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Augmenting the portfolio of therapeutics for type 2-driven diseases is crucial
to address unmet clinical needs and to design personalized treatment
schemes. An attractive therapy for such diseases would consist in targeting the
recruitment of T helper 2 (Th2) lymphocytes to inflammatory sites. Herein, we
show the degradation of filamins (FLN) a and b by the ASB2« E3 ubiquitin ligase
as a mechanism sustaining Th2 lymphocyte functions. Low levels of FLNa and
FLNb confer an elongated shape to Th2 lymphocytes associated with efficient
ayf3; integrin-dependent cell migration. Genes encoding the oy 35 integrin and
ASB2a belong to the core of Th2-specific genes. Using genetically modified
mice, we find that increasing the levels of FLNa and FLNb in Th2 lymphocytes
reduces airway inflammation through diminished Th2 lymphocyte recruit-
ment in inflamed lungs. Collectively, our results highlight ASB2a and its sub-

strates FLNa and FLND to alter Th2 lymphocyte-mediated responses.

T helper (Th) lymphocytes are key mediators of adaptive immune
responses that, via secretion of distinct cytokine combinations,
orchestrate immune responses against foreign antigens, neo-antigens,
and self-antigens, respectively in the context of infection, cancer, and
auto-immunity. The understanding of the molecular mechanisms
involved in the regulation of specific Th lymphocyte properties and
functions will pave the way to the development of new approaches to
tackle immune system-mediated diseases.

Asthmaiis a chronic inflammatory disease of the lower airways that
affects nearly 400 million people worldwide. Despite the high diversity
of endotypes characteristic of this pathology, half of asthmatic
patients present a high type 2 inflammation initiated by the release of
type 2 cytokines. Th2 lymphocytes represent a major source of type 2
cytokines and are key drivers of asthma pathogenesis because of their
myriad effects on both structural and inflammatory cells in the

airways"’. Accordingly, many of the therapeutic antibodies for type
2-driven diseases are targeting type 2 cytokines and their receptors or
IgE. In addition, a number of promising small-molecule drugs and
vaccines are in the development pipeline®. Biologics have demon-
strated encouraging results in clinical trials and some are approved for
the type 2-high endotype of severe asthma®*. These strategies may be
further optimized when combined with the targeting of regulators of
Th2 cell recruitment to sites of inflammation.

T cell migration is essential for T cell response’. The initial step
usually happens in secondary lymphoid organs with the search for
cognate antigen on many antigen-presenting cells that requires rapid
scanning. Once activated and fully differentiated, effector T lympho-
cytes exit the lymph nodes and migrate to the site of injury in per-
ipheral tissues to find their antigen. Motility of T lymphocytes is
governed by cell-intrinsic events that are regulated by their activation
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status as well as microenvironment cues. Beyond their distinct cyto-
kine secretion profile, Thl and Th2 lymphocytes harbor different
scanning modes to migrate within inflamed tissues and optimize their
respective effector functions®’. In contrast to Thl lymphocytes, Th2
lymphocytes appear to adopt a fast and wide scanning strategy that
depends on a3 integrins and is uncoupled from signals such as those
triggered by chemokines’.

Several E3 ubiquitin ligases are known to regulate differentiation
and functions of Th2 lymphocytes®’. Among them, ASB2a, the speci-
ficity subunit of a multimeric E3 ubiquitin ligase of the Cullin 5 RING
Ligase (CRL5) family', is upregulated during Th2 differentiation of
naive CD4* T lymphocytes . Importantly, loss of ASB2 attenuated
colitis-associated tumorigenesis in mice due to reduced Th2 response
and enhanced type 1 antitumor immune response”. However, the
molecular and cellular mechanisms whereby ASB2a exerts its effects
to positively regulate Th2 lymphocyte function remain unknown.
ASB2a triggers ubiquitylation and proteasomal degradation of filamins
(FLN) a and b™. FLNa is an ubiquitously expressed actin-binding and
cross-linking protein whose primary function is to organize actin fila-
ments in an orthogonal network®™. FLNa also interacts with about a
hundred binding partners, many of which being involved in the reg-
ulation of signaling pathways converging towards actin cytoskeleton.
Indeed, FLNa positively regulates signaling pathways downstream of
the T cell receptor (TCR) and the CD28 costimulatory molecule'*™® and
interacts with Tc-mip (truncated c-MAF inducing protein), an adapter
protein involved in c-MAF-dependent Th2 signaling pathway".

One of the most conserved activity of FLNa is to bind integrins,
thereby maintaining the later in an inactive state’’. Two mechanisms
have been proposed. First, binding of FLNa to the C terminus of the
integrin B tail (3y, B2, B3, or B;) results in direct competition with the
binding of the integrin activator talin by occupying an overlapping
binding site’*%. Second, FLNa can form a ternary complex engaging
the cytoplasmic tails of both integrin oy, and 33, thereby stabilizing the
inner-membrane clasp and competing with talin recruitment to the 3
subunit cytoplasmic tail by binding both the C-terminal and
membrane-proximal regions of the B tail”>. In addition, FLNa can also
associate with the oy, cytoplasmic tail of active oy, 35 integrin to inhibit
cell migration likely because of excessively enhanced integrin outside-
in signaling®*. We previously showed that ASB2a-mediated degrada-
tion of FLNa and FLNb regulates actin cytoskeleton remodeling and
cell motility in different cell types'* . However, the exact role and
mechanisms of action of ASB2a in Th2 lymphocytes are not well-
defined.

In the present study, we ask whether ASB2a triggers FLNa and
FLNb degradation in Th2 lymphocytes and whether this is a mechan-
ism sustaining Th2 lymphocyte functions. Furthermore, we investigate
whether targeting the ASB2a-FLNa/b axis may represent a potential
therapeutic opportunity in asthma using mouse models of airway
inflammation. Using unbiased large-scale approaches, we show that
FLNa and FLNb are the only substrates of ASB2a in Th2 lymphocytes
and that low levels of FLNa and FLNb promote an elongated cell shape
conducive to a dynamic migration. We further show that ASB2a-
deficient Th2 lymphocytes exhibit less ayf; integrin-dependent
dynamic behavior. Accordingly, loss of ASB2a in Th2 lymphocytes
reduces their recruitment in inflamed lungs and attenuates airway
inflammation.

Results

The actin-binding proteins FLNa and FLNb are substrates of
ASB2a in Th2 lymphocytes

To elucidate the roles of ASB2a in Th2 lymphocytes, we first evaluated
its expression in differentiating Th2 lymphocytes. ASB2« transcripts
are highly upregulated after 5 days of culture of naive CD4* lympho-
cytes in Th2 polarizing conditions (Fig. 1a) and are almost undetectable

in Th2 lymphocytes generated from ASB2 cKO mice (Fig. 1b). Because
E3 ubiquitin ligases often ubiquitylate several substrates, we used an
unbiased and broad mass spectrometry approach to identify ASB2«
substrates by comparing the whole proteomes of Th2 lymphocytes
generated from ctrl or ASB2 cKO mice. As expected, ASB2 peptides
were barely detected in ASB2a-deficient Th2 lymphocytes (Fig. 1c, d).
Deletion of ASB2 had no impact on the expression of the master
transcription factors of the Th2 lineage STAT6, GATA3, and c-MAF
(Fig. 1d), suggesting no role of ASB2a in the generation of Th2 lym-
phocytes. Out of the >6400 quantified proteins in MS experiments,
FLNa and FLNb stood out as the only proteins being more abundantly
expressed in ASB2a-deficient vs ctrl Th2 lymphocytes (Fig. 1c, d and
Supplementary Data 1 and Pride database with the dataset identifier
PXD044062), pointing to the selectivity of ASB2a in controlling FLNa/
FLND levels. Enhanced expression of FLNa and FLNb at the protein
levels in ASB2a-deficient Th2 lymphocytes was confirmed by western
blot (Supplementary Fig. 1a) and intracellular flow cytometry (Fig. 1e).
In contrast, levels of FLNa and FLNb transcripts were similar in ctrl and
ASB2 cKO Th2 lymphocytes (Supplementary Fig. 1b). Furthermore, we
showed that FLNa was conjugated to ubiquitin chains in ctrl but not in
ASB2 cKO Th2 lymphocytes (Fig. 1f) and that FLNa degradation in ctrl
Th2 lymphocytes was proteasome-dependent (Fig. 1g). Notably, lower
levels of FLNa and FLNb in ctrl Th2 lymphocytes compared to naive
CD4" T lymphocytes or to other T effector lymphocytes were observed
by western blot (Fig. 1h and Supplementary Fig. 1c) and by intracellular
flow cytometry (Fig. 1i), while the levels of FLNa and FLNb transcripts
were similar in Thl, Th2, Th17 and Treg lymphocytes (Supplementary
Fig. 1d). In agreement with the low levels of ASB2a transcripts pre-
viously measured in naive CD4* T lymphocytes, Thl lymphocytes and
Th17 lymphocytes®, loss of ASB2a had no impact on the abundance of
FLNa and FLNb in these cells (Supplementary Fig. 1e, f). Protein levels
of FLNa were also lower in Th2 lymphocytes than in Thl or Th17 lym-
phocytes of human peripheral blood mononuclear cells (PBMCs) iso-
lated from healthy donors (Fig. 1j). ASB2a transcript and protein are
also induced during in vitro Th2 differentiation of naive human CD4' T
lymphocytes (Fig. 1k, | and Supplementary Fig. 1g). In contrast, ASB2«x
transcripts are low in Thl lymphocytes generated in vitro from naive
human CD4* T lymphocytes (Fig. 1k). Moreover, FLNa degradation in
human Th2 lymphocytes is proteasome-dependent as evidenced by
increased levels of FLNa after proteasome inhibition (Fig. Im). Alto-
gether, these results demonstrate that the FLNa and FLNb proteins are
continuously and selectively degraded by ASB2a in mouse Th2 lym-
phocytes and suggest that this mechanism is conserved in humans.

Loss of ASB2a has no impact on the transcriptomic program of
Th2 lymphocytes

Because ASB2a-mediated degradation of FLNa and FLNb could be
involved in the modulation of Th2 lymphocyte signaling and thus in
the regulation of Th2-specific genes, the transcriptomic signatures of
ctrl and ASB2a-deficient Th2 lymphocytes were established by RNA-
seq (Fig. In and Supplementary Fig. 2). Our analyses failed to detect
differentially expressed genes between ctrl and ASB2 cKO Th2 lym-
phocytes (Supplementary Data 2). In fact, Th2-specific genes exhibited
similar expression patterns in ctrl and ASB2 cKO Th2 lymphocytes,
while Thl and Thl7 gene signatures were not deregulated in the
absence of ASB2a (Supplementary Fig. 2a-d). Collectively, these ana-
lyses strongly support that ASB2a does not play a role in regulating the
expression of Th genes. We next tested whether ASB2a-deficiency
could nevertheless affect the transcriptional program in Th2 lympho-
cytes upon T-cell stimulation. Once again, our RNA-seq data did not
reveal any significant difference between ctrl and ASB2 cKO Th2 lym-
phocytes (Fig. In and Supplementary Fig. 2). Altogether, these data
indicate that ASB2a does not shape Th2 lymphocyte identity at the
transcriptional level.
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ASB2a-mediated degradation of FLNa and FLNb in Th2 lym-
phocytes correlates with specific morphological features
Because FLNa has a dual role in controlling the architecture and the
mechanics of the actin cytoskeleton®®, we examined whether the lower
levels of FLNa and FLNb in mouse Th2 lymphocytes impact cell mor-
phology using high-content imaging. As shown in Fig. 2a-d, lower
levels of FLNa and FLNb are associated with increased cell area and
perimeter, as well as an elongated shape in Th2 lymphocytes

20000

compared to Thl, Th17, or Treg lymphocytes. In accordance with these
observations, higher levels of FLNa and FLNb in ASB2a-deficient Th2
lymphocytes are associated with reduced cell area and perimeter, and
a rounded shape of these cells compared to ctrl Th2 lymphocytes
(Fig. 2e-g). In addition, low levels of FLNa in human Th2 lymphocytes
are associated with increased cell area and perimeter, and an elon-
gated shape compared to naive human CD4* T lymphocytes (Fig. 2h, i).
These results demonstrate that the low levels of FLNa and FLNb due to
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Fig. 1| FLNa and FLNb are substrates of ASB2« in mouse Th2 lymphocytes.

a Relative expression of ASB2a transcripts during Th2 differentiation of naive CD4*
T lymphocytes of ctrl mice assessed by RT-qPCR. b Expression of ASB2a transcripts
in ctrl and ASB2 cKO Th2 lymphocytes assessed by RT-qPCR. ¢, d Mass spectro-
metry quantitative analyses of protein abundance differences between cell extracts
of ctrl and ASB2 cKO Th2 lymphocytes. The volcano plot (c) illustrates for each
protein the statistical significance of the variation as a function of the amplitude of
the abundance (log2) difference between the two conditions. Dashed lines indicate
cut-off values corresponding respectively to a Student t-test p value of 0.01 and a
log2-transformed intensity difference of 0.5. Bar plots (d) show the intensities of
ASB2, STAT6, GATA3, c-MAF, FLNa, and FLNb in each condition based on the MS
measurements. Full data are presented in Supplementary Data 1. e Expression of
FLNa was analyzed by intracellular flow cytometry in ctrl and ASB2 cKO Th2 lym-
phocytes. f Cell extracts of ctrl and ASB2 cKO Th2 lymphocytes were immuno-
precipitated with control (Ctrl IP) or anti-FLNa (FLNa IP) antibodies. Pre-cleared cell
lysates (input), unbound, and bound fractions were immunoblotted with anti-
bodies to FLNa. After stripping, the blot was reprobed with antibodies to ubiqui-
tylated proteins. One experiment out of two is shown. g Expression of FLNa was
analyzed by intracellular flow cytometry in ctrl Th2 lymphocytes treated at day 5
with the PS-341 proteasome inhibitor at 4 nM during 20 h. h Expression of FLNa and
FLNDb was analyzed by western blot in naive CD4" T cells, Thl, Th2, Th17, and Treg

cells generated from naive CD4" T lymphocytes of ctrl mice. i Expression of FLNa
was analyzed by intracellular flow cytometry in Thl, Th2, Th17, and Treg cells
generated from naive CD4" T lymphocytes of ctrl mice. j Representative flow
cytometry and quantification of FLNa expression in Thl (CD4'CXCR3"CCRé67), Th2
(CD4'CXCR3 CCR6 CRTH2") and Th17 (CD4"'CXCR3"CCR6") lymphocytes of
human PBMCs. k Relative expression of ASB2 transcripts in naive human CD4" T
lymphocytes and after 5 days of culture in a Th2 or Thl polarizing medium assessed
by RT-qPCR. I Expression of ASB2a was analyzed by western blot in naive human
CD4" T lymphocytes and after 3 and 6 days of culture in a Th2 polarizing medium.
m Expression of FLNa was analyzed by intracellular flow cytometry in human Th2
lymphocytes treated at day 5 with the PS-341 proteasome inhibitor at 10 nM during
20 h. n Gene set enrichment analyses of genes significantly up- and down-regulated
in ctrl Th2 lymphocytes upon stimulation performed using transcriptomes of sti-
mulated vs non-stimulated ASB2 cKO Th2 lymphocytes. Data are mean + SEM of
biological replicates. Sample size, d1=6, d2=6, d3=14, d4=11, d5=9 and d6 =14
for (a); ctrl=28 and cKO =32 for (b); ctrl =9 and cKO =9 for (c¢); ctrl=9 and cKO =9
for (d); ctrl=22 and cKO =21 for (e); ctrl=8 for (g); Th1=9, Th2=9, Th17 =6 and
Treg = 6 for (i); n=8 for (j); naive =4, Th2 =4 and Thl =3 for (k); n=4 for (I); and
n=7 for (m). p values were calculated using the two-sided Mann-Whitney t-test
except in (g, j, m) where the Wilcoxon matched-pairs signed rank test was used.
Source data are provided as a Source Data file.

their degradation driven by ASB2a confer specific morphological
features to Th2 lymphocytes.

ASB2, ITGAV and ITGB3 belong to the core of Th2-specific genes
Because FLNa is also a gatekeeper to integrin activation?’, we next
examined the expression of a and B integrin subunits in Th2 lym-
phocytes by semi-quantitative MS. As shown in Fig. 3a and Supple-
mentary Data 1, the ayf; integrin together with the leukocyte-
specific a3, integrin are the main integrin proteins expressed in
Th2 lymphocytes and ASB2 deficiency has no impact on their
abundance. Given that transcriptional specificity is largely con-
trolled by chromatin-based regulations in differentiating Th cells,
we hypothesized that the genes encoding the ay (/TGAV) and (33
(ITGB3) integrin subunits and the ASB2a protein might be differ-
entially controlled by epigenetic regulatory pathways in different
Th cell lineages. We first conducted expression profiling of genes
encoding the a and (3 subunits of integrins in naive, Thl, Th2, and
Th17 lymphocytes using our previously published transcriptomic
data®’. ASB2, ITGAV, and ITGB3 transcripts are more expressed in
Th2 lymphocytes compared to in naive, Th1, and Th17 lymphocytes
(Fig. 3b). Global mapping of RNApol II, and active (H3K27ac,
H3K4mel) and repressive (H3K27me3) histone marks in naive, Thl,
Th2 and Th17 lymphocytes indicated that ASB2, ITGAV and ITGB3
genes harbor cis-regulatory regions that are specifically active in
Th2 lymphocytes. These latter are either poised or repressed
through H3K27me3-dependent silencing mechanisms in the other
lineages (Fig. 3c). This indicates that chromatin remodeling
machineries maintain these enhancers in their respective active and
silent states implying that these three genes play an important role
in Th2 lymphocyte identity and/or function. All these data imply
that ASB2, ITGAV, and ITGB3 belong to the core of Th2-specific
genes. We then wondered whether the expression of ASB2, ITGAV,
and ITGB3 transcripts were upregulated in Th2 lymphocyte-
dependent pathological settings. Analyses of transcriptomic
data®** showed that ASB2, ITGAV, and ITGB3 transcripts are upre-
gulated in both ovalbumin (OVA)-induced airway inflammation and
house dust mite (HDM)-induced asthma (Supplementary Fig. 3a, b).
Importantly, cell surface expression of oy and 33 integrin subunits
was also higher in human Th2 lymphocytes compared to naive CD4"
T lymphocytes or Thl, Th17 and Treg lymphocytes of human PBMCs
(Fig. 3d), and in vitro generated human Th2 lymphocytes compared
to naive human CD4 + T lymphocytes (Fig. 3e). Overall, these results
indicate a coordinated regulation of ASB2a and af3; integrin in Th2
lymphocytes to build an efficient Th2 lymphocyte response.

ASB2a-mediated degradation of FLNa and FLNb regulates
migration properties of Th2 lymphocytes

FLNa is a negative regulator of integrin-dependent cell migration
We, therefore, speculated that degradation of FLNa and FLNb trig-
gered by ASB2a in Th2 lymphocytes favors fast ayf; integrin-
dependent migration. We first verified that ASB2a loss has no effect
on the total amount and cell surface expression of ay and 5 integrin
subunits (Fig. 3a and Supplementary Fig. 3c-e). We then used live
imaging to study the dynamics of ctrl and ASB2 cKO Th2 lymphocytes
seeded onto vitronectin-coated slides (Supplementary Movies 1, 2).
Single-cell analysis revealed marked differences in the dynamic moti-
lity patterns of ctrl and ASB2 cKO Th2 lymphocytes (Fig. 4a—f). ASB2a-
deficient Th2 lymphocytes exhibited a diminished track displacement
length (Fig. 4a, ¢), a diminished mean scanned area and persistence
(Fig. 44, d, e), associated with a reduced cell velocity compared to ctrl
Th2 lymphocytes (Fig. 4f, left panel). This reduced cell velocity is not
due to a defect in the initiation of the migration since cells that have a
track length > 50 um present also a reduced velocity in the absence of
ASB2 (Fig. 4f, right panel). Our results demonstrated that ASB2a-
deficient Th2 lymphocytes are less motile, indicating that loss of
ASB2a impacted the dynamic behavior of Th2 lymphocytes. As pre-
viously observed with fixed cells, live imaging showed that ASB2a-
deficient Th2 lymphocytes have a rounded shape compared to ctrl Th2
lymphocytes (Fig. 4g). Moreover, we observed a positive correlation
between the elongated shape and the track displacement length or the
average velocity of ctrl Th2 lymphocytes but not of ASB2a-deficient
Th2 lymphocytes (Fig. 4h, i). Taken together, our data demonstrate
that the low levels of FLNa and FLNb due to their degradation driven by
ASB2a confer specific migratory properties to Th2 lymphocytes.

21,23,24

Accumulation of FLNa and FLNDb inhibits ayf3; integrin-
dependent migration of ASB2a-deficient Th2 lymphocytes by
enhancing integrin activation

To understand how FLNa and FLNb accumulation in ASB2a-deficient
Th2 lymphocytes inhibits cell migration, we challenged the two mod-
els linking FLNa to inhibition of integrin-dependent cell motility. In the
first model, FLNa maintains integrins in an inactive state”. In a second
model, FLNa promotes integrin outside-in signaling leading to inhibi-
tion of dynamic cell movement™. We first studied by live imaging the
dynamics of ctrl and ASB2 cKO Th2 lymphocytes treated with MnCl, to
activate integrins and allowed to migrate onto vitronectin-coated
slides. Compared to untreated ctrl Th2 lymphocytes, MnCl,-treated
ctrl Th2 lymphocytes exhibited a diminished track displacement
length and a reduced cell velocity that were similar to those measured
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in untreated or in MnCl,-treated ASB2 cKO Th2 lymphocytes (Sup-
plementary Movies 3-6 and Fig. 5a-d), suggesting that integrins are
more activated in ASB2a-deficient Th2 lymphocytes than in ctrl Th2
lymphocytes. We then assessed the dynamics of ctrl and ASB2 cKO Th2
lymphocytes treated with a combination of anti-ay and anti-f3; integrin
blocking antibodies to inhibit integrins. As expected, following owf;
integrin inhibition, ctrl Th2 lymphocytes showed decreased track
displacement length and decreased cell velocity compared to
untreated cells in agreement with the role of the a3 integrin in Th2
lymphocyte migration cells (Supplementary Movies 7, 8 and Fig. 5e-h).
In contrast, following ayfB; integrin inhibition, ASB2 cKO Th2

lymphocytes exhibited an enhanced track displacement length and an
increased cell velocity compared to untreated cells (Supplementary
Movies 9, 10 and Fig. 5e-h), reinforcing the view that increased levels
of FLNa and FLNb in ASB2 cKO Th2 lymphocytes leads to abnormal
a5 integrin-dependent cell migration.

Deletion of ASB2 in hematopoietic cells attenuates OVA-induced
airway inflammation and HDM-induced asthma

We next investigated the specific role of ASB2a in Th2 lymphocytes in a
mouse model of airway inflammation. Compared to ctrl mice, induc-
tion of airway inflammation with OVA injection and challenge in ASB2
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Fig. 2 | ASB2a-mediated degradation of FLNa and FLNb confers specific mor-
phological features to Th2 lymphocytes. a-d Thi, Th2, Thi7, and Treg ctrl lym-
phocytes were seeded onto VCAM-1 coated 384-well plates and analyzed by
immunofluorescence with antibodies to FLNa and FLNb or phalloidin. Repre-
sentative fluorescent images of one experiment out of 3 (a), FLNa MFI and FLNb MFI
(b), radar plot with FLNa MFI, FLNb MF], cell area, cell perimeter, and width to
length ratio (relative to the values measured in Th2 lymphocytes) (c) and violin
plots of cell area, cell perimeter and width to length ratio (d) are shown. e-g Ctrl
and ASB2 cKO Th2 lymphocytes were allowed to adhere in 384-well plates coated
with vitronectin, fixed, and stained for FLNa, FLNb, and F-actin. Representative
fluorescent images of one experiment out of 4 (e), radar plot with FLNa MFI, FLNb
MFI, cell area, cell perimeter, and width-to-length ratio (relative to the values
measured in ctrl Th2 lymphocytes) (f), and violin plots with FLNa MFI, FLNb MFI,

cell area, cell perimeter and width to length ratio (g) are shown. h, i Human naive
CD4 + T lymphocytes and in vitro generated Th2 lymphocytes were seeded onto
VCAM-1 coated 384-well plates and analyzed by immunofluorescence with anti-
bodies to FLNa or phalloidin. Violin plots of FLNa MFI (h), cell area, cell perimeter,
and width-to-length ratio (i) are shown. Scale bar, 20 um. Data are mean + SEM.
Sample size: Th1=2097, Th2=3397, Th17 =1284 and Treg = 1918 for (b) (lef?);
Thl=222, Th2 =660, Th17 =750 and Treg = 951 for (b) (right); Th1=1002, Th2 =
2405, Th17 =486 and Treg =560 for (d) (left); ctrl=7189 and cKO = 6878 for (f)
(FLNa MFI); ctrl = 5159 and cKO = 3139 for (f) (FLNb MFI); ctrl = 2589 and cKO =1605
for (f) (width/length ratio, area, perimeter); naive = 1141 and Th2 = 1137 for i. p values
were calculated using the two-sided Mann-Whitney t-test except in (g, j) where the
Wilcoxon matched-pairs signed rank test was used. Source data are provided as a
Source Data file.

cKO mice resulted in: (i) decreased cell infiltration determined by
histological score after hematoxylin and eosin (HE) staining of lung
sections, decreased mucus secretion assessed by the percentage of
Periodic Acid Schiff (PAS) positive bronchi after PAS staining of lung
sections and decreased remodeling of the airways quantified by col-
lagen deposits after Masson’s trichrome (MT) staining of lung sections
(Fig. 6a); (ii) reduced numbers of leukocytes in the lungs (Fig. 6b); (iii)
reduced percentages but similar numbers of alveolar macrophages
(Fig. 6c¢), (iv) less eosinophil recruitment in the lungs (Fig. 6c) in
agreement with the reduced expression of eotaxin 2 mRNA in lung
lysates (Fig. 6d); (v) reduced numbers of CD4" cells and Th2 lympho-
cytes in the lungs (Fig. 6e, f); (vi) similar percentages of CD4" cells and
reduced percentages of Th2 lymphocytes in the bronchoalveolar
lavage fluids (BALF; Fig. 6g); (vi) decreased mRNA levels of IL-4, IL-5
and IL-13 in lung lysates (Fig. 6h); (vii) reduced percentages of IL-4", IL-
5" or IL-13" in CD4" cells in the lungs and reduced percentages of IL-4",
IL-5" or IL-13" in ST2"CD4" cells in the lungs (Fig. 6i); and (viii) reduced
IL-4, IL-5 and IL-13 secretion by LDLN cells after OVA-antigen resti-
mulation (Fig. 6j). In contrast, numbers and percentages of Thl lym-
phocytes in the lungs as well as mRNA levels of TBX21 and IFNG were
similar in ctrl and ASB2 cKO mice submitted to OVA-induced inflam-
mation (Supplementary Fig. 4), indicating comparable Thl responses.
FLNa is a substrate for ASB2a in lung-infiltrating Th2 lymphocytes of
mice submitted to OVA-airway inflammation as evidenced by
increased FLNa intensity in ASB2 cKO mice measured by intracellular
flow cytometry (Fig. 6k) or mass spectrometry (Fig. 61). We also used a
more clinically-relevant asthma model based on repeated exposures to
HDM inhalation. As shown in Fig. 7, loss of ASB2«a resulted in: (i)
decreased inflammation and mucus production (Fig. 7a); (ii) decreased
recruitment of leukocytes in the inflamed lungs (Fig. 7b); (iii)
decreased recruitment of eosinophils in the lungs (Fig. 7c) and in BALF
(Fig. 7d); (iv) similar numbers of CD4" cells and decreased recruitment
of Th2 lymphocytes in the lungs (Fig. 7e); and (v) similar percentages of
CD4" cells in leukocytes and reduced percentages of ST2 cells in
CD4" T cells in the BALF (Fig. 7f). Furthermore, intracellular flow
cytometry experiments showed that FLNa is more abundant in ASB2a-
deficient vs ctrl Th2 lymphocytes from the lungs of mice submitted to
HDM-asthma indicating that FLNa is also a substrate of ASB2a in Th2
lymphocytes in vivo in a clinically-relevant asthma model (Fig. 7g).
Collectively, our results show that loss of ASB2a in hematopoietic cells
decreases airway inflammation in both models.

ASB2a expressed by Th2 lymphocytes is key to the mediation of
airway inflammation

To evaluate whether ASB2« in Th2 lymphocytes plays important roles
in airway inflammation, we used a mouse model that relies on the
adoptive transfer of ctrl or ASB2 cKO OVA-specific (OT2) Th2 lym-
phocytes to C57BI/6 recipients followed by OVA inhalation. Deletion of
ASB2 decreased cell infiltration, mucus secretion, and remodeling of
the airways (Fig. 7h-j). Compared to mice that received ctrl OT2 Th2
lymphocytes, mice that received ASB2 cKO OT2 Th2 lymphocytes

showed: (i) reduced leukocyte infiltration in the lungs (Fig. 7k); (ii)
reduced frequencies and reduced numbers of eosinophils in the lungs
(Fig. 71); (iii) reduced frequencies of eosinophils in the BALF (Fig. 7m);
(iii) reduced numbers of VB5'Va2'CD4°'CD45" cells in the lungs
(Fig. 7n); (iv) reduced frequencies of OT2 Th2 lymphocytes in the lungs
and BALF (Fig. 70). Altogether, our results indicate that ASB2a
expressed by Th2 lymphocytes is key to the mediation of airway
inflammation and point to ASB2a-mediated degradation of FLNa and
FLNb as a molecular mechanism sustaining Th2 lymphocyte functions.
To further elucidate how ASB2a loss and subsequent accumulation of
FLNa and FLNb alters Th2 lymphocyte functions leading to attenuated
airway inflammation, we analyzed the recruitment of transferred OT2
Th2 lymphocytes into the lungs 24 h after the first OVA inhalation. The
numbers of ASB2 cKO OT2 Th2 lymphocytes in the lungs (Fig. 7p) and
their frequencies in the lungs and BALF (Fig. 7q) were lower compared
to those of ctrl Th2 lymphocytes, suggesting decreased recruitment of
ASB2a-deficient Th2 lymphocytes in the inflamed area. Taken toge-
ther, our results demonstrate that loss of ASB2a in Th2 lymphocytes
reduces cell mobility and attenuates the recruitment of Th2 lympho-
cytes in inflamed areas, suggesting that increasing levels of FLNa and
FLNb in Th2 lymphocytes might mitigate pathogenic type 2 immune
responses.

Discussion

In this study, we identified original targets to rewire Th2 lymphocyte-
mediated responses. We revealed an unexpected role for ASB2a-
mediated degradation of FLNa and FLNb in Th2 lymphocyte-specific
functions and properties, and therefore in airway inflammation. Using
genetically modified mice, we found that increasing the levels of FLNa
and FLNb in Th2 lymphocytes attenuates airway inflammation. Col-
lectively, our results highlight the ASB2a-FLNa/b axis as a potential
therapeutic opportunity to rewire Th2 lymphocyte-mediated
responses.

T lymphocytes are essential for adaptive immune responses, in
particular CD4"* lymphocytes, which differentiate into effector T lym-
phocyte subtypes depending on environmental cues. This is largely
achieved through transcription factors and chromatin remodelers that
initiate and maintain a heritable gene expression program. Indeed,
they positively regulate genes critical to the functions one specific Th
subset while repressing genes controlling the functions of the other
subsets. ASB2, ITGAV and ITGB3 belong to the core set of Th2-specific
genes that share common mechanisms of epigenetic and play essential
roles in the establishment of the Th2 lymphocyte identity and/or in
Th2 lymphocyte functions®™: (i) transcripts of ASB2a, ITGAV and
ITGB3 are higher in the Th2 subset of CD4" T lymphocytes compared
to in naive or to in other Th lymphocytes™***¢ (and data herein); (ii)
active marks were associated with the ASB2, ITGAV and ITGB3 loci in
Th2 lymphocytes; (iii) ASB2, ITGAV and ITGB3 are upregulated in both
OVA-induced airway inflammation and HDM-induced asthma®~>>*",
Furthermore, high expression of ITGAV and /ITGB3 transcripts in mouse
Th2 lymphocytes correlated with high levels of the ayf; integrin
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protein (data herein and’). Importantly, higher expression of ay and 33
integrin subunits in Th2 lymphocytes compared to the other Th sub-
sets is conserved between humans and mice (data herein and’*).
Because Th2-specific genes including those encoding type 2 cytokines
exhibited similar expression patterns in ctrl and ASB2a-deficient Th2
lymphocytes, the mechanisms linking Thyl-ayf3; integrin interactions
to enhanced Th2 lymphocyte differentiation and increased IL-13/IL-5
production® is unlikely to rely on the abundance of FLNa and FLNb.

Taken together, these reinforce the view that the a3 integrin is cri-
tical to Th2 specific functions and antigen-specific lung Th2 lympho-
cyte responses’’.

Asthma is characterized by an exacerbated Th2 lymphocyte-
mediated inflammation. Herein, we demonstrate that the loss of the
ASB2 gene in hematopoietic cells attenuates OVA-induced airway
inflammation and HDM-induced asthma in mice. Although we do not
exclude the contribution of other immune cells that would be affected
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Fig. 3| ASB2, ITGAV, and ITGB3 are Th2-specific genes. a Mass spectrometry semi-
quantitative analyses of integrin abundance in cell extracts of ctrl and ASB2 cKO
Th2 lymphocytes (n =9 replicates). Full data are presented in Supplementary
Data 1. b Heatmap showing the expression of genes encoding the « and 3 integrin
subunits (ITGA and ITGB, respectively) in naive, Th2, Thl, and Th17 cells (analyzed
from ref. 30). RPKM intensities were log10 transformed and are displayed as colors
ranging from blue to red as shown in the key. ¢ RNA polymerase Il (Pol Il), H3K27ac,
H3K4mel and H3K27me3 signals across the ASB2, ITGAV and ITGB3 loci. The
identified cis-regulatory regions are highlighted (GSE144586°°); d Representative
flow cytometry and quantification of cell surface expression of ay and B; integrin

subunits in naive CD4" T cells and in Thl (CD4'CXCR3*CCR6 CRTH2 FoxP3"), Th2
(CD4'CXCR3 CCR6 CRTH2'FoxP3’), Th17 (CD4'CXCR3 CCR6'CRTH2 FoxP3") and
Treg (CD4"'CXCR3 CCR6 CRTH2 FoxP3*) lymphocytes of human PBMCs.

e Quantification of cell surface expression of ay and [3; integrin subunits in naive
and in vitro generated human Th2 lymphocytes. Data are mean + SEM of biological
replicates. Sample size: ctrl=9 and cKO =9 for (a); n=6 for (d); and n=4 for (e). p
values were calculated using the two-sided Mann-Whitney ¢-test except in (d)
where the Wilcoxon matched-pairs signed rank test was used. Source data are
provided as a Source Data file.
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Fig. 4 | ASB2a-mediated degradation of FLNa and FLNb confers specific
migration properties to Th2 lymphocytes. Ctrl and ASB2 cKO Th2 lymphocytes
seeded onto vitronectin-coated slides were imaged by time-lapse microscopy.
Representative images (left) and individual tracks (right) of one experiment out of 5
(a), percentages of migrating cells (b), track length (c), mean scanned area (d),
persistence coefficient (e), average velocities of all the cells (left panel) or cells with
a track length > 50 um (right panel) (f), elongation coefficient and average spheri-
city (g) are shown. Scatter plots showing correlation data for elongation coefficient
and track length (h) or average velocity (i) of ctrl or ASB2 cKO Th2 lymphocytes.

Mean elongation (um)

Linear regression-fit curves are shown as red lines. Scale bar, 20 um. In (a-g), Data
are mean = SEM of 5 biological replicates. Sample size: ctrl =1070 and cKO = 916 for
(c); ctrl=1070 and cKO =916 for (d); ctrl=1070 and cKO =916 for (e); ctrl=1070
and cKO =916 for (f) (left); ctrl = 685 and cKO =470 for (f) (right); ctrl=92,674 and
cKO = 85,399 for (g); ctrl=1070 and cKO =916 for (h); and ctrl=1070 and cKO =
916 for (i). p values were calculated using the two-sided Mann-Whitney ¢-test. In
(h, i), correlations between nonparametric variables were evaluated using Spear-
man rank correlation test (r). Source data are provided as a Source Data file.
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Fig. 5 | Migration properties of ctrl and ASB2 cKO Th2 lymphocytes following
MnCl,-induced integrin activation or ayf; inhibition. Ctrl and ASB2 cKO Th2
lymphocytes were either untreated or treated with MnCl, (a-d) and treated with
anti-ay and anti-3 integrin blocking antibodies (Ab) or their corresponding iso-
typic controls (iso) (e-h), and allowed to migrate onto vitronectin-coated slides.
Cells were imaged by time-lapse microscopy. Individual tracks (a, e), percentages of

migrating cells (b, f), track length (c, g), average velocities of all the cells (d, h) are
shown. Data are mean + SEM of 4 and 5 biological replicates for ctrl and cKO Th2

lymphocytes respectively. Sample size: ctrl =1809, ctrl+MnCl, = 2344, cKO =1611,

and cKO + MnCl, =1717 for (c, d); and ctrl + iso =2768, ctrl +Ab =2803, cKO +

iso =2261, and cKO + Ab =1989 for (g, h). p values were calculated using the two-
sided Mann-Whitney t-test. Source data are provided as a Source Data file.

by ASB2 deficiency, we show that Th2 lymphocytes play a major con-
tributing role to the impact of ASB2 deletion on airway inflammation
using a passive airway inflammation mouse model that relies on the
adoptive transfer of OVA-specific Th2 lymphocytes followed by OVA-
inhalation.

Our large-scale protein expression profiling based on quantitative
mass spectrometry analysis shows that only FLNa and FLNb accumu-
lated in ASB2 cKO Th2 lymphocytes. We also observed poly-
ubiquitylation of FLNa in ctrl Th2 lymphocytes but not in ASB2 cKO

Th2 lymphocytes, accumulation of FLNa in ctrl Th2 lymphocytes
treated with the PS-341 proteasome inhibitor as well as accumulation
of FLNa in Th2 lymphocytes of the lungs of ASB2 cKO mice submitted
to OVA-induced airway inflammation or HDM-induced asthma. All
these results demonstrate that FLNa and FLNb are continuously tar-
geted to proteasomal degradation by the ASB2a CRL5 in Th2 lym-
phocytes as previously shown in other cell types'***°, and point out to
the high selectivity of ASB2a towards FLNa and FLNb. Although FLNa
was previously shown to regulate signaling pathways downstream of
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the TCR and the CD28 costimulatory molecule'*, our data revealed
that the loss of ASB2a has no impact on the transcriptomic program of
Th2 lymphocytes. These strongly suggest that the ASB2a-FLNa/FLNb
axis is unlikely to play roles in cell signaling and/or transcriptional
regulation in Th2 lymphocytes, at least, following TCR/CD28 engage-
ment. Because FLNa plays key roles in the architecture and the
mechanics of the actin cytoskeleton*’, our results suggest that low

levels of FLNa and FLNb in Th2 lymphocytes compared to in Thl, Th17,
and Treg lymphocytes are likely to confer specific morphological
features to Th2 lymphocytes. In line with this, compared to Thil, Th17,
and Treg lymphocytes, Th2 lymphocytes harbor an elongated shape
that is lost in ASB2a-deficient Th2 lymphocytes. Studies proposed that,
in contrast to Thl lymphocytes, Th2 lymphocytes adopt a fast and wide
scanning strategy that depends on ayf3; integrins but is uncoupled
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Fig. 6 | Deletion of ASB2 in hematopoietic cells attenuates OVA-airway
inflammation in mice. Ctrl and ASB2 cKO mice were submitted to OVA-airway
inflammation (OVA) as indicated in the online methods. Ctrl mice treated with PBS
were used as controls. a Inflammation of the lungs assessed using hematoxylin and
eosin (HE) staining of lung sections to analyze the infiltration of inflammatory cells
(0-12-point scale), Masson’s trichrome (MT) staining of lung sections to visualize
and quantify collagen deposits (um?/um) (collagen area/bronchus perimeter), and
periodic acid Schiff (PAS) staining to visualize and quantify mucus production.

b Data represents the numbers of CD45* cells in the lungs. ¢ Numbers of
CD45'Siglec-F'CD11c™ (eosinophils, left panel) and CD45'Siglec-F*'CD1ic" (alveolar
macrophages; right panel). Representative flow cytometry plots for CD11c and
Siglec-F within a CD45" gated (middle panel) in the lungs of OVA-treated mice.

d Relative expression of eotaxin 2 mRNA in the lung lysates assessed by RT-qPCR.
e Numbers of CD45°CD4" in the lungs. f Percentage of ST2" cells in CD4" cells,
representative flow cytometry plots for ST2 and CD4 within a CD4" gate, and
numbers of CD45°CD4'ST2" in the lungs. g Data represents the percentage of CD4"
in CD45" cells and the percentage of ST2" in CD4" cells in the BAL fluids. h Relative
expression of IL-4, IL-5 and IL-13 mRNA in the lung lysates. i Data represents the
percentage of IL-4*, IL-5" or IL-13" in CD4" cells and in ST2'CD4" cells in the lungs.
j Production of IL-4, IL-5, and IL-13 measured by ELISA after antigen restimulation
(OVA) or not (-) of cells of the lung draining lymph nodes of mice submitted to

OVA-induced airway inflammation. k Expression of FLNa was analyzed by intra-
cellular flow cytometry in CD45'CD4'ST2" cells from the lungs of ctrl or ASB2 cKO
mice submitted to OVA-induced airway inflammation. I Intensities of FLNa calcu-
lated using MaxQuant quantitative metrics in cell extracts of CD45°CD4'ST2" living
cells sorted from the lungs of control or ASB2 cKO mice submitted to OVA-induced
airway inflammation. Data are mean + SEM of biological replicates. Sample size: ctrl
+PBS =6, ctrl + OVA =14, and cKO + OVA =17 for (a) (histological score); ctrl+PBS =
3, ctrl + OVA =14, and cKO + OVA =17 for (a) (PAS+ bronchi); ctrl+ PBS =3, ctrl +
OVA =10, and cKO + OVA =15 for (a) (collagen deposition-left); ctrl + PBS =30,
ctrl+ OVA =249, and cKO + OVA =275 for (a) (collagen deposition-right); ctrl +

PBS =6, ctrl + OVA =34, and cKO + OVA =33 for (b); ctrl + PBS =5, ctrl + OVA =26,
and cKO + OVA =28 for (c); ctrl+ OVA =19 and cKO + OVA =22 for (d); ctrl+ PBS =
6, ctrl+ OVA =32, and cKO + OVA =31 for (e); ctrl+ PBS =35, ctrl + OVA =25, and
cKO + OVA =24 for (f); ctrl + OVA =21 and cKO + OVA =27 for (g) (left); ctrl+

OVA =10 and cKO + OVA =12 for (g) (right); ctrl + OVA =20 and cKO + OVA =24 for
(h); ctrl + OVA =14 and cKO + OVA =14 for (i) (left); ctrl + OVA =14 and cKO +

OVA =14 for (i) (middle); ctrl+ OVA=9 and cKO + OVA = 8 for (i) (right); ctrl +
OVA =7 and cKO + OVA = 8 for (j); ctrl + OVA=20 and cKO + OVA =19 for (k); and
ctrl+ OVA =3 and cKO + OVA =3 for (I). p values were calculated using the two-
sided Mann-Whitney t-test. Scale bar, 200 um. Source data are provided as a Source
Data file.

from G protein-coupled receptor signals such as those triggered by
chemokines®’. We show here that ASB2a-deficient Th2 lymphocytes
exhibited a diminished track displacement length and a diminished
mean scanned area, associated with a reduced cell velocity compared
to their ctrl Th2 lymphocyte counterparts. Furthermore, we observed
decreased in vivo recruitment of ASB2a-deficient Th2 lymphocytes in
inflamed lungs of mice submitted to airway inflammation or asthma.
These results together with the fact that FLNa bridges the actin
cytoskeleton to integrins thereby maintaining them in an inactive
state’® and that FLNa associates with active integrins to inhibit cell
migration®, raise the possibility that the low levels of FLNa and FLNb
driven by ASB2at in Th2 lymphocyte favor oy f3; integrin-dependent cell
migration to optimize their effector functions. Since compensation by
FLNb in the absence of FLNa has been observed®*, functions of FLNa
in T lymphocytes may have been missed or underestimated in assays
using FLNa knockout/knockdown cells*’. Our data also provide evi-
dences that accumulation of FLNa and FLNb in ASB2a-deficient in Th2
lymphocyte inhibits ayp; integrin-dependent cell migration by
enhancing a3 integrin outside-in signaling. In line with these find-
ings, it is tempting to speculate that fine-tuning levels of FLNa and
FLND are critical to optimal ayf; integrin-dependent cell migration of
Th2 lymphocytes.

Insight into the world of ubiquitin has expanded considerably
over the past decade and ubiquitin conjugation to proteins is known to
be involved in controlling major biological processes. E3 ubiquitin
ligases are the critical components of the ubiquitylation cascade owing
to their control of the substrate selectivity, making these enzymes
attractive targets for therapeutic intervention****, Our results shed
light on the key roles of ubiquitylation processes in controlling Th2
lymphocyte functions and point to E3 ubiquitin ligases as potential
therapeutic intervention points for inflammatory diseases. Because
Th2 lymphocytes are key drivers of type 2 inflammation, direct tar-
geting of Th2 lymphocytes would be expected to drastically lower the
burden of type 2-driven diseases. Therefore, ASB2« and its substrates
FLNa and FLNb may represent novel pharmacological targets to miti-
gate type 2 immunity. Taken together, our data highlight a prominent
role for ASB2a-mediated degradation of FLNa and FLNb in Th2 lym-
phocyte functions and credential the ASB2a-FLNa/b axis as a potential
therapeutic opportunity in type 2-high asthma.

Methods

Research complies with all relevant ethical regulations. Mice studies
were handled according to the Centre National de la Recherche Sci-
entifique (CNRS) and the Institut national de la santé et de la Recherche

médicale (Inserm) ethical guidelines and approved by the French
Ministry ethic committees (CEEA-122 & CEEA-001).

Reagent and antibodies
PS-341 (Euromedex) was prepared in DMSO. Antibodies used are
described in Supplementary Table 2.

Mice and models of airway allergic inflammation

All mice were housed under specific pathogen-free conditions. Mice
were housed in individually ventilated cage (500 cm?) with a maximum
of 5 mice per cage, at 23-25 °C and 53-54% humidity with a 12 h light:
12 h dark with the lights being ON during the daytime. At the end of the
studies, mice were euthanized by cervical dislocation. For mouse
models of airway inflammation, mice were 8-14 weeks old. Female
Asb2"" (control) and VE-cadherin (VEC) -Cre;Asb2"" (ASB2 cKO) trans-
genic mice were generated previously”*. TCR transgenic OT2 mice
were crossed with VEC-Cre;Asb2" to generate female OT2;VEC-
Cre;Asb2"" or OT2;Asb2"" mice. Female C57BL/6]) mice were pur-
chased from Janvier Labs. Control or ASB2 cKO transgenic mice were
immunized by intraperitoneal injection of 100 ug ovalbumin (OVA;
Sigma-Aldrich) in alum (2 mg; Sigma-Aldrich) or PBS at day O and 7.
From days 22 to 26, mice were subjected to five daily OVA (50 pg/day)
or PBS inhalation and analyzed at day 28. Control or ASB2 cKO trans-
genic mice were subjected to HDM inhalation (10 ug) (Dermatopha-
goides pteronyssinus, Stallergenes Greer) at day 0. From days 7 to 11,
mice were subjected to five daily HDM inhalation (10 pg/day) and
analyzed at day 16. For Th2 lymphocyte adoptive transfer experiments,
3 x10° ASB2 cKO or ctrl OT2 Th2 lymphocytes were injected intrave-
nously into C57BI/6] recipients. Recipient mice received intranasal
OVA (50pg) for 1 or 5 days. Twenty-four hours after the last OVA
administration, serum, bronchoalveolar lavage fluid (BALF), lungs, and
lung-draining lymph nodes (LDLN) were collected and processed.
Lungs were digested for 30 min at 37 °C with 0.25mg/ml Liberase
(Sigma-Aldrich) and 0.5 mg/ml DNAse I (Roche). LDLN were digested
for 25 min at 37 °C with 2.5 mg/ml collagenase D (Roche). Single-cell
suspensions were used after filtration through a 70-um strainer.

Histological analyses

Lungs were fixed in 4% paraformaldehyde (Electron Microscopy Sci-
ences) at 4 °C for 24 h, placed in 70% ethanol, and paraffin-embedded.
Sections (5 um) were stained with hematoxylin and eosin (HE), Masson
Trichrome (MT), or Periodic Acid Schiff (PAS). Histological disease
scores from O to 3 were attributed based on the severity of peribron-
chial, perivascular, and interstitial immune cell infiltration, together
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with thickening of peribronchial epithelium, resulting in a maximum
score of 12. Collagen deposit and PAS* bronchi were quantified using
QuPath version 0.4.1*. The algorithm was based on a pixel classifier
and was trained on representative pictures with dedicated annota-
tions. Bronchi were manually delineated and the respective total
amount of detected collagen was obtained. The percentage of PAS*

bronchi was calculated by comparing the percentage of PAS staining in
manually detected respective bronchi.

Human peripheral blood mononuclear cells (PBMC)
PBMCs were obtained from Etablissement Francais du Sang, and all
human participants provided written informed consent, with
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Fig. 7 | Deletion of ASB2 in hematopoietic cells attenuates HDM-asthma in mice
and intrinsic loss of ASB2 in Th2 cells is sufficient to impede airway inflam-
mation. a-g Ctrl and ASB2 cKO mice were submitted to HDM-allergic airway
inflammation (HDM) as indicated. a HE, MT, and PAS staining of lung sections to
analyze the infiltration of inflammatory cells and inflammatory scores. b Data
represents the numbers of CD45" cells in the lungs. ¢ Data represents the numbers
and the percentages of Siglec-F'CD11c” in CD45" cells in the lungs. d Data represents
the percentages of Siglec-F*CD11c™ in CD45" cells in the BAL fluids. e Data represents
the numbers of CD4°CD45" cells, the percentages of ST2* in CD4" cells, and the
numbers of ST2'CD4°CD45" cells in the lungs. f Data represents the percentages of
CD4" in CD45" cells and the percentages of ST2" in CD4" cells in the BAL fluids.

g Expression of FLNa was analyzed by intracellular flow cytometry in
CD45'CD4'ST2" cells from the lungs of ctrl or ASB2 cKO mice submitted to HDM-
induced asthma. h-q OVA-specific Th2 lymphocytes generated from control or
ASB2 cKO OT2 mice were transferred to C57BI/6 recipients that were subsequently
submitted to daily OVA inhalations to induce airway inflammation. Analysis was
performed 24 h after the 5th (H, O) or after the 1st OVA inhalation (p, q). h HE

staining of lung sections. i MT staining of lung sections. j PAS staining of lung
sections. k Data represents the numbers of CD45" in the lungs. I Data represents the
numbers and the percentages of Siglec-F*CD11c™ in CD45" cells in the lungs. m Data
represents the percentages of Siglec-F*CD11c™ in CD45" cells in the BAL fluids.

n Data represents the numbers of VB5'Va2'CD4'CD45" cells in the lungs. o Data
represents the percentages of VB5'Va2* in CD4" cells in the lungs and the BAL fluids.
p Data represents the numbers of VB5'Va2'CD4'CD45" cells in the lungs. q Data
represents the percentages of VB5'Va2* in CD4" cells in the lungs and the BAL fluids.
Data are mean + SEM of biological replicates. Sample size: ctrl =12 and cKO =12 for
(a-c); ctrl=12 and cKO =10 for (d); ctrl =12 and cKO =12 for (e); ctrl=12 and

cKO =10 for (f); ctrl =12 and cKO =12 for (g); ctrl=10 and cKO = 6 for (k); ctrl=9
and cKO =6 for (I); ctrl =10 and cKO = 6 for (m, n); ctrl=10 and cKO = 6 for (0)
(left); ctrl=8 and cKO =4 for (0) (right); ctrl=16 and cKO =12 for (p); ctrl=16 and
cKO =12 for (q) (left); and ctrl=5 and cKO =4 for (q) (right). p values were calcu-
lated using the two-sided Mann-Whitney t-test. Scale bar, 200 um. Source data are
provided as a Source Data file.

appropriate ethical permission in place. Eight healthy individuals (age
from 21- to 43-year-old) were enrolled in this study.

T lymphocyte culture

Mouse naive CD4" cells were isolated from spleen immunocytes of
mice using a CD4 naive T-cell Isolation Kit (#480040; BioLegend) and
stimulated for 3 days with plate-bound anti-CD3¢ (5 ug/ml) and were
differentiated in the presence of polarizing cytokines and antibody
cocktails (Thl: 10 ng/ml IL-2, 10 ng/ml IL-12, 2 ug/ml anti-CD28, and
10 pg/ml anti-IL-4; Th2: 10 ng/ml IL-2, 20 ng/ml IL-4, 1 yg/ml anti-CD28,
and 10 pg/ml anti-IFNy; Treg: 10 ng/ml IL-2, 3 ng/ml TGFf3, and 2 pug/ml
anti-CD28; and Th17: 2ng/ml TGFB, 20 ng/ml IL-6, 10 ng/ml IL-23,
10 ng/ml IL-1$3, 1 ug/ml anti-CD28, 6 pg/ml anti-IFNy, and 10 pg/ml anti-
IL-4) in RPMI containing 10% FCS, 1% glutamine, 0.1% B-mercap-
toethanol, and 1% penicillin/streptomycin in 24-well plates. For Th2
lymphocyte adoptive transfer experiments, purified naive OT2 CD4* T
lymphocytes were stimulated with irradiated splenocytes (24 Gy) and
OVA peptide (323-339) (Sigma-Aldrich) in culture medium supple-
mented with 10 ng/ml IL-2, 20 ng/ml IL-4, 1 ug/ml anti-CD28 and 10 pg/
ml anti-IFNy. Cells were then split on noncoated plates and cultured for
3 additional days in fresh differentiating medium without antibodies
(Th1: 20 ng/ml IL-2 and 10 ng/ml IL-12; Th2: 20 ng/ml IL-2 and 20 ng/ml
IL-4; Treg: 20 ng/ml IL-2 and 3 ng/ml TGFpBL; and Th17: 10 ng/ml IL-2,
2ng/mL TGFf1, 20 ng/ml IL-6, 10 ng/ml IL-23, and 10 ng/mL IL-1B).
Recombinant mouse cytokines were from Miltenyi Biotec (IL-2, IL-4, IL-
6, IL-1B, and IL-23) and PeproTech (IL-12). TGFB was from Active
Bioscience. For RNA-seq analysis, Th2 lymphocytes were stimulated at
day 5 with 3 pg/ml coated anti-CD3¢ and 2 ug/ml soluble anti-CD28 for
24 h. Naive human CD4" T lymphocytes were isolated from PBMCs
using a CD4 naive T-cell Isolation Kit (#480042; BioLegend). In Vitro,
differentiation of human Thl and Th2 lymphocytes was performed
using the CellXVivo Human Thl Cell Differentiation Kit (#CDK0O01) and
the CellXVivo Human Th2 Cell Differentiation Kit (#CDKO002),
respectively, as recommended by the manufacturer (Biotechne).
Freshly thawed PBMCs were cultured in RPMI 1640 supplemented with
5% FBS, 1 mM sodium pyruvate, 2 mM glutamine, 100 U/ml penicillin,
100 mg/ml streptomycin, 1 mM HEPES, and 1% NEAA medium for 24 h
before analyses.

ELISA

Lung draining lymph node cells were seeded into 96-well flat-bottom
plates (6 x 10° cells per well) and stimulated with 200 ug/ml ovalbumin
in complete medium (RPMI 1640 supplemented with 10% FBS, 1%
pyruvate, 2mM glutamine, 100 U/ml penicillin, 100 mg/ml strepto-
mycin, and 50 uM f-mercaptoethanol) for 72 h, and cytokine produc-
tion was quantified by ELISA according to the manufacturer
(Invitrogen).

RT-qPCR

Total RNA was extracted with the NucleoSpin RNA kit (#740955;
Macherey-Nagel) (cDNA was synthesized using the OneScript Plus
cDNA Synthesis Kit G236) as recommended by the manufacturer
(Applied Biological Materials). Real-time PCR was carried out with the
LC480 real-time PCR system (Roche Diagnostics) using the BlasTaq 2X
qPCR MasterMix (G892) (Applied Biological Materials) according to
the manufacturer’s instructions. Data were analyzed using the Light-
Cycler 480 software (v1.5.1.62). The specificity of the PCR primers was
confirmed by melting curve analyses. Gene expression was determined
using the AACt method and data are presented as relative amounts of
mRNA normalized to RplpO (ribosomal protein, large, PO) or YWHAZ
for mouse or human cells, respectively. The primers used for qPCR are
shown in Supplementary Table 1.

Micro-array and chromatin immunoprecipitation sequencing
analysis

Micro-array data of ASB2 expression in naive human CD4* T lympho-
cytes or cells cultured under Th2 conditions were retrieved from the a
GSE60680*. Data of RNA-seq and ChIP-seq of H3K27ac, H3K4mel,
H3K27me3, and RNA polymerase Il in naive CD4* T lymphocytes orin T
lymphocytes cultured under Thl, Th2, and Thl7 conditions were
retrieved from the GSE144586 dataset™. The genomic tracks around
candidate loci were generated using pyGenomeTracks (v3.8) and the
expression heatmap with pheatmap R package (v1.0.12). Micro-array
ASB2, ITGAV, and ITGB3 expression data in OVA-induced airway
inflammation and HDM-induced asthma were retrieved from the
publicly available GSE109737*" and GSE72005* datasets, respectively.

RNA-seq

Total RNA was extracted with the Nuclespin RNA kit (Macherey-Nagel)
and subsequently used to prepare the libraries using the Stranded
Total RNA Prep, Ligation with Ribo-Zero Plus kit (Illumina). Quality
controls of the libraries were performed using standard methods,
including quantification with Qubit spectrophotometer and assess-
ment of size distribution with TapeStation 4150 (Agilent). Samples
were indexed and sequenced (paired-end reads of 150 bp) on the
NovaSeq 6000 system (lllumina) from the Genomic and Tran-
scriptomic Platform of the GeT core facility (Toulouse, France). Raw
sequencing reads were processed using nf-core/RNAseq pipeline
v.3.12.0 developed with Nextflow*’*%, Briefly, this pipeline trims adap-
ters and removes low-quality reads using Cutadapt v.3.4*. It then
aligns reads to the Ensemble GRCm39_v.107 genome using STAR
v.2.7.92°°. Finally, gene expression was quantified with Salmon
v.1.10.1°". Only samples with more than 10 M reads were kept for further
analyses. Raw counts were normalized and differential expression
analyses were performed using the R package DESeq2 v.1.38.3"
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Differentially expressed genes between activated and non-activated
ctrl Th2 lymphocytes were identified as genes with an adjusted p value
below 0.5 and an absolute log2 fold change greater than 2. Gene Set
Enrichment analyses were performed with ClusterProfiler v.4.6.2>>*.
Heatmap and boxplots were made using Thl and Th2 genve sets
extracted from* and Th17 gene set extracted from the Harmonizome
database v.3.0°°. RNA-seq data used in this study have been deposited
at GEO under accession number GSE251847.

Flow cytometry

For flow cytometry analysis and cell sorting, cells were first incubated
with Zombie viability dyes (BioLegend) for 15 min at room temperature
and then incubated for 30 min a 4 °C with the appropriate combination
of antibodies. IL-4, IL-5, IL-13, and IFNy were measured by intracellular
staining after stimulation for 4 h with phorbol 12-myristate 13-acetate
(50 ng/ml, Sigma-Aldrich), ionomycin (500 ng/ml, Sigma-Aldrich) and
Monensin (BioLegend). Cells were fixed after extracellular staining
with PBS 4% PFA 20 min at 4 °C and permeabilized by adding PBS 0.5%
Triton X100 10 min at 4 °C. For quantification of FLNa expression by
flow cytometry, cells were fixed with Fixation/Permeabilization buffer
(Invitrogen) overnight at 4 °C and were then immunostained with anti-
FLNa and Alexa Fluor 488-conjugated goat anti-rabbit antibodies
(Invitrogen) in Permeabilization buffer (Invitrogen). Flow cytometry
analysis was performed with LSRII or Fortessa X20 Cytometers (BD
Biosciences) and cell sorting on a FACS ARIA Il Cytometer (BD Bios-
ciences). Analyses of flow cytometry data were performed using
FlowJo (TreeStar; v10.8.1). FACS sequential gating or sorting strategies
are shown in Supplementary Fig. 5-8.

High-content imaging, image acquisition, and processing
CellCarrier Ultra tissue culture treated 384-well plates (Perkin Elmer)
were coated with 1 ug/ml vitronectin (BioLegend) or 1 ug/ml of VCAM-1
(BioLegend). Ten thousand human naive CD4" or Th2 lymphocytes or
mouse Thi, ctrl Th2, ASB2 cKO Th2, Treg, or Th17 cells were seeded per
well and incubated 25 min at 37 °C to adhere in RPMI 1640 supple-
mented with 10% FBS, 2mM glutamine, 100 U/mL penicillin and
100 mg/mL streptomycin and then fixed with 4% paraformaldehyde,
60 mM sucrose (Sigma-Aldrich). After fixation, cells were washed and
stained with anti-FLNa, anti-FLNb, and phalloidin. Nuclei were stained
with 50 ng/ml of DAPI. Images were acquired on an automated Opera
Phenix confocal HCS device (Perkin Elmer) with a 40 x1.1 NA Plan
Apochromat water immersion objective and a SCMOS camera. Thir-
teen non-adjacent fields and 3 stacks per field (1um step) were
acquired per well. Stacks of images were combined, then assembled in
sets of images per field of view corresponding to DAPI, phalloidin,
FLNa, and/or FLNb. These datasets were processed, and measure-
ments were made using the Harmony software.

Time-lapse imaging and analyses

Six channel p-slide VI 0.4 (Ibidi) were coated overnight with 1 ug/ml of
vitronectin (BioLegend). Control, ASB2 cKO, and ctrl Th2 lymphocytes
were labeled 15min at 37°C with 0.6 uM CellTracker Green (CTG)
CMFDA (Invitrogen) in HBSS without Ca®* and Mg?*". Labeling reactions
were stopped by addition of HBSS without Ca** and Mg?". 8 x 10* Th2
lymphocytes in 0.1 ml RPMI medium containing 1% BSA and 10 mM
HEPES were seeded per well and migration was initiated by the addi-
tion of 10% FBS. When indicated Th2 lymphocytes were treated with
0.5mM MnCl, and a combination of 0.2 ug/ml of antibodies against
mouse CDS51 (Clone RMV-7) or the corresponding isotypic controls
(Clone HTK888), and 0.2 pug/ml of antibodies against mouse CD61
(Clone 2C9.G2) or the corresponding isotypic controls (Clone
HTK888). The microscope environmental chamber was maintained
and monitored at 37 °C and 5% CO,. Images were acquired by spinning
disk confocal microscopy (Yogokawa head, Hamamatsu CMOS Flash4
camera, 20x objective NA 0.75) using the Metamorph

v7.10.1.161 software. Images were acquired every minute for both
transmitted light and 491 nm CTG-associated fluorescence. Multiple
parameters measurements of images were performed via IMARIS
v10.0.1 software (Oxford Instruments). Distance and directionality
data were obtained using spot function. Shape description data were
obtained using surface function. Spider plots were obtained using the
MatLab (Mathworks, R2009a, v7.10) algorithm and IMARIS Translate
Tracks Xtension on track distance data. Supplementary videos were
encoded at 10 frames/s.

Western blot

For immunoblot analysis, cells were pelleted, washed in PBS, and lysed
using in whole-cell extract buffer containing 50 mM Tris-HCI (pH 7.9),
150 mM NaCl, 1mM EDTA, 0.1% Igepal CA-630, 10% glycerol, 1mM
dithiothreitol, 1 mM NazVO,4, 50 mM NaF, 25 mM (3 glycerophosphate,
2mM Na pyrophosphate and 1% protease inhibitor cocktail (P8340;
Sigma-Aldrich). After three freeze-thaw cycle in liquid nitrogen, the
resulting cell lysates were cleared by a 20 min 20,000 x g centrifuga-
tion at 4 °C. The lysates were boiled with Laemmli buffer, resolved by
SDS-polyacrylamide gel electrophoresis, transferred to nitrocellulose
membranes, and the proteins visualized by standard immunoblotting
procedures. Signal acquisition was conducted using the Bio-Rad Che-
miDoc apparatus and quantification of the immunoblot signal was
performed with the Bio-Rad Image Lab vé6.1 software. Protein quanti-
fications were normalized to the levels of the GAPDH protein.

Immunoprecipitation

Ctrl and ASB2 cKO Th2 lymphocytes generated in vitro from naive
CD4+ T lymphocytes were washed twice in ice-cold PBS, and lysed in
Triton X100 lysis buffer containing 20 mM Tris-HCI, pH 8, 137 mM
NaCl, 10% glycerol and 1% Triton X100 and supplemented with 1%
protease inhibitor cocktail (Sigma-Aldrich), 1mM DTT, 1 mM NazVO,,
50mM NaF, 2mM sodium pyrophosphate and 25mM -
glycerophosphate. After a 30 min incubation on ice, cell lysates were
cleared by a 20-min 20,000 x g centrifugation at 4 °C. 100 pg ctrl or
ASB2 cKO Th2 lymphocyte extracts was precleared by incubating
30 min in the presence of protein A-Sepharose beads (Cytiva) in a
binding buffer containing 20 mM Tris-HCI pH 8, 250 mM NacCl, 10%
glycerol and 0.1% Igepal CA-630 at 4 °C. Anti-rabbit FLNa serum or
rabbit pre-immune serum was added to the precleared cell extracts.
After 16 h of incubation, immunocomplexes were recovered with
protein A-Sepharose. After three washes with binding buffer, proteins
were eluted with boiling Laemmli’s buffer, fractionated by SDS-
polyacrylamide gel electrophoresis (SDS-PAGE), and analyzed by
immunoblotting with anti-FLNa. After incubation with the Restore
western blot stripping buffer (Fisher Scientific), proteins were probed
with antibodies to ubiquitylated proteins.

Proteome analysis

Ctrl and ASB2 cKO Th2 lymphocytes generated in vitro from naive
CD4" T lymphocytes and CD45'CD4'ST2" living cells sorted from the
lungs of control or ASB2 cKO mice submitted to OVA-induced airway
inflammation were lysed in 5% SDS, 50 mM ammonium bicarbonate
and sonicated on a Bioruptor (Diagenode). Proteins were digested on
S-trap devices (Protifi) and 50 ng of the resulting peptides were ana-
lyzed by nanoLC-MS/MS using an UltiMate 3000 RS nanoLC system
(ThermoFisher Scientific) coupled to a TIMS-TOF SCP mass spectro-
meter (Bruker). Peptides were separated on a CI8 Aurora column
(25 cm x 75 um ID, lonOpticks) using a gradient ramping from 2% to
20% of B in 30 min, then to 37% of B in 3 min and to 85% of B in 2 min
(solvent A: 0.1% FA in H,O; solvent B 0.1% FA in acetonitrile), with a flow
rate of 150 nl/min. MS acquisition was performed in DIA-PASEF mode
on the precursor mass range [400-1000] m/z and ion mobility 1/KO
[0.64-1.37]. The acquisition scheme was composed of 8 consecutive
TIMS ramps using an accumulation time of 100 ms, with 3 MS/MS
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acquisition windows of 25 Th for each of them. The resulting cycle time
was 0.96 s. The collision energy was ramped linearly as a function of
the ion mobility from 59eV at 1/KO=1.6Vscm™ to 20eV at 1/
KO =0.6 Vs cm™. Nine independent replicate samples for each condi-
tion (ctrl or ASB2 cKO), obtained from two different cell culture
experiments, were analyzed in total. The raw data (18 files) was sear-
ched and quantified with DIA-NN 1.8.1, using a predicted library gen-
erated by the software from the UniProt mouse reference proteome.
Validation was performed at 1% precursor and protein FDR, with a
peptide length range set at 7-30 and precursor charge range set at 2-3.
MS intensities measured by DIA-NN for each peptide ions (precursor
matrix) were processed using the Proline software” for calculation of
protein intensities (peptide-to-protein inference and summarization of
peptide intensities) and normalization. Only proteins detected and
quantified in more than 2 replicates from at least one of the conditions
(ctrl or ASB2 cKO), and quantified based on more than 2 peptides, were
kept for statistical analysis. Normalized abundance values were log2-
transformed, and missing values were imputed with a low-intensity
value reflecting the noise background, defined for each analytical run
as the lowest 1% percentile value of the total protein intensity dis-
tribution. A student t-test (bilateral, equal variance) was calculated
based on the 9 replicates to evaluate statistical significance of the
protein abundance variation between the two conditions. The MS
proteomics data have been deposited to the ProteomeXchange Con-
sortium via the PRIDE*® partner repository with the dataset identifier
PXD044062.

Statistical analyses

All p values were calculated using the nonparametric Mann-Whitney ¢-
test except in Fig. 1g, j, m, and in Fig. 3d where the Wilcoxon’s test was
used. For the proteome analyses, the Student ¢-test was used in the
statistical analysis. In Fig. 4h, i, correlations between nonparametric
variables were evaluated using Spearman rank correlation test (r).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The MS proteomics data generated in this study have been deposited
to the ProteomeXchange Consortium via the PRIDE partner repository
with the dataset identifier PXD044062. The RNA-seq data from this
study have been deposited at GEO under accession number
GSE251847. Data of RNA-seq and ChIP-seq from publicly accessible
datasets were retrieved from GSE60680, GSE144586, GSE109737, and
GSE72005. All other data are available in the article and its Supple-
mentary files or from the corresponding authors upon request. Source
data are provided with this paper.
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