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Ininflamed tissues, monocytes differentiate into macrophages (mo-Macs)
or dendritic cells (mo-DCs). In chronic nonresolving inflammation,
mo-DCs are major drivers of pathogenic events. Manipulating monocyte
differentiation would therefore be an attractive therapeutic strategy.
However, how the balance of mo-DC versus mo-Mac fate commitment is
regulated is not clear. Inthe present study, we show that the transcriptional
repressors ETV3 and ETV6 control human monocyte differentiationinto
mo-DCs.ETV3 and ETV6 inhibit interferon (IFN)-stimulated genes; however,
their action on monocyte differentiation isindependent of IFN signaling.
Instead, we find that ETV3 and ETV6 directly repress mo-Mac development
by controlling MAFB expression. Mice deficient for Etv6 in monocytes have

spontaneous expression of IFN-stimulated genes, confirming that Etvé
regulates IFN responses in vivo. Furthermore, these mice have impaired
mo-DC differentiation during inflammation and reduced pathology in
an experimental autoimmune encephalomyelitis model. These findings
provide information about the molecular control of monocyte fate
decision andidentify ETV6 as a therapeutic target to redirect monocyte
differentiation ininflammatory disorders.

Monocytes and monocyte-derived cells are central playersin theinitia-
tionandresolution of inflammatory responses. In chronicinflammatory
diseases, monocyte-derived antigen-presenting cells (APCs) become
major drivers of the physiopathology by stimulating pathogenic T cells.
Blocking monocyte differentiation therefore represents an attractive
therapeuticstrategy. Amajor hurdleis the paucity of molecular targets,
due to limited knowledge of the molecular regulation of monocyte
fate commitment.

Circulating monocyetes infiltrate mucosal or inflamed tissues
where they differentiate into mo-Macs or mo-DCs' . Mo-Macs are
generally involved in homeostasis and tissue repair, whereas mo-DCs
present antigens to T cells directly in tissues. However, in chronic

nonresolving inflammation, T cell stimulation by mo-DCs becomes
deleterious. In Crohn’s disease, rheumatoid arthritis and psoriasis,
mo-DCs secrete high amounts of interleukin (IL)-23 and stimulate
helper type 17 T cells (T,,17) cells, two major drivers of the physiopa-
thology*~". In mouse models, mo-DCs induce pathogenic T cells that
mediate tissue damage in experimental autoimmune encephalomyeli-
tis (EAE)® and colitis®"°. Blocking monocyte differentiation has there-
fore emerged as a potential therapeutic strategy for inflammatory
disorders. Pharmacological inhibition of monocyte recruitment sup-
presses the development of colitis” and the severity of EAE™. Induc-
ing monocyte apoptosis with nanoparticles reduces inflammation
and disease symptoms in colitis, EAE, peritonitis and virus-induced

'Institut Curie, PSL Research University, INSERM, Paris, France. 2Department of Pathology, New York University Grossman School of Medicine, New York,

NY, USA. [ <le-mail: elodie.segura@curie.fr

Nature Immunology


http://www.nature.com/natureimmunology
https://doi.org/10.1038/s41590-022-01374-0
http://orcid.org/0000-0002-8581-4155
http://orcid.org/0000-0002-9732-5826
http://orcid.org/0000-0002-8429-7045
http://orcid.org/0000-0003-1140-7853
http://orcid.org/0000-0003-1795-1921
http://crossmark.crossref.org/dialog/?doi=10.1038/s41590-022-01374-0&domain=pdf
mailto:elodie.segura@curie.fr

Article

https://doi.org/10.1038/s41590-022-01374-0

encephalitis”. Finally,impairing monocyte survival and differentiation
viamacrophage-colony-stimulating factor (M-CSF) receptor blockade
reduces inflammation in arthritis'*">. However, a major caveat of these
approachesisthe potentially adverse effects due to disrupted differen-
tiation of mo-Macs, which are involved in the resolution of inflamma-
tion. Blockade of the M-CSF receptor was reported to impair cardiac
repair’® and skeletal muscle regeneration”. Manipulating monocyte
fate commitment toward mo-DCs versus mo-Macs would therefore
provide an attractive alternative strategy. This would require abetter
understanding of the molecular regulators orchestrating the monocyte
fate decision.

Monocyte fateis not transcriptionally imprinted'®”. Instead, mono-
cytesrespond to microenvironmental cues that canredirect their fate.
Usinginvitromodels of humanmonocyte differentiation, we and others
have shown thatIL-4 signaling is essential toinduce mo-DC differentia-
tion'®?°. Transcription factorsinvolvedin this process include IFN regu-
latoryfactor4 (IRF4),arylhydrocarbonreceptor, Blymphocyte-induced
maturation protein-1 (BLIMP-1) and the nuclear receptor corepressor
2 (NCOR2)'¥%°, What controls the balance of monocyte differentiation
into mo-Macs versus mo-DCs remains unclear.

Inthe present study, we have identified ETV3 and ETV6 asimpor-
tantregulators of mo-DC differentiation and repressors of monocyte
differentiationinto macrophages. We provide evidence that ETV3and
ETV6 repress macrophage fate commitment independently of their
action on IFN-stimulated gene (ISG) expression. Finally, we validate
therole of ETV6 in monocytes for in vivo ISG repression, by analyzing
single-cell transcriptomic data from ETV6-mutated patients and in
mice deficient for Etv6 in monocytes. We further show that Etvé in
monocytesisrequired for mo-DC differentiationinamodel ofinflam-
matory peritonitis and modulates the severity of symptoms inamodel
of neuroinflammation. By enabling a better understanding of the
molecular ontogeny of monocyte-derived cells, our results should
provide opportunities for the therapeutic manipulation of monocyte
differentiation.

Results

ETV3 and ETV6 expressionis greaterinmo-DCs thanin
mo-Macs

We hypothesized that transcription factors differentially expressed
between human mo-DCs and mo-Macs could be involved in their
differentiation from monocytes. Our transcriptomic analysis of
monocyte-derived cells from clinical samples identified £7V3 and
ETV6 as potential candidates’. To assess ETV3 and ETV6 expression,
we used our transcriptomics datafrom cells naturally occurringin vivo
in peritoneal ascites'. ETV3 and ETV6 were more expressed in in vivo
mo-DCs compared with mo-Macs (Fig. 1a). To address their potential
role in monocyte differentiation, we used our previously published
in vitro model allowing the simultaneous differentiation of mo-Macs
and mo-DCs"*. In this model, human CD14" monocytes cultured for
5-6 d with M-CSF, IL-4 and tumor necrosis factor (TNF) differentiate
into mo-Macs (CD16%) or mo-DCs (CD1a*) or remain undifferentiated
(double-negative cells). To verify monocyte purity, and in particular the
absence of contaminating DC progenitors, we performed single-cell
RNA-sequencing (scRNA-seq) on the initial population purified from
two different donors (Extended Data Fig. 1a-d). We found two main
populations of monocytes displaying high expression of SI00A8 (clus-
ters 0 and 1) or major histocompatibility complex class Il (MHC-II) genes
(cluster 2; Extended Data Fig. 1a), consistent with the ‘neutrophil-like’
and ‘DC-like’ monocyte populations previously reported”. Inaddition,
we identified a small population of FCGR3A" monocytes (cluster 3, cor-
respondingto CD14°CD16" intermediate monocytes), and anegligable
proportion (2% each) of contaminating natural killer (NK) cells (cluster
4) and monocytes with high ISG expression (cluster 5) (Extended Data
Fig.1a,b). Theseresultsindicate that our culture model does not contain
progenitor cells other than monocytes.

Tovalidate the differential expression of ETV3and ETV6 in mo-DCs
and mo-Macs generated in vitro, we measured their expression in
sorted mo-DCs and mo-Macs after differentiation. Both transcription
factors were more expressed inmo-DCs compared withmo-Macs at the
messenger RNA (Fig. 1a) and protein levels (Fig. 1b).

ETV3and ETV6 are essential for human mo-DC differentiation
Toaddresstherole of ETV3 or ETV6in monocyte fate commitment, we
silenced their expression using alentivirus expressing a short hairpin
(sh)RNA against ETV3,ETV6 or ascramble sequence. We assessed the
effect of silencing on monocyte differentiation after 5 d by staining
for phenotypic markers of mo-DCs (CD1a) and mo-Macs (CD16). We
used three different shRNAs for each molecule and their efficiency
was evaluated by measuring protein expression by immunoblotting
(Fig. 1c-f). These shRNAs all significantly decreased ETV3 or ETV6
expression with an efficiency of 40-90% (Fig. 1c,e). Silencing of ETV3
or ETV6 decreased mo-DC and increased mo-Mac differentiation
(Fig. 1d,f, respectively). These results show that ETV3 and ETV6 play
a key role in mo-DC differentiation. To characterize their expres-
sion kinetics during monocyte differentiation, we measured their
expression by reverse transcription quantitative PCR (RT-qPCR) at
different time points. ETV3and ETV6 mRNA increased during the first
hoursin culture withapeakat3or 6 hfor ETV3and ETV6, respectively
(Fig. 1g). To determine which signals increase their expression, we
measured ETV3and ETV6 mRNA in monocytes on exposure to M-CSF,
inthe presence or absence of IL-4 and TNF (Fig. 1h). ETV3 expression
was induced by TNF and ETV6 expression by IL-4, with TNF sustaining
its expression at later time points. These results show that ETV3 and
ETV6 are expressed on exposure to inflammatory signals at an early
stage of monocyte differentiation, suggesting that they could play a
role in their lineage commitment toward mo-DCs.

ETV3and ETV6 repress ISGs

To decipher the transcriptional network of ETV3 and ETV6, we first
investigated the kinetics of their nuclear localization using imaging
flow cytometry. To increase the resolution of our analysis, we sought
to favor mo-DC differentiation in the culture system by using a modi-
fied cytokine cocktail (increased TNF concentration) (Extended Data
Fig.2a). We performed intracellular staining of ETV3 or ETVé6 after 0, 1,2,
3or6dofculture. Toquantify the expression of ETV3and ETV6, we gated
onETV3-orETVé6-positive cells (Extended DataFig. 2b,c). The percentage
of ETV3"and ETV6' cellsincreased gradually, reaching a plateauat day 3
(Extended DataFig. 2d). To quantify the nuclear localization of ETV3 or
ETV6, we used the ImageStream software to calculate the ‘similarity’ of
the ETV3 or ETV6 channel withthe nuclear DAPIstaining. High similarity
(>1.8) indicates anuclear localization of the transcription factor, whereas
low similarity (<1.8) indicates a cytosolic localization (Extended Data
Fig.2e). We observedthat ETV3andETV6 arelocatedin the nucleus until
day3inaround 90% of the cells (Extended Data Fig. 2f,g). By contrast, at
day 6,ETV3and ETV6 arelocated inthe cytosolinaround 50% of the cells.
As the transcriptional activity of ETV3 and ETV6 requires their nuclear
localization, this observation suggests that ETV3 and ETV6 exert their
function mainly during the first days of differentiation.

To identify the target genes of ETV3 and ETV6, we performed
transcriptomic analysis by bulk RNA-seq on monocytes silenced or
not silenced for ETV3 or ETV6, at day 3 of differentiation, with the
modified cytokine cocktail to favor mo-DC development. Then, we
performed a differential gene expression analysis using DESeq2
comparing control with silenced samples for ETV3 (Fig. 2a) or ETV6
(Fig. 2b) separately. We defined the differentially expressed genes
(DEGs) by a log,(fold-change) (log,(FC)) > 0.5 and a P,; < 0.05. Com-
parison of the DEGs for each shRNA revealed unique transcriptional
networks, because most of the genes are specific for ETV3 or ETV6
silencing (Fig.2c and Extended Data Fig. 3a; lists of DEGs can be found
inSupplementary Tables1and 2).
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Fig.1|ETV3 and ETV6 are essential for mo-DC differentiation. a, Relative
expression of ETV3 or ETV6 in blood monocytes, mo-Macs and mo-DCs isolated
from peritoneal ascites or generated in vitro (accession nos. GSE102046 and
GSE40484).a.u., arbitrary units. b-g, Monocytes were cultured with M-CSF,

IL-4 and TNF. b, At day 5, mo-Macs and mo-DCs were sorted and lysed for
immunoblot analysis. GP96 was used as aloading control. Representative results
are shown (n=5), quantification was performed by densitometry and each
symbol represents an individual donor (paired Student’s ¢-test). c-f, ETV3 or
ETV6 expression was silenced using a lentivirus-containing shRNA. c,e, Protein
quantification by immunoblotting after 5 d for ETV3 (c) or ETV6 (e). Actin was
used as aloading control. Representative results are shown (n = 8), quantification
was performed by densitometry and each symbol represents an individual donor

(paired Student’s ¢-test). d,f, Mo-mac and mo-DC differentiation from monocytes
after 5d of ETV3 (d) or ETVé6 (f) silencing . One representative donor is shown
(n=8)and the median (n =8 inthree independent experiments; paired one-way
analysis of variance (ANOVA)). DN, double negative. g, ETV3or ETV6 mRNA
expression was analyzed by RT-qPCR. Each symbol represents an individual
donor (n=6inthreeindependent experiments). h, Monocytes were cultured for
3 and 6 hwith medium only or combinations of M-CSF, IL-4 and TNF. Each symbol
represents an individual donor (n = 5in two independent experiments; paired
one-way ANOVA). For all panels: 'P<0.05, "P<0.01, "P<0.001, ""P< 0.0001. All
statistical tests were two sided. Forimmunoblots, paired samples were derived
from the same experiment and processed in parallel.

Toidentify themolecular pathways controlled by ETV3 or ETV6, we
performed network analysis. We calculated transcription factor activity
using DoRoThEaregulons and VIPER? (Fig. 2d). STAT1and STAT2 were
the most active transcription factors in silenced samples. We then
calculated the enrichment of gene ontology (GO) terms (biological
process) for upregulated genes (Fig. 2e). Type [ IFN response gene sets
were enriched insilenced samples. Thisis consistent with the predicted
activity of STAT1 and STAT2, which are known to control the expres-
sion of ISGs?. To confirm this, we filtered the DEG matrix for known

ISGs. Most of the ISGs were expressed more in silenced compared
with control samples (Fig. 2f,g). To determine the in vivo relevance
of this finding, we reanalyzed scRNA-seq data from peripheral blood
mononuclear cells (PBMCs) of patients carrying a germline mutation
of ETV6 (P214L) resulting in loss of function®. We first filtered the data
toretainonly CD14"and CD16* monocytes from healthy and ETV6 "
patients (Extended Data Fig. 3b,c). We theninterrogated the single-cell
data of ETV6P*" and wild-type (WT) monocytes with different gene
sets. Genes upregulated on ETV6 silencing in our in vitro system
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were enriched in ETV6P** monocytes compared with WT monocytes
(Fig. 2h and Extended Data Fig. 3d). Moreover, ETV6'* monocytes
had a higher enrichment for ISGs than WT monocytes (Fig. 2i,j and
Extended Data Fig. 3e), consistent with a previous report*. These
resultsshow that ETV3and ETV6 repress ISG expressionin monocytes
invitro and invivo in humans and suggest that STAT1signaling may be
involved in the differentiation of monocytes.

The type I IFN pathway promotes mo-Mac differentiation
Giventheimpact of ETV3 or ETVé6 silencing on mo-DC differentiation,
our findings suggest that the type I IFN pathway may be activated in
our model despite the absence of exogenous IFN in the culture system.
However, we could not detect type I IFN secretionin the culture super-
natant (not shown). To directly assess the effect of STAT1 activation
on monocyte differentiation, we cultured monocytes in the presence
of IFN-a or IFN-B. Type I IFN increased mo-Mac and decreased mo-DC
differentiation in a dose-dependent manner (Fig. 3a and Extended
Data Fig. 4a). Neither IFN-a nor IFN-p affected monocyte-derived
cell viability (Extended Data Fig. 4b). In addition, type I IFN increased
the expression of CD163, an early mo-Mac marker, and decreased the
expression of CD1b, an early mo-DC marker, on the double-negative
cells (Fig. 3b and Extended Data Fig. 4c). Collectively, these results
show that activation of the type I IFN pathway promotes mo-Mac
differentiation at the expense of mo-DCs. To understand how STAT1
signaling could affect monocyte fate decision, we exposed monocytes
to IFN-q, in the presence or absence of cytokines, and measured the
early expression of MAFB and IL-4-induced genes PPARG and ZNF366
(Fig. 3c). MAFB was rapidly increased on IFN-a exposure, along with
the ISG MX1, whereas PPARG and ZNF366 expression on IL-4 treatment
was inhibited by IFN-a. These results suggest that STAT1 activation
modulates the mo-Mac:mo-DC balance by repressing the IL-4-induced
mo-DC differentiation program.

Monocyte differentiationis controlled independently of ISGs
To directly test whether ISG expression plays a role in the control of
monocyte differentiationby ETV3 or ETV6, we sought toinhibit typel
IFN signalingin our culture model using recombinant viral B18R, asolu-
ble receptor of type I IFN that prevents signaling through the IFN-a/3
receptor (IFNAR)”. Exposure to BI8R did not impact the proportions
of mo-DCs and mo-Macs obtained with or without silencing of ETV3
orETV6 (Fig.3d-f), even though B18R efficiently inhibited ISG expres-
sion, including MX1, CXCL10, OAS2 and IFIT3 (Fig. 3g,h). These results
indicatethatinhibition of the type I IFN pathway does not rescue mo-DC
differentiationin the absence of ETV3 or ETV6 expression. We conclude
that ETV3 and ETV6 regulate monocyte differentiationindependently
of their action onISGs.

ETV3 and ETV6 repress mo-Mac program and differentiation

Toidentify the genes directly targeted by ETV3and ETV6 during mono-
cyte differentiation, we performed chromatin immunoprecipitation
followed by sequencing (ChIP-seq) at day 3 of differentiation with the
modified cytokine cocktail favoring mo-DC differentiation (a com-
plete list of peaks can be found in Supplementary Table 3). We first
analyzed the enrichment in known motifs using HOMER (Fig. 4a,b).

We found that the ETS motif was the most enriched in both ETV3 and
ETV6 ChlIP-seq datasets, with the ETS-IRF composite motif and IRF8
motifalso significantly enriched, consistent with a previous report of
interaction between ETV6 and IRF8 in macrophages®®. Most identi-
fied genes were common between ETV3 and ETV6 (Fig. 4¢), including
at promoter regions. To assess the targets of ETV3 and ETV6 among
DEGs, we intersected a list of genes from the RNA-seq and ChIP-seq
datasets (Fig. 4d). We found that around 50% of regulated genes were
directly bound by ETV3 or ETV6. Consistent with the transcriptom-
ics analysis, ISGs were found among direct targets of ETV3and ETV6
(Extended Data Fig. 4d-f).

To evaluate how ETV3 and ETV6 modulate monocyte fate com-
mitment, we performed gene set enrichment analysis (GSEA) on DEGs
and assessed the enrichment of monocyte, mo-Mac or mo-DC gene
signatures. The mo-Mac signature was enriched in silenced samples,
whereas mo-DC genes were enriched in the control condition (Fig. 4e).
Among DEGs belonging to these signatures, we found a vast majority
of direct targetsidentified in ChIP-seq (Fig. 4f).In particular, we found
that MAFB expression, which is essential for mo-Mac differentiation’®,
wasdirectlymodulated by ETV3and ETV6 (Fig. 4f,g). These results sug-
gestthat ETV3and ETVé6 repress the mo-Mac transcriptional program.
To confirmthis, we sought to overexpress ETV6 during monocyte dif-
ferentiation. To avoid spontaneous expression of ETV6, we cultured
monocytes with M-CSF only, a condition in which monocytes differ-
entiate exclusively into mo-Macs. We validated the forced expression
of ETV6 by immunoblotting (Fig. 4h). ETV6 overexpression decreased
mo-Mac differentiation (Fig. 4i,j). Taken together, theseresultsindicate
that ETV3 and ETVé6 directly repress mo-Mac differentiation.

Etvé6 represses ISG expression in mice

Tovalidate the physiological relevance of our findings, we employed a
mouse model that deletes Etv6 in Cx3crl-expressing cells after induc-
tion withtamoxifen (Fig. 5a). Cx3crlis a canonical marker of patrolling
monocytes, thus the deletion of Etv6in Cx3crl’ cells would be expected
to delete Etvé in monocytes and their progeny?”. To confirm the cell
typestargeted by the deletion, we measured a yellow fluorescent protein
(YFP) reporter mimicking the endogenous Cx3crl expression pattern.
Asexpected, YFP was expressed at the highest levelin Ly6c® patrolling
monocytes, aswellasin certain DCsubsetsincluding Esam™spleniccDC2
cells (Extended Data Fig. 5a). Inaddition, we measured Etv6 expression
by RT-qPCRin cell-sorted populations (Extended Data Fig. 5b). Etv6
expressionwas significantly decreased inbone marrow (BM) and spleen
monocytes of Cx3crl-Etvé® mice, as well asinspleen cDCland cDC2 cells
butnot pDCs. We have previously identified apopulation of peritoneal
mo-DCs'™. Etv6 was also significantly decreased in peritoneal mo-DCs
of Cx3cr1-Etvé® mice but not in peritoneal mo-Macs or resident mac-
rophages (Extended Data Fig. 5b). To assess theimpact of Etv6 deletion
in Cx3crl-expressing cells on ISG expression in vivo, we measured by
flow cytometry the expression of Sca-1,an IFN-inducible protein®**. We
analyzedimmune cells from WT and Cx3cr1-Etvé” BM, blood and spleen
(gating strategies in Extended Data Fig. 6a—-c). Sca-1 expression was
higherin Cx3cr1-Etvé® thanin WT BMmonocytes (Fig. 5b). Sca-1was also
more expressed in Cx3crl-Etvé6® micein B cells, T cells and neutrophils
in BM, blood and spleen, and in spleen cDC1 and cDC2 cells and pDCs

Fig.2|ETV3 and ETVé6 repress ISG expression in human monocytes.

a-g, Monocytes cultured with M-CSF, IL-4 and TNF for3d.ETV3 or ETV6
expression was silenced using a lentivirus-containing shRNA. Bulk RNA-seq
analysis was performed using five individual donors. a,b, Volcano plot showing
DEGs obtained with DESeq2 (Wald'’s test) between shControl and shETV3 (a) or
shETV6 (b). ¢, Overlap of DEGs on ETV3 or ETV6 silencing. Up- or downregulation
was calculated compared with the control condition. d, Inference of transcription
factor activity with DOROThEA. Activity (z-score) in silenced samples compared
with the control is shown for top regulons (ETV3in orange, ETV6in purple). A,
highest confidence; C, lowest confidence. e, Enrichment of the top GO terms

(biological process) associated with genes upregulated in silenced compared
with control samples. Fold enrichment is indicated by the size of the circle. The
number of genes observed is indicated for each pathway. FDR, false discovery
rate. f,g, Volcano plot of ISGs among DEGs for ETV3 (f) or ETV6 (g) silencing,
obtained with DESeq2 (Wald’s test). Colored dots indicate P,4; < 0.05. h—j,
ScRNA-seq data from blood monocytes of healthy (gray) and mutant ETV6 4"
(purple) patients downloaded from a public source. h, Enrichment score for the
list of upregulated genes on ETV6 silencing in human monocyte culture. The
medianis shown. i j, Enrichment score for the ISG signature in individuel cells (i)
andmedian (j) (Student’s t-test: ""P< 0.0001). All statistical tests were two sided.
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Fig.3|ETV3 and ETVé6 control monocyte differentiation independently

of their effect onISGs. a,b, Monocytes cultured for 5 d with M-CSF, IL-4 and
TNF, inthe absence or presence of 100 or 1,000 U mI ™ of IFN-a.. a, Monocyte
differentiation. DN, double negative. One representative donor is shown (n = 8).
Percentage of mo-Mac, mo-DC or DN cells at day 5. The median is shown (n =8in
three independent experiments; paired one-way ANOVA). b, Expression of CD163
and CD1binthe DN cells. Histograms of one representative donor are shown
(n=8).Percentage of CD163" or CD1b" cellsamong DN cells. The medianis shown
(n=8inthreeindependent experiments; paired one-way ANOVA). ¢, Monocytes
were cultured with medium only or combinations of M-CSF, IL-4 and TNF, in

the presence or absence 0f 1,000 U ml™ of IFN-a. MXI and MAFB expression is
measured by RT-qPCR after 3 h and PPARG and ZNF366 after 6 h. The median

isshown (n=5intwoindependent experiments; paired two-way ANOVA). The
asterisks represent tests against the same condition without IFN-a. Ctrl, Control.
d-h, Monocytes cultured with M-CSF, IL-4 and TNF for 5 d, in the presence or
absence of recombinant BI8R.ETV3 or ETV6 expression was silenced using a
lentivirus-containing shRNA. d, Monocyte differentiation. One representative
donorisshown (n=9). e,f, Percentage of mo-Macs, mo-DCs or DN cells at
day5after ETV3 (e) or ETV6 (f) silencing. The medianis shown (n =9 in three
independent experiments; paired Student’s ¢-test). g,h, Expression of ETV3, ETV6
and selected ISGs measured by RT-qPCR after ETV3 (g) or ETV6 (h) silencing
(n=5for ETV3and 6 for ETV6; paired two-way ANOVA). For all panels: 'P<0.05,
“"P<0.01,"P<0.001, "P< 0.0001. All statistical tests were two sided.

(Fig. 5c-e). By contrast, deletion of Etv6 in CD11c-expressing cells did not
affectSca-1expressionin BM and spleen B cells (Extended Data Fig. 5¢c).
Theseresultsindicate that the increased ISG expressionin Cx3crl-Etvé®
miceisdueto Etvé deletioninmonocytes rather thanin DCs. To confirm
our observations, we analyzed the expression of additional ISGs by
RT-gqPCR in BM monocytes and in peritoneal mo-DCs, mo-Macs and
resident macrophages. Isg15, Mx1, Cxcl10 and Ly6a (encoding Sca-1)
were expressed more in Etvé* than in WT monocytes (Fig. 5f) and in

peritoneal Etv6® mo-DCs compared with WT cells (Fig. 5g). Isg15 and
Mx1were also expressed more in Etvé® peritoneal macrophages (Fig. 5g).
This widespread spontaneous ISG expression suggests that Etvé dele-
tion induces type I IFN secretion by Cx3crl1’ cells. We were unable to
detect circulating IFN-3 (Extended Data Fig. 5d); however, we found
that /fnb1 spontaneously expressed in BM Etv6* monocytes (Fig. 5h),
butnotinspleen DCs (Extended DataFig. 5e). Collectively, these results
showthat Etvé repressestypelIFNresponsesinvivointhesteady state.
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Fig.4|ETV3 and ETV6 repress mo-Mac transcriptional program and
differentiation. a-d,f,g, Monocytes were cultured with M-CSF, IL-4 and TNF

for 3 d. ChIP-seq analysis was performed for ETV3 or ETV6. a, Motif enrichment
analysis obtained with HOMER. b, Most enriched motifs. ¢, Overlap of identified
genes for ETV3 or ETV6 immunoprecipitation (IP). Peaks in all gene regions or
onlyinthe transcription start site (TSS) region are shown. d, Overlap of DEGs
found in RNA-seq and genes identified in ChIP-seq. e,f, Data from RNA-seq
analysis. e, GSEA of monocyte, mo-Mac and mo-DC signatures in control (red)
versus silenced (blue) samples. NES, normalized enrichment score. f, Heatmap
of DEGs belonging to the monocyte, mo-Mac or mo-DC signatures. Samples were

ordered by condition and genes were ordered manually. Genes detected

in ChIP-seqanalysis are emboldened. g, Gene tracks from ChIP-seq analysis for
the genomic region of MAFB. h-j, Monocytes were cultured with M-CSF for 5d.
ETV6 was overexpressed using a lentivirus containing an expression plasmid.

h, Protein quantification by immunblotting. GP96 was used as aloading control.
Representative results are shown (n = 5in two independent experiments). Paired
samples derive from the same experiment and were processed in parallel.

i, Mo-Mac differentiation. One representative donor is shown (n =11).

Jj, Percentage of mo-Macs after 5d (n =11in four independent experiments;

paired Student’s t-test: P < 0.001). All statistical tests were two sided.
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Fig. 5| Etv6 represses ISG expression in mice. a, Experimental set-up. Etv6™"
(WT) and Cx3cr1-Etvé* (KO) mice gavaged with tamoxifen on 3 consecutive days
and analyzed on day 7.b-e, Sca-1expression inimmune cells from WT (gray) and
KO (purple) mice. b, Sca-1expression in BM monocytes from WT and KO mice.
Results from one representative pair of littermates are shown (n = 16). c-e, Mean
fluorescence intensity (MFI) of Sca-1shown forimmune cell types in BM (c), blood
(d) and spleen (e). Each symbol represents one mouse (n =16 in four independent
experiments, except for the ‘no tamoxifen’ condition, n =11in three independent

experiments; unpaired Student’s t-test between WT and KO). f,g, Expression of
selected ISGs in BM monocytes (f) or peritoneal mo-DCs, mo-Macs and resident
macrophages (ResMac) (g) measured by RT-qPCR. Each symbol represents one
mouse (f: n =6 intwo independent experiments; g:n=3-9in three independent
experiments). The median is shown; unpaired Student’s t-test between WT and
KO. h, Expression of IFN genes in BM monocytes. The median is shown; unpaired
Student’s t-test between WT and KO. For all panels: ‘P < 0.05, "P<0.01, "P<0.001,
""P<0.0001. All statistical tests were two sided. NS, not significant.

Etv6 controls mo-DC differentiation in mice

To determine whether Etvé modulates monocyte differentiationin vivo,
we first analyzed monocyte populations in steady-state blood, bone
marrow (BM) and spleen of Cx3crl-Etv6” mice. The number of mono-
cyte progenitors (cMoPs) in the BM was unchanged (Extended Data
Fig. 5f). The differentiation of monocytes from the cMoPs of
Cx3crl-Etv6® or WT mice was also similarinaninvitro assay (Extended
DataFig. 5g), excluding a role for Etvé in the differentiation of cMoPs
into monocytes. The numbers of B cells, T cells, neutrophils or
Ly6C"e"monocytes were not affected by Etvé deletion (Extended Data
Fig. Sh). The numbers of CD11b*CD115'Ly6C™ and CD11b"CD115'Ly6C"®
monocytes decreased in Cx3cr1-Etvé6* mice compared with WT mice.
Moreover, the spleens of Cx3crl-Etv6® mice harbored decreased
numbers of cDC2 cells, particularly of the Esam™ subset that is tran-
scriptionally and functionally related to monocytes (Extended Data
Fig.5h)*°. Toaddress the role of Etvé in monocyte differentiationin vivo,
we analyzed the peritoneal compartmentin the steady state and during
inflammation (Fig. 6a). In Cx3crl1-Etvé* mice, mo-DCs and mo-Macsin
the steady-state peritoneum were unaffected (Fig. 6b). By contrast, dur-
ing thioglycolate-induced peritonitis, numbers of mo-DCs increased
only in WT mice, whereas mo-Macs increased in Cx3crl-Etvé® mice
(Fig. 6¢). Monocyte recruitment to the inflamed peritoneum did not

differ between WT and Cx3cr1-Etv6” mice (Fig. 6¢), suggesting that the
mo-DC:mo-Macbalance was skewed in Cx3crl-Etv6* mice. To confirm
that this phenomenonwas amonocyte-intrinsic effect, we performed
adoptive transfer of CD45.2* WT or Etv6® monocytes into the inflamed
peritoneum of CD45.1' recipient mice (Fig. 6d). Transferred monocytes
differentiated in situ into mo-DCs and mo-Macs (Fig. 6e); however,
the mo-DC output was significantly decreased in the progeny of Etvé*
monocytes compared with WT ones (Fig. 6f). These results show that
Etv6® monocytes areimpaired in their differentiation into mo-DCs dur-
inginflammationinmice, as observed in human monocytes (Fig.1g-i).

Finally, we sought to apply our findings to a physiopathological
setting. Mo-DCs have a deleterious role in EAE®, an animal model for
multiple sclerosis (MS). In addition, IFN-f3 treatment improves dis-
ease symptoms and was reported to act primarily on myeloid cells™.
Therefore, we hypothesized that Etv6 deletion in monocytes would
ameliorate EAE outcome. Weinduced EAE in WT and Cx3crl-Etv6® mice
by injection of myelin oligodendrocyte glycoprotein (MOG; Fig. 6g).
Cx3crl-Etvé® mice showed less severe symptoms during the course
of EAE (Fig. 6h) and reduced incidence (Fig. 6i). Of note, Cx3cr1-Etvé®
mice also target microglia. EtsI, which encodes an Etvé antagonist®,
is highly expressed in microglia (Extended Data Fig. 7a), suggest-
ing that Etvé6 action in microglia is naturally inhibited in WT mice.
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To directly address the potential role of microglial Etvé during EAE,
we induced Etwé deletion in Cx3crl-Etv6? mice by tamoxifen, then
waited for 4 weeks toinduce EAE (Fig. 6j). Inthis setting, only long-lived
macrophages, including microglia, will remain deficient for Etv6, but
short-lived monocytes will regain normal Etvé expression®. We found
no difference in the development of EAE symptoms between WT and
Cx3crl-Etv6® mice (Fig. 6k) and even increased the peak score in defi-
cient mice (Fig. 6i).Inaddition, to excludearolefor Etv6 incDCsinthe
ameliorated symptoms, we induced EAE in Cd11c-Etvé* mice. We found
nosignificant difference in EAE severity between Cdl1c-Etvé6® mice and
WT littermates (Extended DataFig. 7b). These results confirm that £tv6
deletionin monocytes, but not in microglia or cDCs, confers protection
against severe EAE symptoms.

To understand the cellular mechanisms involved in ameliorated
EAE outcome, we first analyzed DC populations in the lymph nodes
draining the site of MOG injection duringinduction phase (7 d postim-
munization) (Extended DataFig. 7c). We found that mo-DCs were signif-
icantly decreased in the lymphnodes of Cx3crl-Etv6® mice (Fig. 6m,n),
but not monocytes (Fig. 6n), neutrophils or other DC subsets (Extended
DataFig.7d). It was recently shown that mo-DCs, but notcDC2 cells, are
involvedin the presentation of MOG antigento CD4" T cells in the lymph
nodes**. MHC-Il molecule expression by mo-DCs was unaffected by
Etv6 deletion (Extended DataFig. 7e). We hypothesized that decreased
mo-DC numbers in Cx3crl-Etv6* mice would reduce the induction of
pathogenic CD4" T cells. To test this, we assessed the presence in lymph
nodes of MOG-specific CD4" T cells using tetramer staining (Fig. 60).
We found that MOG-specific CD4" T cells were significantly decreased
in Cx3crl-Etvée® mice compared with WT mice, which can explain the
reduced EAE symptomsin the central nervous system.

Collectively, these results confirm that Etvé controls monocyte
differentiationin vivoin mice duringinflammation. We also identified
Etv6 in monocytes as a therapeutic target for chronic inflammatory
disorders such as MS.

Discussion
In this work, we identified ETV3 and ETV6 as molecular regulators of
the early stages of monocyte differentiation. We found that ETV3 and
ETV6 actasrepressors of mo-Mac fate commitment. We validated these
observationsin vivo, showing that mice deficient for Etvé inmonocytes
display impaired mo-DC differentiation during inflammation. In addi-
tion, we found that Etvé deletion in monocytes reduces the severity
of EAE symptoms. Our findings allow a better understanding of the
molecular control of monocyte fate decision and identify ETV6 as a
therapeutic target in inflammatory disorders.

ETV3and ETV6 are members of the Ets family of transcription fac-
tors. ETVéis essential for hematopoietic stem cell survival® and ETV3
was shown toregulate cell-cycle arrest®. However, their roleinimmune

cellsremains poorly understood. We have previously shown that ETV6
is expressed in DCs and facilitates the functional differentiation of
¢DCl1 cells*. ETV3 was proposed to be a potential anti-inflammatory
mediator downstream of IL-10 (ref. ). In the present study, we identify
ETV3and ETV6 as key transcriptional regulators of mo-DC differentia-
tion. Additional transcriptional repressors are probably involved in
this process, because ETV3 or ETV6 transcriptional activity requires
their association with corepressors. In particular, ETV6 has been
shown to associate with IRF8 in a murine macrophage-like cell line?
and in mouse CD4 T cells®®. Although IRFS8 is essential for monocyte
development from their progenitors®***°, whether it participates in
mo-DC or mo-Mac differentiation is unknown. ETV6 has also been
reported to associate in human PBMCs with NCOR2 (ref. **), which
regulates some of the IL-4-induced genes during human mo-DC dif-
ferentiation?’. Inahuman monocyte-like cell line, ETV3 was shown to
associate with the repressor DP103, which interacts with the histone
deacetylases HDAC2 and HDACS (ref. *°). Moreover, ETV6 recruits
HDAC3 to the repressor complex in murine cell lines and human
PBMCs**?**, Although a specific role for histone deacetylation in
mo-DC fate commitment has notbeendescribed, it would be consist-
entwith the fact that remodeling of histone acetylation occurs during
monocyte differentiation*’. Further work is needed to unravel the
exact mechanism and molecular partners for the repression of ETV3
and ETV6 target genes in monocytes.

We have shown that ETV3and ETV6 repress ISGs during monocyte
differentiation and that ETV6 deletion in monocytes induces sponta-
neous ISG expression in vivo in mice. This is consistent with previous
reports showing that ETV6 is involved in ISG repression in human
PBMCs** and binds to an IFN-stimulated response elementinareporter
assay”. We also found that genes targeted by ETV3 versus ETV6 were
only partially overlapping. Thisis inline with the observation that ETV7,
another member of the Ets transcription repressor family, repressesa
subset of ISGs, but not all ISGs, in virus-exposed cells*’. These observa-
tions suggest the existence of aspecific pattern of target ISGs for each
member of the ETV family.

We find that activation of the type I IFN pathway promotes mo-Mac
differentiation in our culture system, where human monocytes are
exposed to M-CSF, IL-4 and TNF. This is consistent with the finding that
monocytes differentiated with granulocyte-macrophage (GM)-CSF
and IL-4 in the presence of IFN-f3 display altered phenotype and func-
tional features, suggesting impaired mo-DC differentiation, although
thereorientation of their fate was not investigated**. In addition, IFN-y
and IL-4 have been shown to mutually inhibit each other’s programs
in macrophages, via the crossrepression of STAT1 and STAT®6 (ref. *°).
In line with this idea, our results indicate that, when monocytes are
exposed simultaneously to type I IFN and IL-4, the STAT1-induced
program dominates that of STAT6. This suggests that STAT1signaling

Fig. 6 | Etv6 controls mo-DC differentiation during inflammation in mice.

a, Experimental set-up of peritonitis model. i.p., intraperitoneally. b, CD226 and
ICAM-2 expression in CD11b*CD115* cells from peritoneal lavage of Etvée™"

(WT) and Cx3crl-Etvé” (KO) mice. The results from one representative pair

of littermates are shown for each setting. ¢, Numbers of monocytes, mo-DCs,
mo-Macs or resident macrophages (ResMac) in the peritoneal lavage. Each
symbol represents one mouse. The medianis shown (n =12 in three independent
experiments; unpaired Student’s t-test between WT and KO; two-way

ANOVA with Tukey’s posttest between steady-state and inflammation groups).
d-f, Monocytes purified from the BM of WT or KO mice adoptively transferred
into the inflamed peritoneum of recipient mice. d, Experimental set-up.
Transferred cells were distinguished using congenic markers CD45.1and CD45.2.
e,CD226 and ICAM-2 expression in CD45.2*CD11b*CD115" cells from peritoneal
lavage of recipient mice. The results from one representative mouse are shown. f,
Percentage of monocytes, mo-DCs, Tim4~ or Tim4" macrophages among CD45.2*
cellsinthe peritoneal lavage of recipient mice. Each symbol represents one
mouse. The medianis shown (n =11in threeindependent experiments;

unpaired Student’s ¢-test between WT and KO). g-o, EAE was induced by

injection of MOG peptide. g, Experimental set-up for Etvé deletionin all target
cells. h, The mean clinical score is shown and bars represent the s.e.m. sd, site-
draining (n =16 for WT and 18 for KO in four independent experiments; multiple
Mann-Whitney U-tests between WT and KO groups). i, Peak clinical score. The
medianis shown. Each dot represents one mouse (median of n =16 for WT and
n=18forKOin fourindependent experiments; Mann-Whitney U-test).

Jj, Experimental set-up for Etvé deletion in microglia. k, The mean clinical
scoreisshown and the barsrepresent thes.e.m. (n =14-15in two independent
experiments). 1, Peak clinical score. The median is shown and each dot represents
one mouse (n =14-15in two independent experiments; Mann-Whitney U-test).
m-o, Lymph nodes draining the site of the MOG injection analyzed 7 d after
immunization.m, CD11c and CCR2 expressionin CD11c"MHC-1I"CD26" cells.
Results are from one representative pair of littermates. n, Numbers of mo-DCs
and monocytes in lymph nodes (n =17-18 in three independent experiments;
Mann-Whitney U-test). 0, Number of MOG-tetramer*CD4" T cells in lymph
nodes (n=17-18 in three independent experiments; Mann-Whitney U-test).

For all panels: ' P<0.05,"P<0.01,"P<0.001, "P<0.0001. All statistical tests
were two sided.

Nature Immunology


http://www.nature.com/natureimmunology

Article

https://doi.org/10.1038/s41590-022-01374-0

would need to be repressed in monocytes to enable expression of the
IL-4-dependent mo-DC differentiation program.

Monocyte-derived cells have been shown to play a central role
in neuroinflammation. Mice deficient for CCR2 or its ligand, in which
monocytes cannot exit the BM, are resistant to EAE or develop milder
disease depending on strains**™*°. In addition, blocking monocyte

recruitment using a pharmacological inhibitor diminishes the inci-
dence and severity of EAE'>. Monocyte depletion after EAE onset also
reduces inflammation and disease symptoms***°, Mo-DCs and
mo-Macs appear to play different roles during EAE. Mo-DCs are respon-
sible for the presentation of myelinantigens during the induction phase
of EAE*, and in the central nervous system stimulate pathogenic T,17
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cells by secreting IL-23 (ref. ®). By contrast, mo-Macs display specific
anti-inflammatory features during the resolution phase of EAE* . In
patients with MS, monocyte recruitment is particularly increased in
demyelinated areas™. Histological analysis also evidenced the pres-
ence around active MS lesions of myeloid cells that have a phenotype
consistent with mo-DCs and are found to interact with numerous lym-
phocytes in situ®. Specific blocking of monocyte differentiation into
mo-DCs, while preserving mo-Mac development, could therefore
provide clinical benefits in neuroinflammation. Our results identify
ETV6 as a candidate target to reorient monocyte fate decision for
therapeutic strategies.

Collectively, our findings suggest that active repression of mo-Mac
differentiation is required to allow monocyte differentiation toward
mo-DCs. We propose amodel whereby the mo-DC fate commitmentin
response to external cues (such as IL-4 and TNF) would require both the
activation of the mo-DC differentiation program by factors, including
IRF4, and the transcriptional repression of mo-Mac development by
factors, including ETV3 and ETV6. Given the central role of mo-DCsin
fueling pathogenic inflammation in numerous chronic inflammatory
diseases, our work should have important implications for the thera-
peutic manipulation of monocyte differentiation.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
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Methods

Human samples

Buffy coats from healthy donors (both male and female donors) were
obtained from Etablissement Francais du Sang (Paris) in accordance
with INSERM ethical guidelines. According to French Public Health Law
(art L1121-1-1, art L 1121-1-2), written consent and institutional review
board approval are notrequired for human noninterventional studies.

Mouse strains

Cx3Crl-CreER were obtained from Jackson Laboratories (stock no.
021160). Cx3Cr1-CreER expresses the enhanced YFP from endog-
enous Cx3crl promoter/enhancer elements. Etv6™"/1* mice were
obtained from H.Hock®. Cx3crl1-Etvé® mice were generated by crossing
Cx3Crl-CreER" mice with Etv6"™™™ mice. Cdllc-Etv6* mice have been
described previously*’. Cx3Cr1-CreER”™ Etv6™1 or CD11c-CreER ™"
Etv6™"™/ " [ittermates were used as WT controls, respectively. All mice
were ona C57BL/6 background. Mice were maintained under specific
pathogen-free conditions at the animal facility of Institut Curie or New
York University School of Medicine, in accordance with institutional
guidelines. Mice were housed in a 12 h light:12 h dark environment,
with free access to water and food. Both male and female mice were
used at age 7-9 weeks. All animal procedures were inaccordance with
the guidelines and regulations of the French Veterinary Department
(authorization APAFIS no.25217-2020042522586261v.1) or the institu-
tional animal care and use committee of New York University School of
Medicine, and approved by the local ethics committee.

Monocyteisolation and culture

PBMCs were prepared by centrifugation on a Ficoll gradient (Lym-
phoprep, STEMCELL). Blood CD14* monocytes were isolated from
healthy donors’ PBMCs by positive selection using magnetic beads
(Miltenyi). Monocytes were 95-98% CD14*CD16" as assessed by flow
cytometry. Monocytes (2 x 10 cells ml™) were cultured for 5 din RPMI-
Glutamax medium (Gibco) supplemented with antibiotics (penicillin
and streptomicin) and 10% fetal calf serum in the presence or absence of
100 ng ml™ of M-CSF (Miltenyi), 5 ng ml™ of IL-4 (Miltenyi) and 5 ng mI™
of TNF-a (R&D Biotechne). Cytokines were added only at the start of
the culture and the medium was not refreshed during the course of the
culture.CD16" or CD1a’ cell populations were isolated by cell sorting on
aFACSAriainstrument (BD Biosciences). Insome experiments, mono-
cyteswere culturedin the presence of 100 ng ml™ of M-CSF (Miltenyi),
5ng ml™ of IL-4 (Miltenyi) and 20 ng mI™ of TNF (R&D Biotechne), or
inthe presence of IFN-a (recombinant human (rh) interferon-alphalb,
Immunotools, catalog no. 11343596) or IFN-f (generated in-house by
the platform of recombinant proteins of Institut Curie).

Flow cytometry of human cells

Human cells were stained in phosphate-buffered saline (PBS) contain-
ing 0.5% human AB serum and 2 mM EDTA with APC anti-CD1a (BioLe-
gend, clone HI149, dilution 1:300), FITC anti-CD16 (BioLegend, clone
3G8, dilution1:200), PE-Cy7 anti-CD163 (BioLegend, clone GHI/61, dilu-
tion1:100), PE anti-CD1b (eBioscience, clone eBioSN13, dilution1:100).
DAPI (Thermo Fisher Scientific, 100 ng ml™) was added immediately
beforeacquisitiononaFacsVerseinstrument (BD Biosciences) or MAC-
SQuant (Miltenyi) instrument. Data were analyzed using FlowJo (v.10).

Imaging flow cytometry

Cells were first stained with Live/Dead Aqua (Thermo Fisher Scien-
tific) in PBS for 10 minat4 °C. Then, cells were stained in PBS contain-
ing 0.5% human AB serum and 2 mM EDTA with anti-CD1a APC and
anti-CD16 FITC for 30 min on ice. After washing, cells were fixed with
paraformaldehyde 4% in PBS for 20 min at room temperature and
permeabilized with Permeabilization Buffer (Fixation/Permeabliza-
tion Kit, BD Biosciences) containing Fc block (Human TruStain FcX,
BioLegend) and mouse serum (BioLegend) for 30 minonice. Cellswere

thenincubated with the primary antibody in permeabilization buffer,
rabbit anti-ETV6/Tel (Novus Biologicals, NBP1-80695, dilution1:1,000)
or rabbit anti-ETV3 (Atlas Antibodies, HPA004794, dilution 1:1,000),
at 4 pg ml™ for 1 h at room temperature. Finally, cells were incubated
with the secondary antibody anti-rabbitimmunglobulin G (H + L) Alexa
Fluor-594 (Molecular Probes, catalog no. A-11037, dilution 1:500) for 1 h
atroomtemperature and then resuspended in staining buffer contain-
ing DAPI (Thermo Fisher Scientific, 50 ng mI™). Samples were acquired
in an Amnis ImageStream instrument (Luminex). Data were analyzed
using the IDEAS software to obtain the similarity score between DAPI
and Alexa Fluor-594 channels. Finally, data were exported to FlowJo
for quantification and visualization.

Phenotypic analysis of mouse tissues

For phenotypic analysis, Cx3crl-Etv6® mice and WT (Etv6™o/1oY) [it-
termates were treated with 5 mg of tamoxifen (Sigma-Aldrich) resus-
pended in corn oil (Sigma-Aldrich) by oral gavage for 3 consecutive
days and sacrificed 5 d after the last treatment.

BMs were flushed from one leg and filtered using 40-pm cell strain-
ers; 50 pl of of blood was used and incubated twice with red blood cell
(RBC) lysis buffer (Sigma-Aldrich) for 5 min at room temperature.
Spleens were cutinto small pieces and incubated for 30 minat37 °Cina
digestion mix (RPMI containing 0.4 mg ml™ of DNAse I (Sigma-Aldrich)
and 0.5 mg ml™ of collagenase D (Roche)). Spleen suspensions were
thenincubated with RBClysis buffer for 5 min and filtered using 40-um
cellstrainers. Peritoneal lavage was recovered by intraperitoneal injec-
tion of 5 ml of PBS.

Flow cytometry of mouse tissues

Cellswere stained in PBS containing bovine serum albumin (BSA) 0.5%
and2 mM EDTA for 30-45 minonice. Antibodies used were anti-CD115
BUV395 (BD Bioscience, clone AFS98, dilution1:100), anti-T cell recep-
tor (TCR)- BUV737 (BD Bioscience, clone H57-597, dilution 1:100),
anti-CD172a BUV737 (BD Biosciences, clone P84, dilution 1:100),
anti-Sca-1 BV421 (BioLegend, clone D7, dilution 1:100), anti-CD19
BV480 (BD Bioscience, clone 1D3, dilution 1/100), anti-TCR-3 BV480
(BD Bioscience, clone H57-597, dilution 1:100), anti-NK1.1BV480 (BD
Bioscience, clone PK136, dilution 1:100), anti-Siglec-F BV480 (BD
Bioscience, clone E50-2440, dilution 1:100), anti-XCR1BV510 (BioLe-
gend, clone ZET, dilution 1:100), anti-Ly6G BV510 (BioLegend, clone
1A8, dilution1:300), anti-Ly6G BV605 (BioLegend, clone 1A8, dilution
1:300), anti-MHC-11 BV650 (BioLegend, clone M5/114.15.2, dilution
1:100), anti-CCR2 BV711 (BD Bioscience, clone 475301, dilution 1:100),
anti-CD11c BV785 (BioLegend, clone N418, dilution 1:100), anti-Ly6C
BV785 (BioLegend, clone HK1.4, dilution 1:200), anti-CD45.1 BV785
(BioLegend, clone A20, dilution1:200), anti-CD45.2 PE (BD Bioscience,
clone 104, dilution 1:200), anti-CD26 PE (BioLegend, clone H194-
112, dilution 1:100), anti-CD226 PE (BioLegend, clone 10ES5, dilution
1:100), anti-CD11b PE da594 (BD Bioscience, clone M1/70, dilution
1:300), anti-CD117 PE da594 (BioLegend, clone 2B8, dilution 1:100),
anti-CD11b PerCPCy5.5 (BD Biosciences, clone M1/70, dilution 1:300),
anti-CD16/32 PE-Cy7 (BioLegend, clone 93, dilution 1:100), anti-F4/80
PE-Cy7 (BioLegend, clone BMS8, dilution1:50), anti-ESAM APC (BioLeg-
end, clone 1G8/ESAM, dilution1:100), anti-CD115 APC (BD Bioscience,
clone AFS98, dilution 1:100), anti-TIM4 APC (BioLegend, clone RMT4-
54, dilution 1:100), anti-Ly6C Alexa 700 (BioLegend, clone HK1.4,
dilution 1:200), anti-EpCAM APCFire750 (BioLegend, clone G8.8,
dilution 1:400), anti-MHC-11 APC Cy7 (BioLegend, clone M5/114.15.2,
dilution 1:200) and anti-intercellular adhesion molecule (ICAM)-2
Biotin (BioLegend, clone 3C4, dilution1:100), followed by streptavidin
BV421 (Invitrogen, dilution 1:100). Antibody panels for the different
tissues can be found in Supplementary Table 4. After washing, cells
were resuspended in staining buffer containing DAPI (100 ng ml™).
Cells were acquired on a ZE5 flow cytometer (BioRad). Supervised
analysis was performed using FlowJo software.
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The cMoP differentiation assay

Cx3crl-Etv6® mice and WT littermates were treated with 5 mg of tamox-
ifen resuspendedin cornoil by oral gavage for 3 consecutive days (days
0-2).0nday 5, cMoPs were sorted from the BM on a FACSAria Fusion
instrument (BD Biosciences). The cMoPs were gated as CD191' TCR Ly6
G CD11b CD115'CD16/32"&"CD117°Ly6C". Sorted cells (20,000-30,000
cells per wellin 96-well plates) were cultured for 3 d in RPMI-Glutamax
medium supplemented with sodium pyruvate (1 mM), Hepes (10 mM),
antibiotics (penicillinand streptomycin) and 10% FCSin the presence
of 50 ng ml” of hrM-CSF. Cells were analyzed by flow cytometry.

ShRNA interference

ShRNA (all from Sigma-Aldrich) against ETV3 (sh1: NM_005240-
TRCN0000013930; sh2: NM_005240-TRCNO000013931; sh3: NM_
005240-TRCN0000013932), ETV6 (sh1: NM_001987- TRCNOOOO
003853; sh2: NM_001987-TRCNO000003854; sh3: NM_001987-
TRCNO000003855), or nontargeting control ShRNA (MISSION shRNA
SHCO002) were in the LKO.1-puro vector (MISSION, Sigma-Aldrich).
Viral particles were produced by transfection of 293FT cells (American
Type Culture Collection) in 6-well plates with 3 mg of DNA and 8 pl of
TransIT-293 (Mirus Bio) per well: for vesicular stomatitis virus G (VSV-G)
pseudotyped SIVmac VLPs, 0.4 mg of cytomegalovirus (CMV)-VSV-G
and 2.6 mg of pSIV3*; for shRNA vectors, 0.4 mg of CMV-VSV-G, 1 mg
of psPAX2 and 1.6 mg of LKOlpuro-derived shRNA vector. Then, 1d
after 293FT cell transfection, medium was replaced by fresh culture
medium. Viralsupernatants were harvested1dlater and filtered through
0.45-pum filters. Freshly isolated CD14" monocytes were infected with
viral particles containing the control vector or individual shRNA vec-
torsand cultured as above. Puromycin (InvivoGen) was added 2 d later
(2mg ml™). At day 5, cells were harvested for analysis.

Overexpression

ETV6 complementary DNA was cloned in a pTRIP-SFFV-BFP-P2A vec-
tor. Viral particles were produced by transfection of 293FT cells in
6-well plates with 3 mg of DNA and 8 pl of TransIT-293 (Mirus Bio)
per well: for VSV-G pseudotyped SIVmac VLPs, 0.4 mg of CMV-VSV-G
and 2.6 mg of pSIV3*; for ETV6 vectors, 0.4 mg of CMV-VSV-G, 1 mg
of psPAX2 and 1.6 mg of pTRIP-SFFV-BFP-P2A-derived vector. Then
1d after 293FT cell transfection, medium was replaced by fresh cul-
ture medium. Viral supernatants were harvested 1d later and filtered
through 0.45-um filters. Freshly isolated CD14* monocytes were
infected withviral particles containing the control pTRIP-SFFV-BFP-P2A
or pTRIP-SFFV-BFP-P2A-ETV6 vector. At day 5, cells were harvested for
immunoblotting or FACS analysis.

Quantitative PCR
For the analysis of BM monocytes, monocytes were purified with
EasySep mouse monocyte isolation kit (STEMCELL) according to the
manufacturer’srecommendations. Cells from the peritoneal lavage or
the spleen were sorted on a FACSAria Fusion instrument before lysis.
Cellswere harvested and lysed in RLT buffer (QIAGEN). RNA extrac-
tionwas carried out using the RNAeasy microkit (QIAGEN) according to
the manufacturer’sinstructions. Total RNA was retro-transcribed using
the superscriptll polymerase (Invitrogen), in combination with random
hexamers, oligo-dT and dNTPs (Promega). Transcripts were quantified
by RT-PCR on a 480 LightCycler instrument (Roche). Reactions were
carried outin 10 pl, using a master mix (Eurogentec), with the follow-
ing Tagman Assays primers (Merk), for human samples: B2M (catalog
no. Hs99999907_m1), RPL34 (catalog no. Hs00241560_m1), HPRT1
(catalog no. Hs02800695_m1), ETV3 (catalog no. Hs01051028 _g1),
ETV6 (catalog no. Hs00231101_m1), MX1 (catalog no. Hs00895608_
ml), IFIT3 (catalog no. Hs00155468_m1), CXCL10 (catalog no.
Hs00895608_m1), MAFB (catalog no. Hs00271378_s1), PPARG (catalog
no. Hs01115513_m1) and ZNF366 (catalog no. Hs00403536_m1); and for
mouse samples: Gapdh (catalog no. Mm99999915 gl1), B2m (catalog

no. Mm00437762_m1), Polr2a (catalog no. Mm00839502_m1), Etvé
(catalog no. Mm01261325_m1), Isg15 (catalog no. Mm01705338 sl),
Mx1 (catalog no. Mm00487796_m1), Cxcl10 (catalog no. Mm00445235_
ml), Ly6a (catalog no. Mm00726565 _sl), Ifnal-Ifna5-Ifnaé (catalog no.
MmO03030145_gH), Ifnbl (catalog no. Mm00439552_s1), Ifng (catalog
no. MmO01168134_m1) and Ifnl2-Ifnl3 (catalog no. Mm04204158_gH).
The second derivative method was used to determine each Cp and
theexpression of genes ofinterest relative to the housekeeping genes
was quantified: B2M (catalog no. HS00187842_m1), HPRT (catalog
no. Hs02800695_m1) and RPL34 (catalog no. Hs00241560_m1) for
humans; and Gapdh (catalog no. Mm99999915_gl1), B2M (catalog no.
MmO00437762_ml) and Polr2a (Mm00839502_m1) for mice.

Immunoblotting

Cells were lysed in radioimmunoprecipitation assay (RIPA) buffer
(Fisher Thermo Scientific) supplemented with complete Mini
EDTA-free protease inhibitor cocktail (Roche), at1 x 10° cellsin100 pl
of lysis buffer. Postnuclear lysates were resolved by sodium dode-
cylsulfate-polyacrylamide gel electrophoresis using 4-15% BisTris
NuPAGE gels (Invitrogen) and proteins were transferred to membranes
(Immunoblot PVDF membranes, BioRad). Membranes were stained
with primary antibodies against ETV6/Tel (Novus Biologicals, cat-
alog no. NBP1-80695, 0.4 pg ml™), ETV3 (Atlas Antibodies, catalog
no. HPA004794, 0.4 ng ml™), GP96 (Novus Biologicals, clone 9G10,
0.4 pg ml™) or actin (Millipore, clone C4, 0.4 pg ml™), followed by
horeseradish peroxidase-conjugated secondary antibodies (Jackson
Immunoresearch, dilution1:10,000). Some membranes were incubated
with Re-blot Plus buffer (Millipore). Densitometry quantification was
performed using Fiji (v.2.9).

ScRNA-seq

Monocytes were purified from two individual donors. Cells were bar-
coded per donor (donors A and B) using TotalSeqg-anti-human Hashtag
antibody (catalog nos. A0251 and A02052, respectively; BioLegend)
according to the manufacturer’s instruction. Barcoded cells were
counted and mixed in a 1:1 ratio. Single-cell suspension was loaded
into 10x Genomics Chromium. Libraries were prepared as per the
manufacturer’s protocol (Chromium Single Cell 3’ Reagent Kits v.3
protocol) and sequenced on anIllumina NovaSeq sequencer according
to the 10x Genomics recommendations (paired-end reads) to adepth
of approximately 50,000 reads per cell.

Initial processing was performed using Cell Ranger (v.3.1.0) and
subsequent analysis with Seurat v.4.0 workflow*®. Hashtag demultiplex-
ing was performed using the function HTODemux() and positive.quan-
tile = 0.99. Cells with >20% of mitochondrial genes or genes expressed
in<3 cells werefiltered out. Graph-based clustering, visualization and
DEG analyses were performed using Seurat v.4.0. For clustering analy-
sis, FindNeighbors() and FindClusters() functions of the Seurat package
were used with the first 50 significant principal components (PCs) and
aresolution of 1.3, respectively. Foridentification of DEGs, FindMarkers
or FindAllMarkers function (test.use = ‘t’, logfc.threshold = log[0.25])
were used based on normalized data. DEGs with P,; > 0.05 were filtered
out. Data have been deposited in the National Center for Biotechnol-
ogy Information’s (NCBI's) Gene Expression Omnibus (GEO) and can
be accessed at accession no. GSE211603.

RNA-seq library preparation

Monocytes were cultured for 3 din the presence of 100 ng ml™ of M-CSF,
5ng ml™ of IL-4 and 20 ng mI™ of TNF. Total RNA was extracted using
the RNAeasy minikit (QIAGEN) including on-column DNase diges-
tion according to the manufacturer’s protocol. The integrity of the
RNA was confirmed in BioAnalyzer using RNA 6000 Pico kit (Agilent
Technologies) (8.8 < RNAintegrity no. (RIN) <10). Libraries were pre-
pared according to Illumina’s instructions accompanying the TruSeq
Stranded mRNA Library Prep Kit (Ilumina). RNA, 500 ng, was used for
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eachsample. Library length profiles were controlled using the LabChip
GXTouchHT system (Perkin EImer). Sequencing was performed in four
sequencing units of NovaSeq 6000 (Illumina) (100-593 ntlength reads,
paired end) with an average depth of 40 x 10° clusters per sample.
RNA-seq datadiscussed in this publication have been depositedin the
NCBI's GEO and can be accessed at accession no. GSE188982.

RNA-seq data analysis

Genome assembly was based on the Genome Reference Consortium
(hg38). The quality of the RNA-seq data was assessed using FastQC
(v.0.11.8)". Reads were aligned to the transcriptome using STAR
(v.2.6.1)*®. DEG analysis was performed using DESeq2 (v.1.22.2) with
the design ‘donor + group™. Genes with alow number of counts (<10)
were filtered out. DEGs were identified based on P, < 0.05 and absolute
log,(FC) > 0.5. Volcano plots were generated with EnhancedVolcano®.
Transcription factor activity was calculated using Dorothea regulons
(v.1.0.1) and VIPER (v.1.3).

GSEA

GSEA® was performed using the GSEA software (v.4.0.3) with the
default parameters, except for the number of permutations that we
fixedatn=1,000. The count matrix from RNA-seq studies was first nor-
malized using DESeq2. Gene signatures of blood monocytes, mo-DCs
and mo-Macs were designed from microarray data'®,

Analysis of public RNA-seq data

ScRNA-seq data from healthy controls and patients with the
ETV6 2 mutation®* were downloaded from BioProject, accession
no. PRJNA657295 and processed using Cell Ranger (v.2.1.0) using the
humanreference genome (hg38). Count matrices were thenintegrated
and analyzed using Seurat v.4. Cells with <200 genes detected or per-
centage of mitochondrial genes >15%, as well as genes detected in <3
cells, were excluded from the analysis. We used a reference-mapping
approach to annotate cell labels in the query dataset using the
MapQuery function of Seurat v.4. We first projected each query cell
on to a previously computed Uniform Manifold Approximation and
Projection (UMAP) visualization of the reference dataset> (Extended
Data Fig. 2a,b) and then, we subset the CD14" and CD16" monocytes.
The dimensionality reduction, PC analysis and UMAP projection were
performedinthis subset (Extended DataFig. 2c). Differential signature
enrichment was calculated using Student’s t-test comparing the signa-
ture scorein WT versus P214L patients.

RNA-seq-normalized expression values for EtsI in mouse blood
monocytes (Ly6C* and Ly6C™ monocytes), peritoneal mo-DCs
(CD226"MHCII'F4/80'""), peritoneal macrophages (CD226 MHCII'C
D102°F4/80%) and central nervous system microglia were downloaded
from the ImmGen database (www.immgen.org).

ChIP coupled to sequencing
Monocytes from 2 individual donors were cultured for 3 din the pres-
ence of 100 ng ml™ of M-CSF, 5 ng mI™ of IL-4 and 20 ng ml™ of TNF.
ChIP was performed from 80 x 10° monocytes as the starting mate-
rial, using the ChIP-IT High Sensitivity kit (Active Motif) following the
manufacturer’s instructions. Monocytes were homogenized using
a 7-ml Dounce glass homogenizer (Clinisciences). Sonication was
performed using a Bioruptor Pico instrument (Diagenode) using 20
cycles (30 sonand 30 s off). Chromatin was immunoprecipitated using
antibodies against ETV3 (ref. A303-737A, polyclonal, Bethyl) or ETV6
(clone R1092.1.1A9, CDI Laboratories Inc.). Libraries were prepared
accordingto lllumina’sinstructions accompanying the TruSeq ChIPSeq
Library Prep Kit (Illumina). DNA, 4-6 ng, was used for each sample.
Sequencing was performed in one sequencing unit of NovaSeq 6000
(Illlumina) (100- to 593-nt length reads, paired end).

The quality of the sequencing data was assessed using FastQC”".
Reads were aligned to the genome using BWA-Mem®. Peak calling

was performed with MACS2 (ref. ©*) using default parameters for each
donor and the corresponding input. Final peaks were obtained by
intersecting both donors using BEDTools®* with the parameter *-f0.5'.
Peak assignment was performed on the intersected bed file using the
annotatePeaks function of HOMER®, with the genome ‘hg38’ as arefer-
ence. Known motif enrichment analysis was performed using HOMER
with the findMotifsGenome function, and the parameters ‘hg38 -size
given --mask’. ChIP-seq data have been deposited in NCBI's GEO and
canbeaccessed at accession no. GSE211604.

Experimental peritonitis

Cx3crl-Etv6® mice and WT (Etv6™/1%%) [ittermates were treated with
5 mg of tamoxifen resuspended in corn oil by oral gavage for 3 con-
secutive days (days 0-2). On day 5, mice received a fourth gavage of
tamoxifen and were injected intraperitoneally with1 ml of 3.8% brewer’s
thioglycolate medium (Sigma-Aldrich). Mice were analyzed 3 d after
thioglycolate injection.

Monocyte adoptive transfer

Cx3crl-Etv6® mice and WT littermates were treated with 5 mg of tamox-
ifen resuspended in corn oil by oral gavage for 3 consecutive days
(days 0-2). On day 5, monocytes were isolated from BM using the
EasySep Mouse Monocyte IsolationKit according to the manufacturer’s
instructions. Between 0.7 x 10° and 1 x 10° monocytes were injected
intraperitoneally in CD45.1 C57BL/6 mice that had been injected 18 h
before with 1 ml of 3.8% brewer’s thioglycolate medium. Peritoneal
lavage was analyzed by flow cytometry 3 d after monocyte injection.

Experimental autoimmune encephalomyelitis

Cx3crl-Etv6® mice and WT (Etv6™"™/") littermates were treated with
5 mg of tamoxifen resuspended in corn oil by oral gavage twice a
week, starting 1 week before immunization. In some experiments
(deletion in microglia), Cx3crl-Etvé* mice and WT littermates were
treated with tamoxifen twice, then rested for 4 weeks before immu-
nization. Insome experiments, Cd11c-Etv6® mice and WT (Etv671o/1ox)
littermates were used. Mice were immunized subcutaneously in the
back with 100 pg of the MOG35-55 peptide (sb-PEPTIDE) emulsi-
fied inincomplete Freud’s adjuvant (Invivogen) supplemented with
4 mg ml™ of desiccated Mycobacterium tuberculosis (Sigma-Aldrich,
catalogno. H37RA). Mice were injected intraperitoneally with 200 ng
of pertussis toxin from Bordetella pertussis (Calbiochem) at days O
and 2 afterimmunization. Mice were examined daily for clinical signs.
In agreement with the local ethics committee, mice were scored as
follows: O, healthy; 0.5, tail weakness; 1, limp tail; 1.5, tail paralysis
and hindlimb weakness; 2, tail paralysis and limping of one hindlimb;
2.5, tail paralysis and limping of both hindlimbs; 3, paralysis of tail
andboth hindlimbs; and 3.5, paralysis of tail and both hindlimbs and
weakness in forelimbs. A score of 3 was predefined as the humane
endpoint of the experiment.

Lymph node cell analysis during EAE

Inguinal lymph nodes were collected 7 d post-MOG immunization.
For flow cytometry of DCs, lymph nodes were cut into small pieces
and incubated for 30 min at 37 °C in digestion mix: RPMI containing
0.5 mg ml™” of DNAse I and 0.5 mg mI™ of collagenase D. Cell suspen-
sions were then filtered using 40-pum cell strainers. An antibody panel
can be found in Supplementary Table 1. For tetramer staining, lymph
nodes were dissociated by forcing through a 40-pum cell strainer.
Cells were incubated for 3 h at 37 °C in RPMI containing 10% FCS in
the presence of phycoerythrin (PE)-conjugated MOG tetramer (I-A(b)
GWYRSPFSRVVH, 2.7 mg ml™) or control tetramer (I-A(b) PVSKMRMAT-
PLLMQA, 2.7 mg ml™) (both obtained from the National Institutes of
Health (NIH) tetramer core facility). After washing, cells were stained
with anti-CD8 BUV395 (BD Bioscience, clone H35-17.2), T cell receptor
(TCR)-3 BUV737 (BD Bioscience, clone H57-597), CD19 BV480 (BD
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Bioscience, clone1D3), CD4 PerCPCy5.5 (BD Bioscience, clone RM4-5)
and CD11b PeCy7 (BD Bioscience, clone M1/70).

Statistical analysis

Sample-size calculations were performed using InVivoStat (v.4.2).
For experiments on human cells, based on our previous results, we
estimated the interdonor variability to 100% coefficient of variation
(CV)inthese experiments. Inthese conditions, n = 5is sufficient for 70%
power and n = 6 for 80% power to detect biologically significant results
with a 5% significance level. Therefore, we used n = 5-6 as aminimum
group size for these experiments. For animal experiments, based on our
previousresults, we estimated the interanimal variability to 50% CVin
these experiments. In these conditions, n = 9is sufficient for 80% power
todetectadoubling of response between groups. Therefore, we used
a minimum of nine mice in these experiments. For RNA-seq analysis,
we used five samples per group, based on the literature for optimal
group size in RNA-seq experiments®®. Wilcoxon’s matched-paired test,
Mann-Whitney U-test and unpaired Student’s t-test were performed
using Prism v.9 (GraphPad Software). All statistical tests were two
sided. Data distribution was assumed to be normal but this was not
formally tested. Statistical details for each experiment can be found
in the corresponding figure legend; n corresponds to the number of
biological replicates (individual human donors or individual mice). No
animal or data points were excluded. Data collection was performed
blinded and randomized. Blinding was not possible for EAE because
measurements were performed longitudinally for each mouse. Blind-
ing was not performed for immunoblots to allow silenced samples to
be presented side by side.

Reporting summary
Furtherinformation onresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

Sequencing data have been deposited in the GEO under accession
nos. GSE188982 (RNA-seq), GSE211603 (scRNA-seq) and GSE211604
(ChIP-seq). Publicly available data were obtained from the Immgen
database (www.immgen.org), BioProject (accession no. PRJINA657295)
and the reference genome hg38 from Ensembl (www.ensembl.org). All
otherdataareinthearticle and supplementary files are available from
the corresponding author upon reasonable request. Source data are
provided with this paper.
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nuclear localization is shown. Each dot represents an individual donor (n=4in2
independent experiments).
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Extended Data Fig. 3| Transcriptomic analysis of ETV3 or ETV6-deficient
human monocytes. (a) Top differentially expressed genes between silenced
conditionsand ETV3 or ETV6 silencing (n = 5). (b-e) Analysis of public
scRNAseq data of PBMCs from healthy and Etv6"™*" patients. (b) Reference
UMAP visualization of healthy and ETV6"*“- PBMCs with annotated clusters.
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Extended DataFig. 6 | Gating strategies ofimmune cells in mouse bone eosinophils, Ly6C"&" and Ly6C™ monocytes, pDC, cDCland Esam* or Esam™
marrow, blood, spleen and peritoneal lavage. (a) Gating strategy for bone cDC2. (c) Gating strategy for peritoneal lavage analysis. Lineage positive cells
marrow and blood cell suspensions. Cells were separated intoB and T cells, (expressing TCRf3, CD19, NK1.1and Siglec-F) were excluded from CD11b+ CD115+
neutrophils, and Ly6C high, intermediate (int) and negative (neg) monocytes. cells. Cell were separated into monocytes (Mono CCR2*), mo-DC, mo-Mac

(b) Gating strategy for spleen cell suspensions. Doublets and dead cells (ICAM2'Tim4") and resident macrophages (Res Mac, ICAM2'TIM4").

were excluded as in (a). Cells were separated into Band T cells, neutrophils,
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Extended Data Fig. 7 | Analysis ofimmune cells in lymphnodes during
EAE. (a) Expression of Ets1in blood monocytes, peritoneal mo-DC, peritoneal
macrophages and Central Nervous System (CNS) microglia. RNA-seq data from
ImmGen database. (b-e) EAE was induced by injection of MOG peptide. (b) EAE
was induced in Cdl1c-Etv6* (KO) or WT littermates. Mean clinical score is shown.
Barsrepresent SEM (n = 8-11in 3 independent experiments). Peak clinical score.
Medianis shown. Each dot represents one mouse (n = 8-11in 3 independent
experiments). (c-e) Lymph nodes draining the site of MOG injection were

moDC cDC1 cDC2

analyzed 7 days after immunization. (c) Gating strategy for lymph node cell
suspensions. Doublets and dead cells were excluded. Cells were separated into
Langerhans cells (LC), cDC1, cDC2, monocytes (mono) and mo-DC. (d) Numbers
of neutrophils, cDC1,cDC2 and LC in lymph nodes. Median is shown (n =17-18 in
3independent experiments). (¢) MHC Il expression onmo-DC, cDCland cDC2.
Mean Fluorescence Intensity (MFI). Median is shown (n =17-18 in 3independent
experiments).

Nature Immunology


http://www.nature.com/natureimmunology

nature portfolio

Corresponding author(s):  Elodie Segura

Last updated by author(s): Oct5, 2022

Reporting Summary

Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

>
Q
—
(e
(D
©
(@)
=
S
<
-
(D
©
O
=
>
(@)
w
[
3
=
Q
A

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
X] A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

XX X

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

XXX O OO0 000F
X

I ™(

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  No software was used for data collection

Data analysis Flow cytometry data was analyzed with FlowJo (v10). Imaging flow cytometry was analyzed with IDEAS software. Densitometry quantification
was performed using Fiji (v2.9). scRNA-seq from monocytes was analyzed using CellRanger (v3.1.0) and processed using Seurat (v4.0). GSEA
was performed using the GSEA software (version 4.0.3) with the default parameters, except for the number of permutations that we fixed at
n=1000. Single-cell RNA-Seq data from public data (healthy controls and patients with the ETV6P214L mutation) was downloaded from
BioProject PRINA657295 and was processed with Cell Ranger (v2.1.0) using the human reference genome (hg38). Count matrices were then
integrated and analyzed using Seurat v4. For RNA-seq analysis, genome assembly was based on the Genome Reference Consortium (hg38).
Quality of RNA-seq data was assessed using FastQC (v0.11.8). Reads were aligned to the transcriptome using STAR (v2.6.1a_08-27).
Differential gene expression analysis was performed using DESeq2 (v1.22.2). Transcription factor activity was calculated using Dorothea
(v1.0.1) and VIPER (v1.3). Volcano plots were generated with EnhancedVolcano (v1.14). ChIP-seq data was analyzed using BWA-Mem
(v0.77.11), MACS2 (v2.2.7.1), BEDTools (v2.30) and HOMER (v4.8). Sample-size calculation was performed using InVivoStat (v4.2). Statistical
analysis was performed using Prism v9 (GraphPad Software).
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- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All datasets generated and/or analyzed during the study are referenced in this article. Sequencing data generated during the study can be accessed in GEO under
the numbers GSE188982 (RNA-seq), GSE211603 (scRNA-seq) and GSE211604 (ChIP-seq). Source data or supplementary information are available from the
corresponding author upon reasonable request. Publicly available data were obtained from Immgen database (www.immgen.org), from BioProject PRINA657295
and the reference genome hg38 from Ensembl (www.ensembl.org).
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Life sciences study design
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Sample size Sample-size calculation was performed using InVivo stat software (v4.2). For experiments on human cells, based on our previous work in this
system (DOI: 10.1073/pnas.2109225118, DOI: 10.1016/j.immuni.2017.08.016), we estimated the inter-donor variability to 100% CV in these
experiments. In these conditions, n=5 is sufficient for having 70% power and n=6 for having 80% power to detect biologically significant
results with a 5% significance level. Therefore, we used n=5-6 as a minimum group size for experiments using human monocytes. For animal
experiments, based on our previous work (DOI: 10.1016/j.immuni.2017.08.016), we estimated the inter-animal variability to 50% CV in these
experiments. In these conditions, n=9 is sufficient for having 80% power to detect a doubling of response between groups. Therefore we used
a minimum of 9 mice in these experiments. For RNA-seq analysis, we used 5 samples per group, based on the literature for optimal group size
in RNA-seq experiments (DOI: 10.1261/rna.053959.115). For scRNA-seq and ChIP-seq, we used 2 biological replicates, without re-determining
group size.

Data exclusions  No data was excluded.

Replication Experiments were replicated independently. The number of biological replicates and of independent experiments is indicated in each legend.
Randomization  For all experiments in this manuscript, samples or animals were allocated to experiments and experimental groups randomly.

Blinding For all experiments, investigators were blinded during data collection by giving each sample analyzed an arbitrary number. Blinding was not

possible for analyzing Experimental Autoimmune Encephalomyelitis, because measurements were performed longitudinally for each mouse.
Blinding was not possible when preparing gels for Western Blots to allow relevant samples to be presented side-by-side on the gel.
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Antibodies

Antibodies used For human cells, antibodies for flow cytometry are : APC anti-CD1a (Biolegend, clone HI149, dilution 1/300), FITC anti-CD16
(Biolegend, clone 3G8, dilution 1/200), PE-Cy7 anti-CD163 (Biolegend, clone GHI/61, dilution 1/100), PE anti-CD1b (eBioscience, clone
eBioSN13, dilution 1/100). For mouse cells, antibodies for flow cytometry were anti-CD115 BUV 395 (BD Bioscience, clone AFS98,
dilution 1/100), anti-TCRB BUV737 (BD Bioscience, clone H57-597, dilution 1/100), anti-CD172a BUV737 (BD Biosciences, clone P84,
dilution 1/100), anti-Scal BV421 (Biolegend, clone D7, dilution 1/100), anti-CD19 BV480 (BD Bioscience clone 1D3, dilution 1/100),
anti-TCRB BV480 (BD Bioscience, clone H57-597, dilution 1/100), anti-NK1.1 BV480 (BD Bioscience, clone PK136, dilution 1/100), anti-
SiglecF BV480 (BD Bioscience, clone E50-2440, dilution 1/100), anti-XCR1 BV510 (Biolegend, clone ZET, dilution 1/100), anti-Ly6G
BV510 (Biolegend, clone 1A8, dilution 1/300), anti-Ly6G BV605 (Biolegend, clone 1A8, dilution 1/300), anti-MHC Il BV650 (Biolegend,
clone M5/114.15.2, dilution 1/100), anti-CCR2 BV711 (BD Bioscience, clone 475301, dilution 1/100), anti-CD11c BV785 (Biolegend,
clone N418, dilution 1/100), anti-Ly6C BV785 (Biolegend, clone HK1.4, dilution 1/200), anti-CD45.1 BV785 (Biolegend, clone A20,
dilution 1/200), anti-CD45.2 PE (BD Bioscience, clone 104, dilution 1/200), anti-CD26 PE (Biolegend, clone H194-112, dilution 1/100),
anti-CD226 PE (Biolegend, clone 10ES5, dilution 1/100), anti-CD11b PE da594 (BD Bioscience, clone M1/70, dilution 1/300), anti-
CD117 PE da594 (Biolegend, clone 2B8, dilution 1/100), anti-CD11b PerCPCy5.5 (BD Biosciences, clone M1/70, dilution 1/300), anti-
CD16/32 PECy7 (Biolegend, clone 93, dilution 1/100), anti-F4/80 PECy7 (Biolegend, clone BMS, dilution 1/50), anti-ESAM APC
(Biolegend, clone 1G8/ESAM, dilution 1/100), anti-CD115 APC (BD Bioscience, clone AFS98, dilution 1/100), anti-TIM4 APC
(Biolegend, clone RMT4-54, dilution 1/100), anti-Ly6C Alexa 700 (Biolegend, clone HK1.4, dilution 1/200), anti-EpCAM APCFire750
(BioLegend, clone G8.8, dilution 1/400), anti-MHC Il APC Cy7 (Biolegend, clone M5/114.15.2, dilution 1/200) and anti-ICAM2 Biotin
(Biolegend, clone 3C4, dilution 1/100) followed by Streptavidin BV421 (Invitrogen, dilution 1/100). Antibody panels for the different
tissues can be found in Supplementary Table 1. For Western blots, membranes were stained with primary antibodies against ETV6/
Tel (Novus Biologicals, NBP1-80695, 0.4 pug/mL), ETV3 (Atlas Antibodies, HPAO04794, 0.4 ug/mL), GP96 (Novus Biologicals, clone
9G10, 0.4 pg/mL), or actin (Millipore, clone C4, 0.4 pg/mL), followed by HRP-conjugated secondary antibodies (Jackson
Immunoresearch, dilution 1/10000). For imaging flow cytometry, antibodies used are : rabbit anti-ETV6/Tel (Novus Biologicals,
NBP1-80695, dilution 1/1000) or rabbit anti- ETV3 (Atlas Antibodies, HPAO04794, dilution 1/1000) and the secondary antibody anti-
Rabbit IgG (H+L) Alexa 594 (Molecular Probes, #A-11037, 1/500). Chromatin was immunoprecipitated using antibodies against ETV3
(ref A303-737A, polyclonal, Bethyl) or ETV6 (clone R1092.1.1A9, CDI Laboratories Inc).
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Validation All antibodies were validated by the manufacturer, for the species and the specific application for which they were used in the
manuscript (flow cytometry, Western Blot, ChIP). For imaging flow cytometry, we used antibodies validated for Western Blot.

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) 293FT cells were from ATCC
Authentication 293FT cells were authenticated by the supplier.
Mycoplasma contamination The cell line was routinely tested for mycoplasma and was free of contamination.

Commonly misidentified lines  No commonly misidentified cell lines were used in this study.
(See ICLAC register)

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Cx3Cr1-CreER were obtained from Jackson Laboratories (Stock # 021160). Cx3Cr1-CreER express the enhanced yellow fluorescent
protein (EYFP) from endogenous Cx3crl promoter/enhancer elements. Etv6flox/flox mice were obtained from H.Hock. Cx3crl1-EtveA
were generated by crossing Cx3Cr1-CreER+/- mice with Etveflox/flox mice. CD11c-Etv6A have been previously described ( DOI:
10.1084/jem.20172323 ). Cx3Cr1-CreER-/- Etv6flox/flox or CD11c-CreER-/- Etv6flox/flox littermates were used as WT controls,
respectively. All mice were on C57BL/6 background. Mice were maintained under specific pathogen-free conditions at the animal
facility of Institut Curie or New York University School of Medicine, in accordance with institutional guidelines. Both male and female
mice were used at age 7-9 weeks.

Wild animals No wild animals were used in this study.
Field-collected samples  No field-collected samples were used in this study.
Ethics oversight All animal procedures were in accordance with the guidelines and regulations of the French Veterinary Department (authorization

APAFIS #25217-2020042522586261 v1), or Institutional animal Care and Use Committee of New York University School of Medicine
and approved by the local ethics committee.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Human research participants

Policy information about studies involving human research participants

Population characteristics Buffy coats from healthy donors (both male and female donors, between 18 and 70 years old) were obtained from




Population characteristics Etablissement Francais du Sang (Paris) in accordance with INSERM ethical guidelines. All blood samples were anonymized
before delivery.

Recruitment No specific recruitment parameters were used, besides standard procedure for recruitment at the French blood bank
(Etablissement francais du sang): age 18-70 years old, both male and female, weight over 50kg, sero-negative for HIV, HBV
and HVC, never suffered from cancer, absence of current treatment for chronic diseases, absence of ongoing infection, never
received a blood transfusion or organ transplant, not having given birth in the past 6 months, not having undergone surgery
in the past 4 months.

Ethics oversight According to French Public Health Law (art L 1121-1-1, art L 1121-1-2), written consent and IRB approval are not required for
human non-interventional studies.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

ChlP-seq

Data deposition
|Z| Confirm that both raw and final processed data have been deposited in a public database such as GEO.

g Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links Called peaks can be found in supplementary Table 3

May remain private before publication.

Files in database submission Bigwig files for input and ETV3 and ETV6 immunoprecipitation.

Genome browser session No longer applicable
(e.g. UCSC)
Methodology
Replicates 2 biological replicates
Sequencing depth Sequencing was performed in 1 sequencing unit of NovaSeq 6000 (lllumina) (100-nt593 length reads, paired end).
Antibodies Chromatin was immunoprecipitated using antibodies against ETV3 (ref A303-737A, polyclonal, Bethyl) or ETV6 (clone R1092.1.1A9,

CDI Laboratories Inc).

Peak calling parameters Peak calling was performed with MACS2 using default parameters for each donor and corresponding input. Final peaks were
obtained by intersect both donors using BEDTools with the parameter “-f 0.5”. Peak assignment was performed on the intersect bed
file using the annotatePeaks function of HOMER, using the genome “hg38” as reference.

Data quality Describe the methods used to ensure data quality in full detail, including how many peaks are at FDR 5% and above 5-fold enrichment.
Software Describe the software used to collect and analyze the ChlP-seq data. For custom code that has been deposited into a community

repository, provide accession details.

Flow Cytometry

Plots

Confirm that:
|Z| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology
Sample preparation For human cultured cells, cells were stained in PBS containing 0.5% human AB serum and 2mM EDTA. For mouse cells, cells
were stained in PBS containing BSA 0.5% and 2mM EDTA .
Instrument Data was acquired on FacsVerse instrument (BD Biosciences) or MACSQuant (Miltenyi) instrument, or ZES flow cytometer
(Bio-Rad). For imaging flow cytometry, cells were acquired on Amnis ImageStream instrument (Luminex).
Software Flow cytometry data was analyzed with FlowJo v10 (FlowJo LLC).

Cell population abundance Cell population abundance was calculated using FlowJo and is indicated for each sample.
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Gating strategy Gating strategies are described in supplementary figures. Single cells were gated based on SSC and FSC parameters, then
gated on live cells.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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