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SUMMARY

Inflammatory bowel diseases (IBDs) are a global health issuewith an increasing incidence. Although the path-
ogenesis of IBDs has been investigated intensively, the etiology of IBDs remains enigmatic. Here, we report
that interleukin-3 (Il-3)-deficient mice are more susceptible and exhibit increased intestinal inflammation dur-
ing the early stage of experimental colitis. IL-3 is locally expressed in the colon by cells harboring a mesen-
chymal stem cell phenotype and protects by promoting the early recruitment of splenic neutrophils with
high microbicidal capability into the colon. Mechanistically, IL-3-dependent neutrophil recruitment involves
CCL5+ PD-1high LAG-3high T cells, STAT5, and CCL20 and is sustained by extramedullary splenic hematopoi-
esis. During acute colitis, Il-3�/� show, however, increased resistance to the disease aswell as reduced intes-
tinal inflammation. Altogether, this studydeepensour understandingof IBDpathogenesis, identifies IL-3 as an
orchestrator of intestinal inflammation, and reveals the spleen as an emergency reservoir for neutrophils dur-
ing colonic inflammation.

INTRODUCTION

Inflammatory bowel diseases (IBDs) such as ulcerative colitis

(UC) and Crohn’s disease are inflammatory disorders of the in-

testinal tract with increasing worldwide morbidity.1 The patho-

genesis of IBDs is not fully understood. It involves a causative

combination of environmental, genetic, and microbial factors re-

sulting in an aberrant mucosal immune response driven by mi-

crobial factors of the commensal flora.2,3 Therapies against

IBDs rely on immunosuppressive molecules, leukocyte traf-

ficking inhibitors, or application of mesenchymal stem cells.4

However, current treatments are not effective in all patients, as

a significant number of patients relapse.5 Thus, a better compre-

hension of the mechanisms involved in IBD pathogenesis might

lead to the development of novel therapies.

Interleukin-3 (IL-3), mainly produced by immune cells,6–10 is a

hematopoietic growth factor playing a key role during inflamma-

tory diseases by promoting either the survival, the differentiation,

the proliferation, or the recruitment of leukocytes.11–13 Depend-

ing on the type of disease and course of inflammation, IL-3 can

be either detrimental or beneficial. For instance, IL-3 fuels the

cytokine storm in sepsis, resulting in increased mortality,9

whereas IL-3 limits Alzheimer’s disease by reprogramming mi-

croglia.10 Although the expression of IL-3 and CD123, the IL-3

receptor a-chain, were previously reported in colon,1,14 the role

of IL-3 during IBDs remains unknown.

Neutrophils play a crucial role at the initiation of IBDs. They are

rapidly recruited into the injured intestinal epithelium and protect

against translocated pathogens by releasing inflammatory medi-

ators into the microenvironment, by pathogen phagocytosis, or

by inducing neutrophil extracellular traps.15 However, the persis-

tent accumulation of neutrophils might potentiate and perpet-

uate intestinal tissue damage and barrier integrity destruction,16

converting neutrophils into key orchestrators of intestinal inflam-

mation and IBD-related complications.

The aim of our study was to investigate the role of IL-3 during

IBDs.Here,we report that thecontributionof IL-3 in IBDsdepends

on the level of intestinal inflammation. Il-3-deficient mice were

more susceptible to dextran sulfate sodium (DSS)-induced colitis

comparedwith control mice during the early stages of colitis, with

the protective role of IL-3 involving the early recruitment of splenic

neutrophils with high microbicidal capability in a CCL5+ PD-1+
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LAG-3+ T cell-, STAT5-, and CCL20-dependent manner. Howev-

er, IL-3 was detrimental during acute colitis by amplifying intesti-

nal inflammation.

RESULTS

Colon tissues of patients with UC harbor IL-3 andCD123
To address a potential contribution of IL-3 in the pathogenesis of

IBDs,wefirst assessed the expressionof IL-3 andCD123, the IL-3

receptor a-chain, in colon tissues of patients with UC and control

patients without IBDs. Patients with UC exhibited increased IL-3

andCD123mRNA expression in the inflamed colon as compared

to controls (Figures1Aand1B; TableS1). Further analysis showed

that IL-3 and CD123 mRNA expression levels in the colon of pa-

tients with UC correlated with the degree of colonic inflammation

(Figures 1C and 1D). Furthermore, CD123 was expressed in the

colon by epithelial cells (Figure 1E) and infiltrating immune cells

such asCD19+Bcells, CD64+CD11c+CD14+monocytes/macro-

phages, and CD64� CD15� CD11c�/low CD123+ plasmacytoid

dendritic cells (pDCs) (Figures 1F and S1), suggesting, therefore,

that IL-3 might have a pleiotropic effect during UC.

IL-3 protects during the early phase of DSS-induced
colitis
To investigate the function of IL-3 during IBDs, we induced colitis

in wild-type (WT) and Il-3-deficient mice (Il-3�/�) using DSS, a

well-studied chemical murine model of colitis mimicking human

IBDs in multiple aspects, including cytokine dysregulation.17

Il-3�/� mice exhibited reduced survival (Figure 2A), and the sur-

viving mice suffered from pronounced weight loss (Figure 2B).

Interestingly, Il-3�/� mice displayed higher disease severity

only during the early stage of colitis compared with WT controls

(Figure 2C). In addition, Il-3�/� mice displayed increased plasma

tumor necrosis factor a (TNF-a) levels (Figure 2D) only 1 day after

the onset of colitis compared with WT mice. Il-3�/� mice also

showed increased Tnfa mRNA expression (Figure 2E) in colon

tissues during the early stage of colitis and increased colonic

mucosa thickness (Figure 2F) 4 days after DSS application. At

steady state, as well as 1 and 4 days after colitis induction,

Il-3�/� mice harbored a reduced number of Ly6Ghigh Ly6C+

CD11b+ F4/80� neutrophils in the colon (Figure 2G). No differ-

ences were, however, observed after 7 days. Altogether, our re-

sults indicated that IL-3 protects during the early phase of the

disease and suggested that IL-3 modulates innate immune

mechanisms involved in the development of intestinal inflamma-

tion. To confirm this hypothesis, we infectedWT and Il-3�/�mice

with S. typhimurium, a bacteria that causes colitis. Il-3�/� mice

exhibited increased bacterial colony-forming units (CFUs) in liver

and feces 4 days after S. typhimurium infection (Figure S2A)

compared with controls as well as increased numbers of leuko-

cytes (Figure S2B) and increased Il-17amRNA expression in the

colon (Figure S2C). Thus, these results confirm the role of IL-3 on

Figure 1. IL-3 and CD123 are expressed in the colon of patients with UC

(A) Relative mRNA expression of IL-3 in control colon (n = 11) and in the colon of patients with UC (n = 13).

(B) Relative mRNA expression of CD123 in control colon and in the colon of patients with UC (n = 8–10).

(C) RelativemRNA expression of IL-3 in colon from the sameUCpatient with either low (+) or high (++) levels of inflammation (n = 5). The inflammation levels low (+)

and high (++) were assessed through the expression of TNF and the percentage of neutrophils in the colon.

(D) Relative mRNA expression of CD123 in colon from the same patient with UC with either low (+) or high (++) levels of inflammation (n = 6).

(E) Immunochemistry of CD123 and EpCAM in the colon of patients with UC or in control colon. Scale bar, 50 mm (n = 4–7).

(F) Representative histogramof CD123 expression at the surface of B cells, CD64+monocytes/macrophages, CD64+CD14�CD11c� cells, neutrophils, and T cells

in the colon of patients with UC (n = 11).

Data are pooled data from at least 2 independent experiments. Data represent mean ± SEM and were analyzed by the two-tailed unpaired (A and B) or paired (C

and D) t test. *p < 0.05; **p < 0.01.
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intestinal innate immunity and indicate a pivotal role of IL-3 in the

inhibition of bacterial replication and translocation.

Early protection requires splenic reservoir neutrophils
During the initial phase of intestinal inflammation, neutrophils

are the first immune cells migrating into the inflammatory

site.16 In addition to the reduced number of neutrophils

observed in the colon of Il-3�/� mice compared with WT mice

(Figure 2G), we found that the number of neutrophils increased

in the colon of WT mice 1 day after DSS-induced colitis,

whereas no increase was observed in Il-3�/� mice (Figure 2G).

Furthermore, the Il-3 mRNA expression in the colon was also

positively correlated with the number of colonic neutrophils in

WT mice (Figure S3A). We therefore investigated whether the

IL-3-mediated protection at the onset of colitis was associated

with an improved neutrophil recruitment into the colon. The

depletion of neutrophils by the administration of anti-Ly6G an-

tibodies in WT mice resulted in increased weight loss upon

DSS application compared with control immunoglobulins

(Figures 3A and S3B), whereas no difference was observed be-

tween both Il-3�/� mouse cohorts (Figure S3C), suggesting that

IL-3 limits the development of colitis due to the early recruitment

of neutrophils into the colon. This recruitment was mediated

through the IL-3 receptor common b-chain (CD131), as reduced

neutrophil numbers were recovered from the colon ofCd131�/�

mice following DSS application (Figure 3B). Remarkably, sple-

nectomized (Sx) WT mice displayed a pronounced weight loss

(Figure 3C), higher plasma TNF-a levels (Figure 3D), and

increased neutrophil numbers (Figure 3E) in the colon 1 day af-

ter DSS-induced colitis compared with sham WT mice, indi-

cating that the spleen protects against colonic inflammation

at the onset of colitis. By contrast, no differences were

observed between sham and Sx Il-3�/� mice (Figures 3C–3E).

Likewise, no difference in weight loss was observed in sham

or Sx WT mice that received a combination of neutralizing anti-

bodies against CXCL1 and CXCL2 intravenously (Figure 3F), the

two main chemokines involved in neutrophil mobilization from

the bonemarrow (BM).18 In addition, we observed that the num-

ber of neutrophils increased in the colon of sham WT mice, but

not in Sx WT mice, 6 h after the onset of DSS-induced colitis,

indicating an early recruitment of splenic neutrophils into the

colon following DSS challenge (Figure 3G). Interestingly, the

adoptive transfer of splenic neutrophils from WT donors into

Sx WT recipient mice resulted in reduced plasma TNF-a levels

(Figure 3H) and decreased neutrophil numbers in colon (Fig-

ure 3I) at day 1 after DSS application. whereas the adoptive

transfer of neutrophils fromBM led only to decreased neutrophil

numbers in colon (Figure 3I). Collectively, these results indicate

that IL-3 protects at the onset of colitis through the early recruit-

ment of splenic neutrophils and suggest that splenic neutrophils

and neutrophils from BM are functionally different. To better

characterize differences between neutrophils from spleen and
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Figure 2. IL-3 limits the development of experimental colitis

(A) Survival curve of WT and Il-3�/� mice upon DSS application (n = 14–18 per group). Data were analyzed by log rank (Mantel-Cox) test.

(B) Comparison of weight loss of WT and Il-3�/� mice upon DSS treatment (n = 18–19 per group).

(C) Severity index of WT and Il-3�/� mice following DSS colitis induction (n = 13–14 per group).

(D) Levels of plasma TNF in WT and Il-3�/� mice 0, 1, 4, and 7 days after DSS administration (n = 8–17 per group).

(E) Relative mRNA expression of Tnfa in colon of WT and Il-3�/� mice 0, 1, 4 and 7 days after DSS administration; the expression level was arbitrarily set to 1 for

one sample from the WT group (for each time), and the values for the other samples were calculated relatively to this reference (n = 3–14 per group).

(F) Representative hematoxylin and eosin staining of colon tissues from WT and Il-3�/� mice at steady state and 4 days after DSS administration. Scale bar,

100 mm (n = 3–5 per group).

(G) Representative fluorescence-activated cell sorting (FACS) dot plots and enumeration of neutrophils in colon of WT and Il-3�/� mice 0, 1, 4, and 7 days after

DSS administration (n = 6–31 per group).

Data represent mean ± SEM and were analyzed by the two-tailed unpaired t test (B–E and G). *p < 0.05; **p < 0.01; ***p < 0.001.
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BM of naive WT mice, we performed RNA sequencing (RNA-

seq) analysis. In order to exclude neutrophil progenitors, we

only sorted neutrophils with high Ly6G expression as described

in Xie et al.19 (Figure S3D). RNA-seq analysis revealed 4,907

differentially expressed genes, 2,932 being higher in spleen

and 1,975 being higher in BM (Figures 4A and 4B), confirming

a previous study showing that neutrophils exhibited organ-spe-

cific transcriptome features.19 We confirmed these results at

the protein level and detected increased expression of adhe-

sion molecules such as CD11b, chemokine receptors including

CCR1, CCR3, and CCR6, and immunomodulatory molecules

(PD-L1, CD64) in splenic neutrophils from naive WT mice (Fig-

ure 4C). We also observed that splenic neutrophils produced

higher levels of reactive oxygen species (ROS) than neutrophils

from BM 30 min after ex vivo PMA stimulation (Figure 4D).

Increased elastase activity was detected in the supernatant

3 h after ex vivo lipopolysaccharide (LPS) stimulation of splenic

neutrophils compared with neutrophils from BM (Figure 4E),

and higher numbers of splenic IL-1b+ and TNF-a+ neutro-

phils—but not IL-10+ neutrophils—were identified 4 h after

ex vivo stimulation with LPS (Figure 4F). Thus, our data indicate

that splenic neutrophils display higher antimicrobial activity

than neutrophils from BM, suggesting that the spleen might

act as an emergency reservoir for neutrophils during intestinal

inflammation.

Early neutrophil influx into the colon requires CCL5-
expressing CD3+ T cells and CCL20
We next characterized the mechanism utilized by IL-3 to pro-

mote the influx of splenic neutrophils into the colon. The analysis

of the mRNA expression of chemokines contributing to neutro-

phil recruitment showed that Ccl5 was increased in the colon

of DSS-treated WT mice compared with naive WT controls and

DSS-treated Il-3�/� mice 1 day after the induction of colitis

(Figures 5A and S3E). As well, patients with UC exhibited

increased CCL5 mRNA expression in the inflamed colon

compared with controls (Figure 5B). Ccl5 mRNA expression in

the colon correlated with the numbers of colonic neutrophils

and with colonic Il-3 mRNA expression (Figures 5C and S3F).

In addition, the antibody-mediated depletion of CCL5 resulted

in reduced colonic neutrophil numbers 1 day after the onset of

colitis (Figure 5D) as well as pronounced weight loss (Figure 5E)

and enhanced Tnfa mRNA expression in the colon (Figure 5F).

Using a Transwell membrane assay, we observed that CCL5

has a low capacity to recruit splenic neutrophils compared

with CXCL1 and CXCL2 (Figures S3G–S3I), which is consistent

with the study of Hwaiz et al.20 However, we observed that

Cxcl1 and Cxcl2 are barely expressed in the colon of naive

mice and after 1 day of DSS-induced colitis compared with

Ccl5 (Figure S3J), suggesting that CCL5 might attract directly

splenic neutrophils despite a low chemotaxis capacity. It is
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Figure 3. IL-3 promotes early splenic

neutrophil recruitment into the colon during

experimental colitis

(A) Comparison of weight loss in DSS-treated WT

mice that either received an intravenous injection of

anti-Ly6G or isotype control antibody (n = 7–8 per

group).

(B) Enumeration of neutrophils in colon of WT and

Cd131�/� mice 1 day after DSS administration (n =

5 per group).

(C) Comparison of weight loss of sham or sple-

nectomized WT and Il-3�/� mice upon DSS (n = 5–

17 per group).

(D) Levels of plasma TNF-a in sham or splenec-

tomized WT and Il-3�/� mice 24 h after DSS

administration (n = 6–11 per group).

(E) Enumeration of neutrophils in colon tissues from

sham or splenectomized WT and Il-3�/� mice 24 h

after DSS administration (n = 4–10 per group).

(F) Comparison of weight loss in DSS-treated sham

or splenectomized WT mice that either received an

intravenous injection of a cocktail of anti-CXCL1

and anti-CXCL2 antibodies or an intravenous in-

jection of isotype controls (n = 4–6 per group).

(G) Enumeration of neutrophils in colon tissues

from sham or splenectomized WT mice 6 h after

DSS administration (n = 7–12 per group).

(H and I) Levels of plasma TNF-a (H) and enumer-

ation of neutrophils in colon (I) of sham or sple-

nectomized WT mice in which neutrophils from

spleen or bone marrow (BM) of WT mice were

adoptively transferred 3 h after the onset of DSS-

induced colitis. Mice were sacrificed 21 h later (n =

8–14 per group).

Data are pooled data from at least 2 independent experiments. Data represent mean ± SEM and were analyzed by the two-tailed unpaired t test (A–G), the

Kruskal-Wallis test, or the Tukey’s multiple comparison test (H and I). *p < 0.05; **p < 0.01; ***p < 0.001.
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also possible that CCL5 promotes the recruitment of neutrophils

into the colon in an indirect manner as previously described.20

Flow cytometry analysis revealed that mainly CD3+ T cells in

the colon expressed CCL5 (Figures 5G and S4A). Likewise, the

retrospective analysis of a single-cell RNA-seq atlas of colon bi-

opsies from patients with UC21 revealed thatCCL5 expression in

colon tissue was also mainly associated with T cells (Figure 5H).

CCL5+ T cells were present in the colon of WT mice during

steady state and increased 1 day after colitis induction by DSS

(Figure 5I). Moreover, all the main subtypes of colonic T cells ex-

pressed CCL5, with CD8+ T cells representing the main cellular

CCL5 source (Figure S4B). Colonic CCL5+ T cells exhibited

higher expression of PD-1, LAG-3, and CCR7 compared with

colonic CCL5� T cells (Figure 5J) and expressed TNF-a (Fig-

ure 5K). However, colonic CCL5+ T cells did not express the cy-

tokines interferon g (IFNg) and IL-10 (Figure 5K), nor the neutro-

phil-recruiting chemokines CXCL1, CCL2, and CCL3

(Figure 5K).22 Interestingly, Il-3�/� and Cd131�/� mice showed

reduced CCL5+ T cell numbers in the colon compared with WT

controls (Figures 5I and S4C), and severe combined immunode-

ficiency (SCID) mice exhibited reduced Ccl5 mRNA expression

(Figure 5L) and neutrophil numbers (Figure 5M) in the colon

1 day after the onset of DSS-induced colitis. These data suggest

that CCL5-producing T cells promote the IL-3-dependent

recruitment of neutrophils into the colon during DSS-induced co-

litis. Interestingly, the ex vivo stimulation of colonic cells from

naive WT mice with IL-3 did not induce Ccl5 mRNA expression

(Figure 5N). As observed in humans (Figure 1F), no expression

of CD123 was detected at the surface of colonic T cells from

naive WT mice (Figure S4D). This suggested that the reduced

number of CCL5+ T cells observed in the colon of Il-3�/�mice re-

sulted most likely from reduced CCL5+ T cell recruitment into the

colon rather than from a reduced CCL5 expression by colonic

T cells. Interestingly, we observed that the ex vivo stimulation

of purified colonic immune cells fromWTmice with IL-3 resulted

in higher Ccl20 expression (Figure 5N), a chemokine described

to promote T cell recruitment.23–25 By contrast, colonic immune

cells obtained from naive Il-3�/�mice exhibited reduced expres-

sion of Ccl20 compared with naive WT controls (Figure 5O). In

addition, CCL5+ T cells showed increased expression of

CCR6, the receptor for CCL20, at their surface compared with

CCL5� T cells (Figure 5P), and neutralization of CCL20 by the

administration of anti-CCL20 antibodies resulted in reduced

CCL5+ T cell numbers in the colon 1 day after the onset of

DSS-induced colitis (Figure 5Q) as well as reduced colonic

neutrophil numbers (Figure 5R) and pronouncedweight loss (Fig-

ure 5S). Thus, our data reveal that the early IL-3-dependent influx

of neutrophils into the colon requires the recruitment of PD-1high

LAG-3high CCR6high TNFa+ CCL5+ T cells by CCL20.

IL-3 is produced by MSC-like cells in colon
IL-3 was recently described to be produced by astrocytes,10

indicating that both hematopoietic and non-hematopoietic cells

can produce IL-3. To identify the source of protective IL-3 during

A B C

D E F

Figure 4. Splenic neutrophils are more pro-inflammatory than neutrophils from BM

(A) Heatmap of the differentially expressed genes between splenic and medullar neutrophils from naive mice (n = 5 per group).

(B) Volcano plot representation showing genes increased in splenic neutrophils compared with neutrophils from BM (n = 5 per group).

(C) Mean fluorescence intensity (MFI) of markers expressed at the surface of neutrophils from spleen and BM of WT naive mice (n = 6–7 per group).

(D) Reactive oxygen species neutrophils from spleen and BM of naive mice 30 min after stimulation with PMA or its vehicle (DMSO) (n = 8 per group).

(E) Elastase activity in supernatants of neutrophils from spleen and BM of naive mice stimulated ex vivowith LPS for 3 h compared with unstimulated controls (n =

6 per group).

(F) Representative histograms and percentages of neutrophils from spleen or BM of naive mice expressing IL-1b, TNF-a, or IL-10 4 h after ex vivo stimulation with

LPS (n = 6 per group).

Data are pooled data from at least 2 independent experiments. Data represent mean ± SEM and were analyzed by the two-tailed paired (C, D, and F) t test or the

Tukey’s multiple comparison test (E). *p < 0.05; **p < 0.01; ***p < 0.001.
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DSS-induced colitis, we generated BM chimeric mice in which

either hematopoietic (IL-3/WT) or non-hematopoietic cells (WT/

IL-3) were unable to produce IL-3, as well as their corresponding

controls (WT/WT and IL-3/IL-3). Remarkably, only mice with a

non-hematopoietic IL-3 deficiency exhibited the same reduced

survival (Figure 6A) and weight loss (Figure 6B) as IL-3/IL-3

mice following DSS-induced colitis. Flow cytometry analysis

characterized the IL-3-expressing population as CD45� CD31�

CD326�/low gp38+ Sca-1� VCAM� ICAM+, cells that were pre-

sent in colon at steady state and following DSS-induced colitis

(Figures 6C and 6D). Based on CD73 and CD105 expression,

two markers of mesenchymal stem cells (MSC), we identified

three distinct populations: CD73+ CD105+ cells, CD73+

CD105� cells, and CD73� CD105� cells (Figure 6E). The deple-

tion of IL-3 only in non-hematopoietic cells resulted in increased

plasma TNF-a levels (Figure 6F) and in a reduced number of

A B C D E F G
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Figure 5. IL-3 induces early neutrophil influx into the colon in a CCL5-expressing CD3+ T cells and CCL20-dependent manner

(A) Relative Ccl5 mRNA expression in colon tissues of naive as well as for 24 h DSS-treated WT and Il-3�/� mice t (n = 6–7 per group).

(B) Relative mRNA expression of CCL5 in control colon and in the colon of patients with UC (n = 5–8 per group).

(C) Correlation between Ccl5mRNA expression and the number of neutrophils in colon 24 h after the onset of colitis. Data fromWT and Il-3�/� mice were pooled

(n = 24 per group) and analyzed by Pearson correlation test.

(D–F) WT mice received intravenous injection of anti-CCL5 antibodies or isotype controls at the onset of colitis. (D) Enumeration of neutrophils in colon (n = 9–10

per group). (E) Loss of weight (n = 7–8 per group). (F) Relative Tnfa mRNA expression in colon (n = 6–7 per group).

(G) Representative dot plots and cumulative percentages of CCL5+ cells among colonic T cells of WT mice 24 h after DSS administration (n = 5 per group).

(H) mRNA expression of CCL5 in immune cells from colon of patients with UC. Data came from a retrospective analysis of single-cell RNA-seq atlas of colon

biopsies from patients with UC.21

(I) Enumeration of CCL5+ CD3+ T cells in the colon of WT and Il-3�/� mice 24 h after DSS administration (n = 7–14 per group).

(J) Representative histogram of CD44, CD25, CD62L, PD-1, LAG-3, and CCR7 expressed at the surface of CD3+CCL5+ andCD3+CCL5� T cells from colon ofWT

naive mice (n = 5 per group).

(K) Representative histogram of IFNg, IL-10, TNF-a, CXCL1, CCL2, and CCL3 expressed at the surface of CD3+ CCL5+ andCD3+ CCL5� T cells from colon ofWT

naive mice (n = 5 per group).

(L and M) Relative Ccl5 mRNA expression (L) and neutrophil enumeration (M) in colon of WT and SCID mice 24 h after DSS administration (n = 8 per group).

(N) Relative mRNA expression of Ccl20 and Ccl5 in colon of WT mice 24 h after ex vivo stimulation with PBS or IL-3 (n = 6).

(O) Relative Ccl20 mRNA expression in colon of naive WT and Il-3�/� mice (n = 7–8 per group).

(P) Representative histogram of CCR6 expressed at the surface of CD3+ CCL5+ and CD3+ CCL5� T cells from naive mice (n = 5 per group).

(Q–S) WT mice received either an intravenous injection of anti-CCL20 antibodies or its isotype control just before DSS administration. Mice were sacrificed 24 h

later. (Q) Enumeration of CCL5+ CD3+ T cells in colon tissues (n = 11–14 per group). (R) Enumeration of neutrophils in colon tissues (n = 9–10 per group). (S) Loss of

weight (n = 9–10 per group).

(A, C, F, L, N, and O) The expression level was arbitrarily set to 1 for one sample from the control group, and the values for the other samples were calculated

relatively to this reference.

Data are pooled data from at least 2 independent experiments. Data represent mean ±SEMandwere analyzed by the two-tailed unpaired (B, D–F, L,M, O, andQ–

S) or paired (N) t test or the Tukey’s multiple comparison test (A and I). *p < 0.05; **p < 0.01; ***p < 0.001.
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neutrophils (Figure 6G) and CCL5+ T cells (Figure 6H) in the colon

after 1 day of DSS colitis, similar to what was observed in Il-3�/�

mice (Figure 2). In humans, we found a similar IL-3-producing

CD45� CD31� CD326low gp38+ population in the colon of pa-

tients with UC (Figures 6I and 6J). Interestingly, the percentage

of this population was reduced in the colon with high inflamma-

tion (Figure 6K). Altogether, these data suggest that early protec-

tion against colitis requires local IL-3 production by cells

harboring an MSC phenotype.

IL-3 controls extramedullary hematopoiesis during
colitis
Previous studies reported that IL-3 could sustain extramedullary

hematopoiesis in spleen.26 One day after the induction of colitis,

we observed that WT mice showed increased spleen weight

(Figure S5A) and increased numbers of neutrophils (Figure S5B),

CD45+ Lin� cKit+ hematopoietic stem and progenitor cells

(HSPCs) (Figure S5C), and proliferative Ki-67+ HSPCs (Fig-

ure S5D) in the spleen, whereas no difference was observed in

BM or in the spleen of Il-3�/� mice (Figures S5A–S5D). Likewise,

recombinant IL-3 administration in Il-3�/�mice resulted in higher

spleen weight (Figure S5E) and increased numbers of neutro-

phils (Figure S5F) and HSPCs (Figure S5G) compared with con-

trols upon DSS-induced colitis, suggesting that IL-3 promotes

extramedullary hematopoiesis in the spleen during colitis. Inter-

estingly, mice with a hematopoietic or non-hematopoietic Il-3

deficiency exhibited reduced spleen weight (Figure S5H) as

well as neutrophil (Figure S5I) and HSPC numbers (Figure S5J).

A B C

D E F G H

I J K

Figure 6. IL-3-expressing MSC-like cells limit the development of experimental colitis in mice

(A andB) Survival (A) andweight loss (B) inWT/WT, IL-3/WT,WT/IL-3, and IL-3/IL-3 chimericmice uponDSS treatment (n = 6–7 per group). Data were analyzed by

log rank (Mantel-Cox) test (A).

(C) Gating strategy and enumeration of non-hematopoietic cells expressing IL-3 in the colon of WT mice treated or not during 24 h with DSS (n = 8–9 per group).

(D) Representative histogram of markers expressed at the surface of IL-3+ CD326�/low or IL-3- CD326�/low cells in the colon of naive WT mice (n = 6 per group).

(E) Representative dot plots and percentage of CD73+CD105+, CD73+CD105�, and CD73�CD105� cells in IL-3+ CD326�/low cells in the colon of naive WT mice

(n = 6 per group).

(F–H) WT/WT, IL-3/WT, WT/IL-3, and IL-3/IL-3 chimera mice were treated for 24 h with DSS. (F) Levels of plasma TNF-a (n = 4–6 per group). (G) Enumeration of

neutrophils in colon (n = 7–11). (H) Enumeration of CCL5+ CD3+ T cells in colon (n = 6–10 per group).

(I) Representative dot plots and percentage of CD326�/low cells expressing IL-3 in the colon of patients with UC (n = 11 per group).

(J) Representative histogram of markers expressed at the surface of IL-3+ CD326�/low or IL-3� CD326�/low cells (n = 11 per group).

(K) Percentage of IL-3+ CD326�/low cells in control colon (�) or in colon from the sameUC patient with either low (+) or high (++) levels of inflammation (n = 9–12 per

group).

Data are pooled data from at least 2 independent experiments. Data represent mean ± SEM and were analyzed by the Dunnett’s multiple comparisons test (B) or

the two-tailed unpaired t test (C–K). *p < 0.05; **p < 0.01.
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Although we were not able to detect splenic non-hematopoietic

cells expressing IL-3, we observed an increase of IL-3-express-

ing innate response activator (IRA) B cells in the spleen over the

time of colitis (Figures S5K and S5L). Collectively, our data sug-

gest that IL-3-mediated extramedullary splenic hematopoiesis

sustains neutrophil mobilization during the early phase of colitis.

Early neutrophil and CCL5+ T cell recruitment into the
colon requires STAT5 signaling
Biological activities of IL-3 require mainly STAT5 and STAT3.27

We therefore investigated which of these two transcription fac-

tors orchestrates the action of IL-3 during colitis. Mice treated

with a chemical inhibitor of STAT5 exhibited pronounced weight

loss (Figure S6A) as well as reduced neutrophil and CCL5+ T cell

numbers (Figures S6B and S6C) in the colon 1 day after the onset

of DSS-induced colitis, whereas mice treated with a chemical in-

hibitor of STAT3 showed an increased neutrophil number in the

colon (Figure S6B) after 1 day of DSS-induced colitis but did

not exhibit any difference in weight loss and colonic CCL5+

T cell number compared with controls (Figures S6A and S6C).

Thus, our results show that only mice in which STAT5 signaling

is inhibited exhibited the same phenotype as in Il-3�/�mice, sug-

gesting that the early protective effect of IL-3 during DSS-

induced colitis is mediated by STAT5. In addition, STAT5 inhibi-

tion led to a reduction in the number of neutrophils and HSPCs in

the spleen (Figures S6D and S6E) 24 h after the onset of DSS-

induced colitis, while STAT3 inhibition only led to reduced

HSPC number (Figures S6D and S6E), suggesting that extrame-

dullary splenic hematopoiesis during DSS-induced colitis is

mainly associated with STAT5. Collectively, those data suggest

that STAT5 orchestrates the main activities of IL-3 in DSS-

induced colitis.

IL-3 amplifies inflammation during acute colitis
IL-3 was previously reported to amplify the acute phase of

sepsis, resulting in increased mortality.9 Remarkably, our pre-

sent data showed that IL-3 limited the early development of co-

litis by enhancing the recruitment of splenic neutrophils into the

colon. However, disease severity as well as intestinal inflamma-

tion were comparable at day 7 between BALB/c WT and Il-3�/�

mice upon DSS administration (Figures 2C–2E and 2G). In addi-

tion, colon IL-3 mRNA expression correlated with disease

severity in patients with UC (Figure 1C). Thus, these results sug-

gested that IL-3 might modulate intestinal inflammation during

the acute phase of colitis as well. To test this hypothesis, mice

were treated with oxazolone, a haptenating agent inducing se-

vere inflammation of the mucosa.17 Upon oxazolone, Il-3�/�

mice exhibited reduced weight loss compared with controls

(Figure 7A). In addition, Il-3�/� mice displayed reduced plasma

TNF-a levels (Figure 7B) as well as reduced neutrophil numbers

(Figure 7C) and reduced TnfamRNAexpression in the colon (Fig-

ure 7D) 48 h after intra-rectal administration of oxazolone

A B C D E

F G H I

Figure 7. IL-3 amplifies inflammation during acute colitis

(A) Comparison of weight loss in WT and Il-3�/� mice 48 h after intra-rectal administration of oxazolone (n = 9–10 per group).

(B) Levels of plasma TNF-a in WT and Il-3�/� mice 48 h after intra-rectal administration of oxazolone (n = 5–7 per group).

(C) Enumeration of neutrophils in colon of WT and Il-3�/� mice 48 h after intra-rectal administration of oxazolone (n = 5–7 per group).

(D) Relative TnfamRNA expression in colon of WT and Il-3�/� mice 48 h after intra-rectal administration of oxazolone; the expression level was arbitrarily set to 1

for one sample from the WT group, and the values for the other samples were calculated relatively to this reference (n = 4–6 per group).

(E and F) Comparison of weight loss in C57BL/6 WT and Il-3�/� mice upon 3% (E) or 5% (F) DSS treatment (n = 8–11 per group).

(G) Survival curve of sham or splenectomized WT mice upon DSS application (n = 11–12 per group). Data were analyzed by log rank (Mantel-Cox) test.

(H) Severity index of sham or splenectomized WT mice following DSS colitis induction (n = 5 per group).

(I) Enumeration of neutrophils in colon of sham or splenectomized (Sx) WT mice 0, 1, and 6 days after DSS administration (n = 8 per group).

Data represent mean ± SEM and were analyzed by the two-tailed unpaired t test (A–I). *p < 0.05; **p < 0.01; ***p < 0.001.
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comparedwith controls. To exclude the possibility that the differ-

ence observed between DSS- and oxazolone-induced colitis

was related to the very different nature and pathogenesis of

the two models, we induced colitis in C57BL/6 and Il-3�/�

C57BL/6 mice, the background described to be more suscepti-

ble to DSS-induced colitis,28 using different DSS percentages

(3% vs. 5%). As observed in the BALB/c background, the dele-

tion of Il-3 in C57BL/6mice resulted in pronouncedweight loss at

the onset of colitis induced by 3% of DSS (Figure 7E). However,

Il-3�/� C57BL/6 mice displayed reduced weight loss compared

with controls after 7 days of 3% of DSS (Figure 7E), suggesting

a detrimental role of IL-3 during severe DSS-induced colitis.

Indeed, Il-3�/� C57BL/6 mice treated with 5% of DSS showed

significant reduced weight loss from day 4 compared with WT

C57BL/6 mice (Figure 7F). Thus, our results show that IL-3 also

increases colitis severity during acute intestinal inflammation.

Interestingly, IL-3 was described to fuel the cytokine storm dur-

ing sepsis by inducing myelopoiesis.9 Since IL-3 induced extra-

medullary splenic hematopoiesis during colitis (Figures S7A and

S7B) and promoted the recruitment of splenic neutrophils into

the colon (Figure 3), we wondered whether the detrimental effect

of IL-3 during acute colitis was associated with the spleen. The

ablation of the spleen in WT mice resulted in increased survival

uponDSS administration (Figure 7G). By contrast, no differences

were observed between sham and Sx Il-3�/� mice (Figure S7C),

suggesting that IL-3 contributed to the detrimental effect of

the spleen during acute colitis. Remarkably, we observed

that the spleen has a dual role during colitis. Indeed, Sx WT

mice exhibited increased weight loss (Figure 3C) as well as

increased disease severity (Figure 7H) and neutrophil number

in the colon (Figures 3E and 7I) after 1 day of DSS-induced colitis

compared with control mice, indicating a protective role of the

spleen at the onset of the disease. However, the spleen has a

detrimental role during severe colitis as shown by the reduced

disease severity after 6 days of DSS-induced colitis in Sx mice

(Figure 7H) and the reduced neutrophil number (Figure 7I) after

6 days of DSS. Collectively, our data suggest that IL-3 and the

spleen are important orchestrators of intestinal inflammation

during colitis.

DISCUSSION

In our study, we showed that IL-3 has a dual role in colitis, which

seems to depend on the intensity of the inflammation. At the

onset of the disease, IL-3 has a beneficial role by promoting

the recruitment of splenic neutrophils with high microbicidal

capability into the colon, whereas IL-3 has a detrimental effect

during severe colitis by amplifying intestinal inflammation. A

similar phenomenon was already described for type I IFNs.

Indeed, type I IFNs are critical for early immune responses

against acute lymphocytic choriomeningitis virus (LCMV) infec-

tions.29 However, blockade of type I IFN signaling reduced the

immune suppression associated with the persistent infection, re-

sulting in better clearance of the virus.30,31 Furthermore, such

opposite effects of IL-3 have already been described during ce-

rebral inflammation. Whereas IL-3 limits Alzheimer’s disease by

programming microglia,10 IL-3 promotes the development of

experimental autoimmune encephalitis by increasing the recruit-

ment of leukocytes into the brain.32 Thus, this study deepens the

knowledge that IL-3 is a key orchestrator of inflammation.

Our study showed that IL-3 limits the development of colitis by

promoting the recruitment of splenic neutrophils into the colon.

So far, the contribution of the spleen in IBDs has remained

elusive. In mice, it was reported that the development of DSS-

induced colitis was either associated with a reduced, an

increased, or an unaltered spleen weight.33,34 In humans, pa-

tients with relapsing but not quiescent UC showed significantly

smaller spleens than controls.35 Likewise, small spleen size

was associated with pre-surgical disease complications as

well as surgical site infections in patients with IBD,36 suggesting

that a reduced spleen size during colitis may have detrimental ef-

fects. However, the ablation of the spleen in mice improved dis-

ease symptoms of DSS-induced colitis,37 which suggests that

the putative protective role of the spleen is either possibly asso-

ciated with the level of inflammation or to a specific subset of

splenic leukocytes such as neutrophils. In support of this, the

adoptive transfer of splenic Gr1+CD11b+ cells purified during

the resolution phase of colitis resulted in an ameliorated course

of DSS-induced colitis through efficient colonic mucosal heal-

ing.38 Neutrophils are the first immune cells that migrate toward

the colon to protect from invading pathogens. Neutrophils have

therefore a large arsenal to fight against pathogens.15 Our data

revealed that splenic neutrophils had highermicrobicidal abilities

than neutrophils from BM, indicating that splenic neutrophils are

better equipped to protect against invading pathogens. Our

study confirms a previous single-cell transcriptome profiling

study showing increased maturity of neutrophils from the spleen

compared with mature neutrophils from BM19 and suggests that

splenic neutrophils, or their progenitors, might receive microen-

vironmental education signals that are specific to the spleen.

Thus, our study highlights the ability of the body to mobilize a

reservoir of specialized splenic neutrophils during colitis. Har-

nessing this reservoir might therefore provide an advantage to

the host for early bacteria eradication.Whether this phenomenon

is specific to IBDs will require further investigation.

We detected IL-3 expression in the colon in cells harboring an

MSC phenotype. MSCs are cells with immune-suppressive ac-

tivity that are used in a wide diversity of cell therapy protocols

for the treatment of inflammatory disorders such as IBDs.4 The

presence of these IL-3+ cells in the colon at steady state and

the expression of the receptor for IL-3 by colonic epithelial cells

suggest that IL-3 might contribute to mucosal homeostasis by

directly modulating the function of epithelial cells. This is

strengthened by the description that epithelial cells are a major

source of CCL20,39 a cytokine induced by IL-3 in the colon.

Furthermore, it was previously described that IL-3 attenuated

collagen-induced arthritis by modulating the development of

Foxp3+ regulatory T cells.13 Considering the importance of reg-

ulatory T cells in IBDs,40 we cannot exclude that IL-3 may also

protect by improving the regulatory T cell-associated immuno-

suppressive immunity.

Finally, we observed that IL-3 induces extramedullary hemato-

poiesis (EMH) in spleen during colitis. The spleen is an important

EMH site during inflammation as shown by the high numbers of

undifferentiatedmonocytes residing in the spleen, outnumbering

their equivalent in the blood,41 and by the accumulation of
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progenitor cells during inflammation.42 The role of EMH is to sup-

plement the hematopoietic function of the BM in order to pro-

duce enough phagocytes to sustain the immune response or

to increase ectopic erythropoiesis during hypoxia.43 However,

an excessive or prolonged EMH may amplify inflammatory dis-

eases.44 The ability of IL-3 to stimulate splenic EMH during

IBDs might then become detrimental during acute colitis by

fueling the inflammatory immune response as seen in sepsis,9

which might explain the reduced disease symptoms observed

in Sx mice during acute colitis. Our data revealed also that IL-3

promoted the recruitment of CCL5+ PD-1high LAG-3high T cells

into the colon. LAG-3 and PD-1 expression were previously

described on activated T cells in the inflamed colonic mucosa

from patients with active UC and frommice upon azoxymethane

(AOM)/DSS treatment.45,46 As their cell numbers positively

correlate with mucosal inflammation and disease activity, it is

also possible that IL-3 potentiates inflammation during acute co-

litis by promoting the recruitment of these CCL5+ PD-1high LAG-

3high T cells into the colon.

Altogether, our results support the hypothesis that IL-3 or-

chestrates intestinal inflammation during IBDs. Targeting IL-3

signaling may therefore have potential as a novel therapeutic

approach. The prophylactic treatment with recombinant IL-3

might reduce the risk of relapse for patients with inactive UC

by limiting the development of the disease. By contrast, the

administration of antagonists for IL-3 or CD123might protect pa-

tients with active UC by reducing intestinal inflammation.

Limitations of the study
Although we clearly demonstrated that IL-3 protects at the onset

of DSS-induced colitis by promoting the early recruitment of

splenic neutrophils in mice, it was not possible to extend this ef-

fect in humans. Aswell, we cannot exclude that the protective ef-

fect of IL-3 at the onset of colitis involved other mechanisms

considering that (1) IL-3 is expressed at steady state and (2)

many cells express the IL-3 receptor in the colon. Finally, it is

difficult to draw conclusions regarding the role of splenic neutro-

phils during acute colitis considering that splenectomy can have

many effects that are not mediated by neutrophils.

STAR+METHODS

Detailed methods are provided in the online version of this paper

and include the following:

d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY

B Lead contact

B Materials availability

B Data and code availability

d EXPERIMENTAL MODEL AND STUDY PARTICIPANT DE-

TAILS

B Animals

B Disease severity index

B Mouse treatment

B Human

d METHOD DETAILS

B Murine leukocyte isolation

B Human blood and tissue samples and leukocyte isola-

tion

B Ex vivo colon stimulation by IL-3

B Chemotaxis assays

B Mixed bone-marrow chimera

B Histology

B Immunohistochemistry

B RNA-seq

B Neutrophil function assays

B Quantitative RT-PCR

B Cytokine detection

B Flow cytometry

d QUANTIFICATION AND STATISTICAL ANALYSIS

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.

celrep.2023.112637.

ACKNOWLEDGMENTS

We thank Uwe Appelt and Marcus Mroz from the cell sorting core facility (Er-

langen, Germany) for their excellent support. We thank Kumar Parijat (Stock-

holm, Sweden) and Nicola Gagliani (Hamburg, Germany) for analyzing the sin-

gle-cell RNA-seq atlas. We thank Prof. Nicolas Schlegel (W€urzburg, Germany)

for providing colon samples from patients with UC.We thank Anastasia Gaspl-

mayr for her technical support. This work was funded by grants of the German

Research Foundation BE6981/1-1 (to A.B.), SFB/TRR 305 (subproject B08 to

E.N.), SFB/TRR 241 (subproject A06 to M.S.), SFB/CRC1181 (subproject C04

to J.M.), and WE4892/3-1, WE4892/4-1, WE4892/8-1, and WE4892/9-1 (to

G.F.W.).

AUTHOR CONTRIBUTIONS

A.B. conceived the project, conceptualized, designed, and conducted exper-

iments, collected, analyzed, and interpreted data, designed figures, and wrote

the manuscript; A.M., B.K., K.G., J.S., B.N., E.N., M.S., J.M., and L.E.M. con-

ducted experiments and collected, analyzed, and interpreted data; A.M., M.B.,

R.G., and G.F.W. provided clinical samples, protocols, or reagents and

collected data; K.G., J.M., and K.S. performed and analyzed RNA-seq;

G.F.W. conceived the project, conceptualized and designed experiments, in-

terpreted data, and wrote the manuscript; all of the authors critically revised

the manuscript for important intellectual content.

DECLARATION OF INTERESTS

The authors declare no competing interests.

Received: January 9, 2023

Revised: May 3, 2023

Accepted: May 26, 2023

REFERENCES

1. Burisch, J., Jess, T., Martinato, M., and Lakatos, P.L.; ECCO -EpiCom

(2013). The burden of inflammatory bowel disease in Europe. J. Crohns

Colitis 7, 322–337.

2. Neurath, M.F. (2014). Cytokines in inflammatory bowel disease. Nat. Rev.

Immunol. 14, 329–342.

3. Abraham, C., and Cho, J.H. (2009). Inflammatory bowel disease. N. Engl.

J. Med. 361, 2066–2078.

4. Markovic, B.S., Kanjevac, T., Harrell, C.R., Gazdic, M., Fellabaum, C., Ar-

senijevic, N., and Volarevic, V. (2018). Molecular and cellular mechanisms

10 Cell Reports 42, 112637, June 27, 2023

Article
ll

OPEN ACCESS

https://doi.org/10.1016/j.celrep.2023.112637
https://doi.org/10.1016/j.celrep.2023.112637
http://refhub.elsevier.com/S2211-1247(23)00648-4/sref1
http://refhub.elsevier.com/S2211-1247(23)00648-4/sref1
http://refhub.elsevier.com/S2211-1247(23)00648-4/sref1
http://refhub.elsevier.com/S2211-1247(23)00648-4/sref2
http://refhub.elsevier.com/S2211-1247(23)00648-4/sref2
http://refhub.elsevier.com/S2211-1247(23)00648-4/sref3
http://refhub.elsevier.com/S2211-1247(23)00648-4/sref3
http://refhub.elsevier.com/S2211-1247(23)00648-4/sref4
http://refhub.elsevier.com/S2211-1247(23)00648-4/sref4


involved in mesenchymal stem cell-based therapy of inflammatory bowel

diseases. Stem Cell Rev. Rep. 14, 153–165.

5. Gisbert, J.P., Marı́n, A.C., and Chaparro, M. (2016). The risk of relapse af-

ter anti-TNF discontinuation in inflammatory bowel disease: systematic re-

view and meta-analysis. Am. J. Gastroenterol. 111, 632–647.

6. Niemeyer, C.M., Sieff, C.A., Mathey-Prevot, B., Wimperis, J.Z., Bierer,

B.E., Clark, S.C., and Nathan, D.G. (1989). Expression of human

interleukin-3 (multi-CSF) is restricted to human lymphocytes and T-cell tu-

mor lines. Blood 73, 945–951.

7. Lorentz, A., Schwengberg, S., Sellge, G., Manns, M.P., and Bischoff, S.C.

(2000). Human intestinal mast cells are capable of producing different

cytokine profiles: role of IgE receptor cross-linking and IL-4. J. Immunol.

164, 43–48.

8. Ishizuka, T., Okayama, Y., Kobayashi, H., and Mori, M. (1999). Interleukin-

3 production by mast cells from human lung. Inflammation 23, 25–35.

9. Weber, G.F., Chousterman, B.G., He, S., Fenn, A.M., Nairz, M., Anzai, A.,

Brenner, T., Uhle, F., Iwamoto, Y., Robbins, C.S., et al. (2015). Interleukin-

3 amplifies acute inflammation and is a potential therapeutic target in

sepsis. Science 347, 1260–1265.

10. McAlpine, C.S., Park, J., Griciuc, A., Kim, E., Choi, S.H., Iwamoto, Y., Kiss,

M.G., Christie, K.A., Vinegoni, C., Poller, W.C., et al. (2021). Astrocytic

interleukin-3 programs microglia and limits Alzheimer’s disease. Nature

595, 701–706.

11. Bénard, A., Jacobsen, A., Brunner, M., Krautz, C., Klösch, B., Swierzy, I.,
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

PE anti-mouse CD19 BD Biosciences Cat# 553786; RRID:AB_395050

PE CF594 anti-mouse CD11b BD Biosciences Cat# 553311; RRID:AB_394775

PE anti-mouse CD11c BD Biosciences Cat# 553802; RRID:AB_395061

PE anti-mouse CD49b BD Biosciences Cat# 553858; RRID:AB_395094

PE anti-mouse CD90.2 BD Biosciences Cat# 553006; RRID:AB_394545

PE anti-mouse B220 BD Biosciences Cat# 553090; RRID:AB_394620

PE anti-mouse Ter119 BD Biosciences Cat# 553673; RRID:AB_394986

PE anti-mouse CD127 Biolegend Cat# 121112; RRID:AB_493509

PE anti-mouse Gr1 Biolegend Cat# 108408; RRID:AB_313373

BV711 anti-mouse SCA-1 BD Biosciences Cat# 563992; RRID:AB_2738529

BV605 anti-mouse c-Kit Biolegend Cat# 135121; RRID:AB_2562040

FITC anti-mouse CD34 BD Biosciences Cat# 553733; RRID:AB_395017

BUV395 anti-mouse CD16/32 BD Biosciences Cat# 740217; RRID:AB_2739965

PerCP-Cy5.5 anti-mouse CD115 Biolegend Cat# 135526; RRID:AB_2566462

BV650 anti-mouse CD326 BD Biosciences Cat# 740559; RRID:AB_2740260

FITC anti-mouse Ly6C BD Biosciences Cat# 553104; RRID:AB_394628

BUV737 anti-mouse CD11b BD Biosciences Cat# 612800; RRID:AB_2870127

BV711 anti-mouse MHCII BD Biosciences Cat# 563414; RRID:AB_2738191

BV510 anti-mouse F4/80 BD Biosciences Cat# 743280; RRID:AB_2741398

BUV395 anti-mouse Ly6G BD Biosciences Cat# 563978; RRID:AB_2716852

BV421 anti-mouse CD19 BD Biosciences Cat# 562701; RRID:AB_2737731

PerCP-Cy5.5 anti-mouse CD3 BD Biosciences Cat# 560527; RRID:AB_1727463

PerCP-Cy5. 5 anti-mouse CD138 Biolegend Cat# 142510; RRID:AB_2561601

BV786 anti-mouse CD45.2 BD Biosciences Cat# 563686; RRID:AB_2738375

FITC anti-mouse CD43 BD Biosciences Cat# 553270; RRID:AB_394747

BV650 anti-mouse IgM BD Biosciences Cat# 564027; RRID:AB_2738552

BV510 anti-mouse CD5 BD Biosciences Cat# 563069; RRID:AB_2737986

BUV395 anti-mouse CD93 BD Biosciences Cat# 740275; RRID:AB_2740015

BV650 anti-mouse CD3 BD Biosciences Cat# 564378; RRID:AB_2738779

PE-Dazzle anti-mouse CD3 Biolegend Cat# 100245; RRID:AB_2565882

FITC anti-mouse TCRb Biolegend Cat# 109216; RRID:AB_493345

BV711 anti-mouse CD8 BD Biosciences Cat# 563046; RRID:AB_2737972

BUV395 anti-mouse CD4 BD Biosciences Cat# 565974; RRID:AB_2739427

BV421 anti-mouse TCRgd Biolegend Cat# 118119; RRID:AB_10896753

Pacific Blue anti-mouse CD31 Biolegend Cat# 102421; RRID:AB_10613457

PerCP-Cy5.5 anti-mouse CD73 Biolegend Cat# 127213; RRID:AB_11219608

PE anti-mouse CCR1 Biolegend Cat# 152507; RRID:AB_2800688

FITC anti-mouse CCR3 Biolegend Cat# 144509; RRID:AB_2561608

PerCP-Cy5.5 anti-mouse CCR5 Biolegend Cat# 107015; RRID:AB_2616985

BV786 anti-mouse CCR6 Biolegend Cat# 129823; RRID:AB_2715923

PE-Dazzle anti-mouse CXCR4 Biolegend Cat# 146513; RRID:AB_2563682

Pacific Blue anti-mouse CD62L BD Biosciences Cat# 562910; RRID:AB_2737885

PerCP-Cy5.5 anti-mouse PD-L1 Biolegend Cat# 124333; RRID:AB_2629831

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

BV711 anti-mouse CD64 Biolegend Cat# 139311; RRID:AB_2563846

FITC anti-mouse gp38 Biolegend Cat# 127415; RRID:AB_2629801

PerCP-Cy5.5 anti-mouse CD54 Biolegend Cat# 116123; RRID:AB_2715951

BUV395 anti-mouse CD106 BD Biosciences Cat# 745672; RRID:AB_2743162

Pacific Blue anti-mouse CD105 Biolegend Cat# 120411; RRID:AB_1877185

PerCP-Cy5.5 anti-mouse CD44 Biolegend Cat# 103035; RRID:AB_10639933

FITC anti-mouse CD25 Biolegend Cat# 101907; RRID:AB_961210

PE-Dazzle anti-mouse CD223 Biolegend Cat# 125223; RRID:AB_2572081

PerCP-Cy5.5 anti-mouse PD-1 Biolegend Cat# 135207; RRID:AB_10550092

PE-Dazzle 594 anti-mouse CCR7 Biolegend Cat# 120121; RRID:AB_2564316

PE anti-mouse CD123 Biolegend Cat# 106005; RRID:AB_2124403

Rat IgG2a-PE Biolegend Cat# 400501; RRID:AB_326523

PE anti-mouse CCL5 Biolegend Cat# 149103; RRID:AB_2564405

Mouse IgG2b-PE Biolegend Cat# 400311; RRID:AB_2894969

PE anti-mouse IL-3 BD Biosciences Cat# 554383; RRID:AB_395358

Rat IgG1-PE BD Biosciences Cat# 554685; RRID:AB_395509

eFluor 450 anti-mouse IL-1b ThermoFischer Cat# 48-7114-80; RRID:AB_2574108

Rat IgG1- eFluor 450 ThermoFischer Cat# 53-4301-80; RRID:AB_493962

PerCP-Cy5.5 anti-mouse TNFa BD Biosciences Cat# 560659; RRID:AB_1727580

Rat IgG1-PerCP Cy5.5 BD Biosciences Cat# 560537; RRID:AB_1645667

BV650 anti-mouse IL-10 BD Biosciences Cat# 564083; RRID:AB_2738583

Rat IgG2-BV650 Biolegend Cat# 400651

BUV737 anti-mouse IFNg BD Biosciences Cat# 612769; RRID:AB_2870098

Rat IgG2a- BUV737 BD Biosciences Cat# 612760; RRID:AB_2870091

BV785 anti-mouse IL-17A Biolegend Cat# 506928; RRID:AB_2629787

Rat IgG1-BV785 Biolegend Cat# 400443

Alexa Fluor 488 anti-mouse CXCL1 R&D Systems Cat# IC4532G

Rabbit IgG- Alexa Fluor 488 R&D Systems Cat# IC1051G; RRID:AB_2819362

Alexa Fluor 405 anti-mouse CCL2 R&D Systems Cat# FAB4791V

Rat IgG2b- Alexa Fluor 405 R&D Systems Cat# IC013V

Alexa Fluor 488 anti- mouse CCL3 R&D Systems Cat# IC450G

Rat IgG2a-Alexa Fluor 488 R&D Systems Cat# IC006G; RRID:AB_10890915

PE-Dazzle anti-mouse/human Ki-67 Biolegend Cat# 652427; RRID:AB_2632695

BUV737 anti-human CD14 BD Biosciences Cat# 612763; RRID:AB_2870094

BV421 anti-human CD15 Biolegend Cat# 323039; RRID:AB_2566519

PerCP-Cy5.5 anti-human HLADR BD Biosciences Cat# 560652; RRID:AB_1727529

FITC anti-human CD16 Biolegend Cat# 302005; RRID:AB_314205

PE anti-human CD64 Biolegend Cat# 305007; RRID:AB_314491

BV711 anti-human CD11c BD Biosciences Cat# 563130; RRID:AB_2738019

BUV395 anti-human CD19 BD Biosciences Cat# 563551; RRID:AB_2738274

BV786 anti-human CD45 BD Biosciences Cat# 563716; RRID:AB_2716864

BV510 anti-human CD3 BD Biosciences Cat# 563109; RRID:AB_2732053

BV650 anti-human CD326 Biolegend Cat# 324225; RRID:AB_2562734

PE-CF594 anti-human CD123 BD Biosciences Cat# 562391; RRID:AB_11153664

Mouse IgG2a-PE-CF594 BD Biosciences Cat# 562306; RRID:AB_11153843

PerCP-Cy5.5 anti-human CD3 BD Biosciences Cat# 560835; RRID:AB_2033956

BV711 anti-human CD31 BD Biosciences Cat# 740777; RRID:AB_2740440

BV510 anti-human CD73 BD Biosciences Cat# 563198; RRID:AB_2738062

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

PE anti-human IL-3 BD Biosciences Cat# 554676; RRID:AB_395504

Rat IgG-PE Biolegend Cat# 400408; RRID:AB_326514

Alexa Fluor 488 anti-human CD105 Biolegend Cat# 323209; RRID:AB_755961

PE-Dazzle anti-human gp38 Biolegend Cat# 337027; RRID:AB_2750287

Rat anti-mouse Ly6G Biolegend Cat# 127632; RRID:AB_11150581

Rat anti-mouse CCL5 R&D systems Cat# MAB478-100; RRID:AB_2290968

Rat anti-mouse CCL20 R&D systems Cat# MAB7601-100; RRID:AB_2071906

Rat anti-mouse CXCL1 R&D systems Cat# MAB453-100; RRID:AB_2087696

Goat anti-mouse CXCL2 R&D systems Cat# AF-452-NA; RRID:AB_2086326

Rat IgG2a R&D systems Cat# MAB006; RRID:AB_357349

Rat IgG2a Biolegend Cat# 400544; RRID:AB_11147167

Goat IgG R&D systems Cat# AB-108-C; RRID:AB_354267

Rat IgG1 R&D systems Cat# MAB005; RRID:AB_357348

Goat anti-human CD123 Abcam Cat# ab205365; RRID:AB_2747492

Rabbit anti-human EpCAM Abcam Cat# ab71916; RRID:AB_1603782

Bacterial and virus strains

Salmonella Typhimurium Prof. J. Mattner

(Erlangen, Germany)

Strain SL1344

Chemicals, peptides, and recombinant proteins

Dextran sulfate sodium MP Biomedicals 02160110

4-Ethoxymethylen-2-phenyl-2-oxazolin-5-

on

Sigma-Aldrich 862207

Recombinant IL-3 R&D systems 403-ML-025/CF

Haematoxylin Gill-III Merck 1.05174

Eosin Y solution Merck 318906

CM-H2DCFDA ThermoFischer C6827

Phorbol 12-myristate 13-acetate (PMA) Sigma-Aldrich P1585

Dimethyl sulfoxide (DMSO) ThermoFischer D12345

STATIC MERCK S7947-25MG

N’-((4-Oxo-4H-chromen-3-yl) methylene)

nicotinohydrazide, 98%

BLD Pharm. BD767885 98%

Critical commercial assays

Neutrophil Isolation Kit Miltenyi Biotec 130-097-658

Elisa kits for murine TNFa Biolegend 430904

QIAsymphony RNA kit Qiagen 931636

SMART-Seq� v4 Ultra� Low Input RNA Kit

for Sequencing

Takara bio 634891

Qubit dsDNA HS Assay-Kit ThermoFischer Q32854

Nextera XT Library Preparation kit Illumina FC-131-1024

RNeasy mini kit Qiagen 74106

Deposited data

RNA-seq data (spleen vs BM neutrophils) This publication SRA: SRP375072

Experimental models: Organisms/strains

Mouse: BALB/c Janvier-labs N/A

Mouse: BALB/c Il-3-/- RIKEN BRC Laboratories RBRC02298

Mouse: C57BL/6 Janvier-labs N/A

Mouse: C57BL/6 Il-3-/- This paper N/A

Mouse: Cd131-/- The Jackson laboratory RRID:IMSR_JAX:005940

Mouse: SCID Janvier-labs N/A

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Alan Bé-

nard (alan.benard@uk-erlangen.de).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d RNA-seq data have been deposited at NCBI Sequence Read Archive and are publicly available as of the date of publication.

Accession number is listed in the key resources table.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals
All animal protocols were approved by the animal review committee from the university hospital Erlangen and the local governmental

animal committee (Protocol number: 55.2-2532-2-837 and 55.2-2532-2-1221). BALB/c (WT), C57BL/6J (WT) (Janvier, Le Genest-

Saint-Isle, France), Cd131-/- (C57BL/6 background, bred in-house), Il-3-/- (BALB/c background; obtained from RIKEN BRC Labo-

ratories, Japan), C57BL/6J Il-3-/- (bred in-house) and Severe combined immunodeficient mice (SCID; Janvier) male and female mice

were used in this study. Mice were 8-12 weeks old when used for experiments. All mice were bred in the same facility, and age and

sex of WT mice matched with genetically modified mice. Purchased mice were acclimated to their new environment for at least one

week before starting experiments. Micewere breed in animal facility where i) air exchange rate of up to 30 times per hour is possible in

the animal rooms; ii) the animals are subject to a 12 h light/dark rhythm; iii) air humidity is between 45 and 65%; iv) the temperature is

20 and 24�C; v) the animals receive autoclaved and autoclavable water; and vi) food and water are ad libitum. Mice with severe pain

were removed from the experiments and sacrificed to prevent additional suffering as well as mice death, accordingly to the cumu-

lative termination criteria of our ethical protocol.

Disease severity index
Animals were evaluated daily for stool consistency, bleeding and weight loss. Scoring of disease severity were designed as follow:

stool consistency: 0: normal, 1: slightly loose, 2: watery stool, 3: diarrhea; bleeding: 0: no bleeding, 1: hemoccult positive, 2: few

blood-tinged stools, 3: rectal bleeding; weight loss: 0: none, 1: 1-5%, 2: 5-10%, 3: 1015%, 4: >15%.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Oligonucleotides

Murine Ccl20 primer ThermoFischer Mm01268754_m1

Murine Il-3 primer ThermoFischer Mm00439632_g1

Human GAPDH primer ThermoFischer Hs00266705_g1

Human CD123 primer ThermoFischer Hs_IL3_1_SG

QuantiTect Primer

Assay; Cat# 249900

Human CCL5 primer ThermoFischer Hs00174575_m1

Human IL-3 primer Qiagen Hs00608141_m1

Software and algorithms

FlowJo 10.8.1 FlowJo LLC RRID:SCR_008520

CFX Manager Bio-Rad RRID:SCR_017251

GraphPad Prism GraphPad Software RRID:SCR_002798

NextGenMap N/A RRID:SCR_005488

featureCounts N/A RRID:SCR_012919

DESeq2 N/A RRID:SCR_015687
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Mouse treatment
DSS-induced colitis

DSS (MP Biomedicals) was dissolved in drinking water at 3% w/v (C57BL/6J) or 5% w/v (BALB/c) and the animals were free to drink

the DSS solution for a maximum of 7 days. No differences were reported for the volume consumed between the different genetic

backgrounds. At the indicated time, mice were sacrificed and organs were harvested for further analyses.

Oxazolone-induced colitis

Colitis was induced by oxazolone as previously described.47 Mice were sensitized by epicutaneous application of 1% oxazolone (4-

ethoxymethylene-2-phenyl-2-oxazolin-5-one; Sigma-Aldrich) dissolved in a mixture of acetone and oil (4:1) on day 0, followed by

intra-rectal administration of 1% oxazolone dissolved in 50% ethanol on day 8.

Salmonella Typhimurium infection

Salmonella infection was performed as previously described.48 Briefly, BALB/c and Il-3-deficient mice received 20 mg streptomycin

orally. 6 hours later, mice were infected by oral gavage with 105 or 106 CFUs of wild-type Salmonella (SL1344) in 100 mL PBS (pH 7.3).

4 days post-infection, feces and organs were harvested and bacterial burden was assessed by limiting dilution assays.

I.v. antibody injection

Mice were anesthetized with isoflurane and 200mg of rat anti-Ly6G (Biolegend) or 12.5mg of rat anti-CCL5 (R&D systems, Minneap-

olis, MN, USA), rat anti-CCL20 (R&D systems) or a cocktail of rat anti-CXCL1 and goat anti-CXCL2 (R&D systems) were injected intra-

venously (100ml) just before DSS treatment. Corresponding isotype were used as controls. IL-3 injection: PBS or 300ng of recombi-

nant IL-3 was i.p. injected (100ml) in Il-3-/- mice 12h before DSS treatment, at the onset and 12h after.

Adoptive transfer

Neutrophils from splenic or BMwere purified by negative selection using the Neutrophil Isolation Kit (Miltenyi Biotec, Bergisch Glad-

bach, Germany) and were injected intravenously (2x106 cells in 100ml) 3h after the onset of DSS-induced colitis.

Splenectomy

Under isoflurane anesthesia, the left part of the abdominal cavity of the mice was opened and the spleen vessels were ligated using a

7.0 thread (Ethilon, Bridgewater, NJ and Cincinnati, OH, USA). The spleen was then carefully removed. For control experiments

(sham), the abdomen was opened without removing the spleen. Then the abdomen was closed with a continuous suture (5.0 thread,

Ethilon). Then, mice recovered for at least 1 week before inducing colitis.

STAT3/5 inhibition

STAT3 (STATTIC; MERCK) and STAT5 (N’-[(E)-(4-oxo-4H-chromen-3-yl)methylidene]nicotinohydrazide; BLD pharm, Shanghai,

China) inhibitors were intraperitoneally injected (10 mg/kg) just before DSS treatment.

Human
The study was performed at the University of Erlangen in Germany and agreed with the local ethics review board of the University

Hospital of Erlangen (UKER 339_15 Bc, UKER 10_16 B, UKER 180_19 B). Patients’ confidentiality wasmaintained and informed con-

sent was obtained from all subjects. A summary of sex/gender and age of study participants can be found in Table S1. Patients were

chosen without considering their sex, gender or diversity. As well, patients were recruited without considering their ancestry, race or

ethnicity.

METHOD DETAILS

Murine leukocyte isolation
After colon harvest, single cell suspensions were obtained as follow: perfused colon were cut in small pieces and subjected to enzy-

matic digestion with 450 U/ml collagenase I (Sigma Aldrich), 125 U/ml collagenase IX (Sigma Aldrich), 60 U/ml hyaluronidase (Sigma

Aldrich), 60 U/ml Dnase (Sigma Aldrich), and 20 mM Hepes (Thermo Fisher Scientific, Waltham, MA, USA) for 1 h at 37�C while

shaking. Spleens were homogenized through a 40 mm nylon mesh and bone marrow (BM) cells were flushed out of the femurs

and tibias. Neutrophils from spleen and BM were purified by negative selection using Neutrophil Isolation Kit (Miltenyi Biotec, Ber-

gisch Gladbach, Germany), according to the manufacturer’s instructions with two subsequent passages on the columns (Miltenyi

Biotec). Purity was >98% for neutrophils from BM and >90% for splenic neutrophils. Purified neutrophils were then cultured (106

cells/ml) in RPMI-1640 GlutaMax supplemented with 10% FCS, 25mM of Hepes, 1 mM sodium pyruvate, 100U/ml of Penicillin-

Streptomycin and stimulated by 0.5mg/ml of LPS (Sigma-Aldrich, Saint-Louis, MO, USA) during 4h in presence or in absence of Golgi

Plug (BD Biosciences, Franklin Lakes, NJ, USA).

Human blood and tissue samples and leukocyte isolation
Blood

After blood collection, plasma of healthy donors and patients with UC were immediately obtained by centrifugation, transferred into

cryotubes, and stored at �80�C until further processing.

Colon

Colons from patients with ulcerative colitis (n=16) were obtained by resecting inflamed colon sections (Table S1). Control colons were

healthy tissue obtained from the colon resection of patients with colorectal cancer (n=13) (Table S1). Subsequently, tissue samples
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were taken from the surgically removed material and transported into the laboratory under standardized conditions (at 4�C, in
Ringer’s solution). Single cell suspensions of colon were obtained as follow: colons were cut in small pieces and subjected to enzy-

matic digestion with 450 U/ml collagenase I, 125 U/ml collagenase IX, 60 U/ml hyaluronidase, 60 U/ml Dnase, and 20 mMHepes for

1 h at 37�C while shaking. The inflammation levels low (+) and high (++) were assessed through the expression of TNF and the per-

centage of neutrophils in the colon. Not every sample could be used for all analyses.

Ex vivo colon stimulation by IL-3
Ex vivo colon stimulation were performed as previously described.49 After colon harvest, the contents of the lumen were washed with

ice-cold PBS, cut longitudinally into 2 parts andwashed again in ice-cold PBS in a Petri dish. Then, each part of the colonwas cut into

sections of 1 cm long and transferred into separate cell strainers (100 mm) placed on wells of a 6-well culture plate with 5 sections per

well. Sections were recovered with RPMI-1640 GlutaMax supplemented with 5% FCS, 100U/ml of Penicillin-Streptomycin and

20 mg/ml of Gentamicin and incubated at 37�C in the presence of 5%CO2. After 2h, colon sectionswerewashed 3 timeswithmedium

without any antibiotics. Then, colon sections were transferred into wells of a 12-well plate containing 1 mL of medium without any

antibiotics and 40 ng/ml of recombinant IL-3 (R&D systems). After 24h, colon sections were harvested and processed for quantitative

RT-PCR analysis.

Chemotaxis assays
Neutrophil chemotaxis was performed using 24-well Transwell plates (Corning) with a 3 mm pore size polycarbonate filter. Splenic

neutrophils (105 cells) were added to the upper chamber of the Transwell unit, and 1% FBS RPMI-1640 medium, with or without che-

moattractants, was added to the lower chamber. After incubating the chambers for 1 hour at 37�C, the transmigrated cells were

collected from the lower chamber and counted on a flow cytometer.

Mixed bone-marrow chimera
Naive WT and Il-3-/- mice were lethally irradiated (7.5 Gy) using a g-irradiator BioBeam and reconstituted with a total 5 x 106 donor

derived bone-marrow cells from WT or Il-3-/- mice. Chimeric mice were treated with broad spectra antibiotics (Baytril, Bayer, Lever-

kusen, Germany) in the drinking water until full reconstitution of the hematopoietic system (6-8 weeks).

Histology
Tissue sections with 4 mmwere cut from formalin-fixed paraffin embedded (FFPE) murine colons and stained by haematoxylin/eosin.

In brief, the sections were dewaxed using two times xylol for 10min followed by rehydration in a decreasing ethanol row. After a wash

in A.d. the sections were stained by haematoxylin Gill-III (1:3 diluted, Merck) for 3.5 min, followed by 10 min warm tap water. Sub-

sequently, staining for 1 min in eosin Y solution (Sigma) and two times washing in A.d. for 5 min followed. Slides were subjected to an

increasing ethanol row and finally mounted using VectaMount Permanent Mounting medium (Vector Laboratories).

Immunohistochemistry
For CD123 and EpCAM permanent immunohistochemistry, formalin-fixed, paraffin-embedded tissue were deparaffinized by xylene

two times for 15 min. The tissue was rehydrated using decreasing concentrations of ethanol (100%, 96%, 85%, 70%) for 2 min each.

Antigen retrieval was performed using Target Retrieval Solution (DakoCytomation) at pH 9.0 at 95�C for 20min followed by cooling for

20 min at RT. As a washing buffer between the incubation steps 1xTBS pH 7.6 was used. The slides were blocked by hydrogen

peroxide (7.5%, Sigma-Aldrich), followed by avidin-biotin-block (Vector Laboratories), and subsequent 2.5% horse normal serum

block (HNS, Vector Laboratories) in 1xTBS for 10 min. The primary antibody diluted in 2.5% HNS (goat anti-human CD123 cat.

no. ab205365, Abcam, 1:300; rabbit anti-human EpCAMcat no. ab71916, Abcam,1:300) and isotype control antibody in correspond-

ing concentration were detected using the ImmPRESS HRP Reagent Kit anti-Goat (Vector Laboratories) and NovaRed substrate

(Vector Laboratories) as a substrate. The slides were counterstained with Gill-III hematoxylin (1:3 diluted, Merck), dehydrated and

mounted with VectaMount permanent mounting medium (Vector Laboratories). The sections were analyzed using a DM6000 B mi-

croscope (Leica).

RNA-seq
RNA extraction

Neutrophils from spleen and BMwere cell sorted using a MoFlo Astrios EQ cell sorter (Beckman Coulter, Brea, CA, USA) directly into

RNA lysis buffer. RNA isolation was performed using the QIAsymphony (Qiagen, Hilden, Germany) with the QIAsymphony RNA kit

according to the manufacturer’s protocol. Samples were thawed, filled up to a volume of 400 mL with Roti�-Stock PBS (Carl

Roth, Karlsruhe, Germany) and loaded for QIAsymphony extraction. Extracted RNAwas eluted in 100 mL buffer (Qiagen, Hilden, Ger-

many). 180 mL Agencourt RNAclean XP beads (Beckman Coulter, Krefeld, Germany) were used for further purification. Finally, RNA

was eluted in 20 mL nuclease-free water. Quantity and quality of isolated RNAwere determined with the Qubit High Sensitivity RNA kit

(Thermo Fisher Scientific, Langenselbold, Germany) and the Ultra Sensitivity RNAKit using Femto Pulse (Agilent Technologies,Wald-

bronn, Germany).
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Preparation of NGS libraries and sequencing

Synthesis of cDNAwas accomplished by SMART-Seq v4 Ultra Low Input RNA kit for sequencing (Takara Bio, Gothenburg, Sweden).

One nanogram of total RNAwas used for first-strand synthesis. Full-length cDNAwas generated via template switching (SMART) and

PCRwas performed according to themanufacturer’s protocol. Quantification of cDNAwas done using the Qubit dsDNAHSAssay kit

(Thermo Fisher Scientific, Langenselbold, Germany). Libraries for NGS were prepared from one nanogram cDNA using the Nextera

XT Library Preparation kit (Illumina, San Diego, USA). After tagmentation, barcodes were ligated and PCR was performed. With the

exception that final elution after bead purification was carried out with 34 mL of resuspension buffer, sample preparation was per-

formed according to the manufacturer’s protocol (Illumina, San Diego, USA). Libraries were quantified by Qubit dsDNA HS Assay

kit (Thermo Fisher Scientific, Langenselbold, Germany) and quality was assessed using the High Sensitivity NGS kit on a Fragment

Analyzer (Agilent, Waldbronn, Germany). Sequencing of libraries was performed on NextSeq2000 (Illumina, San Diego, USA), result-

ing in 40 million 100-bp single-end reads per sample.

Differential gene expression analysis

Raw sequencing reads were processed with BBTools (bbduk.sh) to remove sequencing artifacts and poor-quality reads.50 Reads

were mapped against the murine reference genome assembly GRCm38 using NextGenMap (v. 0.5.5) with default settings.51

Gene quantification in raw read counts was carried out exclusively with uniquely mapped reads using featureCounts (v 2.0.1) with

a gene annotation from Ensembl (Mus_musculus.GRCm38.79).52 Identification of differentially expressed genes (DEGs) was done

with the R package DEBrowser (v. 1.2.0) using the implemented DESeq2 method and default settings.53,54 Genes with less than

one read in any of the replicates were removed before analysis with DESeq2. Genes were considered as differentially expressed be-

tween two conditions with an adjusted p-value (FDR, false discovery rate)% 0.01 and a fold change%�2 orR 2. Volcano plots and

heatmaps were also created using DEBrowser. For the heatmap, a pseudo-count of 0.1 was added to the values to apply log2

scaling, and values were column centered with a Z-score. Differential genes and samples were hierarchically clustered and divided

into two groups based on the correlation between samples with complete-linkage clustering.

Neutrophil function assays
Reactive oxygen species assay

Isolated murine bone marrow and spleen cells were incubated for 20min at 37�C and 5% CO2 with 2mM of the general oxidative

stress indicator CM-H2DCFDA (Thermo Fisher) in R0 medium, consisting of RPMI-1640 medium (Gibco Thermo Fisher Scientific,

11835-063) supplemented with 1% of penicillin-streptomycin (Gibco, 15140-122) and L-glutamine (Gibco,26030-024). After a

washing step to remove surplus CM-H2DCFDA (5min, 659xg), the cell count was adjusted to 500,000 cells/ml in R0 medium con-

taining 10% fetal calf serum (Gibco, 10270-106, heat inactivated, 30min 56�C). Cell stimulation was achieved by addition of

100ng/ml phorbol 12-myristate 13-acetate (PMA) (Sigma-Aldrich), or dimethyl sulfoxide (Thermo Fisher) in the same dilution as con-

trol. The cell suspension was incubated with the stimuli for 30min at 37�C and 5% CO2 in a humidified atmosphere. The cells were

then stained and the FL1 fluorescence of CD11b+Ly6G+F4/80- cells was analyzed by flow cytometry.

Neutrophil elastase activity

Neutrophil elastase (NE) activity in supernatants of LPS-stimulated neutrophils from spleen and bone-marrowwas determined by the

conversion of the fluorogenic NE-substrate (MeOSuc-AAPV-AMC, ENZO, BML-P224-0005; Ex: 380nm, Em: 460nm) for 3 hours at

37�C, using the plate reader Infinite F200 Pro fluorometer (TECAN,Männedorf, Swiss). Fluorescence was recorded every 10min. The

levels of elastase activity were assessed as follow: after subtracting the background (sample without substrate), each time points

were compared to the reference point (t0).

Quantitative RT-PCR
Real-time PCR was performed as previously described.55 Briefly, RNA was extracted from cells by RNeasy mini kit (Qiagen, Venlo,

Netherlands). Complementary DNA was reverse transcribed from 1 mg total RNA with Moloney murine leu kemia virus reverse tran-

scriptase (Thermo Fisher Scientific) using random hexamer oligonucleotides for priming (Thermo Fisher Scientific). The amplification

was performed with a Biorad CFX-Connect Real-time-System (Thermo Fisher Scientific) using the PCR SYBR Green sequence

detection system (Eurogentec, Seraing, Belgium), the QuantiTect Primer Assay (Qiagen) or Taqman (Thermo Fisher Scientific).

Data were analyzed using the software supplied with the Sequence Detector (Life Technologies). The mRNA encoding for murine

Tnfa and Ccl5 were normalized to the hypoxanthine-guanine phosphoribosyltransferase (Hprt) mRNA. Gene expression was quan-

tified using the DDCt method (except for Figures 1A–1D and 5B). The expression level was arbitrarily set to 1 for one sample from the

control group and the values for the other samples were calculated relatively to this reference (except for Figures 1A–1D and 5B).

Primers for murineCcl20 and Il-3 aswell as primers for humanGAPDH,CD123 andCCL5were designed by Thermo Fisher Scientific.

Primers for human IL-3 were designed by Qiagen. The sequence of the other primers is in Table S2.

Cytokine detection
Secreted murine TNFa (Biolegend, San Diego, CA, USA) was measured by ELISA according to the manufacturer’s instructions.
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Flow cytometry
The following antibodies were used for flow cytometric analyses: Mouse: anti-CD19-PE (1D3, BD Biosciences), anti-CD11b-PE

CF594 (M1-70, BD Biosciences), anti-CD11c-PE (HL3, BD Biosciences), anti-CD49b-PE (DX5, BD Biosciences), anti-CD90.2-

PE (53-2.1, BD Biosciences), anti-B220-PE (RA3-6B2, BD Biosciences), anti-Ter119-PE (Ter-119, BD Biosciences), anti-CD127-

PE (SB/199, Biolegend), anti-Gr1-PE (RB6-8C5, Biolegend), anti-SCA-1-BV711 (D7, BD Biosciences), anti-c-Kit-BV605 (ACK2, Bio-

legend), anti-CD34-FITC (RAM34, BD Biosciences), anti-CD16/32-BUV395 (2.4G2, BD Biosciences), anti-CD115-PerCP Cy5.5

(AFS98, Biolegend), anti-CD326-BV650 (G8.8, BD Biosciences), anti-Ly6C-FITC (AL-21, BD Biosciences), anti-CD11b-BUV737

(M1/70, BD Biosciences), anti-MHCII-BV711 (M5/114.15.2, BD Biosciences), anti-F4/80-BV510 (T45-2342, BD Biosciences), anti-

Ly6G-BUV395 (1A8, BD Biosciences), anti-CD19-BV421 (1D3, BD Biosciences), anti-CD3-PerCP Cy5.5 (17A2, BD Biosciences),

anti-CD138-PerCP Cy5.5 (281-2, Biolegend), anti-CD45.2-BV786 (104, BD Biosciences), anti-CD43-FITC (S7, BD Biosciences),

anti-IgM-BV650 (R6-60:2, BD Biosciences), anti-CD5-BV510 (53-7.3, BD Biosciences), anti-MHCII-BV711 (M5/114.15.2, BD Biosci-

ences), anti-CD93-BUV395 (AA4.1, BD Biosciences), anti-CD3-BV650 (145-2C11, BD Biosciences), anti-CD3-PE-Dazzle (17A2,

Biolegend), anti-TCRb-FITC (H57-597, BD Biosciences), anti-CD8-BV711 (53-6.7, BD Biosciences), anti-CD4-BUV395 (GK1.1, BD

Biosciences), anti-TCRgd-BV421 (GL3, BD Biosciences), anti-CD31-Pacific Blue (390, Biolegend), anti-CD73-PerCP Cy5.5 (Ty/

11.8, Biolegend), anti-CCR1-PE (S15040E, Biolegend), anti-CCR3-FITC (J073E5, Biolegend), anti-CCR5-PerCP-Cy5.5 (HM-

CCR5, Biolegend), anti-CCR6-BV786 (29-2L 17, Biolegend), anti-CXCR4-PE-Dazzle (L276F12, Biolegend), anti-CD62L-Pacific

Blue (MEL-14, BD Biosciences), anti-PD-L1-PerCP Cy5.5 (10F.9G2, BD Biosciences), anti-CD64-BV711 (X54-5/7.1, Biolegend),

anti-gp38-FITC (8.1.1, Biolegend), anti-CD54-PerCP-Cy5.5 (YN1/1.7.4, Biolegend), anti-CD106-BUV395 (429, BD Biosciences),

anti-CD105-Pacific Blue (MJ7/18, Biolegend), anti-CD44- PerCP-Cy5.5 (IM7, Biolegend), anti-CD25-FITC (3C7, Biolegend), anti-

CD223-FITC (C9B7W, Biolegend), anti-PD-1- PerCP-Cy5.5 (29F.1A12, Biolegend), anti-CCR7- PE/Dazzle 594 (4B12, Biolegend),

anti CD123-PE (5B11, Biolegend), IgG2a-PE (RTK2758, Biolegend), anti-CCL5-PE (2E9/CCL5, Biolegend), IgG2b-PE (MPC-11, Bio-

legend), anti-IL-3-PE (MP2-8F8, BD Biosciences), IgG1-PE (R3-34, BD Biosciences), anti-IL-1b-e450 (NJTEN3, Thermofischer),

IgG1-ebio (eBRG1, Thermofischer), anti-TNFa- PerCP Cy5.5 (MP6-XT22, BD Biosciences), IgG-PerCP Cy5.5 (R3-34, BD Biosci-

ences), anti-IL-10-BV650 (JES5-16E3, BD Biosciences), IgG2-BV650 (B81-3, BD Biosciences), anti-IFNg-BUV737 (XMG1.2, BD

Biosciences), IgG2a- BUV737 (R35-95, BD Biosciences), anti-IL-17A-BV785 (TC11-18H10.1, Biolegend), IgG1-BV785 (RTK2071,

Biolegend), anti-CXCL1-Alexa Fluor 488 (1174A, R&D Systems), IgG- Alexa Fluor 488 (60024B, R&D Systems), anti-CCL2-Alexa

Fluor 405 (123616R, R&D Systems), IgG2b- Alexa Fluor 405 (141945, R&D Systems), anti-CCL3-Alexa Fluor 488 (39624, R&D Sys-

tems), IgG2a-Alexa Fluor 488 (54447, R&D Systems) or anti-Ki-67-PE dazzle (16A8, Biolegend). Human: anti-CD14-BUV737 (M5E2,

BD Biosciences), anti-CD15-BV421 (W6D3, Biolegend), anti-HLADR-PerCP-Cy5.5 (G46-6, BD Biosciences), anti-CD16-FITC (3G8,

Biolegend), anti-CD64-PE (10.1, Biolegend), anti-CD11c-BV711 (B-ly6, BD Biosciences), anti-CD19-BUV395 (SJ25C1, BD Biosci-

ences), anti-CD45-BV786 (HI30, BD Biosciences), anti-CD3-BV510 (UCHT1, BD Biosciences), anti-CD326-B650 (9C4, Biolegend),

anti-CD123-PE-CF594 (7G3, BD Biosciences), IgG2a-PE-CF594 (G155-178, BD Biosciences), anti-CD3-PerCP-Cy5.5 (UCHT1, BD

Biosciences), anti-CD31-BV711 (WM59, BD Biosciences), anti-CD73-BV510 (AD2, BD Biosciences), anti-IL-3-PE (BVD3-1F9, BD

Biosciences), IgG-PE (RTK2071, Biolegend), anti-CD105-Alexa Fluor 488 (43A3, Biolegend), anti-gp38-PE Dazzle (NC-08, Bio-

legend). Intracellular staining was performed using BD Cytofix/Cytoperm Plus Kit (BD Biosciences). Data were acquired on a

CytoFLEX Flow Cytometer (Beckman Coulter) or on a Celesta (BD Biosciences) flow cytometer and analyzed with FlowJo (v

10.8.1) (FlowJo LLC, Ashland, OR, USA).

QUANTIFICATION AND STATISTICAL ANALYSIS

Results were expressed as mean ± S.E.M. All statistical analyses were performed using Prism (GraphPad, RRID:SCR_002798). Sta-

tistical details of experiments and sample numbers can be found in the figure legends. Significance is stated as follows: *p < 0.05,

**p < 0.01, ***p < 0.001. Significant outliers were determined using GraphPad Prism 7.0 software and excluded from the analysis.
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