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SUMMARY
Neutrophil-derived bactericidal/permeability-increasing protein (BPI) is known for its bactericidal activity
against gram-negative bacteria and neutralization of lipopolysaccharide. Here, we define BPI as a potent
activator of murine dendritic cells (DCs). As shown in GM-CSF-cultured, bone-marrow-derived cells
(BMDCs), BPI induces a distinct stimulation profile including IL-2, IL-6, and tumor necrosis factor expression.
Conventional DCs also respond to BPI, while M-CSF-cultivated or peritoneal lavage macrophages do not.
Subsequent to BPI stimulation of BMDCs, CD4+ T cells predominantly secrete IL-22 and, when naive, pref-
erentially differentiate into T helper 22 (Th22) cells. Congruent with the tissue-protective properties of IL-22
and along with impaired IL-22 induction, disease severity is significantly increased during dextran sodium
sulfate-induced colitis in BPI-deficientmice. Importantly, physiological diversification of intestinalmicrobiota
fosters BPI-dependent IL-22 induction in CD4+ T cells derived from mesenteric lymph nodes. In conclusion,
BPI is a potent activator of DCs and consecutive Th22 cell differentiation with substantial relevance in intes-
tinal homeostasis.
INTRODUCTION

Bactericidal/permeability-increasing protein (BPI) is a cationic

antimicrobial protein extruded by neutrophil granulocytes either

via degranulation1 or formation of neutrophil extracellular

traps2–4.. BPI is known for its bactericidal activity against

gram-negative bacteria as well as its anti-inflammatory capac-

ities directed toward gram-negative lipopolysaccharide.4–6

Despite this selectivity, BPI is elevated in infections of heteroge-

neous origin, including gram-positive bacteria,7 fungi,8 and vi-

ruses such as SARS-CoV-2.9,10 Consistent with enhanced

neutrophil activation,11–13 increased BPImRNA was additionally

found in autoimmune disorders such as inflammatory bowel dis-

ease (IBD)14 and is associated with vascular pathology in sys-

temic lupus erythematosus15 and psoriasis.13 In general, the

presence of activated neutrophils is closely linked to tissue

destruction caused by the release of reactive oxygen species,

proteolytic proteins, and other antimicrobial effectors.16 Neutro-

phil-driven counter-regulatory processes to restore homeostasis

are of major interest due to their potential therapeutic applica-

tions.16 Lymphocyte-derived interleukin (IL)-22 is a key player

inmaintaining tissue integrity at barrier interfaces.17 Its relevance

in IBD and other diseases is underscored in many studies
This is an open access article under the CC BY-N
including the success of exogenous IL-22 in clinical trials.17–20

Although BPI lacked pro-inflammatory properties on its own,

synergy with bacterial lipoproteins in human peripheral blood

mononuclear cells was shown to induce IL-6 and tumor necrosis

factor (TNF) secretion.7 Interestingly, association of BPI with hu-

man monocyte-derived dendritic cells (DCs) was found upon

encounter of blebs of gram-negative origin,21 yet a potential

pro-inflammatory property of BPI was not examined. Together,

these data implicate an unexplored immune function of BPI via

modulation of antigen-presenting cells.

RESULTS

BPI activates and maturates BMDCs
GM-CSF-cultivated, murine bone-marrow-derived cells

(BMDCs), containing both conventional dendritic cells (cDCs)

and monocyte-derived macrophages,22 were stimulated with

BPI resulting in the secretion of cytokines (Figure 1A) with

peak expression of Il6, Il12b, Il23a, and Tnf genes at 4 h (Fig-

ure 1B). Consistent with low IL-12 protein secretion, only

minor Il12a gene expression was detectable (Figures 1A and

1B). Stimulation with BPI also led to an upregulation of

co-stimulatory CD40, CD80, and CD86 compared to a
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Figure 1. BPI activates and maturates BMDCs

(A) Cytokine levels measured in the cell supernatant after BPI stimulation compared to untreated cells (NT; n = 3).

(B) Gene expression after BPI stimulation for 4 h (n = 7) and in a kinetic approach.

(C) Mean fluorescence intensity (MFI) of CD40, CD80, and CD86 after stimulation with BPI compared to untreated cells (n = 5).

(D and E) Cytokine secretion after stimulation with BPI and heat-inactivated BPI (BPIHI; n = 3, D) or LBP (E).

(F) Cytokine secretion of BPI-stimulated Myd88 fl/fl and Myd88�/� BMDCs (n = 3).

(G) BMDCs pre-incubated with indicated concentrations of a neutralizing aBPI antibody and stimulatedwith BPI. Cytokine levels in spider diagrams are presented

as pg/ml in a logarithmic scale (A and F). Results are shown as means ± SEM (A, B, D, E, and G). Representative histograms and summarized data of flow

cytometric analysis of CD11c+ BMDCs are shown (C). Statistical testing was performed using Student’s ratio paired t test. See also Figure S1.
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non-treated control (NT; Figure 1C). Heat-inactivated BPI

(BPIHI) and the closely related lipopolysaccharide binding pro-

tein (LBP)22 lacked immunostimulatory potency (Figures 1D

and 1E; Figures S1A and S1B). Recombinant BPI purified

with aFLAG (BPIF) or ion exchange columns (BPIIEX), as well

as neutrophil-derived BPI (BPIN)-activated BMDCs compa-

rably (Figures S1C and S1D). Both BPIF and BPIN associated

with BMDCs (Figure S1E). Given the binding of toll-like recep-

tor (TLR)2 and TLR4 ligands by BPI,4,7 TLR dependency was

excluded. BMDCs derived from C3H/HeJ mice defective in

lipopolysaccharide (LPS) sensing by TLR4 remained BPI-
2 Cell Reports 43, 113929, March 26, 2024
responsive (Figure S1F). BPI equally induced cytokines in

MyD88 fl/fl and MyD88 fl/fl:CMV-cre (MyD88�/�) BMDCs

(Figures 1F and S1G). Importantly, cytokine induction by BPI

was specifically neutralized by an aBPI antibody newly gener-

ated in mice (Figure 1G). In contrast to BMDCs, M-CSF-differ-

entiated bone marrow-derived macrophages (BMDMs) and

peritoneal lavage cells (PLCs) were not capable to respond

with relevant cytokine secretion after stimulation with BPI (Fig-

ures S1H and S1I). Thus, we show that BPI preferably acti-

vates BMDCs in terms of a danger-associated molecular

pattern (DAMP).



Figure 2. BPI is a potent inducer of IL-2 in BMDCs

(A) Cell association of BPI detected with an aFLAG antibody after BMDCs were treated with FLAG-labeled huBPI and muBPI or left untreated (n = 4).

(B) Confocal microscopy of BMDCs incubated with human und murine Alexa 647-labeled BPI for 2 h (BPI: red, DAPI: blue).

(C) Microarray analysis showing gene expression and fold induction of selected genes of BMDCs stimulated with huBPI and muBPI. Pearson’s correlation was

used for determination of the correlation coefficient R.

(D and E) Analysis of IL-2 expression with RT-qPCR (4 h, n = 3; D) and Luminex assays (18 h, n = 3; E) after incubation with huBPI and muBPI.

(F) IL-2 secretion by CD11c+ BMDCs after BPI stimulation (n = 3).

(G) IL-2Ra surface expression in CD11c+ BMDCs upon BPI stimulation (n = 4). Data are shown as means ± SEM (A, D, and E). Representative histograms and the

summarized data of flow cytometric analysis are shown (A, F, and G). Statistical testing was performed using Student’s ratio paired t test. See also Figure S2.
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BPI induces IL-2 secretion in conventional DCs
For all experiments, human BPI (huBPI) was used unless indi-

cated otherwise. Murine BPI (muBPI) displays a 53% amino

acid identity to the human orthologue23 and showed compara-

ble association to BMDCs as seen by flow cytometry and

confocal microscopy (Figures 2A and 2B). Of note, stimulation

with both huBPI and muBPI revealed equivalent gene expres-

sion and protein levels for both orthologues as analyzed by

GeneChip microarray, RT-qPCR, and Luminex assays, respec-

tively (Figures 2C and S2A–S2C), thus indicating the absence of

a species barrier. Expression of IL-2 was previously described

in BMDCs.24 However, the increase was, upon stimulation with

BPI, surprisingly high. According to GeneChip microarray data

of BMDCs, Il2 was the most highly induced gene with a 152-
and 122-fold induction by huBPI and muBPI, respectively (Fig-

ure 2C). Equivalently high Il2 gene and IL-2 protein expression

was confirmed by RT-qPCR analysis, indicating a substantial

104-fold increase, and by Luminex measurement, respectively

(Figures 2D and 2E). IL-2 secretion assay revealed IL-2 produc-

tion by the CD11c+ population (Figure 2F). IL-2Ra (also known

as CD25) can be trans-presented to T cells by human mono-

cyte-derived DCs and facilitates rapid T cell activation together

with DC-derived IL-2.25 Indeed, BPI also increased surface

expression of IL-2Ra on BMDCs (Figure 2G). Since BMDCs

contain both macrophages and cDCs,22 we also analyzed

FLT3L- and GM-CSF-cultivated cDCs. Indeed, these cells

also showed BPI-induced IL-2 production as well as BPI inter-

nalization comparable to BMDCs (Figures S2D–S2H). In
Cell Reports 43, 113929, March 26, 2024 3



Figure 3. BPI induces IL-2 in dependence of NFATc2c3

(A) Western blot analysis of the phosphorylation status of ERK1/2, JNK1/2, and p38 kinases after stimulation with 100, 200, and 400 nM BPI (n = 3).

(B) Respective densitometric quantification of ERK, JNK, and p38 phosphorylation normalized to the corresponding unphosphorylated protein. Untreated

controls were set as reference (n = 4).

(legend continued on next page)
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contrast, M-CSF-differentiated and peritoneal macrophages

did not secrete IL-2 upon BPI stimulation (Figures S2I). In

conclusion, BPI has the potency to distinctly induce IL-2 secre-

tion in BMDCs as well as FLT3L- and GM-CSF-cultivated cDCs

as opposed to macrophages.

BPI induces IL-2 in an NFATc2- and NFATc3-dependent
manner
Concerning the underlying signaling pathway induced in BPI-

stimulated BMDCs, phosphorylation of the mitogen-acti-

vated protein kinases ERK1/2, JNK1/2, and p38 was found

(Figures 3A and 3B). Accordingly, inhibition of MEK1/2, the up-

stream kinases activating ERK1/2, by PD98059 and UO126

strongly reduced BPI-induced IL-2 production (Figure 3C). How-

ever, JNK inhibition by SP600125 showed a weaker effect and

p38 inhibition by SB203580 had no effect (Figure 3C). Further-

more, PKC inhibition by sotrastaurin significantly inhibited BPI-

induced IL-2 levels (Figure 3C). In accordance with its depen-

dency on SYK in BMDCs,26 BPI-induced IL-2 secretion was

significantly inhibited by R406 (Figure 3D). Similar significant ef-

fects were obtained by specifically inhibiting PLCgwith U73122,

NFAT with 11R-VIVIT, by blocking calcineurin with cyclosporin A

(CsA), and by reducing intracellular Ca2+ availability through

2-APB (Figure 3D). Activation of NFATc2 by nuclear transloca-

tion in BMDCs was previously shown after stimulation with

LPS.27 Yet, BMDCs derived from Nfatc2�/� and also

Nfatc3fl/fl:Cd11c-cre (Nfatc3�/�) mice showed no significantly

reduced IL-2 levels after stimulation with BPI (Figures 3E

and 3F). However, when using BMDCs from Nfatc2�/�:
Nfatc3fl/fl:Cd11c-cre, i.e., double-deficient, mice (Nfatc2c3�/�),
reduction of BPI-induced IL-2 secretion turned significant (Fig-

ure 3G). Of note, no differences in BMDC cell culture yield, pro-

portion of CD11c+ cells, and except for reduced upregulation of

CD86 inNfatc2c3�/�BMDCs, no significant difference in surface

expression, namely CD40, and CD80, upon stimulation with BPI

was observed for Nfatc2�/�, Nfatc3�/�, and Nfatc2c3�/�

BMDCs (Figure 3H; Figures S3A–S3F). Expression of BPI-

induced IL-6 and TNF also relied on ERK1/2, SYK, and intracel-

lular Ca2+, albeit the decrease in NFATc2/c3-deficient cells did

not reach significance (Figures 3I and 3J; Figures S3G–S3J).

Thus, an NFATc2c3-dependent signaling pathway with concur-

rent contribution of the MAPKs ERK and JNK is proposed for

BPI-induced IL-2 secretion (Figure 3K).

BPI is an inducer of T cell activation in vitro

Since IL-2 mediates the activation of T cells, we stimulated lym-

phocytes with supernatants of BPI-stimulated (SN BPI) or non-

treated (SNNT) BMDCs. Of note, all T cell experiments were per-

formed without addition of external cytokines. Culturing of CD4+

T cells with SN BPI in the presence of activating aCD3 and

aCD28 antibodies resulted in cell clustering, a significant in-
(C and D) BPI-induced IL-2 secretion after incubation with indicated inhibitors co

(E–G) Secretion of IL-2 after BPI stimulation of Nfatc2�/� (E; n = 5), Nfatc3�/� (F;

(H) Summarized proportion of CD11c+ BMDCs of WT (n = 6), Nfatc2�/� (n = 3), N

(I and J) IL-6 (I) and TNF (J) concentrations for BPI-stimulated Nfatc2c3�/� BMD

(K) Schematic overview of the proposed pathways induced by BPI with inhibitors d

***p < 0.001, ****p < 0.0001. See also Figure S3.
crease in cell quantities on day (d)4 and d5, and secretion of

IFN-g, IL-17A, and IL-22 (Figures 4A–4C). Importantly, induction

of these cytokines disappeared when exchanging SNBPI for BPI

(Figure S4A). In line with high levels of IL-6 and TNF in SN BPI,

and their importance for IL-22 induction,28 effects on IL-22

were more prominent than for IFN-g and IL-17A (Figure 4C).

Flow cytometry revealed CD3+CD4+ cells as producers of all

three cytokines (Figures 4D and 4E; Figures S4B–S4G), whereby

upregulated transcription factor AhR colocalized with IL-22-pos-

itive cells (Figures 4F and 4G). CD3+CD4+ T cell activation was

also shown by increase of IL-2Ra and CD44 (Figures 4H and

4I). Application of SN BPI derived from Nfatc2c3�/� BMDCs

markedly diminished IL-22 secretion without reducing IFN-g

and IL-17A production (Figure 4J), and blockade of IL-2 with

an IL-2-neutralizing antibody (aIL-2) also only decreased IL-22

(Figure S4H). To summarize, BPI-stimulated BMDCs are capable

of activating Th22 cells in an NFATc2/3-dependent manner.

BPI fosters antigen-specific naive T cell differentiation
in vitro

To evaluate whether BPI-mediated BMDC activation was

strong enough to induce differentiation of T cells, IL-

2Ra�CD62L+CD44� sorted naive CD4+ T cells of wild-type

(WT) mice were incubated with SN BPI in the presence of

aCD3 and aCD28, resulting in considerable T cell clustering,

the release of IL-22, and only low levels of IL-17A (Figure 5A; Fig-

ure S4I). Congruent with the low level of IL-12 in SN BPI

(Figures 1A and 1B), release of IFN-g was not detectable (Fig-

ure 5A). Antigen-specific T cell activation of CD4+ T cells derived

fromOT-II transgenicmice confirmed upregulation of IL-2Ra and

CD44 as well as preferential release of IL-22 and low-level induc-

tion of IFN-g and IL-17A (Figures 5B–5E; Figure S4J).When naive

CD4+ T cells were used, distinct induction of IL-22 but not IFN-g

or IL-17A occurred (Figure 5F). Therefore, stimulation of BMDCs

with BPI mediates antigen-specific induction of Th22 cells from

naive CD4+ T cells.

BPI promotes activation of T cells in vivo

Since both myeloid-derived IL-2 and lymphocyte-derived IL-22

are crucial for intestinal immune homeostasis and protection

against chemical-induced colitis in mice,29,30 we generated a

BPI-deficient (Bpi�/�) mouse (Figures S5A–S5G) and investi-

gated the role of BPI in the dextran sodium sulfate (DSS)-induced

colitis model. Consistent with data in an independent BPI-defi-

cient mouse model,31 no significant weight loss was present af-

ter the acute phase. However, a significant difference was found

in Bpi�/� compared to C57BL/6J WT mice during regeneration

(d9–d12; Figure 6A). Accordingly, colon length in Bpi�/� mice

was significantly shortened by d12 but not d7 (Figures 6B and

6C). However, on both d7 and d12, histology revealed a signifi-

cantly higher, i.e., more severe disease score in Bpi�/� mice
mpared to NT (n = 5).

n = 5), and Nfatc2c3�/� (G; n = 6) BMDCs (BPI 100 nM).

fatc3�/� (n = 4), and Nfatc2c3�/� (n = 5) as determined by flow cytometry.

Cs compared to corresponding WT cells (BPI 100 nM; n = 6).

epicted in red. Data are shown asmeans ±SEM (B–J) with *p < 0.05, **p < 0.01,

Cell Reports 43, 113929, March 26, 2024 5



Figure 4. BPI is an inducer of CD4+ T cell activation

(A and B) Representative light microscopic images (A) (d3, n = 4) and quantification of cell numbers (B) (d0, d3–d5) of CD4+ T cells stimulated with SN BPI

compared to SN NT (*p = 0.048, **p = 0.003; n = 6).

(C) Cytokine levels in the supernatants of CD4+ cells stimulated with SN BPI for 24 h (CD4+ pLNCs, 24 h, n = 4).

(D and E) Representative histogram (D) and MFI (E) for intracellular IL-22 in CD3+CD4+ cells ± brefeldin A (BFA) stimulated with SN BPI (CD4+ SCs, 72 h, n = 4).

(F) MFI for intracellular AhR in CD3+CD4+ cells stimulated with SN BPI (CD4+ SCs, 24 h, n = 4).

(G) Representative dot plot and percentages for IL-22+AhR+CD3+CD4+ cells stimulated with SN BPI (CD4+ spleen cells, 24 h, n = 4).

(H and I) Summarized MFIs for flow cytometric analysis of IL-2Ra (H) and CD44 (I) expression in CD3+CD4+ cells activated by SN NT and SN BPI (pooled spleen

cells and pLNCs, 16 h, n = 6). Representative histogram for IL-2Ra (H).

(J) Cytokine levels after stimulation with SN BPI derived fromWT or Nfatc2c3�/� BMDCs (CD4+ pLNCs, n = 4). Magnetic-activated cell sorting was performed in

(A–G and J). Cells were activated in the presence of aCD3 and aCD28 antibodies (A–J). Images are in pseudocolor (A). Data are shown asmeans ±SEM (C, G, and

J). Statistical testing was performed using Student‘s ratio paired t test. See also Figure S4.
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with pronounced neutrophil influx (Figures 6D–6F; Figure S5H).

Polyclonal restimulation of mesenteric lymph node (mLN) cells

with aCD3 and aCD28 antibodies resulted in a significantly

impaired cytokine response for IFN-g (d7, d12), IL-22 (d7), and

IL-2 (d12) for Bpi�/� mice (Figures S5I and S5J). A trend was

seen for IL-17A and IL-2 levels on d7 (Figure S5I). No relevant

response occurred without activating antibodies (Figure S5K).

Differences in vivo could not be explained by immunophenotyp-

ing of untreated WT and Bpi�/� mice, which revealed equal

lymphocyte composition in spleens, peripheral lymph nodes
6 Cell Reports 43, 113929, March 26, 2024
(pLNs) and mLNs (Figures S6A–S6C), as well as comparable

positivity for IL-22 in proximal and distal mLN cells (mLNCs; Fig-

ure S6D). IL-22 can impact the composition of intestinal micro-

biota by fostering expression of antimicrobial defense pro-

teins.30,32 In order to abolish antimicrobial effects mediated

directly by BPI or subsequently by IL-22, WT and Bpi�/� mice

were co-housed 4 weeks prior to and during the course of acute

DSS-induced colitis to allow continuous microbiota transfer.

Despite an increased DSS dosage, differences in the cytokine

pattern for IL-2, IFN-g, IL-17, and IL-22 persisted in the



Figure 5. BPI is an inducer of CD4+ T cell activation and differentiation

(A) Representative light microscopic images and cytokine levels in the supernatants of naive CD4+ cells stimulated with SN NT or SN BPI (d5, n = 4).

(B andC) IL-2Ra (B) and CD44 (C) expression on CD4+OT-II T cells after 16 h of co-culture with OVA-loaded BMDCs previously stimulatedwith BPI for 18 h (n = 4).

Representative histogram for IL-2Ra in (B).

(D) IL-22 levels in the supernatants of CD4+ OT-II T cells after culture with OVA323-339-loaded BMDCs stimulated with 400 nM BPI (24 h, n = 8).

(E) IFN-g and IL-17A levels in the supernatants of CD4+ OT-II T cells after culture with OVA323-339-loaded BMDCs stimulated with 400 nM BPI for 24 h (n = 8).

(F) Cytokine secretion by naiveOT-II CD4+ cells after culture with OVA323-339-loaded BMDCs stimulated with 400 nMBPI (5d, n = 8).Magnetic-activated (B–E) and

additional fluorescence-activated cell sorting (A and F) was performed. Cells were activated in the presence of aCD3 and aCD28 antibodies (A). Images are in

pseudocolor (A). Data are shown as means ± SEM (A and D–F). Statistical testing was performed using Student‘s ratio paired t test. See also Figure S4.
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restimulated mLNC (Figures 6G and 6H). No significant differ-

ence was detected for IL-4 and IL-10 (Figure 6I). The BPI-depen-

dent increase in Th1, Th17, and Th22 cytokines during ex vivo re-

stimulation indicates the potential of BPI to activate diverse T cell

subsets. To determine the status in vivo, cytokines were

measured in serum on d7 of colitis. Both IFN-g and IL-22 but

not IL-17A were significantly decreased in Bpi�/� mice (Fig-

ure 6J). Remarkably, in accordance with in vitro data

(Figures 4C and 4J, 5A, and 5D–5F), systemic IL-22 exceeded

IFN-g levels on d7 (Figure 6J). To proof the potency of the BPI-

DC-T cell axis to mediate intestinal protection, we transferred

BMDCs either untreated or after 1 h of internalization of BPI.

As published for BMDCs generated with GM-CSF and IL-4,33

transfer caused significantly worse outcome in DSS-induced co-

litis as measured by weight, colon length, and histological score

(d12; Figures S7A–S7C). Along with a pronounced upregulation

of the Th22-specific transcription factor AhR (d7; Figure S7D),

the difference was reversed in BMDCs pre-incubated with BPI

(d12; Figures S7A–S7D). In summary, BPI significantly improves

the outcome of DSS-induced colitis along with induction of

T cell-derived IL-22 and upregulation of AhR, respectively. More-

over, an additional positive contribution of IFN-g cannot be

excluded.34
Diversity of microbiota determines the BPI phenotype
Pet store animals with a diversemicrobiota have an immune func-

tion more comparable to human adults as opposed to laboratory

mice kept in abnormally hygienic-specific pathogen-free (SPF)

barrier facilities.35 Therefore, we extended microbial experience

by transfer of mice from SPF to conventional housing. Microbiota

diversity was fostered by repeated dirty bedding. Given the

impact of gut microbiota on T cell differentiation,35–37 WT and

Bpi�/� microbiota-enriched mice were continuously co-housed

for 4 weeks to ensure equivalent germ exposure at the time of

analysis. Indeed, principal components analysis revealed no sig-

nificant difference in microbiota of caecum stools derived from

co-housed WT and Bpi�/� mice (Figure 7A). Albeit, a significant

difference for conventional as opposed to SPF conditions was

apparent, along with an increased bacterial load and microbial di-

versity (Figures 7A–7C).Mice newly acquired 8 genera not present

in SPF housing (Figure 7D). No differences were observed in fre-

quencies of CD3+ lymphocytes and CD3+CD4+ T cells

(Figures S8A and S8B). Yet, in comparison of WT to Bpi�/�

mice, the proximal mLNs were enlarged with higher total cell

numbers, alongwith a significantly increased relative and absolute

amount of CD3+CD4+CD44+ T cells (Figures 7E–7G; Figure S8C).

Moreover, the level of IL-22was decreasedwithinCD3+CD4+ cells
Cell Reports 43, 113929, March 26, 2024 7



Figure 6. BPI attenuates severity of DSS-induced colitis in mice

(A) Relative weight of C57BL/6J WT and Bpi�/� mice over the course of 1.8% DSS for 7 days followed by a regeneration phase without DSS of 5 days (n = 10,

analysis of 5 mice on d7 and d12). Statistical comparison of WT and Bpi�/� mice (*p < 0.05).

(B–F) Quantification of colon length (B and C) and histological score (D and E) on d7 and d12 as well as representative histological cross-section of the distal colon

on d12 (hematoxylin and eosin stain; F) of mice shown in (A).

(G–J) Analysis of WT and Bpi�/� mice continuously co-housed during application of 2.5% DSS for 7 days (n = 10). Cytokine levels in the supernatants of mLNCs

activated by aCD3 and aCD28 antibodies for 24 h (G) and 48 h (H and I). Serum levels of IFN-g, IL-17A, and IL-22 on d7 (J). Data are depicted as median ±SEM

(A–E) or boxplots showing median, upper, and lower quartiles and whiskers indicating minimal and maximal values (G–J). Statistical testing was performed using

two-tailed Mann-Whitney U test. See also Figures S5–S7.
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of mLNs and in the supernatant of ex vivo-cultured mLNCs

derived from Bpi�/� mice (Figures 7H and 7I). A significant BPI-

dependent difference in intracellular IL-22 was also found in

pLN but not in spleen cells (Figure 7I). Upon ex vivo culturing of

the mLNCs, spontaneous IL-22 secretion was only seen in cells

from WT but not Bpi�/� mice. Congruent with decreased IL-22

secretion by proximal mLNC in the presence of activating aCD3

and aCD28 antibodies, the respectivemRNAwas also decreased

in mLNCs derived fromBpi�/� mice (Figures 7K and 7L). In accor-

dance to the activation of BMDCs by BPI observed in vitro

(Figures S3C and S3F), significantly higher CD86 expression

was observed for CD11c+CD11b�CD103� DCs, but not in

CD11c+/�CD11bhighF4/80+ macrophages or other DC subsets,

derived from mLNs of WT compared to Bpi�/� mice
8 Cell Reports 43, 113929, March 26, 2024
(Figures S8D–S8H). Thus, BPI-dependent activation of mesen-

teric DC subsets as well as IL-22 expression in CD4+ T cells is

fostered by diversification of intestinal microbiota.

DISCUSSION

BPI is a protein almost exclusively expressed in neutrophils

and, according to our data, exhibits a yet undefined capacity

to activate DCs. Specifically, BPI activates these cells to upre-

gulate activation markers, including IL-2, defining BPI as a

DAMP. Other DAMPs, such as lactoferrin, high-mobility group

nucleosome binding domain 1, eosinophil-derived neurotoxin,

or IL-33, also promote DC activation, but pronounced IL-2 pro-

duction has not been described38–40 or was by far lower than



Figure 7. BPI-mediated activation of IL-22-producing T cells in vivo is modulated by gut microbiota

(A–C) C57BL/6J WT and Bpi�/� mice co-housed for 4 weeks in a conventional animal facility (Conv; n = 10 per genotype and condition). Analysis of microbiota in

caecum stools by principal components analysis (A). Bacterial load (B) and adiversity (C) is indicated.

(D) Bacterial genera absent in SPF but present in Conv housing as revealed by DESeq2 differential abundance analysis.

(E) Representative images of proximal (left) and distal (right) mLNs from WT and Bpi�/� mice.

(F and G) Counts for total (F) and CD44+ of CD3+CD4+ (G) mLN cells of WT and Bpi�/� mice.

(H and I) Representative histogram and MFI for IL-22 in CD3+CD4+ splenic, pLN, or mLN cells of WT and Bpi�/� mice.

(J and K) Cytokines levels in the supernatant of mLNCs after 24 h in culture without (J; n = 5) and with activation by aCD3 and aCD28 antibodies (K; n = 10).

(L) Relative gene expression of Il22 corresponding to (J). Data are depicted as boxplots showing median, upper, and lower quartiles and whiskers indicating

minimal and maximal values (B–D, F, G, and I–L). Statistical testing was performed using two-tailed Mann-Whitney U test. See also Figure S8.
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seen for BPI.41 The NFATc2/c3-dependent upregulation of cy-

tokines mediated by BPI drives secretion of tissue-protective

IL-22 by CD4+ T cells. These effects are strong enough to

even promote Th22 differentiation in naive cells. In vivo, BPI

deficiency results in significantly impaired IL-22 induction along

with increased disease severity during DSS-induced colitis,

thus explaining the defective intestinal barrier described for

BPI-deficient mice during colitis.31 In a broader sense, the

BPI-DC-Th22 axis is of special interest in multiple diseases

with known or highly suspected impact of IL-2217,30,42–44 and

concurrent neutrophil activation10,13,16,45 such as infections

including COVID-19, IBD, rheumatoid arthritis, or psoriasis. In

contrast, patients undergoing allogeneic hematopoietic stem

cell transplantation are lacking BPI due to neutropenia.46 Since

low intestinal IL-22 is an independent risk factor for mortality in

these patients,19 a therapeutic increase in BPI levels might

ameliorate clinical outcome by fostering IL-22 expression. In

mice, we could impressively induce BPI-dependent IL-22

expression in CD4+ T cells by diversification of intestinal micro-

biota and concurrent cumulation of distinct bacterial genera. In

parallel, we found a microbiota-dependent propagation of

CD44+ in CD3+CD4+ cells in WT mice, which was abrogated

in BPI deficiency, thus pointing to a central role of BPI in

CD4+ T cell activation. Beyond BPI, mechanisms regulating

IL-22 are of general importance. Although IL-6 and TNF are

known to promote Th22 induction,28 we found an unexpected

IL-2 dependency of IL-22 secretion, fitting the pivotal role of

IL-2 on IL-22 expression in type 3 innate lymphoid cells

(ILC3s).47 Regarding BPI responsiveness in vivo, our data indi-

cate a decisive role of CD11c+CD11b�CD103� cDCs, a cell

type distinct from other intestinal CD103� cDC subsets,48

which warrants further investigations. In conclusion, the neutro-

phil granule protein BPI substantially contributes to tissue-pro-

tective IL-22 secretion by Th22 cells via activation of cDCs.

During inflammation, BPI thereby potentially counter-regulates

neutrophil-mediated tissue destruction by nurturing IL-22-

dependent tissue healing.

Limitations of the study
Although most probably derived from abundantly present neu-

trophils during colitis, we did not exclude intestinal epithelial

cells as a source of BPI.49 At that point, it can only be specu-

lated if the unexpected effects of BPI toward gram-positive

bacteria seen in vivo31 might be mediated by the bactericidal

activity of antimicrobial peptides such as defensins or Reg3

lectins, which are inducible by IL-22.30,32,50,51 Furthermore, a

potential role of BPI in induction of IL-22 production in ILC3s

was not addressed and would be of interest in further studies.
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70 mm cell strainers Sarstedt Cat# 83.3945.070

FACS AriaTM II BD Biosciences N/A

IMDM medium PAN-Biotech Cat# P04-20150

Naive CD4+ T cell Isolation Kit, mouse Miltenyi Biotec Cat# 130-104-453

Luminex� 100 system Luminex corp. N/A

BD FACSCantoTM II BD Bioscience N/A

ABI PRISM� 7900HT Sequence

Detection System

Thermo Fisher N/A

LightCycler� 480II Roche N/A

QIAshredder homogenizer columns QIAGEN Cat# 79656

m-Slide VI 0.5 Glass Bottom ibidi Cat# 80607

Leica TCS SP5 confocal laser microscope Leica N/A

Mounting medium containing DAPI ibidi Cat# 50011

ChemoStar Imager Intas Sciene Imaging Instruments N/A

Trans-Blot� TurboTM Transfer System Bio-Rad Laboratories N/A

HiTrap Protein An HP antibody

purification column

Cytiva Cat# 17-0402-01

HiTrap Protein G HP antibody

purification column

Cytiva Cat# 17-0404-01

IonChefTM instrument Thermo Fisher N/A

IonTorrentTM Genestudio S5 Plus sequencer Thermo Fisher N/A
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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, Sigrid

B€ulow (sigrid.buelow@ukr.de).

Materials availability
Mouse lines and BPI variants generated in this study will be made available on request from the lead contact, but may require

completed materials transfer agreement.
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Data and code availability
d The authors declare that the main data supporting the findings of this study are available within the article and its Supplemen-

tary Information files. Extra data are available from the lead contact upon request.

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

Mice
All mice were bred under SPF conditions unless indicated otherwise. SPF conditions included HEPA-filtered air under positive pres-

sure and cages coveredwithmicroisolation filter tops.Micewere allowed free access to de-ionizedwater and commercial diet, which

were both autoclaved. C57BL/6J, C3H/HeJ, B6.129P2(SJL)-Myd88tm1.1Defr/J, B6.C-Tg(CMV-cre)1Cgn/J (CMV-cre) and B6.Cg-

Tg(TcraTcrb)425Cbn/J (OT-II) mice were obtained from the Jackson Laboratory (Bar Harbor, ME, USA) and bred in the animal facility

of the University Hospital Regensburg. Nfatc2�/� mice were kindly provided by Professor Dr. Laurie H. Glimcher.52 The Nfatc3fl/fl

mice were received from the EUCOMM project as Nfatc3tm1a(EUCOMM)Hmgu53 and crossed to Flp mice to generate the Nfatc3tm1c

variant, i.e., Nfatc3fl/fl. Cd11c-cre transgene mice were kindly provided by Professor Dr. Boris Reizis.54 Nfatc3fl/fl:Cd11c-cre,

Nfatc2�/�Nfatc3fl/fl:Cd11c-cre and corresponding Cd11c-cre mice (wild type, WT) were bred at the animal facility of the University

of W€urzburg, Germany.

To generate BPI-deficient mice, we designed a targeting vector that substituted exon three and four of the Bpi gene with a

neomycin resistance flanked by two loci of X-over P1 (loxP) sites (Figure S6A). The targeting vector was introduced into embryonic

stem cells (ESCs) by electroporation. ESCs that underwent recombination, indicated by resistances to neomycin and ganciclovir,

were screened for the recombinant locus by Southern blot analysis (Figures S6B and S6D). In more detail, purified DNA from WT

ESCs or recombinant ESCs was digested by EcoRI or BamHI, separated by electrophoresis and blotted onto a nitrocellulose mem-

brane. Fragments matching the expected sizes for digestion with EcoRI and BamHI were visualized by a radioactive probe, which

was amplified by the primer pair: 50 GTT GTC ACT GAG AGG TGG TGC 3‘ and 5‘ CTC TGG AGG CAG CAG AAG AGA AG 3‘.

Recombinant ESCs were then injected into C57BL/6 blastocysts and transferred into pseudopregnant mice by blastocyst micro-

injection. Male heterozygous offspring chimera were mated with B6.C-Tg(CMV-cre)1Cgn/J mice to produce Bpi�/� mice (Fig-

ure S6C). Germline transmission of the knockout locus in chimeras was analyzed by PCR (Figure S6E), using primers indicated by

black arrows (Figures S6A and S6C) Total knockout of Bpi was confirmed by reverse transcription polymerase chain reaction

(RT-PCR), displaying a truncated PCR product for Bpi�/� mice (Figure S6F). The Bpi WT locus was amplified by primer pair: 5’

GGG CTC TGA GGG AGG CAC CAT 30 and 50 GTG GAG ATG GAG ACG CCC TGG 3‘. The locus in Bpi�/� mice was amplified using

the primers: 5’ GTG CCA GCA GGG AGT GGT TGA GTT 3‘ and 5‘ AGG CCC TGC CCC TCG CAC AC 3‘. Primers used for RT-PCR

were: 5’ GGA TCCGGT TCAGCCACT TCACG 30 and 5’ GCACAGGGCCCCGGTACACAGAT 3’. Expression of BPI in testis ofWT

and Bpi�/� mice was analyzed by western blot analysis. Rat a-murine BPI monoclonal antibody was produced by Dr. Elisabeth

Kremer (Helmholtz Zentrum M€unchen, Munich, Germany; Figure S6G). Mice were back-crossed to a pure C57BL/6J background

according to analysis of 122 single nucleotide polymorphisms distinguishing C57BL/6J and C57BL/6N kindly performed by Prof.

Dr. Michael Rehli (Department of Internal Medicine III, University Hospital Regensburg, Germany).

Generation and purification of BPI antibodies
Male mice were immunized with recombinant BPIF by Davids Biotechnology (Regensburg, Germany) to generate hybridoma clones.

These cloneswere screened by ELISA for production of antibodies directed against humanBPI. Positive IgG cloneswere selected for

expansion and antibodies were purified via HiTrap Protein An HP and HiTrap Protein G HP antibody purification columns (Cytiva Eu-

rope GmbH, Freiburg, Germany).

Dextran sodium sulfate colitis
For the induction of acute colitis with DSS, age- and weight-matched three to four months old female C57BL/6J Bpi�/� mice were

exposed to DSS (MP Biomedicals, Eschwege, Germany) in drinking water at the indicated concentrations for seven days. In transfer

experiments, 106 BMDCs were injected into the tail vein of Bpi�/� mice on day one of DSS exposure according to a protocol pub-

lished by Berndt et al.33 Mice were weighted daily. Mice were sacrificed by CO2 euthanasia and cervical dislocation on day seven of

acute DSS-induced colitis or five days after withdrawal of DSS. Serum was obtained for Luminex analysis and mLNCs for ex vivo

stimulation and flow cytometry staining. For histological scoring, cross-sections of the distal colon were fixed in 10% buffered

formalin and stained with hematoxylin and eosin (HE). Histological damage in intestinal tissue was quantified by 2 investigators in

a blinded fashion using a previously described scoring system.55

Experiments in conventional housing
To facilitate diverse microbial experience in indicated experiments, two month old female C57BL/6J and Bpi�/� mice were trans-

ferred to conventional housing conditions for four weeks. In contrast to the SPF facility, mice were exposed to non-filtered air under
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atmospheric pressure and were allowed free access to tap water and commercial chow, which both were non-autoclaved. Further-

more, dirty bedding was applied with weekly addition of approximately 10%bedding used previously bymice within the conventional

animal facility. Serological screen (BioDoc, Biomedical Diagnostics, Hannover, Germany) of two representative WT and Bpi�/�mice,

culture results of pooled caecum stools (Institute of Clinical Microbiology and Hygiene, Regensburg, Germany) were negative for

bacteria and viruses according to FELASA criteria.56 Microbiota analysis of mice in conventional but not SPF housing revealed pres-

ence of Helicobacter mastomyrinus not listed in the FELASA criteria.56 Routine health monitoring within the conventional animal fa-

cility was negative for endo- and ectoparasites (Envigo, Horst, Netherlands).

Cell culture
Cells were maintained in RPMI 1640 (Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% heat-inactivated FCS

(Sigma Aldrich, Taufkirchen, Germany), 10% penicillin, 10% streptomycin (both PAN-Biotech, Aidenbach, Germany) and 50 mM

b-mercaptoethanol (AppliChem, Darmstadt, Germany). For generation of BMDCs, BMDMs, cDCs and PLCs three to four month

old male mice were used. For BMDC generation, bone marrow cells were plated in medium supplemented with supernatant of

GM-CSF producing X63 cells. Fresh medium was added on days three and six. Loose as well as semi-adherent cells were harvested

on day seven or eight.57 Generation of conventional type 1 DC from mouse bone marrow was performed as described previously

using recombinant human FLT3L (Thermo Fisher Scientific, Waltham, MA, USA) and supernatant of GM-CSF producing X63

cells.58,59 BMDMs were differentiated in the presence of L929-generated CSF-1 by plating bone marrow cells, transferring loose

cell in a new Petri dish on day one, adding fresh media on day five and harvesting cells on day seven.60 To obtain murine PLCs, peri-

tonea of euthanized mice were injected with 10 mL of sterile cold PBS andmassaged thoroughly. The cell suspension was then with-

drawn, centrifuged (300 x g, 8 min, 4�C) and washed twice with cold PBS. For protein secretion analyses, BMDCs were seeded and

stimulated with 200 nM BPI, 200 nM LBP, 10 ng/mL LPS, 10 nM bLP or 5 mg/mL Zymd for 18 h. Unless indicated otherwise, stim-

ulations were performed with human BPI purified via aFlag columns. For inhibition experiments, R406 (2 h, 1 mM), SB203580 (1 h,

20 mM), SP600125 (1 h, 20 mM), Sotrastaurin (1 h, 10 mM) and U73122 (1 h, 1 mM) were purchased from Selleckchem (Houston,

TX, USA). 2-APB (30 min, 100 mM) was from Abcam (Berlin, Germany), 11R-VIVIT (1 h, 5 mM) from Tocris (Bristol, United Kingdom),

CsA (30min, 0.1 mM) from Sigma Aldrich (Taufkirchen, Germany), PD98059 (1 h, 10 mM) fromCell Signaling Technology (Frankfurt am

Main, Germany) and UO126 (1 h, 5 mM) from Promega (Mannheim, Germany).

Isolation and stimulation of lymphocyte and dendritic cell populations
For preparation of lymphocytes from spleen, mLN and pLN two to three month old male C57BL/6J WT or Bpi�/� mice were used.

Spleen, mLN and pLN cells were isolated by 70 mm cell strainers (Sarstedt, N€umbrecht, Germany). SCs were additionally treated

with red blood cell lysis buffer (150 mMNH4Cl, 10 mMKHCO3, 0.1 mM EDTA). CD4+ T cells were isolated from pooled murine spleen

and/or peripheral lymph nodes by negative magnetic-activated cell sorting (Miltenyi Biotec, Bergisch Gladbach, Germany). Purity of

CD3+CD4+ cells was 96.0% ± 0.7%.

For isolation of naive CD4+ T cells, the enriched CD4+ T cell fraction was stained with aCD4-PerCP (RM4-5), aCD44-FITC (IM7,

both from BD Bioscience, Heidelberg, Germany) aIL-2Ra-APC (REA568, Miltenyi Biotec, Bergisch Gladbach, Germany) and

aCD62L-PE (MEL-14; Thermo Fisher Scientific, Waltham, MA, USA) antibodies. Fluorescence-activated cell sorting was performed

at the Leibniz Institute for Immunotherapy (Regensburg, Germany) with the FACS Aria II (BD Biosciences, Heidelberg, Germany). Pu-

rity of naive CD4+ T cells was >99.0%.

Stimulatory supernatants of BMDCs (SN BPI) and supernatant of untreated BMDCs (SNNT) were obtained after 18 h of stimulation

with BPI or medium, respectively. For polyclonal activation, CD4+ T cells were seeded in a-murine CD3e (aCD3; 145-2C11; NA/LE;

BD Biosciences, Heidelberg, Germany) precoated wells and supplemented with a-murine CD28 (aCD28; 37.51; NA/LE; BD Biosci-

ences, Heidelberg, Germany). IL-2 in SN BPI and SN NTwas neutralized by incubation with a-murine IL-2 at 1 mg/mL (aIL-2; S4B6) or

the corresponding isotype control (R35-95), purchased from BD Bioscience (Heidelberg, Germany).

For OT-II T cell assays, CD4+ T cells from two to three month old male OT-II mice were used. GM-CSF-derived BMDCs were incu-

bated with chicken egg ovalbumin peptide 323–339 (OVA, 1 mg/mL; Invivogen, Toulouse, France). BMDCs were stimulated with

400 nM BPI for 18 h for flow cytometry or cytokine readouts, respectively, before CD4+ OT-II T cells were added at a ratio of

10:1. The co-culture setups were incubated for 16 h for analysis of surface markers or 24 h for cytokine quantification and analysis

of transcription factors.

For analysis of DC subsets mLN from two to three month old female C57BL/6J WT or Bpi�/� mice were enzymatically digested

according to a protocol modified from Boriello et al.61 Briefly, mLN were slowly injected with 400 mL of digestion solution consisting

of IMDM medium (PAN-Biotech, Aidenbach, Germany) with 1% penicillin and streptomycin (both PAN-Biotech, Aidenbach, Ger-

many), 2% heat-inactivated FCS (Sigma Aldrich Taufkirchen, Germany), 1 mg/mL dispase II (Sigma Aldrich Taufkirchen, Germany),

1 mg/mL collagenase (Sigma Aldrich Taufkirchen, Germany) and 0.1 mg/mL DNase I (Sigma Aldrich Taufkirchen, Germany). mLN

were incubated for 20 min in the 400 mL digestion solution at 37�C and then mechanically disrupted by repeated pipetting. Super-

natants were collected and kept on ice, while 200 mL of fresh digestion solution were added to the remaining mLN fragments and

incubated for 10min at 37�C. The last digestion stepwas repeated onemore time. After collection of the pooled supernatants through

70 mm cell strainers (Sarstedt, N€umbrecht, Germany) the isolated cells were washed once with fresh medium and further processed

for flow cytometry.
Cell Reports 43, 113929, March 26, 2024 19



Article
ll

OPEN ACCESS
Ethics statement
This study was carried out in accordance with the recommendations of the Declaration of Helsinki. Animal studies were approved by

the Regierung von Unterfranken (W€urzburg, Germany, Az. 55.2-2532-50 and 55.2.2-2532-2-1301).

METHOD DETAILS

Cloning, production, and purification of recombinant BPI and LBP
Human and murine BPI and LBP were generated as described previously7 with slight modifications. In brief, huBPI (aa 32–487),

muBPI (aa 28–483) and huLBP (aa 26–481), each containing a C-terminal Flag, were cloned into pCR3 vector (Thermo Fisher Scien-

tific, Waltham, MA, USA). Expi293F cells were transfected using the ExpiFectamine 293 Transfection Kit (Thermo Fisher Scientific,

Waltham, MA, USA). The expressed protein was purified by affinity chromatography on an aFlag (M2; Sigma Aldrich, Taufkirchen,

Germany) coupled NHS-activated HP column (Cytiva, Marlborough,MA, USA), elutedwith Flag-Peptide (peptides&elephants, Berlin,

Germany), concentrated via ultrafiltration (Amicon Ultracel-PL, Merck Millipore, Darmstadt, Germany) and dialyzed against PBS. The

concentration was determined by DC-Protein Assays (Bio-Rad Laboratories, Feldkirchen, Germany). In addition, indicated batches

were purified by cation exchange chromatography via a HiTrap SP HP column (Cytiva, Marlborough, MA, USA). Fractions containing

the protein of interest were pooled and further purified by size exclusion chromatography using a HighLoad 16/600Superdex 75 pg

column (Cytiva, Marlborough, MA, USA). All in vitro experiments were conducted with huBPI unless indicated otherwise.

Quantification of cytokine levels
To analyze concentrations of cytokines in cell culture supernatant and serum, Luminex technology (Austin, TX, USA) was used. An-

tibodies to analyze IL-2 (capture aIL-2 JES6-1A12 and detection aIL-2 JES6-5H4), IL-6 (IL-6 ELISA Set), IL-10 (IL-10 ELISA Set), IL-

12B (capture aIL-12p40/p70 C15.6 and detection aIL-12p40/p70 C17.8), IL-17A (capture aIL-17A TC11-18H10 and detection aIL-

17A TC11-8H4), CCL2 (capture aCCL2 2H5 and detection aCCL2 4E2/MCP) and TNF (TNF ELISA Set) were purchased from BD

Bioscience (Heidelberg, Germany). IFN-g was detected with capture aIFN-g (37801/37875, R&D Systems, Minneapolis, MN,

USA) and detection aIFN-g (XMG1.2, BD Biosciences, Heidelberg, Germany), IL-22 with IL-22 ELISA Kit (Thermo Fisher Scientific,

Waltham, MA, USA) and IL-23 with IL-23 ELISA Set (R&D Systems, Minneapolis, MN, USA). For detection Streptavidin-PE was used

(Agilent, Palo Alto, CA, USA). Samples were measured with the Luminex 100 system and analyzed by using LiquiChip Analyzer Soft-

ware (QIAGEN, Hilden, Germany).

Flow cytometry
Staining was performed with ice-cold PBSwith 1% FCS and 0.05%NaN3. For measuring BPI association to the cell surface, BMDCs

were incubated for 30 min on ice with 100 nM BPI. Fc receptors were blocked by aCD16 and aCD32 (2.4G2, BD Biosciences, Hei-

delberg, Germany). BPI bindingwas detected either bymouse-IgG1 aFlag (M2, SigmaAldrich, Taufkirchen, Germany) ormouse aBPI

(4H5, Hycult Biotech, Uden, Netherlands) in combination with a-murine-IgG1-PE (A85-1, BDBiosciences, Heidelberg, Germany). For

cell surface staining cells were stained with aCD11c-VioBlue (REA754), aCD11b-VioGreen (REA592), aCD80-PE (16-10A1), aCD86-

FITC (PO3.3), aCD40-APC (FGK45.5) or aIL-2Ra-APC (REA568) from Miltenyi Biotec (Bergisch Gladbach, Germany). Viability stain-

ing was performed with 7-AAD (eBioscience, Santa Clara, CA, USA).

Secretion assays were performed according to the manufacturer’s instructions (Miltenyi Biotec, Bergisch Gladbach). For IL-2

secretion assay, BMDCs were stimulated with 200 nM BPI for 3 h. For IFN-g and IL-17A secretion assays, pooled murine spleen

and pLN cells were seeded into aCD3 coated wells and incubated with SN BPI or SN NT and aCD28 antibodies for 16 h. Intracellular

staining of transcription factors and IL-22 in T cells was performed with Transcription Factor Buffer Set (BD Bioscience, Heidelberg,

Germany) according to the manufacturer’s protocol. For intracellular staining of IL-22, CD4+ T cells were seeded into aCD3 coated

wells and incubatedwith SNBPI or SNNT and aCD28 antibodies for 24 h or 72 h. For 72 h incubation, cells were split in twowells after

48 h and resupplied with SNBPI or SNNT for 24 h. For the final 5 h of incubation, Brefeldin A (eBioscience, Santa Clara, CA, USA) was

added. Cells were permeabilized and stained with aCD3-FITC (145-2C11), aCD4-PerCP (RM4-5), both from BD Bioscience (Heidel-

berg, Germany), and aIL-22-APC (IL22JOP, Thermo Fisher Scientific, Waltham, MA, USA). For analysis of surface markers and intra-

cellular staining of T cell transcription factors cells were stained with aCD3-APC (REA641), aCD4-VioGreen (REA604) from Miltenyi

Biotec (Bergisch Gladbach, Germany), with aCD8-PE (53–6.7), aCD44-FITC (IM7), aCD4-PerCP (RM4-5), aIL-2Ra-PE (PC61) and

aAhR-PE (T49-550) from BD Bioscience (Heidelberg, Germany) and aIL-22-APC (IL22JOP) from Thermo Fisher Scientific (Waltham,

MA, USA) and with aCD3-PacificBlue (17A2) from BioLegend (Santa Clara, CA, USA).

For analysis of DC subsets in mLN, surface markers of cells gained after enzymatic digestion were stained with aCD3-FITC

(REA641), aLy6C-PE-Cy7 (REA796), aCD11c-VioBlue (REA754) and aCD11b-VioGreen (REA592) from Miltenyi Biotec (Bergisch

Gladbach, Germany), aCD19-FITC (1D3) and aLy6G-FITC (1A8) from BD Bioscience (Heidelberg, Germany), aCD86-PE (GL-1)

and aCD64-PerCP-Cy5.5 (X54-5/7.1) from BioLegend (Santa Clara, CA, USA) and aCD103-APC (2E7) and aF4/80-APC (BM8)

from eBioscience (Santa Clara, CA, USA). The gating strategy for DC subsets was modified from Boriello et al.61 and Cerovic et al.48

Viable cells were identified by the Fixable Viability Stain 780 (BD Bioscience, Heidelberg, Germany). Data were acquired by BD

FACSCanto II and analyzed by FlowJo v.10 (BD Bioscience, Heidelberg, Germany).
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RNA isolation and quantitative real-time PCR
For gene expression analysis, BMDCs were stimulated for 4 h, unless otherwise stated, with 200 nM BPI, 10 nM bLP, 10 ng/mL LPS

and 5 mg/mL Zymd. Cell lysis and RNA isolation was performed using RNeasy Mini Kit (QIAGEN, Hilden, Germany). For lysate ho-

mogenization and DNA digestion QIAshredder homogenizer columns (QIAGEN, Hilden, Germany) and TURBODNA-free Kit (Thermo

Fisher Scientific, Waltham, MA, USA) were applied. cDNA was synthesized with iScript Advanced cDNA Synthesis Kit (Bio-Rad Lab-

oratories, Feldkirchen, Germany). Quantitative real-time PCRwas performed in triplicates with LightCycler 480 SYBRGreen I Master

(Roche, Basel, Switzerland) forHprt (fwd: 50-GTT GGA TAC AGGCCAGAC TTT GTT G-30, rev: 50- GAT TCA ACT TGCGCT CAT CTT

AGG C-30), Ifng (fwd: 50-AGC GGC TGA CTG AAC TCA GAT TGT AG-30, rev: 50-GTC ACA GTT TTC AGC TGT ATA GGG-30), Il2 (fwd:

50- GAG CAG GAT GGA GAA TTA CAG G-30, rev: 50- TCC AGA ACA TGC CGC AGA-30), Il6 (fwd: 50-AAC CAC GGC CTT CCC TAC

TTC-30, rev: 50-GCC ATT GCA CAA CTC TTT TCT CAT-30), Il12a (fwd: 50-GGC CAC CCT TGC CCT CCT A-30, rev: 50-GGG CAG GCA

GCT CCC TCT T-30), Il12b (fwd: 50-TCC AGC GCA AGA AAG AAA AGA TG-30, rev: 50-AAA AGC CAA CCA AGC AGA AGA CAG-30),
Il17a (fwd: 50-ATC AGG ACG CGC AAA CAT GA-30, rev: 50-TTG GAC ACG CTG AGC TTT GA-30), Il22 (fwd: 50-CGC TGC CCG TCA

ACA CCC GG-30, rev: 50-CTG ATC CTT AGC ACT GAC TCC TCG-30), Il23a (fwd: 50- ATG CTG GAT TGC AGA GCA GTA-30, rev: 50-
GCT CCC CTT TGA AGA TGT CAG-30) and Tnf (fwd: 50- ATG AGC ACA GAA AGC ATG ATC-30, rev: 50-TAC AGG CTT GTC ACT CGA

ATT-30) with intron flanking primers to ensure mRNA specific amplification purchased from Biomers (Ulm, Germany), Thermo Fisher

Scientific (Waltham, MA, USA) or Microsynth Seqlab (Göttingen, Germany). PCR reaction was performed using ABI PRISM 7900HT

Sequence Detection System (Thermo Fisher Scientific, Waltham, MA, USA) and LightCycler 480II (Roche, Basel, Switzerland). SDS

software version 2.4 (Thermo Fisher Scientific, Waltham, MA, USA) was used to analyze the gene expression. Data were normalized

to Hprt and calculated either by the DDCT method as fold induction compared to the NT control62 or by using a standard curve.

Gene chip microarray assay
BMDCs were stimulated with 200 nM hu and muBPI for 4 h before stabilization in RLT buffer (QIAGEN, Hilden, Germany). Sample

processing, microarray hybridization (Affymetrix Mouse Gene 2.0 ST arrays) and measurements was carried out as described in

the Affymetrix GeneChip WT PLUS Reagent Kit User Manual (Affymetrix, Santa Clara, CA, USA) by an Affymetrix Service Provider

(KFB, Regensburg, Germany).

Confocal imaging
BMDCs were seeded on m-Slide VI 0.5 Glass Bottom (ibidi, Martinsried, Germany) and stimulated for 2 h at 37�C with 200 nM BPI

labeled with NT647 (Alexa 647) in PBS pH 7.4 (Monolith NT Protein Labeling Kit RED-NHS, NanoTemper Technologies, Munich, Ger-

many). Cells were fixed with 4% methanol-free formaldehyde (Thermo Fisher Scientific, Waltham, MA, USA) and mounted with

mounting medium containing DAPI (ibidi, Martinsried, Germany). ActinGreen (Thermo Fisher Scientific, Waltham, MA, USA) was

used for actin staining. Imaging was performed using a Leica TCS SP5 confocal laser microscope and the Leica Application Suite,

version 2.7.3.9723 (Leica, Wetzlar, Germany).

Immunoblot analysis
For immunoblotting BMDCs were seeded on day 6 and were allowed to finally differentiate overnight. Cells were stimulated for 1 h

with 100 nM, 200 nM and 400 nMBPI and lysed by 1-fold SDS sample buffer (62.5 mM Tris-HCl pH 6.8, 2% SDS, 10% glycerol and a

mixture of cOmplete and PhosSTOP; Roche, Basel, Switzerland) followed by sonification and heating. Samples were mixed with

5-fold sample buffer (0.312 mM Tris-HCl pH 6.8, 10% SDS, 50% glycerol, 0.05%Bromophenol blue and 0.25mMDTT) and resolved

by SDS-PAGE. Proteins were blotted onto a nitrocellulose membrane using the Trans-Blot TurboTM Transfer System (Bio-Rad Lab-

oratories, Feldkirchen, Germany) followed by blocking with 5%milk powder. Antibodies targeting p-Jnk (Thr183 and Tyr185, 81E11),

Jnk2 (56G8), p-p38 (Thr180 and Tyr182, polyclonal), p38 (polyclonal), p-Erk1/2 (Thr202 and Tyr204, 197G2) and Erk1/2 (polyclonal)

produced in rabbit were obtained from Cell Signaling Technologies (Frankfurt am Main, Germany). Mouse anti-b-Actin (AC-15) was

from Sigma Aldrich (Taufkirchen, Germany). Horseradish peroxidase coupled antibodies rabbit-a-murine (polyclonal) and donkey-

a-rabbit (polyclonal) were purchased from Dianova (Hamburg, Germany) and were used for protein visualization by enhanced chem-

iluminescence. ChemoStar Imager and software (Intas Sciene Imaging Instruments, Göttingen, Germany) were used for imaging.

Microbiota analysis
Nucleic acidswere extracted from�50mg cecal contents of co-housedmice applying repeated bead-beating protocol. Extraction of

nucleic acids, real-time PCR quantification of bacterial 16S rRNA gene copy numbers and 16Smicrobiome sequencing of V1/V3 var-

iable regions were performed as described in detail before.63 Except automated isothermal amplification, chip loading and high-

throughput sequencing was carried out using the IonChef instrument and an IonTorrent Genestudio S5 Plus sequencer (Thermo

Fisher Scientific, Waltham, MA, USA). Raw sequencing reads were subjected to Trimmomatic 0.39 for sliding window trimming

applying a windows size of 25 and a quality cutoff of 20. Cutadapt 3.4 was used for demultiplexing and removal of sequencing

adapters and 16S PCR primers.64 Amplicon sequence variants (ASV) were generated from demultiplexed reads (31,231 ± 2,432) us-

ing a dada2-based Bioconductor workflow together with the the All-Species Living Tree Project (LTP) reference database release

12_2020 was used for taxonomic classification of ASVs.65,66 Alpha- and beta-diversity analyses were conducted applying the phy-

loseq package version 1.36. Species Richness was represented by summarized ASVs. Principal coordinates were calculated from
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unweighted UniFrac distances. Significant differentially abundant taxa were determined with DESeq2 after computing geometric

means for each ASV across all samples.

Significance of principal components analysis cluster differences were tested by a non-parametric multilevel pairwise Permuta-

tional Multivariate Analysis of Variance (PERMANOVA). p-values were adjusted using the Benjamini-Hochberg method.

QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad Prism, version 7 (GraphPad Software, San Diego, CA, USA) was used for statistical analysis and depiction. Results are

shown as mean ± standard error of the mean (SEM). p-values <0.05 were considered statically significant. Number of biological rep-

licates are indicated as n. In all in vitro or ex vivo experiments using BMDCs, BMDMs, PLCs, cDCs or cells derived from lymph nodes

or spleens, a biological replicate is defined as an experiment performed in cells derived from an individual mouse. In all in vivo ex-

periments, a biological replicate is defined as an experiment performed using an individual animal or materials thereof. Statistic tests

were used as indicated. All test used were two-sided and performed on measurements from distinct samples as depicted in the

figures.
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