact of ADNP in primary cells and
Th2 cell responses in vivo, we established Adnp™" mice inter-
crossed with Cd4°™ mice in which ADNP was deleted preferen-
tially in T cells (Cd4°Adnp™™ mice, Figures S1A and S1B). To
induce robust type 2-cell-mediated allergic immune responses
in the lungs of these mice, we primed and re-challenged animals
intranasally with the protease-allergen papain.®’** The 2W1S
peptide immunogen was co-administered with papain to track
antigen-specific CD4* T cells using the 2W1S:I-Ab MHCII
tetramer®® (Figures 2A, S1C, and S1D). We found that although
the total numbers of Th effector cells (viable CD45*CD3*
CD4*CD44" cells) were unchanged (Figure 2B), there was a
reduction in IL-13 and IL-5 expression by total T effector cells
and 2W1S peptide-specific T cells in the Cd4°®Adnp™" mice
as compared with controls in the lung (Figures 2C and 2D). In
contrast, we observed no changes in IFN-y* or IL-17* cells (Fig-
ure 2E). Numbers of IL-4* Th effector cells in the lung and in the
mediastinal lymph nodes (medLNs) were not impacted by ADNP
deletion, though they were relatively rare (Figure S2A). The
compromised IL-13 and IL-5 production was not associated
with changes in GATA3 expression (Figure 2F). Total numbers
of NK cells, B cells, natural killer T (NKT) cells, regulatory T (T
reg) cells, CD4* naive T cells and CD4* Th cells were not altered
at homeostasis or after antigen challenge in the lungs from
Cd4°Adnp™™ mice (Figures S2B and S2C). However, we
observed a reduction in lung CD8" T cells (Figure S2D). We
analyzed the thymus of Cd4°"Adnp™" mice to determine if there
was a defect in the genesis of CD8" T cells. We found compara-
ble numbers of CD4 single-positive (SP) and CD8 SP cells (Fig-
ure S2E), but an increased number of CD4/CD8 double-positive
(DP) cells and a decrease in NKT cells (Figures S2E and S2F).
These results suggested that ADNP may play unappreciated
roles at specific stages of lymphocyte development from DP to
NKT cells, but not from DP to SP CD4 and CD8 cells. By perform-
ing combined adoptive transfer of equal numbers of
Cd4°®Adnp™™ (CD45.2) and control bone marrow cells
(CD45.1) into lethally irradiated recipient mice (expressing both
CD45.1and CD45.2), we assessed the T cell-intrinsic versus
extrinsic effects of ADNP deficiency (Figure S2G). Reconstitution
was equivalent (Figures S2H and S2l). Co-reconstitution with
wild-type T cells was sufficient to reverse the CD8" T cell deficit
observed above, indicating that it was not intrinsic to
Cd4°Adnp™ T cells (Figure S2J). By contrast, the defects in
IL-13, IL-5, and IL-4-producing Th effector cells were intrinsic
to the Cd4°*Adnp™™ cells as they were not reversed by the pres-
ence of wild-type T cells (Figure S2K).

In the lungs of Cd4°®Adnp™" mice, we did not detect major re-
ductions in M2 macrophages or eosinophils that are dependent
on IL-13 and IL-5, respectively, but did observe reduced argi-
nase 1 (Arg1) expression by CD11b* dendritic cells (DCs) (Fig-
ure 2G) and a reduction in serum IgE, which are dependent on
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Figure 1. Identification of ADNP as a regulator of IL-13 expression by Th2 cells
(A) Volcano plot showing positive regulators of Th2 cell differentiation (blue). Data are pooled from 2 independent screens.
(B) Adnp gene expression (from RNA-seq analysis) in naive T cells, Th1, and Th2 cells. Mean + SD.
(C) Detection of ADNP (150 kDa) and GAPDH (36 kDa) proteins in T cell lysates.

(D) Flow cytometric analysis of cytokine expression by Th2 cells cultured in the presence of vehicle (PBS) or NAP. Data are representative of 2 independent
experiments; unpaired two-sided t test; not significant (ns).
(E) Representative flow cytometry gating strategy for the analysis of IL-13Tom expression by Th2 cells transduced with sgRNAs.
(F) Flow cytometric analysis of IL-13Tom expression by Th2 cells transduced with sgRNAs. NT, non-targeting. Mean + SD.

(G) Volcano plot showing RNA sequencing analysis of Adnp sgRNA-targeted versus non-targeted Th2 cells.
(H) KEGG pathway analysis of genes in Adnp sgRNA-targeted versus non-targeted Th2 cells. All shown pathways were enriched (p < 0.05).

(land J) () Gata3 and (J) Mik67 gene expression (from RNA-seq analysis) in Adnp sgRNA-targeted and non-targeted cells. Mean + SD; unpaired two-sided t test;
not significant (ns).
See also Tables S1 and S2.
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IL-13 and IL-4 (Figure 2H). We speculated whether the residual
type 2 immunity observed could result from the partial functional
redundancy between Th2 cells and ILC2s, with ILC2 acting as
additional ADNP-dependent sources of type 2 cytokine produc-
tion in Cd4°Adnp™" mice (Figure S2L). Therefore, we inter-
crossed Adnp™™ mice with /i7ra®® mice (I17ra®"®Adnp™" mice)
to delete ADNP in all ymphocytes. These mice were challenged
as above with papain and 2W1S peptide. In //7ra®Adnp™™ mice
very few effector Th and 2W1S peptide-specific T cells or ILC2
expressed IL-13 or IL-5 (Figures 2| and S2M). Deletion of Adnp
in all ymphocytes resulted in a notable reduction in B cells and
NK cells (Figure S2N), and a modest decrease in CD4* and
CD8" T cells (Figure S20), further suggesting that ADNP may
have additional roles in lymphocyte development or proliferation.
Allied to the impairment in lymphocyte-derived type 2 cytokine
production in /I7ra®®Adnp™" mice, we observed reduced M2-
like macrophage polarization (Figure 2J) and eosinophilia (Fig-
ure 2K). In addition, ADNP-deficient mice presented notable re-
ductions in CD11b* and Arg1*CD11b* DC recruitment and lower
expression of Arg1 (Figure 2L), indicative of inefficient type 2
cytokine stimulation. Together, these results confirm a critical
role for ADNP in Th2 cell polarization and ILC2 type 2 cytokine
expression and type 2 immunity. Indeed, deletion of Adnp in all
lymphocytes almost totally abrogated the type 2 immune
response to lung allergen.

To better understand how ADNP modulates Th2 cell re-
sponses to allergen we performed single-cell RNA sequencing
(scRNA-seq) analysis of naive CD4*CD44 CD62L*CD25~
T cells and CD4*CD44*CD62L"ST2* effector T cells purified
from the lungs of papain-challenged Cd4°™ and Cd4°Adnp™™
mice (Figure 2A). The cells formed 5 distinct clusters in both con-
trol and ADNP-deficient mice (Figure 3A). Cells in cluster 1 ex-
pressed genes characteristic of naive T cells, e.g., CD62L (en-
coded by Sell) while lacking expression of Cd44 (Figures 3B
and S3A). Cluster 2 was characterized by the expression of
Th2-cell-associated genes, including //13, Gata3, and /l1rl1 (en-
coding ST2) (Figures 3B and S3A). Cluster 3 represented a minor
population expressing //17a and /18r1, typical Th17 cell-associ-
ated genes (and were probably purified due to background anti-
ST2 antibody staining) (Figures 3B and S3A). Cells in cluster 4 ex-
pressed Foxp3, characteristic of Treg cells (Figures 3B and S3A).
Cluster 5 was composed of mitotic cells characterized by
expression of genes associated with cell proliferation and cell
cycle regulation (Mki67, Birc5, and Ccna2) (Figure S3B) and
was removed from further analysis for simplification.

Comparison of control naive T cells with ADNP-deficient naive
T cells indicated only four DEGs (Figure 3C). The only downregu-
lated gene was Igfbp4, which is associated with inhibition of cell

Immunity

proliferation and the stimulation of apoptosis but does not alter
lymphocyte development.>* The absence of ADNP resulted in
very few DEG in Treg or Th17 cells (Figure S3C). However,
Hopx and HIf gene expression was notable in all the Th cell pop-
ulations analyzed, but not in naive T cells (Figures 3C, 3D, and
S3C). Hopx is expressed in T cells where it can regulate IL-2
expression,®>*® which can promote T cell proliferation. Hif has
not been associated with T cell function. Comparing the DEG
from control and ADNP-deficient Th2 cells demonstrated that
1113 expression was reduced in the absence of ADNP
(Figures 3D-3G) indicating that ADNP is required for the expres-
sion of //713 following the differentiation of naive T cells. /l4 and //5
expression was not dysregulated, though cell numbers were
small (Figures 3D, 3F, and 3G). Furthermore, the scRNA-seq
data also confirmed previous reports®’ = that the expression
of the 1113, Il4, and /5 are not always synchronized, with individ-
ual cells expressing one, two, or all these cytokines (Figures 3G
and 3H). Additionally, //73 expression was more associated with
Gata3 and //1rl1 expression (Figure 3G), and this association was
reduced in the absence of ADNP (Figure 3G). We also confirmed
that Gata3 expression was not affected by ADNP deletion
(Figures 3F and 3G). Other type 2 cytokines such as GM-CSF
(encoded by Csf2) and Areg, were not impacted by ADNP defi-
ciency or were not sufficiently expressed to allow detection by
scRNA-seq analysis (Figure 3F). I/70 was one of the upregulated
genes in Cd4°Adnp™" Th2 cells but was only detected in a few
cells (Figure 3F). In contrast to what we observed in vitro, Maf
expression was not reduced in ADNP-deficient Th2 cells
(Figure 3F).

These data indicate that ADNP is required for //13 expression
following the differentiation of naive T cells, even in the context of
normal GATA3 expression.

ADNP is associated with genes involved in lymphocyte
differentiation

We next sought to identify the mechanism by which ADNP reg-
ulates IL-13 production and Th2 cell polarization. Studying ES
cell differentiation, Buhler and colleagues reported that the
CHD4, ADNP, HP1+y complex (called ChAHP) impairs chromatin
accessibility around its DNA-binding site preventing access to
transcriptional activators,”® in part by competing for CTCF sites
and thus modifying TADs.?” %% Further, an ADNP complex with
the chromatin remodeling regulators CHD4 and BRG1 is known
to repress gene expression in mouse ES cells.?”*’

We therefore sought to define the molecular interactions of
ADNP in naive T cells and in-vitro-differentiated Th2 cells using
chromatin immunoprecipitation followed by sequencing (ChIP-
seq). The in-vitro-differentiated Cd4°"Adnp™" Th2 cells showed

Figure 2. ADNP-deficient mice have reduced antigen-specific Th2 cell responses

(A) Schematic of the experimental induction of type 2 inflammation in the mouse lung with papain and 2W1S peptide.

(B-H) Flow cytometric analysis of lung (B) total Th effector cells, (C) total and 2W1S-tetramer-specific IL-13-producing Th effector cells, (D) total and 2W1S-
tetramer-specific IL-5-producing Th effector cells, (E) total IFN-y and IL-17A-producing Th effector cells, (F) GATA3 expression in Th2 cells, (G) Arg1 expression in
Arg1*CD11b* dendritic cells (DCs), and (H) serum IgE quantified by ELISA. Data are representative of 2 independent experiments; mean + SD; one-way ANOVA
with Tukey’s post-hoc test. **p < 0.001, **p < 0.01, *p < 0.05, not significant (ns).

(I-L) Flow cytometric analysis of lung (1) total and 2W1S-tetramer-specific IL-13-producing Th effector cells and total IL-5-producing Th effector cells, (J) total M2
macrophage and Arg1 expression in M2 macrophage, (K) total bronchoalveolar eosinophils, (L) total CD11b* and Arg1*CD11b* DCs and Arg1 expression in
Arg1*CD11b* DCs. Data are representative of 2 independent experiments; mean + SD; one-way ANOVA with Tukey’s post-hoc test. ***p < 0.0001,

**p < 0.01, *p < 0.05.
See also Figures S1 and S2.
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reduced IL-13 expression (Figures S4A and S4B), similar toin vivo
Th2 cells (Figure 2C). However, no change was observed in IL-5
expression in in-vitro-differentiated cells (in contrast to in vivo)
(Figures S4A and S4B). IFN-y expression by Th1 cells was also
unaffected, and we observed no deficit in T cell proliferation as
assessed by expression of Ki67 or the activation marker CD25
(Figure S4B). To validate the assay, we performed ChlP-seq us-
ing ADNP-deficient Cd4°™Adnp™™ Th2 cells to establish assay
background (Figure 4A). As in ES cells,”® around 60% of
ADNP-binding sites in Th2 cells were associated with protein-
coding genes and almost 20% were located at promoters (Fig-
ure 4B). Analysis of enriched KEGG pathways revealed that
ADNP target genes included those associated with Th2 cell dif-
ferentiation, JAK-STAT, and T cell receptor signaling, and
asthma-related pathways (Figure 4C; Tables S3 and S4). Only
20% of ADNP-binding sites in Th2 cells were already occupied
by ADNP in naive T cells, indicating the dynamic regulation of
ADNP binding during Th2 cell differentiation (Figure 4D). By
comparing ADNP binding in naive T cells and Th2 cells, we
observed that those sites newly occupied by ADNP in differenti-
ated T cells were enriched for “Th1 and Th2 cell differentiation”
pathways including the genes encoding IL-4, IL-13, and cMaf
(Figure 4E), whereas those originally present in the naive cells
were not (Figure S4C).

Motif enrichment analysis of ADNP-associated peaks from
naive T cells identified the CTCF and ETS motifs, whereas
ADNP was associated with CTCF and AP-1 sites in Th2 cells
(Figure 4F). This raised the possibility that in some locations
ADNP might bind directly to sites in the vicinity of AP-1 sites,
or directly to the AP-1 motif, or that it may associate with other
proteins, such as AP-1 factors to interact with chromatin indi-
rectly or in combination. Notably, we had identified the Junb
and Batf genes, which encode the AP-1 factors JUNB and
BATF, in our CRISPR-Cas9 screen (Figure 1A). The association
of ADNP with CTCF motifs was confirmed using anti-CTCF
ChlIP-seq, with around 40% of ADNP-binding sites overlapping
with CTCF binding (Figure 4G), similar to previously published
ES cell data.”® However, in Th2 cells in contrast to ES cells,
ADNP and CTCF did not appear to compete for the CTCF-bind-
ing sites, since CTCF binding was not affected by the absence of
ADNP (Figures 4H and 4l). Moreover, the ADNP peaks identified
in the naive T cells showed a greater association with CTCF than
the ADNP peaks identified in the Th2 cells (Figure S4D). This sug-
gested that an alternative mechanism may underlie ADNP-medi-
ated gene regulation in Th2 cells.

At the Th2 cell cytokine locus, confirming previous reports, we
found that CTCF bound predominantly to CTCF-binding sites
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(CBSs) 1, CBS3, CBS6, and CBS72° (Figure 4J). Super-imposi-
tion with ADNP binding showed that ADNP colocalized with
CTCF at CBS1, CBS6, and CBS7 (Figure 4J), and that ADNP
was already present at these locations in naive T cells. However,
we did not observe that the deletion of ADNP influenced CTCF
binding at these loci either (Figure 4J). Unexpectedly, we
observed that ADNP bound to the //13 (purple rectangle) and
14 (magenta rectangle) promoter regions. ADNP was recruited
to these locations during Th2 cell differentiation and was not pre-
sentin naive T cells (Figure 4J). These regions contain predicted
CTCF-binding motifs, which were not bound by CTCF in T cells,
providing a platform for ADNP interaction (Figure 4K). The /I5 pro-
moter region was not bound by ADNP (Figure 4J).

Together, these results demonstrate that under Th2 cell differ-
entiation conditions ADNP binds to the type 2 cytokine locus in a
region known to regulate //73 gene expression, which includes
CTCF and AP-1 motifs.

ADNP associates with chromatin remodeling factors

and AP-1 factors in Th2 cells

Next, to investigate possible ADNP-binding partners in Th2 cells,
we performed anti-ADNP immunoprecipitation followed by mass
spectrometry (MS) analysis. We identified 457 proteins as
compared with isotype control (Table S5). STRING protein inter-
action analysis (https://string-db.org/) showed the complexity of
ADNP interactions in Th2 cells with 3 major clusters: cluster 1
chromatin-binding (GO:0003682) and TF-binding (GO:0008134)
factors; cluster 2, RNA binding (GO:0003723), and cluster 3,
mRNA binding molecular functions (GO:0003729) (Figure 5A).
We focused on cluster 1 which contains ADNP and can be sub-
divided into 3 subclusters (Figure 5B). Cluster 1.1 includes
ADNP, histones, and components of the chromatin remodeling
complexes (NuRD, SWI/SNF, and ChAHP complexes), for
example, CHD4, HP1y (CBX3), and BRG1 (SMARCA4), which
associate with ADNP in ESC.?®?° CTCF and cohesins were
also present in this cluster. Gene ontology analysis indicated
enrichment of chromosome organization (GO:0051276), chro-
matin organization (GO:0006325), regulation of gene expression
(GO:0010468), and histone modification (GO:0016570) biolog-
ical processes. Of note, cluster 1.2 contained the AP-1 TF
JUNB suggesting an association with ADNP (Figure 5B).

We performed co-immunoprecipitation (colP) experiments to
verify ADNP interaction partners. We confirmed that endoge-
nous ADNP co-immunoprecipitated with CHD4 and BRG1 (Fig-
ure 5C). Anti-BRG1 immunoprecipitation also pulled down
ADNP and CHD4 (Figure S5A). Although ADNP did not directly
co-precipitate JUNB (Figure S5B), it did co-precipitate BATF

Figure 3. Single-cell gene expression analysis confirms the importance of ADNP for IL-13 expression
(A) UMAP plot of single-cell gene expression analysis of naive CD4*CD44~CD62L*CD25™ T cells and CD4*CD44+*CD62L~ST2* effector T cells purified from the

lungs of papain-challenged Cd4°™ and Cd4°Adnp™™ mice.

(B) UMAP plot with expression (log, expression) of indicated genes per individual cell.
(C and D) Volcano plot comparing genes from naive T cells (cluster 1) (C) and Th2 cells (cluster 2) (D) from Cd4°™ and Cd4°™Adnp™" (KO) mice.

(E) UMAP plot with expression (log, expression) of //13 per individual cell.

(F) Violin plots with expression (log, expression) of indicated genes. Rectangle, solid line, and dashed line represent the interquartile range, the median and the

mean, respectively.

(G) Heatmap showing the expression of indicated genes in cells from cluster 2 from Cd4°™ (left) and Cd4°Adnp™" (right) mice. Columns represent cluster 2

individual cells and rows represent the different genes.

(H) UMAP plot showing cluster 2. Cells are colored by their cytokine expression pattern as shown, with number of cells indicated in parentheses.

See also Figure S3.
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(Figure 5C), which binds to JUNB to form a dimeric AP-1 TF.
Further, endogenous BATF pulled down ADNP, BRG1, and
JUNB (Figure S5C). These data demonstrate that ADNP can
interact with CHD4 and BRG1 as well as the pioneer TF AP-1,
composed of JUNB and BATF. Both BATF and JUNB are known
to be important for Th2 cell differentiation and regulation of the
Th2 cytokine locus.'>*?

ADNP is required for efficient recruitment of CHD4 and
BRG1 to the Th2 cytokine locus
Given the interaction of ADNP with CHD4, BRG1, and BATF, we
performed ChIP-seq to investigate their localization within the
Th2 locus. As indicated by anti-ADNP ChlIP-seq analysis,
ADNP binds upstream of the //713 promoter in a region harboring
one AP-1 motif followed by a GATA3 motif'>** and five predicted
CTCF motifs (Figure 6A). Using anti-GATA3 ChlIP-seq, we
confirmed that this region aligns with the conserved GATA3
response element (CGRE) (Figure 6B), which has been postu-
lated to regulate Th2 cell cytokine production via GATA3 bind-
ing.*® We determined that GATA3 binding at the CGRE preceded
ADNP binding, since GATAS3 was present at this location in naive
T cells, before ADNP recruitment (Figures 4J and S6A). We
observed a modest increase of GATAS binding in the CGRE re-
gion and across the genome of ADNP-deficient Th2 cells
(Figures 6B and 6C), which may arise from the ADNP-deficient
Th effector cells becoming arrested and unable to progress
beyond the GATA3-binding stage. Anti-JUNB and anti-BATF
ChlP-seq indicated that JUNB and BATF binding also occurred
independently of ADNP (Figures 6D and 6E), suggesting that
they, similar to GATA3, can access and bind DNA before or
without prior binding of ADNP. However, although ADNP co-
precipitated with BATF (and BATF co-precipitated JUNB), it is
currently unclear whether this AP-1 complex binds to the AP-1
site present in the CGRE where AP-1 enrichment was only
modest (Figure 6E).'2

Anti-BRG1 and anti-CHD4 ChIP-seq demonstrated that these
chromatin remodeling proteins also colocalized with ADNP bind-
ing at the CGRE (Figure 6B), with ~20% of ADNP-binding sites in
Th2 cells coincident with BRG1 and CHD4 binding (Figure 6F),
but not HP1y binding (described as a repressor in the ChAHP
complex in ES cells®®) (Figure S6B). In the absence of ADNP,
we observed a strong reduction in the binding of CHD4 and
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BRG1 to the CGRE, and at other ADNP-binding regions across
the genome (Figure 6G), indicating a critical role for ADNP in re-
cruiting these chromatin modifiers. ADNP also colocalizes with
GATA3, BRG1, and CHD4 at the //4 promoter region where there
was a reduction in BRG1 and CHD4 binding in ADNP-deficient
cells (Figure 6B).

These data demonstrate that ADNP is not required for the
binding of the pioneer factors GATA3 and AP-1 to the Th2 locus
but is necessary for recruitment of BRG1 and CHD4 to
chromatin.

The absence of ADNP at the I/13 promoter reduces local
H3K27 acetylation and DNA accessibility
Next, we investigated how ADNP, with CHD4 and BRG1, altered
gene expression. We found using assay for transposase-acces-
sible chromatin sequencing (ATAC-seq) assays that without
ADNP full accessibility to the //713 locus was not initiated (Fig-
ure 7A). To investigate this defect in accessibility, we assessed
the acetylation status of the /73 locus in the presence and
absence of ADNP. Histone H3 lysine 27 acetylation (H3K27ac)
is known to shape active promoters and enhancers by opening
chromatin, thereby allowing the transcriptional machinery to
assemble.***° Indeed, the /73 locus in Th2 cells was marked
by H3K27ac (Figure 7A, purple rectangle). We found that the
absence of ADNP led to a profound localized deficit in H3K27
acetylation at the /73 locus (Figure 7A, purple rectangle). Since
CHD4 is important for the recruitment of the HAT P300 to the
Th2 cytokine locus, including to the CGRE,*® we assessed the
relationship of P300 with ADNP and found that P300 also asso-
ciated with ADNP in Th2 cells (Figure 7B). Although we identified
co-localization of ADNP, GATA3, BRG1, and CHD4 at the //4 pro-
moter, similar to the //73 promoter, we did not observe a pro-
nounced or reproducible change in gene accessibility or
H3K27 acetylation at this locus in the absence of ADNP (Fig-
ure 7B). As the proportion of Th2 cells that express IL-4 is rela-
tively small when compared with IL-13-expressing cells
(Figures 3F-3H and S2A), it is likely that these IL-4-positive cells
become diluted within whole-population analysis such as ATAC-
seq and ChlP-seq, making it difficult to determine the modula-
tion of this locus.

The co-localization of ADNP-CHD4-BRG1 was highly associ-
ated with H3K27ac regions (Figure 7C). As expected, regions

Figure 4. ADNP is associated with genes involved in lymphocyte differentiation

(A) Average ChIP-seq signal over all ADNP peaks in Th2 cells. Data are representative of 3 biological replicates.

(B) Pie chart displaying distribution of 7,291 ADNP peaks across genomic features. Promoter includes peaks between 1-kb upstream and 1-kb downstream of the
transcription start site (TSS). Downstream includes peaks up to 1-kb downstream transcription termination site (TTS).

(C) KEGG pathway analysis of the genes associated to ADNP peaks. All pathways shown were enriched (p < 0.05).

(D) Venn diagram showing the overlap between ADNP ChiP-seq peaks in Th2 and naive T cells. Peak list was generated using two biological replicates.

(E) KEGG pathway analysis of the genes associated with ADNP gained peaks (peaks present in Th2 cells but not in naive T cells). All pathways shown were

enriched (p < 0.05).

(F) Top two enriched motifs of ADNP peaks in naive T cells and Th2 cells. Enrichment was assessed using a one-sided cumulative binomial distribution in HOMER.
(G) Venn diagram showing the overlap between ADNP and CTCF ChIP-seq peaks in Th2 cells. Peak list was generated using two biological replicates.
(H) Representative binding profiles of ADNP in wild-type naive T cells and Cd4°™ Th2 cells and CTCF in Cd4°™ or Cd4°"®Adnp™" Th2 cells at the Runx3 locus.

Data are representative of 3 biological replicates.

() Average ChlP-seq signal over all CTCF peaks in Cd4°" or C¢:!4°reAdnp"/ﬂ Th2 cells. Data are representative of 2 biological replicates.

(J) Representative binding profiles of ADNP in wild-type naive T cells and Cd4°™ Th2 cells; and CTCF in Cd4°™ or Cd4°"Adnp™" Th2 cells at the type 2 cytokine
locus. Black arrows indicate CTCF-binding sites (CBSs). Data are representative of 3 biological replicates.

(K) Predicted CTCF motifs within the ADNP ChIP-seq peaks at the //4 and //13 promoter regions (magenta and purple rectangles in J). Prediction was performed

using Jaspar transcription factor database.
See also Figure S4 and Tables S3 and S4.
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where H3K27 acetylation was reduced in ADNP-deficient Th2
cells displayed a reduction in DNA accessibility (Figure 7D).
Pathway enrichment analyses of the genes associated with
those regions revealed Th cell differentiation, JAK-STAT, and
asthma, among the enriched pathways (Figure 7E). Comparing
those genes with the genes associated to ADNP-CHD4-BRG1
peaks, we found 228 genes that were present in both lists
(Table S6), and 8 of those were related to the Th1 and Th2 cell
differentiation pathway. In addition to the /73 locus, the /l4ra
and Maf loci also feature convergent binding of the chromatin
modifiers and a coincident reduction in H3K27 acetylation in
ADNP-deficient Th2 cells (Figure 7F). Notably, the Maf and
ll4ra genes play key roles in Th2 differentiation.*”~*°

These results support a key role for ADNP in focusing Th2
gene expression patterns to potentiate Th2 cell differentiation
and activate type 2 cytokine production, acting as a critical
component in the recruitment of chromatin remodeling proteins
CHD4, BRG1, and P300.

DISCUSSION

Our CRISPR-Cas9 screen identified ADNP as a factor, which has
not been characterized previously in immune cells, as well as
several TFs already known to play roles in Th2 cell differentiation
and type 2 cytokine production. Conditional deletion of ADNP
from T cells, or all lymphocytes, revealed that ADNP was
required for efficient type 2 immune responses to allergic chal-
lenge and also in lymphocyte development. Mechanistically,
ADNP bound to unoccupied CTCF motifs within the CGRE of
the type 2 cytokine locus upstream of the //73 coding region
and was critical for localized histone acetylation and gene acces-
sibility, leading to IL-13 expression. ADNP performs this function
by recruiting a complex of chromatin remodeling factors
including BRG1, CHD4, and P300 to gene regulatory regions.
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Figure 5. ADNP associates with chromatin
remodeling factors and AP-1 factors in Th2
cells
(A) STRING analysis of the 457 proteins immuno-
precipitated with anti-ADNP from Th2 cells and
identified by mass spectrometry. Connecting lines
between proteins denote the confidence of the in-
teractions (line thickness indicates the strength of
data support). K means clustering was performed
to identify three clusters represented by individual
colors. Co-expression and co-occurrence were
AT—A_Dnajc2 removed from active interaction sources.

i (B) STRING analysis of cluster 1 in (A).
(C) Protein associations confirmed by co-immu-
noprecipitation experiments. Detection of BRG1

s~ (181 kDa), CHD4 (226 kDa), and BATF (14 kDa)
G proteins in immunocomplexes generated with Th2
cell nuclear lysate co-immunoprecipitated with
anti-ADNP antibody.
INP, input nuclear extract; SN, supernatant; IP,
immunoprecipitation elution. Data are representa-
tive of 2 independent experiments. IB refers to
immunoblotting antibody.
See also Figure S5 and Table S5.
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The situation at the //4 and /I5 loci appears to be more com-
plex. At the /4 locus ADNP colocalizes with GATA3, BRG1,
and CHD4 indicating that an ADNP-dependent mechanism
may be directly involved in //4 regulation and in vitro Th2 cell dif-
ferentiation assays indicated a reliance upon ADNP for //4
expression, which was shown to be T cell intrinsic in the context
of in vivo bone marrow transfer and antigen challenge. However,
we observed inconsistency in ADNP-dependent IL-4 expression
in some in vivo experiments, potentially due to the relatively small
numbers of IL-4-positive cells. By contrast, we could not identify
direct ADNP binding at the //5 locus, despite the expression of
IL-5 being impaired in a Th2 cell-intrinsic ADNP-dependent
manner following allergen challenge. This suggests that //5
gene regulation may not be due to direct ADNP binding to the
15 gene, but that ADNP influences //5 transcription by an alterna-
tive mechanism, perhaps by contributing to dysregulated 3D
chromatin architecture.>° The prominent role for ADNP in
regulating IL-13 expression was further illustrated by single-cell
gene expression analysis of Th2 cells following allergen chal-
lenge which showed that //73 expression was predominant
within a mix of //4, 115, and //13 expressing cells (representing sin-
gle, double, and triple-positive Th2 cells), and that these were
almost undetectable in the absence of ADNP. These data sup-
port previous observations indicating that the cytokine genes
in this cluster can be independently regulated by discrete control
mechanisms and argue for a role for ADNP in this process.®*°

Mutations in the gene encoding ADNP underlie ADNP syn-
drome, which is characterized by neurological and develop-
mental abnormalities.”>>' More recent studies have focused
on the ability of ADNP to act genome-wide to locally restrict
gene expression in ES cells to prevent spontaneous cell differen-
tiation.2’"2%4° This effect results from ADNP associating with
CHD4 and the transcriptional repressor HP1y to form ChAHP
complexes, which locally restrict chromatin accessibility by
competing for CBSs and thereby modifying TADs.?’ 2940 A
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similar role for ADNP in gene repression in ES cells was reported
by Sun and colleagues, who found ADNP associated with CHD4
and BRG1.272%%4" |n contrast to these repressive roles for
ADNP in ES cells, our data from primary Th2 cells demonstrated
that ADNP can also play a fundamental and previously unappre-
ciated role in directly promoting gene expression. This sug-
gested a mechanism distinct from the repression model previ-
ously proposed in ES cells.?’2%%° Indeed, when we analyzed
the DNA binding of CTCF and ADNP in primary wild-type or
ADNP-deficient Th2 cells, we found no evidence that ADNP
competed for CBSs within the type 2 cytokine locus, or across
the genome. Instead, we determined that unoccupied CTCF mo-
tifs in the //73 promoter were bound by ADNP during the differen-
tiation of naive T cells to cytokine-producing Th2 cells.

The deletion of ADNP in T cells resulted in a pronounced defect
in the recruitment of the histone-modifying factors CHD4 and
BRG1 to the CGRE upstream of the //73 promoter, and colP veri-
fied that in Th2 cells ADNP associated with CDH4, BRG1, and
P300. Although CHD4, which induces ATP-dependent distortion
of nucleosomal DNA during chromatin remodeling®? is commonly
viewed as a component of the repressive NURD complex,®® it can
also act as a transcriptional activator. Indeed, CHD4 is required
for Cd4 gene transcription in T cells through its association with
the HAT P300 at the Cd4 enhancer.>* A similar association was
reported in Th2 cells where CHD4 was found to bind to GATAS,
and was proposed to recruit P300 to the CGRE.“® The amino-ter-
minal region of CHD4 has also been demonstrated to associate
with BRG1 to activate trans,cription,55 which in turn has also
been reported to bind to the /73 promoter in Th2 cells.®® Thus,
although an ADNP-CHD4-BRG1 complex can be repressive in
ES cells,”” our results are congruent with BRG1 hydrolyzing
ATP to drive chromatin accessibility and transcription at the
type 2 gene cluster in T cells.®”

In ES cells ADNP maintains multipotency with an overarching
requirement to suppress cell differentiation programs. In this
situation, the competition between ADNP and CTCF helps con-
trol TAD formation and repression predominates.”® In Th2 cells,
ADNP is predominantly associated with activation during the
polarization of cytokine production in response to cytokine
and T cell receptor signaling. Although the mechanism underly-
ing these differences is not clear, it is possible that the interac-
tions that we observed between ADNP and the pioneer factors
AP-1 and GATA3 may help focus ADNP to active loci in
T cells in response to IL-4 signaling. GATA3 is essential for
Th2 development®®®°° and AP-1 factors (BATF and JUNB)
also play key roles in this cellular program and cytokine

¢ CellP’ress

OPEN ACCESS

expression.'?'3426061 Oyr results indicate that GATA3 and
AP-1 bind to the CGRE independently of ADNP but that
ADNP appears to form a complex that includes BATF as well
as BRG1, CHD4, and P300. In addition, BATF binds JUNB,
and CHD4 and JUNB have been reported to bind GATA3.%°
This suggests that a larger complex can form at genomic loca-
tions where there is a conjunction of GATAS3, AP-1, and ADNP
binding to their juxtaposed DNA motifs to facilitate the ADNP-
dependent recruitment of BRG1, CHD4, and P300 and provide
specific locus activation. Indeed, when we looked beyond the
type 2 gene cluster for loci with GATA3, AP-1, ADNP, BRG1,
and CHD4 protein co-localization, which also showed a
deficit in acetylation and histone accessibility in ADNP-deficient
in-vitro-cultured Th2 cells, we found that these loci encoded
MAF and the IL-4 receptor alpha (IL-4Ra). The MAF proto-
oncogene was one of the first TFs reported to activate the //4
promoter, leading to IL-4 expression and Th2 cell differentia-
tion.*” Furthermore, IL-4Re. is the primary binding chain for
IL-4, which stimulates Th2 cell differentiation through the acti-
vation of STAT6 and the induction of GATA3 expression.”*°
These results suggest that ADNP (with associated factors)
may be capable of promoting a Th2 cell feedback loop that re-
inforces the Th2 cell phenotype. However, we did not observe a
reduction in MAF expression in vivo, suggesting that there are
alternative ADNP-independent pathways that can regulate
MAF expression in vivo. By contrast, our data indicate no
such ADNP-independent regulation of the //713 locus.

The critical biological role of this ADNP bridge is vividly re-
vealed by the incapacity of mice with ADNP-deficient T cells or
ADNP-deficient lymphocytes to respond efficiently to allergen
challenge. These mice displayed impaired production of type 2
cytokines by Th2 and ILC2 and failed to mount a robust type 2
immune response. Although ADNP has not been identified as a
common factor in asthma susceptibility, unlike IL-4, IL-5, and
IL-13, it was reported among a subset of genes that were differ-
entially expressed by CD4" lymphocytes and that predicted
more atopic from less atopic children.®® However, there are
currently no reports of children with ADNP syndrome presenting
specific immunological disorders, though recurring infections
(~50% of cases) are reported.”®

Together, our results are consistent with ADNP functioning as
an adapter or bridge to specifically localize CHD4 and BRG1 to
ADNP-bound CTCF motifs forming a complex that can include
the acetylase P300 and drive histone acetylation and genome
accessibility. This ADNP-dependent mechanism is essential to
promote Th2 cell differentiation and type 2 cytokine production

Figure 6. ADNP is required for efficient recruitment of CHD4 and BRG1 to the Th2 cytokine locus
(A) Predicted AP-1, GATAS, and CTCF motifs within ADNP ChIP-seq peak upstream of //73 promoter. Prediction was performed using Jaspar transcription factor

database.

(B) Representative binding profiles of ADNP, GATA3, CHD4, and BRG1 in Th2 cells from Cd4°" or Cd4°®Adnp™™ mice at the type 2 cytokine locus. Data are

representative of 3 biological replicates.

(C) Average ChlP-seq signal over all GATA3 peaks in Cd4°™ or Cd4°"Adnp™ Th2 cells. Data are representative of 2 biological replicates.
(D) Average ChiP-seq signal over all JUNB and BATF peaks in Cd4°™ or Cd4°Adnp™" Th2 cells. Data are representative of 3 biological replicates.
(E) Representative binding profiles of BATF and JUNB in Th2 cells from Cd4°"® or Cd4°"Adnp™" mice at the type 2 cytokine locus. Data are representative of 2

biological replicates.

(F) Number and percentages of all ADNP, ADNP-BRG1, ADNP-CHD4, and ADNP-CHD4-BRG1 overlapping ChIP-seq peaks in Th2 cells. Peak list was generated

using two biological replicates.

(G) Average ChlP-seq signal over all CHD4 and BRG1 peaks in Cd4°™ or Cd4°™Adnp™™ Th2 cells. Data are representative of 3 biological replicates.

See also Figure S6.

Immunity 56, 1468-1484, July 11, 2023 1479




¢? CelPress Immunity
OPEN ACCESS

A Kif3a 114 113 Rad50 115
— — — — —_—
==ttt M= i3] M=ttt =
r— =1
250-]
-{ Th2 - Cd4° | |
] | I o
50 b3
{
(@]
250
_| Th2 - Cd4°Adnp™ =
4 <<
50
ol L o b
250
| Th2 - Cd4c o
@
] @
§ o
| =
50 5
250
_| Th2 - Cd4°=Adnp™ E
4 N
X
§ 2
| O R | ‘A
T = T T
53,600,000 53,640,000 53,680,000 53,720,000
B X c Average H3K27ac coverage Average H3K27ac coverage
__anti-ADNP__ across all H3K27ac peaks across ADNP-CHD4-BRG1 peaks
INP SN IP %60 %GU
§ E H3K27ac ChIP-seq
3 40 340 — Cd4e=Th2
: o
1B: —250kd » » -= Cd4c Adnp' Th2
anti-p300 b B -« INP
— 150kd 22 S
o o
(=) (=)
o . o
JUTRORIN 5 ) .
Sot—r 20 ——
<C 3000 -2000 -1000 O 1000 2000 3000 < 3000 2000 -1000 0 1000 2000 3000
Distance from peak center Distance from peak center
D Average ATAC-seq coverage Average ATAC-seq coverage E Enriched Kegg pathway
across all H3K27ac peaks across H3K27ac peaks reduced in ADNP-KO Th1 and Th2 cell differentiation | ® |
60 60 Inflammatory bowel disease (IBD)— ®
© © Valine, leucine and isoleucine degradation o @
S § ATAC-seq Plf;v}l(AKb( sjgnalljng patlrr:way- o
> - signaling pathway -
840 S40 — Cd4% Th2 Patl waysgir? cance¥-
P * —= Cd4c Adnp™ Th2 Viral carcinogenesis —|
3 k] \sthma —
D I3 ===+ INP Cushing syndrome —
=20 =20 Fatty acid biosynthesis—
% % Ferroptosis —
© ® ~ Melanoma—|
© [ e o [ Bladder cancer
>0t T T T T T 1 :: 0 T T T T T 1 JAK-STAT signaling pathway —
< 23000 -2000 1000 0O 1000 2000 3000 -3000 -2000 -1000 O 1000 2000 3000 IL-17 signaling pathway |
Distance from peak center Distance from peak center Osteoclast dlffere?;tl‘_alion-
lloma—|
Cyloﬂne-cylokine recelplar interfaction-
uman cytomegalovirus infection—|
F Maf lldra g 7gceH differentiation—
— liaiaia | Peroxisome—]
— Leishmaniasis—
2071 Th2 - Cd4cr r A 20] r=A Fatty acid degradation—]
i o3 Toxoplasmosis —{
I 1 ] | | z 7 053 signaling pathway—|
] oL Other types of O-glycan biosynthesis—|
2 I I I < 6 Gastric cancer
d 251, 4, b ot Arrhythmogenic right ventricular cardiomyopathy (ARVC)—
20 NF signaling pathway
Th2 - Cd4°= du | Kaposi sarcoma-associated herpesvirus infection {___|
— o
[}
I I ] I I [ -log10(pvalue) log2FoldChange
2. ! 254 % 3.5 @28
(@]
207 Th2 - Cd4c=Adnp™ [ [ = - e
4 ® )
I I [ e e
] o
2. 2.5
L

2] Th2 - ca4cre | [ | |

- o
Ll | 1] %
2. 2.5 %
- S
7] Th2 - Cd4°eAdnp™ 1™ 11 z
. ey
I I 11 o

2, 5]
%] Th2 - ca4er 1l o
3
141 d
o P Y T N it 5
Ly -~ [$]
% Th2 - Ca4ceAdnp™ =n 8
I [ [ IS
Lt [0 :
- T

o by d il el dabisl o " ull Nk alon l IAM‘ (1]

115,620,000 115,660,000 115,700,000 125540000  125580,000 125,610,000

(legend on next page)

1480 Immunity 56, 1468-1484, July 11, 2023



Immunity

in response to IL-4 signaling. Our results also raise the possibility
that ADNP may play additional key roles in hematopoiesis and
immunity.

Limitations of the study

For the future, manipulation of the CTCF and/or ADNP motifs
within the whole cytokine locus and in the vicinity of individual
cytokine genes will help to define ADNP-binding specificity.
This could be attempted in primary cells or gene-modified
mice to allow in vitro and in vivo readouts of ADNP function.
Furthermore, the application of single-cell ChlP-seq and
ATAC-seq could also provide improved resolution of the chro-
matin changes which are dependent on ADNP. Moreover, our
study raised the involvement of ADNP in pan-lymphocyte devel-
opment within the bone marrow, and of NKT cell differentiation in
the thymus, and additional studies will be required to identify the
mechanisms of action of ADNP in these processes. In addition, it
will be important to assess the relevance of ADNP on human Th2
cell function, as our study focused on the mouse model.
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Anti-mouse CD45 (30-F11) BUV395 BD Biosciences Cat#564279; RRID: AB_2651134
Anti-mouse NK1.1 (PK136) BUV395 BD Biosciences Cat#564144; RRID: AB_2738618

(Continued on next page)

Immunity 56, 1468-1484.e1-e7, July 11, 2023 el




¢? CellPress

OPEN ACCESS

Immunity

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Anti-mouse SiglecF (E50-2440) Alexa BD Biosciences Cat#562680; RRID: AB_2687570
Fluor647

Streptavidin BUV737
Anti-mouse ST2 (DJ8) FITC
2W1S-tetramer PE

BD Biosciences
MD bioproducts
NIH Tetramer Facility

Cat#612775; RRID: AB_2870104
Cat#101001F; RRID: AB_947549
N/A

anti-ADNP Novus Biologicals Cat#NBP1-89236; RRID: AB_11008573
anti-CTCF Cell Signaling Cat#2899; RRID: AB_2086794
anti-GATA3 Cell Signaling Cat#5852; RRID: AB_10835690
anti-CHD4 Cell Signaling Cat#12011; RRID: AB_2734702
anti-JUNB Cell Signaling Cat#3753; RRID: AB_2130002
anti-H3K27ac Cell Signaling Cat#8173; RRID: AB_10949503
anti-BRG1 abcam Cat#ab110641; RRID: AB_10861578
anti-BATF abcam Cat#ab236876;

anti-HP1g abcam Cat#ab217999; RRID: AB_217999
anti-p300 abcam Cat#ab275378

anti-CD3 2B Scientific Cat#Ab00105-1.1

anti-CD28 2B Scientific Cat#AGELO0759

anti-IFNg 2B Scientific Cat#AGEL2200

anti-IL-4 BioLegend Cat#504101

Chemicals, peptides, and recombinant proteins

2W1S peptide Designer Bioscience N/A

papain Sigma-Aldrich Cat#76216

rmlL-2, carrier-free Biolegend Cat#575406

rmlL-4, carrier-free Biolegend Cat#574306

rmlL-12, carrier-free Biolegend Cat#577006

PMSF Sigma Aldrich Cat#P7626

collagenase | Gibco Cat#17100017

DNase I, from bovine pancreas Sigma-Aldrich Cat#D5025/DN25

Percoll GE Healthcare Cat#17-0891-01

cOmplete protease inhibitor Roche Cat#4693116001

Pierce 660nm protein assay reagent ThermoFisher, Cat#22660

A/G dynabeads) Thermo Scientific Cat#88802

1X NuPage LDS sample buffer Invitrogen Cat#NP0008

ECL western blotting detection reagent GE Healthcare Cat#RPN2106

protein A Dynabeads ThermoFisher Cat#10002D

NAP Biotechne Cat#6779

Critical commercial assays

Mouse IgE Uncoated ELISA kit Invitrogen Cat#88-504460-88

Ovation RNA-seq System V2 Tecan Cat#7102-32

Ovation Ultralow Library Systems Tecan Cat#0344NB-32

Fixable Dye eFluor 780 Invitrogen Cat#65-0865-14

BD Cytofix/Cytoperm Plus reagents
Protein Transport Inhibitor Cocktail
Gibson assembly

NEB T4 DNA ligase

RPMI 1640 + GlutaMAX

Fetal Calf Serum
2-mercaptoethanol

DMEM
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BD Biosciences
eBioscience

New England BioLabs
New England BiolLabs
GIBCO

GIBCO

Sigma-Aldrich

GIBCO

Cat#555028
Cat#00-4980-9
Cat#E5510S
Cat#M0202S
Cat#61870-010
Cat#10270-106
Cat#M6250
Cat#10564011
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Fugene HD Transfection Reagent Promega Cat#E2311

OPTI-MEM GIBCO Cat#31985062

DNeasy Blood & Tissue Kits QIAGEN Cat#69504

Herculase Il Fusion DNA polymerase Agilent Cat#600675

KAPA library quantification kit Roche Cat#KK4824

RNeasy Plus Micro kit Qiagen Cat#74034

truChIP Chromatin Shearing kit Covaris Cat#520154

Foxp3 Staining kit reagents eBioscience Cat#00-5523-00

Qiagen MinElute kit Qiagen Cat#28004

Kappa HiFi HotStart Ready mix Roche Cat#KK2601

lllumina Tagment DNA Enzyme and Buffer lllumina Cat#20034197

SPRI Ampure XP beads Beckman Coulter Cat#A63881

Deposited data

scRNAseq This paper GEO: GSE218017
ATACseq This paper GEO: GSE218017
ChiPseq This paper GEO: GSE218017
Experimental models: Cell lines

Platinum-E retroviral packaging cells Cell biolabs Ca#RV-101
Experimental models: Organisms/strains

Mouse: Rosa26Cas°ECFP The Jackson Laboratory JAX 026179
Mouse: //13'T°™ Barlow et al.*® N/A

Mouse: /17r°"® Schlenner et al.®® MGI:4441349
Mouse: CD4°" Taconic Ca#4196

Mouse: Adnp!™1aKOMP)Wisi KOMP repository RRID:MMRRC_051854-UCD

Mouse: C57BL/6JOla

Jackson Labs (Bred in LMB)

Cat#000664; RRID: IMSR_JAX:000664

Oligonucleotides

Primer for sgRNA-insert amplification Sigma-Aldrich N/A

(Forward) AATGGACTATCATATG

CTTACCGTAACTTGAAAGTATTTCG

Primer for sgRNA-insert amplification Sigma-Aldrich N/A

(Reverse) CTTTAGTTTGTATGTCTGTT

GCTATTATGTCTACTATTCTTTCC

Software and algorithms

FlowJo FlowJo, LLC RRID: SCR_008520

Prism 9 GraphPad Prism RRID: SCR_002798

Cutadapt N/A https://journal.embnet.org/index.php/
embnetjournal/article/view/200

Trim Galore Babraham Bioinformatics https://www.bioinformatics.babraham.ac.
uk/projects/trim_galore/

DESeq2 Love et al.®* https://bioconductor.org/packages/

10x Cell Ranger

10x Genomics Loupe Browser

Scaffold programme (Proteome Software
Inc., USA)®®

Bowtie2 (version 2.3.5.1)

10x Genomics

10x Genomics
Keller et al.®®

Langmead et al.?®

release/bioc/vignettes/DESeq2/inst/doc/
DESeqg2.html

https://support.10xgenomics.com/single-
cell-gene-expression/software/pipelines/
latest/installation

https://www.10xgenomics.com/products/
loupe-browser

Proteome Software Inc., USA

https://bowtie-bio.sourceforge.net/
bowtie2/manual.shtml

(Continued on next page)
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HOMER Heinz et al.®” http://homer.ucsd.edu/homer/index.html

SegMonk software (v1.48.0) Babraham Bioinformatics https://www.bioinformatics.babraham.ac.
uk/projects/segmonk/

FACSDiva software BD Biosciences https://www.bdbiosciences.com/en-gb/
products/software/instrument-software/
bd-facsdiva-software

Macs2 (v2.1.2) Zhang et al.?® https://github.com/macs3-project/
MACS/wiki

STAR (version 2.6.0a) N/A https://github.com/alexdobin/STAR

Other

Mouse Brie CRISPR knockout pooled Addgene Ca#73633

library

MSCV-pU6-(Bbsl)-CcdB-(Bbsl)-Pgk-Puro- Addgene Ca#86457

T2A-BFP

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Andrew
McKenzie (anm@mrc-Imb.cam.ac.uk).

Materials availability
This study did not generate new unique reagents.

Data and code availability
® Single-cell RNAseq, ATACseq and ChlPseq data are deposited with the National Center for Biotechnology Information Gene
Expression Omnibus (GEO) under the accession number GSE218017.
® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

Rosa26C3s%ECFP (JAX 026179),%° [1319Tom 38 7,/ Cre 63 and CD4°™® (Taconic, model #4196) mice were on the C57BL/6
background. C57BL/6 controls were bred in-house. Adnp"®* targeted ES cells (to delete exon 5) were purchased from KOMP repos-
itory (Adnp!™1aKOMPIWIsh ang Adnp™ mouse line was generated by methods previously described.”® All mice were maintained in the
Medical Research Council ARES animal facility under specific pathogen-free conditions, at 19-23°C with a 12-h light-dark cycle. In
individual experiments, mice were matched for age, sex and background strain and all experiments undertaken in this study were
done so with the approval of the LMB Animal Welfare and Ethical Review Body (AWERB) and of the UK Home Office.

METHOD DETAILS

Antibodies

Antibodies against the following proteins were used in immunoprecipitation and ChIP-seq experiments: ADNP (Novus Biologicals
NBP1-89236), CTCF (Cell Signaling, #2899), GATA3 (Cell Signaling, #5852), CHD4 (Cell Signaling, #12011), BRG1 (abcam,
ab110641), JUNB (Cell Signaling, #3753), BATF (abcam, ab236876), H3K27ac (Cell Signaling, #8173), HP1g (abcam, ab217999).
In flow cytometry experiments we used antibodies from BioLegend (CD3e (BV510, 145-2C11, 1:300 dilution), CD4 (ef450, GK1.5,
1:500 dilution) or (BV785, RM-4-5, 1:500 dilution), CD8a (Alexa Fluor700, BV421 or BV785, 53-6.7, 1:500 dilution), CD11b
(PE-Cy7, M1/70, 1:1000 dilution), CD19 (Alexa Fluor700 or BV605, 6D5, 1:500 dilution), CD25 (PE or BV510, PC61, 1:300 dilution),
CD44 (PerCP/Cy5.5 or BV605, IM7, 1:500 dilution), CD45 (BV510, 30-F11, 1:500 dilution), CD62L (BV421, MEL-14, 1:500 dilution),
CD127 (biotin, SB/199, 1:500 dilution), F4/80 (BV785, BM8, 1:500 dilution), FceR1 (Alexa Fluor700, MAR-1, 1:500 dilution), IL-5 (APC,
TRFKS5, 1:300 dilution), IFN-g (BV785, XMG1.2, 1:300 dilution), eBioscience (Arginase 1 (PE, A1exF5, 1:300 dilution), CD3e (Alexa
Fluor 700, 17A2, 1:300 dilution), CD4 (Alexa Fluor700 or FITC, GK1.5, 1:500 dilution), CD8a (FITC or PE-Cy7, 53-6.7, 1:500 dilution),
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CD11b (Alexa Fluor700, M1/70, 1:500 dilution), CD11c (Alexa Fluor 700 or PE-Cy7, N418, 1:500 dilution), CD19 (PerCP-Cy5.5 or
PE-Cy7, eBio1D3, 1:500 dilution), CD44 (FITC or APC, IM7, 1:500 dilution), CD45 (FITC, 30-F11, 1:500 dilution), FceR1 (PE-Cy7,
MAR-1, 1:500 dilution), Gata-3 (eFluor 660, TWAJ, 1:300 dilution), GR-1/Ly-6G/C (Alexa Fluor700 or PE-Cy7, RB6-8C5, 1:500
dilution), IL-13 (PE or PE-Cy7, eBio13A, 1:300 dilution), KLRG1 (PerCP-eFluor710, 2F1, 1:500 dilution), Ly-6G (PerCP-eFluor710,
1A8-Ly6G, 1:500 dilution), MHCII (eFluor450, M5/114.15.2, 1:1000 dilution), NK1.1 (Alexa Fluor700 or PE-Cy7, PK136, 1:500 dilution),
TER-119 (Alexa Fluor700 or PE-Cy7, TER-119, 1:500 dilution)), BD Biosciences (CD45 (BUV395, 30-F11, 1:500 dilution), NK1.1
(BUV395, PK136, 1:300 dilution), SiglecF (Alexa Fluor 647, E50-2440, 1:500 dilution), Streptavidin (BUV737, 1:500 dilution)), MD
bioproducts (ST2 (FITC, DJ8, 1:500 dilution)) and the NIH Tetramer Facility (2W1S-tetramer, PE, 1:500 dilution). ‘Lineage’ staining
included antibodies specific for CD3, CD4, CD8, CD11b, CD11c, CD19, FceRI, GR-1, NK1.1 and TER-119. All samples were
co-stained with a cell viability dye (Fixable Dye eFluor 780, Invitrogen).

Adoptive transfers

Bone marrow cells were purified by flow cytometry from wildtype control mice (CD45.1) and from Cd4°™Adnp™" (CD45.2). Cells from
both sources were mixed at a ratio of 1:1 and implanted via tail vein injection into lethally irradiated (600 rad) CD45.1/CD45.2 recip-
ients. After 6 weeks of cell transfer, mice were challenged with papain or PBS.

In vivo stimulation

Mice were anesthetized by isoflurane inhalation followed by the intranasal injection of papain (7.5 mg for males, 5 mg for females,
Sigma-Aldrich #76216) with or without 2W1S peptide (50 mg, Designer Bioscience) in 40 ul PBS on days 0 and 14. Mice were sacri-
ficed for analysis on day 19.

Tissue preparation

Cell suspensions from spleen, lymph nodes, and thymus tissue were obtained by passing the tissues through a 70-mm strainer. Lung
tissue was predigested with 750 U ml~" collagenase | (Gibco) and 0.3 mg ml~' DNasel (Sigma-Aldrich) and cell suspensions were
obtained by passing the tissues through a 70-mm strainer. Red blood cells were removed by incubating with RBC lysis solution
(140 mM NH,4CI, 17 mM Tris, pH 7.2). Lung lymphocytes were further enriched by centrifugation in 30% Percoll at 800g (GE Health-
care). Serum samples were obtaied following blood coagulation and centrifugation of coagulated cells at 3,300 x g. Serum IgE was
quantified using the Invitrogen Mouse IgE Uncoated ELISA kit (88-504460-88) following the manufacturer’s instructions.

Flow cytometry

Single-cell suspensions were incubated with fluorochrome- or biotin-conjugated antibodies in the presence of anti-CD16/CD32 (Fc
block, clone 2.4G2) as indicated. All samples were co-stained with a cell viability dye (Fixable dye eFluor780, Invitrogen). For cell
sorting an iCyt Synergy (70-um nozzle, Sony Biotechnology) was used. Intracellular cytokine staining was performed using BD
Cytofix/Cytoperm Plus reagents (BD Biosciences) following pre-culture with RPMI, supplemented with 50 ng ml™' phorbol
12-myristate 13-acetate (PMA), 500 ng mI™' ionomycin and Protein Transport Inhibitor Cocktail (eBioscience), for 4 h at 37°C. Intra-
cellular TF staining was performed using Foxp3 Staining kit reagents (eBioscience). Analysis was performed on an LSRFortessa sys-
tem (BD Biosciences) with FACSDiva software (version 6.2, BD Biosciences). For cell sorting, an iCyt Synergy system (70-um nozzle,
Sony Biotechnology) was used. Data were analyzed with FlowJo software (version 10).

sgRNA cloning into retroviral expression vector

MSCV-pU6-(Bbsl)-CcdB-(Bbsl)-Pgk-Puro-T2A-BFP was a gift from Ralf Kuehn (Addgene plasmid # 86457; http://n2t.net/
addgene:86457; RRID:Addgene_86457).”" Mouse Brie CRISPR pooled library was a gift from David Root and John Doench (Addg-
ene #73633).”? Custom sgRNA libraries were synthesised by Twist Bioscience. sgRNA libraries were cloned into the retroviral vector
by Gibson assembly. sgRNA library representation was verified by next generation sequencing to contain > 90% perfectly matching
sgRNAs, < 0.5% undetected sgRNAs and a skew ratio of less than 10. sgRNA oligo pairs were purchased from Sigma-Aldrich. In-
dividual CRISPR sequences were inserted into the retroviral vector by ligation (NEB T4 DNA ligase). Sequences of individual sgRNA-
expressing constructs were confirmed by Sanger sequencing.

Th2 cell culture for CRISPR screening

Splenic naive CD4™ T cells were sorted as Live CD4*CD44'°CD62L"CD25™ cells. Cells were maintained in RPMI1640, 10% FCS with
penicillin-streptomycin and 2-mercaptoethanol. Naive CD4* T cells were isolated from Rosa26°2%EGFP x j11319T°™ mjice and cultured
on anti-CD3 coated plates (2B Scientific, 145-2C11, 5 mg ml™', 37°C, 1 h), supplemented with anti-CD28 (2B Scientific, 37.51, 2 mg
mi™") and IL-2 (10 ng mI"™") for 24 hr. Cells were collected and mixed with retroviruses and spinoculated on retronectin-coated plates
(Takara, 4 mg cm™, non-TC-treated plate) at 37°C for 1 h. Cells were incubated further for 3 h at 37°C before transfer to fresh
TC-treated plates until day 6. Fresh media containing 10 ng ml™" IL-2 was supplemented at day 3. On day 6, cells were transferred
to anti-CD3 coated plates and cultured in the presence of anti-CD28 (2 mg ml™), IL-2 (10 ng mI™), IL-4 (10 ng mI™") and anti-IFNy
neutralising antibody (2B Scientific, 1 mg ml™). After 3 days of differentiation, GFP* BFP* cells were sorted into IL13Tom" and
IL13Tom"™ populations.
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Retroviral production

Platinum-E retroviral packaging cells (Cell biolabs, #RV-101) were maintained in DMEM, 10% FCS with penicillin-streptomycin, sup-
plemented with puromycin (1 mg mI™") and blasticidin (10 mg mi™"). On the day before transfection, 3 million cells were seeded in a
100 mm culture dish in 10 ml of media without antibiotics. Cells were transfected at 70% confluency using Fugene HD Transfection
Reagent (Promega). For each 100 mm culture dish, 950 ml OPTI-MEM (GIBCO) was mixed with 11 mg pCl-Eco, 22 mg library plasmid
and 99 ml Fugene HD. The transfection mixture was incubated for 10 min at room temperature prior to addition. At 18 h post-trans-
fection, the media was replaced with 10 ml fresh media, and viral supernatant was harvested at 48 and 72 h post-transfection. Cells
were removed by filtering through a 0.45 mm syringe filter.

Genomic extraction and sequencing library preparation

Genomic DNA from sorted cells were extracted using the QIAGEN DNeasy Blood & Tissue Kits following the manufacturer’s protocol,
with the exception of DNA elution in water instead of buffer AE. sgRNA-insert was first PCR-amplified using Herculase Il Fusion DNA
polymerase (Agilent) with primers (Forward) AATGGACTATCATATGCTTACCGTAACTTGAAAGTATTTCG and (Reverse) CTTTAG
TTTGTATGTCTGTTGCTATTATGTCTACTATTCTTTCC, using up to 2 mg genomic DNA per 50 pl reaction. Equal volumes from
each reaction were pooled and used for a further PCR amplification step to attach lllumina sequencing adaptors and lllumina P7 barc-
odes, using Herculase Il Fusion DNA polymerase. The 330 bp library was gel purified and quantified using KAPA library quantification
kit (Roche). Libraries were pooled and sequenced with a HiSeq 4000 at the CRUK Cambridge NGS facility.

Analysis of CRISPR screen results

20 nt sgRNA sequences were trimmed from backbone sequences using Cutadapt (version 1.4.1) (5° GACGAAACACCG, 3’
GTTTTAGAGCTA). sgRNA sequences were aligned to reference sgRNA libraries using Bowtie2 (version 1.2.3). sgRNAs with
counts less than 20 (genome-wide screens) or 50 (all other screens) in either of the populations were excluded from the analysis.
The stat.wilcox function from the caRpools package (version 0.83) was applied to each screen separately. The function was modified
to return the non-adjusted p-values. The stat.wilcox function collapses the sgRNAs to genes returning an enrichment score and a
p-value for each gene. NT sgRNAs were used as a reference population. To combine data from screen replicates, the mean of enrich-
ment score for each gene was calculated, and Fisher’'s method was used to combine the p-values.

In vitro mouse Th cell culture

Splenic naive T cells were sorted (CD4"CD44 CD25°CD62L*) and were cultured (250,000 cells /well) on anti-CD3 coated plates
(5 mg ml™"), supplemented with anti-CD28 (2 mg ml™") and IL-2 (10 ng ml™"). The following cytokines and neutralising antibodies
were additionally supplemented in different Th conditions. Th1: IL-12 (10 ng ml™") and anti-IL-4 neutralising antibody (BioLegend,
11B11, 1 mg ml™"). Th2: IL-4 (10 ng mI"™") and anti-IFNy neutralising antibody (1 mg ml™). Cells were passaged on day 2 or day 3,
then analysed by flow cytometry on day 5. Where appropriate, 100 mM of the neuroprotective peptide called NAP (NAPVSIPQ)
was supplemented during the in vitro differentiation.

RNA-sequencing

Cells were sorted by flow cytometry into PBS, 50% FCS, and RNA was extracted using the RNeasy Plus Micro kit (Qiagen). After
assessment using a Bioanalyzer (Agilent), RNA was processed for RNA-seq using an Ovation RNA-seq System V2 (Nugen), frag-
mented using the Covaris M220 ultrasonicator and bar-coded using Ovation Ultralow Library Systems (Nugen). Samples were
sequenced using an lllumina HiSeq 4000, by running a single-read 50-bp protocol (Cancer Research UK Cambridge Institute).
Sequence data were trimmed to remove adaptors and sequences with a quality score below 30 using Trim Galore (version 0.50, Bab-
raham Bioinformatics) and then aligned to the mouse genome (GRCm38) using STAR (version 2.6.0a), and differential expression was
calculated using DESeq?2 (version 1.18.1).%*

Single-cell RNA sequencing

10x single-cell library preparation was performed using the 10x Genomics technology platform. The 10x Genomics Chromium Single
Cell 3’ v3 protocol was followed to obtain 3’ libraries for subsequent sequencing. The reads were aligned to the mouse transcriptome
(GRCm38), and expression was calculated using the 10x Cell Ranger (version 3.0.2) wrapper for the STAR aligner (version 2.60a).
Separate libraries were generated using cells purified from the lungs of papain-challenged Cd4°™ and Cd4°°Adnp™™ mice (7,500
CD4*CD44"CD62L"ST2" effector T cells and 500 naive CD4*CD44 CD62L*CD25™ T cells) and then combined using Cell Ranger.
Analysis and statistical calculations were performed using the 10x Genomics Loupe Browser (https://support.10xgenomics.com/
single-cell-gene-expression/software/visualization/latest/what-is-loupe-cell-browser).

Immunoprecipitation

Th2 cells were lysed in lysis buffer (50 mM Tris pH 8.0, 0.1% NP40, 10% glycerol and 2 mM EDTA), supplemented with 1x cOmplete
protease inhibitor (Roche) and PMSF (Sigma Aldrich). After 10 min incubation on ice with intermittent mixing the lysates were centri-
fuged at 1,700 g at 4°C for 5 min and the supernatant was collected. The pelleted nuclei were resuspended in nuclear extraction
buffer (50 mM Tris pH 8.0, 1 mM EDTA, 150 mM NaCl, 1% NP40 and 5% glycerol) supplemented with protease inhibitor cocktail
and PMSF, and incubated on ice for 1 hour. Nuclear extract was collected by centrifugation at 13,000 x g at 4°C for 10 min. Protein

e6 Immunity 56, 1468-1484.e1-e7, July 11, 2023


https://support.10xgenomics.com/single-cell-gene-expression/software/visualization/latest/what-is-loupe-cell-browser
https://support.10xgenomics.com/single-cell-gene-expression/software/visualization/latest/what-is-loupe-cell-browser

Immunity ¢? CellPress
OPEN ACCESS

concentration was quantified using the Pierce 660nm protein assay reagent (ThermoFisher, #22660). Lysates were incubated with
antibodies (2 mg antibody per 100 mg protein) overnight at 4°C on a rotator. Imnmunocomplexes were precipitated with protein
A/G dynabeads (Thermo Scientific #88802), washed three times with lysis buffer and once with TE buffer (10 mM Tris and 0.1 mM
EDTA, pH 8). For western blot analysis, cell lysates or immunocomplexes were denatured by boiling at 95°C for 5 min in 1X NuPage
LDS sample buffer (#NP0008) supplemented with 1% 2-mercaptoethanol. Proteins were resolved with Novex Tris-Glycine gels and
transferred to PVDF membranes. Membranes were sequentially blocked with 5% BSA in PBST, incubated with primary and HRP-
conjugated secondary antibodies and ECL western blotting detection reagent (GE Healthcare #RPN2106). For mass spectrometry
analysis, the immunocomplexes were resuspended in 50mM NH4HCO; followed by reduction with 10 mM DTT and alkylation with
55mM iodoacetamide. Then, proteins were digested (50 mM (NH4)HCOs pH 8.0, 1png trypsin, overnight, 37°C). Digestion was termi-
nated by the addition of formic acid to a final concentration of 2% v/v. After separation (C18 Acclaim PepMap100 3 um, 75 um x
150 mm nanoViper, ThermoScientific Dionex, San Jose, USA), peptides were eluted with a gradient of acetonitrile. The analytical
column outlet was directly interfaced via a modified nano-flow electrospray ionisation source, with a hybrid dual pressure linear
ion trap mass spectrometer (Orbitrap Velos, ThermoScientific, San Jose, USA). Data dependent analysis was carried out, using a
resolution of 30,000 for the full MS spectrum, followed by ten MS/MS spectra in the linear ion trap. MS spectra were collected
over a m/z range of 300-2000. MS/MS scans were collected using a threshold energy of 35 for collision induced dissociation.
LC-MS/MS data were then searched against a protein database (UniProt KB) using the Mascot search engine programme (Matrix
Science, UK).”® Database search parameters were set with a precursor tolerance of 5 ppm and a fragment ion mass tolerance of
0.8 Da. Two missed enzyme cleavages were allowed and variable modifications for oxidized methionine, carbamidomethyl cysteine,
pyroglutamic acid, phosphorylated serine, threonine and tyrosine were included. MS/MS data were validated using the Scaffold pro-
gramme (Proteome Software Inc., USA).?® All data were additionally interrogated manually.

ChlIP-seq using ChiIPmentation

Chromatin extracts from in vitro cultured Th2 cells (1.0 x 107 cells) were prepared using the truChIP Chromatin Shearing kit (Covaris),
with 5 min of crosslinking and optimized shearing conditions (peak power, 75; duty factor, 10.0; cycles per burst, 200; duration,
300 s), to obtain fragments of ~500 bp. Extracts were exposed to 1% SDS and diluted 10x with dilution buffer (5.5 mM EDTA,
55 mM Tris-HCI, pH 8, 200 mM NaCl, 0.5% NP-40). Chromatin extracts were incubated overnight at 4 °C with 2 pg of antibody.
In addition, 25 pl protein A Dynabeads (Thermo Fisher Scientific) per immunoprecipitation were blocked in PBS containing 0.1%
BSA (Sigma) by incubating overnight at 4 °C. The next day, beads were added to the chromatin extracts, followed by incubating
for 1 h at 4 °C. Beads were collected and washed twice with low-salt buffer (0.1% SDS, 1% Triton X-100, 1 mM EDTA, 10 mM
Tris-HCI, pH 8, 140 mM NaCl, 0.1% sodium deoxycholate), twice with high-salt buffer (0.1% SDS, 1% Triton X-100, 1 mM EDTA,
10 mM Tris-HCI, pH 8, 500 mM NaCl, 0.1% sodium deoxycholate), twice with LiCl buffer (10 mM Tris-HCI, pH 8, 1 mM EDTA,
250 mM LiCl, 0.5% NP-40, 0.5% sodium deoxycholate) and once with 10 mM Tris-HCI, pH 8. Chromatin—antibody-bead complexes
were then subjected to tagmentation, followed by the elution of DNA, and libraries were amplified and purified as described previ-
ously.”* Pooled libraries were sequenced using an lllumina Novaseq 6000, running a pair-read 150-bp protocol (Cancer Research UK
Cambridge Institute). Sequenced reads were aligned to the mouse genome (GRCm38) using Bowtie2 (version 2.3.5.1) with default
parameters, and reads that could not be uniquely mapped were removed from further analyses. Aligned reads were visualised using
the SeqMonk software (v1.48.0). HOMER®® (v4.10.4) software was used for motif find analysis. Peak calling analysis was performed
using Macs2 (v2.1.2) and the target genes were defined by the closest gene from each peak (bedtools closest). Only target genes
identified in two independent experiments were used in further analysis.

ATAC-seq

ATAC-seq was performed as previously described.®” 20,000 to 50,000 FACS purified cells were lysed using cold lysis buffer (10 mM
Tris-HCI, pH 7.4, 10 mM NaCl, 3 mM MgCl, and 0.1% NP-40) to obtain nuclei extract. Nuclei were immediately used in the trans-
posase reaction (25 ul 2x TD buffer, 2.5 pl transposase (lllumina) and 22.5 ul nuclease- free water) for 30 min at 37 °C, followed
by sample purification (Qiagen MinElute kit). Then, we amplified library fragments using Kappa HiFi HotStart Ready mix and
1.25 M of custom Nextera PCR primers as previously described.®® Libraries were purified using dual (0.5x-0.7x) SPRI Ampure XP
beads (Beckman Coulter), pooled and were subjected to high-throughput sequencing. ATAC-seq data was aligned to the genome
using the same pipeline as the ChlP-seq data.

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analysis was performed using GraphPad Prism version 9 software. Statistical significance was calculated by unpaired Stu-

dent’s t-test (two-tailed), one-way or two-way ANOVA. “****: P<0.0001, ***: P<0.001, **: P<0.01, *: P<0.05, ns: not significant. No sam-
ples were excluded from the analysis.
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Figure S1. Generation of Cd4°"°Adnp"™ mice and gating strategy for lymphocyte and
myeloid cell population analysis, related to Figure 2.

(A) Schematic of the generation of conditional ADNP-deficient mice.

(B) Detection of ADNP (150 kDa) and GAPDH (35 kDa) proteins in purified thymocytes from
the indicated mice. IB refers to immunoblotting antibody.

(C) Gating strategy for cytokine expressing lymphocytes.

(D) Gating strategy for myeloid populations.
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Figure S2. Lymphocyte populations following papain/2W1S challenge, related to Figure 2.
(A-D) Flow cytometric analysis of (A) total lung and mediastinal lymph node IL-4-producing Th
effector cells, (B) total lung NK and B cells, (C) total lung NKT, Tregs, CD4" naive T cells and
CD4* T cells, (D) total lung CD8* T cells. Comparison between Cd4°" mice (black dots) and
Cd4°*Adnp™™ mice (red dots) treated with PBS or with papain + 2W1S peptide. Data are
representative of 2 independent experiments; data are presented as mean + SD; one-way
ANOVA with Tukey’s post-hoc test.

(E) Flow cytometry comparison of thymic CD4 single positive (SP), CD8 SP, CD4/CD8 double
positive (DP) and double negative (DN) cells in Cd4°™ mice (control) and Cd4“®Adnp"" (ADNP-
KO) mice. Data represent two independent experiments; mean + SD; one-way ANOVA with
Tukey’s post-hoc test.

(F) Flow cytometry comparison of thymic NKT cells in Cd4“™ mice (control) and Cd4“°Adnp™"
(ADNP-KO) mice. Data represent two independent experiments; mean + SD; one-way ANOVA
with Tukey’s post-hoc test.

(G-K) Bone marrow adoptive transfer experiment.

(G) Schematic representation of the adoptive transfer of bone marrow cells from wildtype
(CD45.1) and Cd4“°Adnp™™ (CD45.2) into lethally irradiated (CD45.1-CD45.2) mice followed by
induction of type-2 inflammation in the mouse lung with papain.

(H) Gating strategy for CD45.1" and CD45.2" cells after adoptive transfer of bone marrow cells.
() Flow cytometric analysis of CD45.1*CD11b" and CD45.2*CD11b" cells shown as percentage
of total CD45" cells. Data are presented as mean £ s.d.; paired two-sided t-test.

(J-K) Flow cytometric analysis of (J) CD8+ T cells, (K) IL-13, IL-5 and IL-4 producing Th effector
cells originating from control (CD45.1 - black dots) or Cd4°®Adnp™ (CD45.2- red dots) bone
marrow cells after adoptive transfer. Data represent mean + SD of eight mice ANOVA with Tukey’s
post-hoc test.

(L) Flow cytometric analysis of lung IL-13 and IL-5-producing ILC2s in Cd4°™ (black dots) and
Cd4°*Adnp™ (red dots) mice treated with papain + 2W1S peptide. Data are representative of 2
independent experiments; data are presented as mean + SD; one-way ANOVA with Tukey’s post-
hoc test.

(M) Flow cytometric analysis of lung IL-13 and IL-5-producing ILC2s in //7r°" (black dots) and
17r°*Adnp™ (red dots) mice treated with papain + 2W1S peptide. Data are representative of 2
independent experiments; data are presented as mean + SD; one-way ANOVA with Tukey’s post-
hoc test.

(N-O) Flow cytometric analysis of lung (N) B cells and NK cells, and (O) CD8" and CD4" T cells.
Comparison between //7°™ mice (black dots) and lI7r°Adnp™ mice (red dots) treated with
papain + 2W1S peptide. Data are representative of 2 independent experiments; data are
presented as mean = SD; one-way ANOVA with Tukey’s post-hoc test.

****P<0.0001, ***P<0.001, **P<0.01, *P<0.05, not significant (ns).



Figure S3
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Figure S3. Single cell expression analysis of naive and effector T cells, related to Figure
3

(A) Heatmap of the top 20 genes differentially expressed in the clusters defined in Figure 3A.
(B) UMAP plot with expression (log. expression) of indicated genes per individual cell.

(C) Volcano plot showing the up- and down-regulated genes comparing Th17 cells (cluster 3)
and Tregs cells (cluster 4) from Cd4°™ and Cd4°*Adnp"™ (KO) mice.
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Figure S4. Validation and analysis of in vitro cultured Th2 cells, related to Figure 4

(A) Gating strategy for cytokine-expressing in in vitro differentiated Th1 and Th2 cells.

(B) Flow cytometric analysis of Th1 and Th2 cells after in vitro differentiation. Data are shown
as percentage of CD44*CD25" and median fluorescence intensity (MFI) and are presented as
mean t£s.d.; one-way ANOVA with Tukey’'s post-hoc test. ****P<0.0001, *P<0.05, not
significant (ns).

(C) KEGG pathway analysis of the genes associated with ADNP maintained peaks (peaks
presentin Th2 cells and in naive T cells); and KEGG pathway analysis of the genes associated
with ADNP lost peaks (peaks present in naive T cells but not in Th2 cells). All pathways shown
were enriched (p<0.05).

(D) Average CTCF ChlP-seq signal across ADNP peaks in naive T cells and across ADNP

peaks in Th2 cells. Data representative of 2 biological replicates.
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Figure S5. ADNP forms complexes with BRG1 and BATF in Th2 cells, related to Figure
5.

(A-C) Lanes were loaded with nuclear extract before immunoprecipitation (INP), supernatant
of the immunoprecipitation (SN) or elution of the immunoprecipitation (IP). IB refers to
immunoblotting antibody. Data are representative of 2 independent experiments.

(A) Protein associations confirmed by co-immunoprecipitation experiments. Detection of
ADNP (150 kDa) and CHD4 (226 kDa) proteins in immunocomplexes generated with Th2 cell
nuclear lysate co-immunoprecipitated with anti-ADNP or anti-BRG1 antibodies.

(B) Confirmed of protein associations using co-immunoprecipitation. Detection of JUNB (38
kDa) protein in immunocomplexes generated with Th2 cell nuclear lysate co-
immunoprecipitated with anti-ADNP, anti-BRG1, anti-BATF, anti-JUNB, anti-CHD4 or isotype
control antibodies.

(C) Confirmed of protein associations using co-immunoprecipitation. Detection of JUNB (38
kDa), ADNP (150 kDa) and BRG1 (181 kDa) proteins in immunocomplexes generated with

Th2 cell nuclear lysate co-immunoprecipitated with anti-BATF or anti-JUNB antibodies.
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Figure S6. GATAS3 binds to the CGRE before ADNP recruitment, related to Figure 6

(A) Representative binding profiles of GATA3 in wild type naive T cells, Cd4°" Th2 cells and
Cd4°Adnp™™ Th2 cells in the type-2 cytokine locus. Data representative of 2 biological
replicates.

(B) Number and percentage of all ADNP, ADNP-HP1y, ADNP-CHD4 and ADNP-CHD4- HP1y
overlapping ChlP-seq peaks in Th2 cells. Peak list was generated using two biological

replicates.
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Figure S7. ChiP-seq and ATAC-seq analysis of Hopx locus, related to Figure 7
(A) Representative ADNP and H3K27ac ChlP-seq, and ATAC-seq tracks in Th2 cells from

Cd4°™ or Cd4°*Adnp™ mice at the Hopx locus. Data representative of 2 biological replicates.



Table S2. Differentially expressed genes in RNA-seq data comparing Th2 cells following Adnp-deletion with non-deleted cells,
related to Figure 1.

Upregulated genes Downregulated genes
Gene symbol Gene name P-value |Fold change Gene symbol Gene name P-value |Fold change
ENSMUSG 00000024592 | C330078D20Rik |0.00 -27.15 ENSMUSG00000001700 |Gramd3 0.00 44.63
ENSMUSG00000085823 | Gm13012 0.00 -18.44 ENSMUSGO00000104795 |Gm42783 0.00 32.95
ENSMUSG00000002731 |Prkra 0.00 -18.15 ENSMUSG00000020099 |Unc5h 0.00 20.78
ENSMUSG00000003271 | Sult2b1 0.01 -9.97 ENSMUSG00000018648 |Dusp14 0.00 20.75
ENSMUSG00000025008 | Tctn3 0.01 -9.43 ENSMUSG00000033703 | Fesk 0.02 19.27
ENSMUSG00000029575 | Mmab 0.02 -9.03 ENSMUSG00000074064 |Mlycd 0.00 16.08
ENSMUSG 00000025921 |Rdh10 0.01 -8.91 ENSMUSG00000030200 |Bcl2/14 0.02 15.25
ENSMUSG00000042178 |Armc5 0.00 -8.70 ENSMUSG00000109864 |Eid3 0.03 13.81
ENSMUSG00000034105 | Meak7 0.03 -7.90 ENSMUSG00000036882 |Arhgap33 0.00 13.70
ENSMUSG00000034875 | Nudt 19 0.01 -7.68 ENSMUSG00000021203 |Otub2 0.01 12.69
ENSMUSG 00000042363 | Lgals/ 0.01 -7.48 ENSMUSG00000020122 | Egfr 0.00 12.65
ENSMUSG00000062190 |Lancl2 0.00 -7.37 ENSMUSG00000109379 |Gm44550 0.01 12.61
ENSMUSG 00000049410 | Zfp683 0.01 -6.83 ENSMUSG00000030406 | Gipr 0.00 12.40
ENSMUSG00000091649 | Phf11b 0.01 -6.77 ENSMUSG00000021485 |Mxd3 0.01 12.33
ENSMUSG00000026433 |Rab29 0.00 -6.73 ENSMUSG00000104698 |Gm42602 0.02 11.91
ENSMUSG 00000098322 | 5830468F 06Rik |0.02 -6.73 ENSMUSG00000003812 |Dnase2a 0.00 11.81
ENSMUSG 00000043079 | Synpo 0.02 -6.25 ENSMUSG00000097727 | F630040KO05Rik |0.01 11.49
ENSMUSG00000029196 | Tada2b 0.03 -6.15 ENSMUSG00000040272 |Accs 0.05 11.21
ENSMUSG00000074738 | Fndc10 0.02 -5.98 ENSMUSG00000112096 |A430103D13Rik |0.01 11.06
ENSMUSG00000040498 |/gsf23 0.03 -5.89 ENSMUSG00000037716 |Ccdc33 0.00 10.49
ENSMUSG00000116858 | Gm49797 0.05 -5.72 ENSMUSG00000032109 [Nirx1 0.01 10.19
ENSMUSG 00000029084 | Cd38 0.05 -5.51 ENSMUSG00000028238 |Atp6v0d2 0.02 10.17
ENSMUSG00000015189 | Casd? 0.01 -5.19 ENSMUSG00000020261 |Sic36a1 0.04 9.77
ENSMUSG00000018919 | Tm4sf5 0.03 -5.06 ENSMUSGO00000106241 |Gm43143 0.02 9.24
ENSMUSG00000095123 | Gm21781 0.00 -5.05 ENSMUSG00000030688 |Stard10 0.00 8.96
ENSMUSG00000073771 | Btbd19 0.00 -5.04 ENSMUSG00000044934 |Zfp367 0.00 8.35
ENSMUSG00000001552 |Jup 0.05 -4.88 ENSMUSG00000104302 {Gm36975 0.01 8.20
ENSMUSG00000037405 |/cam1 0.01 -4.84 ENSMUSG00000058258 |/di1 0.01 7.91
ENSMUSG 00000030443 | Zfp583 0.03 -4.60 ENSMUSG00000034903 | Cobll1 0.00 7.54
ENSMUSG00000002825 | Qtrt1 0.04 -4.36 ENSMUSG00000028217 |Cdh17 0.01 7.41
ENSMUSG00000038352 |Ari5c 0.01 -4.35 ENSMUSG00000020021 |Fgd6 0.03 7.39
ENSMUSG00000054752 | Fsd1l 0.02 -4.20 ENSMUSG00000031969 |Acad8 0.02 7.20
ENSMUSG00000052676 | Zmat 1 0.04 -4.13 ENSMUSG00000033147 |SIc22a15 0.01 7.11
ENSMUSG00000040557 | Metti27 0.01 -4.10 ENSMUSG00000028582 |Cc2d1b 0.00 7.05
ENSMUSG00000039108 |Lsm14b 0.02 -4.00 ENSMUSG00000005043 |Sgsh 0.03 6.81
ENSMUSG00000040652 |Oaz2 0.02 -3.98 ENSMUSG00000030613 |Ccdc90b 0.01 6.77
ENSMUSG00000106005 | Gm29157 0.04 -3.87 ENSMUSG00000053007 |Creb5 0.01 6.72
ENSMUSG00000042262 | Ccr8 0.02 -3.78 ENSMUSG00000079043 |Fastkd5 0.02 6.58
ENSMUSG 00000045438 |Cox19 0.04 -3.70 ENSMUSG00000001065 |Zfp276 0.00 6.47
ENSMUSG00000117219 | Gm49911 0.05 -3.70 ENSMUSG00000035439 |Haus8 0.03 6.44
ENSMUSG00000030612 | Mrpl46 0.02 -3.67 ENSMUSG00000013833 |Med16 0.02 6.43
ENSMUSG00000035840 |Lysmd3 0.02 -3.66 ENSMUSG00000104239 |Gm37588 0.05 6.41
ENSMUSG00000044881 | Coa4 0.05 -3.64 ENSMUSG00000062729 |Ppox 0.01 6.30
ENSMUSG00000032067 |Pts 0.04 -3.63 ENSMUSG00000087574 |C030037D09Rik |0.02 6.07
ENSMUSG00000021271 | Zfp839 0.00 -3.61 ENSMUSG00000041298 |Katnall 0.02 6.07
ENSMUSG 00000028690 | Mmachc 0.02 -3.60 ENSMUSG00000050323 |Ndufaf6 0.02 5.94
ENSMUSG00000034858 |Fam214a 0.04 -3.53 ENSMUSG00000104342 |Gm36401 0.02 5.93
ENSMUSG00000053477 | Tcf4 0.03 -3.52 ENSMUSG00000043895 |S1pr2 0.00 5.87
ENSMUSG00000017631 |Abr 0.01 -3.43 ENSMUSG00000041540 |Sox5 0.00 5.80
ENSMUSG00000016756 | Cmah 0.00 -3.34 ENSMUSG00000097300 |Sell 0.01 5.45
ENSMUSG00000040929 |Rfx3 0.01 -3.34 ENSMUSG00000037628 |Cdkn3 0.03 5.23
ENSMUSG00000109652 | Gm45555 0.04 -3.30 ENSMUSG00000071547 |Nt5dc2 0.03 5.22
ENSMUSG00000002205 | Vrk3 0.03 -3.25 ENSMUSG00000025492 |/fitm3 0.04 5.16
ENSMUSG00000087141 | Plcxd2 0.04 -3.24 ENSMUSG00000032754 |Sic8b1 0.03 5.11
ENSMUSG00000025997 |/kzf2 0.01 -3.22 ENSMUSG00000003518 |Dusp3 0.02 4.89
ENSMUSG00000036327 | Qsox2 0.00 -3.16 ENSMUSGO00000039450 |Doxr 0.01 4.70
ENSMUSG 00000005897 | Nr2c1 0.03 -3.13 ENSMUSG00000029821 |Gsdme 0.00 4.69
ENSMUSG00000025979 |Mob4 0.01 -3.10 ENSMUSGO00000038301 |Snx10 0.00 4.61
ENSMUSG00000073096 |Lrrc61 0.00 -3.10 ENSMUSG00000048120 |Entpdl 0.04 4.61
ENSMUSG00000037824 | Tspan14 0.02 -3.10 ENSMUSG00000035640 |Cbarp 0.03 4.57
ENSMUSG 00000026810 | Dpm2 0.02 -3.08 ENSMUSG00000024070 |Prkd3 0.02 4.49
ENSMUSG00000041143 | Tmco4 0.02 -3.06 ENSMUSGO00000037949 |Ano10 0.03 4.49
ENSMUSG00000038034 |/gsf8 0.02 -3.05 ENSMUSG00000091586 |Cyp4f17 0.01 4.47
ENSMUSG 00000026018 |/ca1l 0.05 -3.02 ENSMUSG00000054770 |Kctd18 0.02 4.47
ENSMUSG00000033706 | Smyd5 0.02 -2.97 ENSMUSG00000018916 |Csf2 0.03 4.46
ENSMUSG00000024588 |Fech 0.01 -2.97 ENSMUSG00000011254 |Thg1/ 0.01 4.40
ENSMUSG00000024778 | Fas 0.02 -2.92 ENSMUSG00000021285 |Ppp1ri3b 0.03 4.31
ENSMUSG00000050079 |Rspry1 0.01 -2.88 ENSMUSGO00000055866 |Per2 0.03 4.31
ENSMUSG 00000025078 | Nhirc2 0.02 -2.88 ENSMUSG00000022160 |Metti3 0.04 4.24
ENSMUSG00000028990 |Lzic 0.03 -2.84 ENSMUSG00000042705 |Commd10 0.01 4.24
ENSMUSG00000028655 | Mfsd2a 0.01 -2.83 ENSMUSG00000058886 |Deaf1 0.04 4.19
ENSMUSG00000038387 |Rras 0.01 -2.72 ENSMUSG00000006191 |Cdkall 0.00 4.17
ENSMUSG00000027495 | Fam210b 0.03 -2.68 ENSMUSG00000030880 |Polr3e 0.03 4.17
ENSMUSG00000060733 |/pmk 0.02 -2.64 ENSMUSG00000040596 |Pogk 0.01 4.16
ENSMUSG00000059149 | Mfsd4a 0.04 -2.62 ENSMUSG00000104339 | C130089K02Rik |0.02 4.14
ENSMUSG00000067629 | Syngap? 0.02 -2.55 ENSMUSG00000026698 |Pigc 0.02 4.06




ENSMUSG 00000062202 | Btbd9 0.05 -2.54
ENSMUSG00000073684 | Faap20 0.04 -2.52
ENSMUSG00000038119 | Cdon 0.00 -2.52
ENSMUSG00000075376 | Rc3h2 0.01 -2.51
ENSMUSG 00000028394 | Pole3 0.04 -2.50
ENSMUSG00000039298 | Cdk5rap2 0.04 -2.45
ENSMUSG00000074604 | Mgst2 0.02 -2.43
ENSMUSG00000103175 | Gm37169 0.00 -2.43
ENSMUSG00000073008 | Gpr174 0.00 -2.43
ENSMUSG00000028341 | Nr4a3 0.02 -2.42
ENSMUSG00000030965 |Abraxas2 0.03 -2.39
ENSMUSG00000026483 | Fam129a 0.02 -2.38
ENSMUSG00000011382 | Dhdh 0.01 -2.37
ENSMUSG00000024370 | Cdc23 0.00 -2.37
ENSMUSG00000056708 |/er5 0.03 -2.34
ENSMUSG00000003731 | Kpna6 0.03 -2.33
ENSMUSG00000001755 | Coasy 0.04 -2.31
ENSMUSG00000071647 | EmI3 0.04 -2.27
ENSMUSG00000042111 | Ccdc115 0.00 -2.27
ENSMUSG00000038002 | Cramp1/ 0.01 -2.27
ENSMUSG00000030493 | Faap24 0.04 -2.27
ENSMUSG00000020346 | Mgat 1 0.05 -2.26
ENSMUSG00000023965 | FbxI/17 0.01 -2.26
ENSMUSG00000040123 | Zmym5 0.01 -2.22
ENSMUSG 00000041815 | Poldijp3 0.03 -2.21
ENSMUSG00000031711 | Zfp330 0.05 -2.19
ENSMUSG00000074480 | Mex3a 0.03 -2.19
ENSMUSG00000028599 | Tnfrsf1b 0.03 -2.18
ENSMUSG00000064289 | Tank 0.00 -2.18
ENSMUSG00000035772 | Mrps2 0.05 -2.18
ENSMUSG00000023460 |Rab12 0.04 -2.17
ENSMUSG00000049232 | Tigd2 0.04 -2.15
ENSMUSG00000030264 | Thumpd3 0.03 -2.15
ENSMUSG00000042312 | S7100a13 0.01 -2.13
ENSMUSG00000043510 | Hscb 0.03 -2.12
ENSMUSG00000027351 | Spred1 0.04 -2.12
ENSMUSG00000053134 | Supt 7/ 0.00 -2.06
ENSMUSG00000041225 | Arhgap12 0.01 -2.05
ENSMUSG 00000070923 | KIhi9 0.02 -2.04
ENSMUSG00000032115 | Hyou? 0.02 -2.03
ENSMUSG00000032612 | Usp4 0.04 -2.02

ENSMUSG00000028199 |Cryz 0.01 4.05
ENSMUSG00000018914 |//3 0.02 4.00
ENSMUSG00000034973 |Dopla 0.00 3.95
ENSMUSG00000027459 |Fam110a 0.01 3.93
ENSMUSG00000015944 |Castor2 0.00 3.92
ENSMUSG00000021461 |Fancc 0.03 3.87
ENSMUSG00000027864 | Ptgfrn 0.00 3.87
ENSMUSG00000047242 | Taf9b 0.03 3.85
ENSMUSG00000076761 |Trav5-1 0.02 3.85
ENSMUSG00000007603 |Dus3/ 0.04 3.83
ENSMUSG00000059866 |Tnip2 0.01 3.81
ENSMUSG00000040888 |Gfer 0.01 3.74
ENSMUSG00000046731 |Kctd11 0.01 3.73
ENSMUSG00000033902 | Mapkbp1 0.03 3.72
ENSMUSG00000087384 |Gm15558 0.03 3.68
ENSMUSG00000033632 |AW554918 0.04 3.67
ENSMUSG00000028073 |Pearl 0.05 3.67
ENSMUSG00000020741 |Cluh 0.03 3.67
ENSMUSG00000030600 |Lrfn1 0.03 3.63
ENSMUSG00000110206 |F3/ 0.02 3.57
ENSMUSG00000039474 | Wfs1 0.04 3.53
ENSMUSG00000021703 |Serincs 0.00 3.53
ENSMUSG00000015647 |Lama5 0.00 3.52
ENSMUSG00000037816 |Fbxw17 0.03 3.51
ENSMUSG00000031802 |Phxr4 0.02 3.49
ENSMUSG00000022479 | Vdr 0.01 3.49
ENSMUSG00000000441 |Raf1 0.01 3.48
ENSMUSG00000037239 |Spred3 0.01 3.46
ENSMUSG00000030203 |Dusp16 0.00 3.39
ENSMUSG00000038542 | Pcid2 0.00 3.36
ENSMUSG00000074151 |Nirc5 0.01 3.35
ENSMUSG00000066149 |Cdc26 0.02 3.35
ENSMUSG00000026274 | Pask 0.02 3.34
ENSMUSG00000026014 |Raphl 0.00 3.31
ENSMUSG00000047751 |Utf1 0.04 3.25
ENSMUSG00000032041 | Tirap 0.00 3.22
ENSMUSG00000023235 | Cd25 0.02 3.19
ENSMUSG00000020537 |Drg2 0.02 3.18
ENSMUSG00000022246 |Rail4 0.03 3.17
ENSMUSG00000025743 |Sdc3 0.01 3.15
ENSMUSG00000006058 |Snf8 0.00 3.13
ENSMUSG00000055435 | Maf 0.01 3.13
ENSMUSG00000027293 |Ehd4 0.00 3.12
ENSMUSG00000033880 |Lgals3bp 0.03 3.07
ENSMUSG00000109005 |Gm45221 0.02 3.05
ENSMUSG00000033323 |Ctdp1 0.02 3.04
ENSMUSG00000020453 |Patz1 0.05 3.04
ENSMUSG00000000869 |//4 0.00 3.01
ENSMUSG00000031913 |Vps4a 0.01 3.01
ENSMUSG00000022668 |Gtpbp8 0.05 3.01
ENSMUSG00000054676 |1600014C10Rik |0.02 3.00
ENSMUSG00000033629 |Hacd3 0.03 2.99
ENSMUSG00000102336 |{Gm37233 0.00 2.98
ENSMUSG00000096188 |Cmtm4 0.03 2.92
ENSMUSG00000026766 |Mmadhc 0.01 2.90
ENSMUSG00000031577 | Tti2 0.03 2.88
ENSMUSG00000028683 | Eif2b3 0.03 2.85
ENSMUSG00000029387 |Gtf2h3 0.01 2.85
ENSMUSG00000039959 |Hip1 0.01 2.83
ENSMUSG00000024781 |Lipa 0.01 2.82
ENSMUSG00000059895 |Ptp4a3 0.01 2.81
ENSMUSG00000043671 |Dpy19/3 0.05 2.78
ENSMUSG00000079215 |Zfp664 0.02 2.75
ENSMUSG00000023951 | Vegfa 0.00 2.75
ENSMUSG00000031266 |Gla 0.02 2.68
ENSMUSG00000029176 |Anapc4 0.00 2.68
ENSMUSG00000035790 |Cep19 0.01 2.66
ENSMUSG00000023286 |Ube2j2 0.02 2.66
ENSMUSG00000024829 | Mrpl21 0.01 2.65
ENSMUSG00000016028 | Celsr1 0.00 2.64
ENSMUSG00000032601 |Prkar2a 0.00 2.63
ENSMUSG00000034187 |Nsf 0.00 2.63
ENSMUSG00000021629 |S/c30a5 0.04 2.60
ENSMUSG00000002797 |Ggct 0.05 2.55
ENSMUSG00000061981 |Flot2 0.02 2.54
ENSMUSG00000028559 |Osbpl9 0.04 2.54
ENSMUSG00000027447 |Cst3 0.03 2.54
ENSMUSG00000026749 |Nek6 0.00 2.47
ENSMUSG00000056498 |Tmem154 0.02 2.46
ENSMUSG00000026830 |Ermn 0.01 2.44
ENSMUSG00000042625 |Safb2 0.04 2.44




ENSMUSG00000020948 | Kihi28 0.03 2.42
ENSMUSG00000103391 |Gm38302 0.04 2.41
ENSMUSG00000030469 |Zfp719 0.04 2.41
ENSMUSG00000029401 |Rilpl2 0.00 2.39
ENSMUSG00000047454 |Gphn 0.01 2.37
ENSMUSG00000040462 |Os9 0.02 2.36
ENSMUSG00000037373 | Ctbpl 0.04 2.36
ENSMUSG00000039153 |Runx2 0.01 2.32
ENSMUSG00000015536 |Mocs2 0.03 2.31
ENSMUSG00000030990 |Pgap2 0.04 2.30
ENSMUSG00000042726 |Trafd1 0.01 2.27
ENSMUSG00000026568 |Mpc2 0.03 2.26
ENSMUSG00000104291 |A130071D04Rik |0.04 2.26
ENSMUSG00000043154 |Ppp2r3a 0.01 2.26
ENSMUSG00000062270 | Morf4ll 0.01 2.25
ENSMUSG00000064181 |Rab3ip 0.02 2.25
ENSMUSG00000000194 |Gpr107 0.01 2.25
ENSMUSG00000018398 |Septin8 0.03 2.22
ENSMUSG00000024130 |Abca3 0.03 2.21
ENSMUSG00000030659 |Nuch2 0.01 2.20
ENSMUSG00000039318 |Rab3gap2 0.01 2.18
ENSMUSG00000034021 | Pds5b 0.02 2.17
ENSMUSG00000038214 |Bend3 0.02 2.15
ENSMUSG00000024007 |Ppill 0.05 2.15
ENSMUSG00000029910 |Mad2/1 0.02 2.14
ENSMUSG00000013662 |Atad1 0.04 2.12
ENSMUSG00000022685 |Parn 0.01 2.11
ENSMUSG00000028772 |Zcchcl7 0.03 2.09
ENSMUSG00000057649 |Brd9 0.03 2.07
ENSMUSG00000031813 |Mvb12a 0.04 2.05
ENSMUSG00000030286 |Emc3 0.00 2.02
ENSMUSG00000011179 |Odcl 0.03 2.02
ENSMUSG00000019979 |Apafl 0.01 2.00




Table S3. KEGG pathway analysis of the genes associated to ADNP peaks in Th2 cells, related to Figure 4.

Term

log2FoldChange

-Log10(pvalue)

Pathwaysin cancer

0.896310577179861

8.899639752

Term

log2FoldChange

-Log10(pvalue)

Th1and Th2 cell differentiation

1.98043531241309

8.753305558

Arginine and proline metabolism

0.90790429916245

1.411890225

Th17 celldifferentiation

1.76564716172519

8.013879289

Central carbon metabolism in cancer

0.803651934963353

1.404411055

JAK-STAT signaling pathway

1.4130646456827

7.815124537

Acute myeloid leukemia

0.76834977050353

1.387419014

T cellreceptor signaling pathway

1.67047451480334

7.106680533

Fluid shear stressand atherosclerosis

0.535059348825809

1.366613985

Thyroid hormone signaling pathway

1.4815761505588

6.279771765

Apelin signaling pathway

0.544031719352161

1.365676563

p53 signaling pathway

1.74194628189252

5.655094698

Ubiquitin mediated proteolysis

0.544031719352161

1.365676563

Hepatitis B

1.18603154380679

5.508270982

Cushing syndrome

0.499566217684824

1.336106198

Human T-cellleukemia virus 1 infection

0.930648014501768

4.916323398

Choline metabolism in cancer

0.627427726574016

1.334651892

Osteoclast differentiation

1.24399800998024

4.910145577

Sphingolipid signaling pathway

0.559771873634829

1.325287742

Smallcelllung cancer

1.43824161586732

4.886122366

MAPK signaling pathway

0.83799240009741

4.713395787

Regulation of actin cytoskeleton

0.958481354228799

4.693042021

Chronic myeloid leukemia

1.49772800702011

4.484146972

Measles

1.0931439309215

4.255398949

Apoptosis

1.03976730156872

3.816990684

Adherens junction

1.36342198494941

3.598004337

Proteoglycansin cancer

0.849943835879489

3.578042046

Leukocyte transendothelial migration

1.08285576196112

3.478885214

Human cytomegalovirusinfection

0.731122775503737

3.301206219

Inflammatory bowel disease (I1BD)

1.41764126080508

3.279119638

Colorectalcancer

1.17475112426983

3.240442986

Rap1 signaling pathway

0.792083167191249

3.239806306

NF-kappa B signaling pathway

1.07904334898118

3.13968771

C-type lectin receptor signaling pathway

1.01535434729982

3.041471096

Neurotrophin signaling pathway

0.977993785339682

3.029805967

Hepatocellular carcinoma

0.834003571851602

3.024282206

Non-smallcelllung cancer

1.2731495194613

2.964906282

Pancreatic cancer

1.18591979537282

2.8994984

FoxO signaling pathway

0.914632842384355

2.891957942

Chemokine signaling pathway

0.759109753219616

2.879640638

Kaposisarcoma-associated herpesvirusinfection

0.727337176682901

2.877866889

Toxoplasmosis

0.961478897746632

2.693409514

cAMP signaling pathway

0.700445526377739

2.657193068

Insulin resistance

0.92430963778094

2.55753113

TNF signaling pathway

0.92430963778094

2.55753113

PI3K-Akt signaling pathway

0.532652061495029

2.532664588

Epstein-Barr virusinfection

0.648991410107192

2.497879794

Leishmaniasis

1.14130813421849

2.485799551

Renalcellcarcinoma

1.11019387930504

2.400657166

Wnt signaling pathway

0.737362282365623

2.347898844

Viral carcinogenesis

0.614166505725594

2.290136317

Insulin signaling pathway

0.757334445863519

2.208541569

Platelet activation

0.794434780249947

2.203015932

Glioma 1.00387435465186 2.192117
Oxytocin signaling pathway 0.714042250439738 |2.170618437
Focaladhesion 0.621350310771721 |2.10755219

Bcellreceptor signaling pathway

0.992007898931744

2.086443427

Naturalkiller cellmediated cytotoxicity

0.78444646769435

2.071043345

Breast cancer

0.701813889111462

2.043961956

AGE-RAGE signaling pathway in diabetic complications

0.81807349240271

1.975130928

Transcriptional misregulation in cancer

0.614636906867805

1.954106558

Hippo signaling pathway

0.652203023301662

1.934391062

Vascular smooth muscle contraction

0.688348256117813

1.91740868

Aldosterone synthesis and secretion

0.798620659875491

1.91724637

Parathyroid hormone synthesis, secretion and action

0.776198830064104

1.899781426

Hepatitis C

0.640142629131631

1.889724583

Cellular senescence

0.593850913771571

1.871385917

Adipocytokine signaling pathway

0.921196545283092

1.839969011

Signaling pathways regulating pluripotency of stem cells

0.674024638737121

1.830485931

Cellcycle

0.703390070731073

1.80853872

Endometrial cancer

1.00121285844965

1.807937943

GnRH signaling pathway

0.812639675637535

1.801243874

cGMP-PKG signaling pathway

0.597703725733847

1.796723547

Insulin secretion

0.818193294231804

1.762452258

Fc epsilon RI signaling pathway

0.904664314978368

1.736118913

Oocyte meiosis

0.687384748749352

1.679721199

Axon guidance

0.557177531893221

1.676126758

Cytokine-cytokine receptor interaction

0.441940384009462

1.67217606

Glucagon signaling pathway

0.724553772156384

1.659818821

Longevity regulating pathway

0.724553772156384

1.659818821

Human papillomavirusinfection

0.397660121629863

1.65830753

Bacterialinvasion of epithelial cells

0.838472211960026

1.645743047

Gastric acid secretion

0.838472211960026

1.645743047

ErbB signaling pathway

0.776811741128923

1.607153262

Intestinalimmune network for IgA production

1.06412606536533

1.601962698

Hematopoietic celllineage

0.727400885357647

1.579116893

Adrenergic signaling in cardiomyocytes

0.581713282037688

1.563050365

Tuberculosis

0.532567696581932

1.562684613

Gap junction

0.730833158190224

1.497603529

I1L-17 signaling pathway

0.707573076899093

1.486468092

Melanoma

0.791104172114158

1.486078066

Prolactin signaling pathway

0.791104172114158

1.486078066

Gastric cancer

0.556226757861551

1.483269896

AMPK signaling pathway

0.593910102230119

1.447681928

Fc gamma R-mediated phagocytosis

0.708377890547675

1.445289381

Endocytosis

0.410650520799807

1.438404287

Salivary secretion

0.735029080692873

1.415142538




Table S4. Genes associated to the highlighted KEGG pathways, related to Figure 4.

Th1 and Th2 cell differentiation

Th17 cell differentiation

JAK-STAT signaling pathway

T cell receptor signaling pathway

CD3D AHR AKT2 AKT2
FOS CD3D AKT3 AKT3
GATA3 FOS BCL2L1 CARD11
H2-AA GATA3 CCND2 CBLB
IL12A H2-AA CCND3 CD3D
IL13 HIF1A CDKN1TA CD8B1

IL2 IL17D CISH CDCA42
IL2RA IL1RAP CRLF2 FOS
IL2RB IL2 CSF2RA FYN

IL4 IL21R EGFR GRAP2
IL4RA IL2RA GRB2 GRB2

IL5 IL2RB IFNAR1 IL10
JAK2 IL4 IFNAR2 IL2
JAK3 ILARA IFNK IL4

JUN IL6RA IL10 IL5

LAT IL6ST IL10RB JUN

LCK IRF4 IL12A KRAS

MAF JAK2 IL13 LAT

MAML 1 JAK3 IL15RA LCK
MAML3 JUN IL17D LCP2
NFATC1 LAT IL2 MALT1
NFATC2 LCK IL20 MAP3K7
NFATC3 NFATC1 IL20RB MAP3K8
NFKB1 NFATC2 IL21R NCK2
NFKBIA NFATC3 IL24 NFATC1
NOTCH1 NFKB1 IL2RA NFATC2
NOTCH2 NFKBIA IL2RB NFATC3
PLCG1 PLCG1 IL3RA NFKB1
PPP3CC PPP3CC IL4 NFKBIA
PRKCQ PRKCQ ILARA PIK3CD
RBPJ RORA IL5 PLCG1
RBPJL RUNX1 IL6RA PPP3CC
RUNX3 SMAD3 IL6ST PRKCQ
STAT1 STAT1 IL7 PTPRC
STAT4 STAT3 IL7R RAF1
STATSB STAT5B JAK2 RASGRP1
TBX21 TBX21 JAK3 TEC
TYK2 TGFB1 LIF TNF
ZAP70 TGFBR1 MCL1 VAV1
TGFBR2 MYC ZAP70
TYK2 OSMR
ZAP70 PDGFB
PIAS2
PIAS4
PIK3CD
PIM1
PRLR
PTPN2
RAF1
SOCS1
SOCS6
STAM2
STAT1
STAT2
STAT3
STAT4
STAT5B

TYK2




Table S6. List of genes associated with ADNP-CHD4-BRG1 peaks and with
reduced H3K27ac in ADNP-deficient Th2 cells, related to Figure 7.

1113 Pstpip1 Mxi1 Cysiltr2
I14ra Cyp4f39 Dusp6 Saysd1
Maf Inppba Rab27a Bcl2l14
Pdgfb Psap Nfyb Stim1
Tmem40 Usp37 Fosl2 Rbpj

Pth Tmsb10 Ak2 Ankrd50
Gm42602 Stat5b Cpd Gm47824
Slc44a2 Fof7 Ammecr1l Dcp1b
B3galt2 Dusp11 Tsen2 Gm37176
Gset Tacct1 Ccdc71/ Alpk2
Birc3 Acot11 Jak2 Stpr1
Egin3 Gm35808 Atg10 Rtkn2
1d2 GmA49337 Mbnl1 Srgap3
Srf Rbm47 Cyp1iatl Cbr4
1gfbp4 Ptpn1 Gm43822 Cd83
Adora2b Sft2d2 Znrf2 Gm9887
Vmp1 Ern1 Arhgap12 Rapgef5
Slco3at Heg1 Gm44068 Mrpl39
Rnf19b B4galt5 Samhd1 Pde4b
Inhba Mapk6 Efnab 49304120 13Rik
Nxpe3 Irf2bp2 Kcenk5 Zfp36/2
Ccl17 Pparg Ccrd 49314121 15Rik
Sesn2 Ddit4 Acsl4 Gm44627
Dysf Hsf2bp Dadr1 Tex13c2
Map2k6 NFil3 Ttc30a1 Dnajc1
Ninj1 Gpx3 E130114P18Rik |Cpm
Slc35a5 Rnf19a Gm44861 Gtdc1
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