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ARTD1 in Myeloid Cells Controls the IL-12/18-IFN-vy Axis
in a Model of Sterile Sepsis, Chronic Bacterial Infection,

and Cancer

Friedrich A. Kunze,""Jr Michael Bauer,;t’§ Juliana Komuczki,*"ﬂ Margit Lanzinger,HI
Kapila Gunasekera,* Ann-Katrin Hopp,*’* Mareike Lehmann,*’" Burkhard Becher,'H

Anne Miiller,” and Michael O. Hottiger*

Mice deficient for ADP-ribosyltransferase diphteria toxin-like 1 (ARTD1) are protected against microbially induced inflammation.
To address the contribution of ARTD1 to inflammation specifically in myeloid cells, we generated an Artd1*™¢' mouse strain with
conditional ARTD1 deficiency in myeloid lineages and examined the strain in three disease models. We found that ARTD1, but not
its enzymatic activity, enhanced the transcriptional activation of distinct LPS-induced genes that included IL-12, TNF-o, and IL-6
in primary bone marrow—derived macrophages and LPS-induced IL-12/18-IFN-v signaling in Artd1***' mice. The loss of Artdl
in myeloid cells also reduced the Ty1 response to Helicobacter pylori and impaired immune control of the bacteria. Furthermore,
Artd12™*! mice failed to control tumor growth in a s.c. MC-38 model of colon cancer, which could be attributed to reduced Ty1
and CDS8 responses. Together, these data provide strong evidence for a cell-intrinsic role of ARTD1 in myeloid cells that
is independent of its enzymatic activity and promotes type I immunity by promoting IL-12/18 expression. The Journal of

Immunology, 2019, 202: 1406-1416.

nflammation is orchestrated by various cell types that inte-
grate diverse stimuli for the generation of a specific immune
response to kill invading pathogens and/or regenerate dam-
aged tissue (1). Pathogen recognition receptors initiate innate
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immune responses and are expressed on macrophages and den-
dritic cells but also epithelial and endothelial cells and fibro-
blasts (2). Pathogen recognition receptors recognize conserved
pathogen-associated molecular patterns, such as bacterial and
fungal cell wall components (e.g., LPS) or danger-associated
molecular patterns (1). The recognition of pathogen-associated
molecular patterns and danger-associated molecular patterns, of-
ten by the same receptors, activates intracellular signaling path-
ways, which results in the expression of proinflammatory
cytokines such as IL-12, IL-23, IL-6, and IL-1B (3). IL-12, pro-
duced by APCs in response to microbial infection, activates NK,
CD4", and CD8"* T cells and promotes Tyl differentiation and
IFN-vy production (1).

Septic shock is the most common cause of death in intensive care
units and is usually the result of a systemic Gram-negative bacterial
infection resulting in hypotension and failure of vital organs, in
particular the liver, kidney, and heart (4). The bacterial membrane
component LPS, when injected into animals, causes a shock-like
state that can lead to death. Mechanistically, LPS activates the
NF-kB/Rel family of transcription factors, which transactivate
critical genes involved in the pathogenesis of septic shock medi-
ated by excessive Tyl/Tyl7 immune responses (5). LPS bind-
ing to TLR4 induces the activation of several primary response
genes, such as Ifnbl and Ccl5 (6). We and others have reported
that ADP-ribosyltransferase diphteria toxin—-like 1 (ARTD1) pro-
motes the NF-kB—dependent expression of proinflammatory
cytokines such as IL-1(, IL-6, TNF-a,, and CXCL-2 and of ad-
hesion molecules such as ICAM, VCAM, or E-selectin in LPS- or
TNF-o—stimulated macrophages and fibroblasts (7-9). ARTDI1
belongs to the family of intracellular diphtheria toxin—like ADP-
ribosyltransferases that covalently attach ADP-ribose to amino
acid residues of target proteins using NAD* as substrate. This
process is called protein ADP-ribosylation and represents an an-
cient posttranslational modification found in a wide range of
species (10). Protein ADP-ribosylation can either affect the en-
zymatic activity of the modified protein or the interaction with
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nucleic acids and with other proteins (11). ARTD1 is best known
for its role during the DNA damage response, particularly the base
excision repair and double strand break repair pathways (12). The
concept that the inhibition of the DNA-repair machinery could
sensitize tumor cells to conventional DNA damage-based thera-
pies such as chemo- or radiotherapy has led to the development of
small molecule ADP-ribosylation inhibitors (i.e., PARP inhibi-
tors [PARPi]) (13). Today, U.S. Food and Drug Administration—
approved PARPi are clinically used to treat breast and ovarian
cancer patients. In addition, these compounds have also been
reported to dampen various types of inflammation, potentially
contributing to their antitumor activity (13). Beneficial effects of
PARPi have been reported in numerous inflammatory disease
models, confirming that ADP-ribosylation broadly regulates in-
flammatory processes (14). ARTD1 function during transcriptional
gene regulation in various cells types is further supported by the fact
that ARTD1 knockout mice are resistant to a high dose of LPS in
an endotoxic shock model (15), suggesting a dominant role of
ARTD1 during inflammatory signaling. However, it is not clear
which cell type or types are contributing to this phenotype.

We have shown previously that the PARPi PJ34 prevents and
cures Helicobacter pylori—associated, T cell-driven immunopa-
thology that precedes gastric cancer development. H. pylori causes
a persistent mucosa-associated but non-invasive infection that is
characterized by either regulatory T cell or Tyl/Tyl7 immune
responses (16). H. pylori—infected mice exhibit a striking effector
T cell infiltrate that limits the bacterial burden without clearing
H. pylori completely (17, 18). Rather, the large quantities of IFN-y
produced by H. pylori-specific Tyl cells are believed to directly
cause premalignant lesions (i.e., epithelial hyperplasia and intestinal
metaplasia that precede the development of gastric cancer) (17).
PJ34 exerts its anti-inflammatory effects by impairing T cell
priming and Tyl polarization in the gut-draining mesenteric
lymph nodes (19). Our data indicated that PJ34 directly suppresses
T cell effector functions by blocking the IFN-y production of
mesenteric lymph node T cells. However, it was not clear whether
ARTD1 or another ARTD family member contributed to these
observations and to what extent ARTDI1 regulates a specific cell
type that contributed to the Tyl polarization. ARTD1’s nuclear
localization in LPS-stimulated macrophages hinted at its possible
role in mediating certain nuclear effects elicited by LPS, a possi-
bility also suggested by previous reports describing a transcriptional
coregulator activity of ARTD1 (20-22).

Tumors are commonly infiltrated by heterogeneous populations
of myeloid cells that are of monocytic and granulocytic origin and
have considerable phenotypic plasticity with both positive and
negative effects on tumor growth and metastasis (23, 24). The
balance between antitumor and protumor functions can depend on
the polarization state, the interaction with the tumor microenvi-
ronment, and/or the tumor type (25). Syngeneic, s.c. growing
MC-38 mouse colon adenocarcinoma cells have been used exten-
sively to study the role of macrophages in antitumor immunity (26).
We have reported recently that MC-38 cells express functional
hypoxic (HIF-1a) and inflammatory (p65/RelA) signaling pathways
(27). In contrast to myeloid cells, HIF-1a levels remained unaf-
fected in MC-38 cells treated with LPS, and hypoxia failed to in-
duce NF-kB. The corresponding regulation of canonical HIF and
NF-«B target genes confirmed these results (27). To what extent
ARTDI in the stroma contributes to the observed effects remains to
be uncovered in this model.

To address the role of ARTD1 in myeloid cells during inflam-
matory and anticancer immune responses, we generated C57BL/6
mice with a Cre-mediated deletion of Artd] specifically in myeloid
cells (Artd1*™**!). We observed that ARTDI expression in murine

1407

macrophages regulates a specific set of genes in a manner that is
independent of its enzymatic activity and that Artdl deficiency
reduces LPS-induced IL-12/18-IFN-y signaling in an acute
in vivo model of sterile sepsis. Moreover, in the abovementioned
bacterial infection model using H. pylori as the infectious agent,
Artd]1*™*" mice exhibited reduced IFN-y expression in gastric
CD4" T cells and failed to control the bacteria. Finally, MC-38
tumor growth was strongly increased in Artd1*"* mice relative
to their wild-type littermates because of reduced activation of
CD4" and CD8™ T cells. Taken together, we provide evidence that
ARTD1 in macrophages controls Tyl responses through regula-
tion of the IL-12/18-IFN-y axis and that this activity does not
require the ADP-ribosylating function of the protein.

Materials and Methods

Animals and animal experiments

The conditional targeting of the Artdl allele in embryonic stem cells
(ESCs), as well as the generation of the Artd "% mice, was performed
by Polygene as described (28). Briefly, the vector from the European
Conditional Mouse Mutagenesis Program (targeting project 45261) was
electroporated in C57BL/6 ESCs and analyzed by PCR (Artd1 localization
forward: 5'-CACTGAACTGTCTCCTTAGCCAACTCTGC-3', reverse:
5'-GGAACTTCGGAATAGGAACTTCGGTTCC-3"; Artdl localization
forward: 5'-CTAGGATTCTGTGTCTTGACCATGCACTTG-3’, reverse:
5'-CGTATAGCATACATTATACGAAGTTATGTCGAG-3'). Correctly in-
tegrated ESC clones were injected into blastocysts, resulting in chimeric
mice. Subsequent mating of the chimeric mice with the Flp deleter
mice resulted in the Flp-mediated deletion of the gene trap cassette,
leaving only the loxP flanked exon 4 of Artdl (genotyping primer forward:
5'-GCTTCTACTACCTCCCAAGAAAGAGCG-3’, reverse: 5'-GGC-
TTTAGTGTGGCAACTTATCCC-3’). To generate whole-body Artdl
knockout mice (ArtdI%"*"), the generated Artd""** mouse strain was
crossed to the CMV-Cre deleter strain (provided by R. Santoro; genotyping
primer deleted Artdl forward: 5'-GCTTCTACTACCTCCCAAGAAA-
GAGCG-3', reverse: 5'-CCTCTGCTGCGTGACTAAGGC-3'). Myeloid-
specific Artdl knockout mice (ArtdI***') were generated by crossing
Artd " mice to LyzM-Cre (strain 004781; The Jackson Laboratory)
mice. For all experiments, 6—12-wk-old age- and sex-matched mice were
used. The sex ratio (male/female) among the animals used in the experi-
ments was 1.01. LPS (Escherichia coli O111:B4; Sigma-Aldrich) was
injected i.p. at a concentration of 4 mg/kg body weight.

H. pylori infections were performed as described (29). Briefly, mice
were infected orally on two consecutive days with 10° CFUs of H. pylori
PMSSI1 and analyzed at 1 mo postinfection. The s.c. MC-38 tumor
model was performed as described earlier (30). Briefly, colon adeno-
carcinoma cells (MC-38, 0.5 X 10° cells in 100 wl of PBS) were in-
jected s.c. into both flanks, and tumor progression was determined by
caliper measurements every second day. After 2 wk, mice were sacri-
ficed, tumors were weighed, and the volume was calculated using the
formula (a®> X b)/2, where a constitutes the shorter and b the longer
dimension of the tumor.

All animals were housed under pathogen-free conditions at the Uni-
versity of Zurich. All animal experiments were carried out in accordance
with the Swiss and European Union ethical guidelines and have been
approved by the local animal experimentation committee of the Canton
Zurich under licenses 207/2015, 266/2014, and ZH140/2017.

Cell culture and reagents

Murine bone marrow—derived macrophages (BMDMs) were generated as
previously described (31) and maintained in RPMI 1640 supplemented
with 10% FCS, 5% penicillin/streptomycin, and 20 ng/ml recombinant
murine  M-CSF (PreproTech). Thioglycolate (Sigma-Aldrich)-elicited
murine peritoneal macrophages were isolated as described (32). Cell-
culture grade LPS (E. coli O111:B4) was purchased from Sigma-Aldrich
and recombinant murine IFN-y from PreproTech. The PARPi PJ34 and
olaparib were purchased from Selleckchem. MC-38 cells were cultured as
described (30).

Multiplex bead array and ELISA

Whole blood serum of mice and cell culture supernatant of BMDMs were
analyzed by ELISA (R&D Systems) and by ProcartaPlex Immunoassay
(Thermo Fisher Scientific) according to the protocol and measured on a
Bio-Plex instrument (Bio-Rad).
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Flow cytometry

Flow cytometric analyses of spleens, tumors, and stomach tissue were
performed as described earlier (29). Briefly, tissues were cut into pieces and
digested with 15 mM HEPES, 500 U/ml type IV collagenase (Sigma-
Aldrich), and 0.05 mg ml~! DNase I in RPMI 1640 medium with 10%
FBS and 100 U ml~" penicillin/streptomycin, shaking at 37°C for 30-60
min. Subsequently, the samples were pushed through a cell strainer
(70 wm) using a syringe plunger, and RBC lysis was performed with a
hypotonic buffer (ACK buffer; Life Technologies). Intracellular cytokine
staining (ICS) was performed as described earlier (29, 33). Briefly, cells
were incubated in RPMI 1640 medium with 10% FBS, 100 U ml ™!
penicillin/streptomycin, and brefeldin A (BD Biosciences), shaking at
37°C for 4 h. In addition, gastric and tumor suspensions were restimulated
with PMA (50 ng/ml), ionomycin (500 ng/ml), or an MC-38-specific
tumor peptide. Single cell suspensions were stained with the respective
Abs and analyzed on an LSRFortessa and FACSymphony (BD Bio-
sciences). Cell sorting was performed analogously but analyzed by a
FACSAria III SL.

RNA sequencing and bioinformatic analysis

For the library preparation, the quality of the isolated RNA was determined
with a Qubit (1.0) Fluorometer (Life Technologies) and a Bioanalyzer 2100
(Agilent). Only those samples with a 260 nm/280 nm ratio between 1.8 and
2.1 and a 28S/18S ratio within 1.5 to 2 were further processed. The TruSeq
RNA Sample Prep Kit v2 (Illumina) was used in the subsequent steps.
Briefly, total RNA samples (100-1000 ng) were poly-A—enriched and then
reverse-transcribed into double-stranded cDNA. The cDNA samples were
fragmented, end-repaired, and polyadenylated before ligation of TruSeq
adapters containing the index for multiplexing. Fragments containing
TruSeq adapters on both ends were selectively enriched with PCR. The
quality and quantity of the enriched libraries were validated using a Qubit
(1.0) Fluorometer and the Caliper LabChip GX (Caliper Life Sciences).
The product is a smear with an average fragment size of ~260 bp. Library
DNA concentrations were normalized to 10 nM in Tris-Cl 10 mM, pH 8.5,
with 0.1% Tween 20.

Cluster generation and sequencing were performed using the TruSeq PE
Cluster Kit HS4000, or the TruSeq SR Cluster Kit HS4000 (Illumina) was
used for cluster generation using 2 nM pooled normalized libraries on the
cBOT. Single end sequencing at 125 bp was performed on the Illumina
HiSeq 4000, using the TruSeq SBS Kit HS4000 (Illumina).

Reads were quality-checked with FastQC. Sequencing adapters were
removed with Trimmomatic (34). Subsequently, reads of at least 20 base
length and with an overall average phred quality score >10 were aligned to
the reference genome and transcriptome of Mus Musculus (FASTA and
GTF files, respectively, downloaded from Genome Reference Consortium
Mouse Build 38) with STAR v2.5.1 (35) with default settings for single-
end reads.

Distribution of the reads across genomic isoform expression was
quantified using the R package GenomicRanges (36) from Bioconductor
Version 3.0. Differentially expressed genes were identified using the R
package edgeR (37) from Bioconductor Version 3.0. A gene is marked as
differentially expressed if it possesses the following characteristics: 1) at
least 10 counts in at least half of the samples in one group, 2) p = 0.05, and
3) fold change =1.5.

RNA sequencing raw data has been deposited in the National Center for
Biotechnology Information BioProject under ID 506145 (https://www.ncbi.
nlm.nih.gov/bioproject/506145).

RNA extraction and quantitative real-time PCR analysis

RNA isolation and quantitative real-time PCR were performed as described
(38). Briefly, RNA extraction was performed with the NucleoSpin RNA II
kit (Macherey-Nagel). RNA was quantified with a NanoDrop and reverse-
transcribed using the High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems) according to the supplier’s protocol. Quantitative
real-time PCRs were performed with the SYBR Green KAPA SYBR FAST
(Sigma-Aldrich) and a Rotor-Gene Q 2plex HRM system (QIAGEN). The
following genes were quantified with the respective primer pairs: 1112b
(forward: 5'-GAAGTTCAACATCAAGAGCAGTAG-3’, reverse: 5'-AG-
GGAGAAGTAGGAATGGGG-3"), Cxcl3 (forward: 5'-ACCCAGACA-
GAAGTCATAGCC-3', reverse: 5'-ACACATCCAGACACCGTTGG-3'),
Cd55 (forward: 5'-CGGGCAAGGTCTCTTCTACC-3’, reverse: 5'-CA-
GTCTCCGCGTACAGTTGG-3'), 1123a (forward: 5'-ACCAGCGGGAC-
ATATGAATCT-3', reverse: 5'-AGACCTTGGCGGATCCTTTG-3"), Itgax
(forward: 5'-GCAGACACTGAGTGATGCCA-3’, reverse: 5'-TCGGAG-
GTCACCTAGTTGGG-3'), Socsl (forward: 5'-CCGCCAGATGAGCC-
CAC-3', reverse: 5'-GGTTGCGTGCTACCATCCTA-3’), 1118 (forward:

MACROPHAGE ARTD1 CONTROLS THE IL-12/18-IFN-y AXIS

5'-ATGCTTTCTGGACTCCTGCC-3', reverse: 5'-ATTGTTCCTGGG-
CCAAGAGG-3'), 1i6 (forward: 5'-CCAATTTCCAATGCTCTCCT-3',
reverse: 5'-ACCACAGTGAGGAATGTCCA-3"), Tnfa (forward: 5'-
GTCGTAGCAAACCACCAAGTGG-3', reverse: 5'-GAGATAGCAAAT-
CGGCTGACGG-3'), Ifng (forward: 5'-CCTTCTTCAGCAACAGCAA-
GGCGA-3', reverse: 5'-TGGACCTGTGGGTTGTTGACCTCA-3"). The
relative amounts of each mRNA were normalized to Rpsi2 (forward: 5'-
GAAGCTGCCAAAGCCTTAGA-3’, reverse: 5'-AACTGCAACCAAC-
CACCTTC-3).

Western blot

Western blotting was performed as described (39). For Western blot
analysis, proteins were separated by SDS-PAGE, and bands were visual-
ized using the Odyssey infrared imaging system (LI-COR). Abs used for
Western blotting were anti-PARP-1 (1:1000, sc-7150; Santa Cruz Bio-
technology) and anti-tubulin (1:10,000, no. T6199; Sigma).

Results
ARTDI regulates IL-12/IL-18 gene expression in BMDMs in an
enzymatically independent manner

Artdl-deficient mice are protected against microbially induced
inflammation. However, the relative contribution of ARTD1 de-
ficiency in specific cell types to the overall phenotype is currently
not known. Studies with whole-body Artdi-deficient mice in
which ARTD1 is absent throughout development and in all cell
types have often yielded conflicting results, as ARTDI1 is
expressed in all examined tissues and cell types (40). To avoid
these complications while examining the specific role of
ARTDI1 in inflammation and to address to what extent ARTDI1 in
myeloid cells regulates inflammation, we developed a mouse
line with a conditional (“floxed”) exon 4 of Artdl (Artd*¥"%
(Supplemental Fig. 1A). To verify the capacity for complete in-
activation of the recombined floxed Artdl allele, we first crossed
Artd "% mice with transgenic CMV-Cre deleter mice to gen-
erate a full-body Artd] knockout (ArtdF'**;CMV-cre), hereaf-
ter called Artd1%"*! (Supplemental Fig. 1A—C). The whole-body
ARTD1-deficient mouse developed normally and was fertile and
thus reproduced observations made with the classical Parpl /™
mouse (41). Although Western blotting showed complete loss of
ARTDI in the tested organs (Supplemental Fig. 1D), ARTD1 loss
did not affect organ weight or organ structure (Supplemental Fig.
1E and data not shown).

As we aimed to investigate the role of ARTD1 in macrophages
and other myeloid cells, we first cultured BMDMs from Artd 974!
mice and confirmed the genetic deletion of the Artdl/ gene by
quantitative RT-PCR (qRT-PCR) (Supplemental Fig. 1F). BMDMs
from Artd1%"*! mice and Artd " littermate controls were
differentiated for 6 d, treated for 4 h with LPS/IFN-vy, and sub-
jected to RNA sequencing. LPS/IFN-v stimulation induced a ro-
bust proinflammatory gene signature of ~2500 genes (Fig. 1A),
which included many NF-«B target genes (e.g., Ifnbl, Ccl5, and
Cxcl10), whereas the expression of many basally expressed genes
was reduced (~3000 genes; Supplemental Fig. 1G). Of the LPS-
induced genes, 701 genes were found to be strictly dependent on
ARTDI (i.e., induction was reduced in BMDMs from Artd]%/4
mice), confirming that ARTD1 acts as a transcriptional coactivator
of these genes (Fig. 1B, upper panel). Additionally, we observed
that ARTD1 depletion also enhanced the expression of 449 genes
(Fig. 1B, lower panel). Independent qRT-PCR analyses of a de-
fined set of genes belonging to either up- or downregulated
clusters after ARTD1 depletion confirmed the quantitative RNA
sequencing analysis (Fig. 1C). Furthermore, gene ontology anal-
yses of the ARTD1-upregulated genes revealed that ARTD1 ac-
tivates genes regulating IL-12, IFN-vy, and TNF-« production and
adaptive immune responses (Fig. 1D).
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FIGURE 1. ARTDI regulates proinflammatory gene expression in BMDMs. (A) RNA sequencing of total RNA extracted from Artd"*"* (flox) and
Artd]%"®! (del) BMDM s either left untreated or treated with 10 ng/ml LPS and 2 ng/ml INF-y for 4 h. The expression levels of all LPS/IFN-y—induced
genes (~2500 genes, fold change =2, p < 0.05) were clustered. (B) Upregulated genes identified in (A) were clustered to identify ARTDI1 coactivating (701
genes) and corepressing (449 genes) functions. (C) qRT-PCR analysis of selective ARTD1 coactivated and corepressed genes in Artd "M% and Artd 19"
BMDMs identified in (B). Data are presented as mean * SD of three biological replicates. (D) Gene enrichment analysis of ARTDI1 coactivated and ARTD1
corepressed genes [left and right panels, identified in (B)] in Artd"**"** and Artd19”*' BMDMs. (E) ELISA of cell culture supernatants for the quan-
tification of the indicated cytokines produced by Artd "*"°* and Artd1%“*' BMDMs, respectively. Cells were stimulated with 10 ng/ml LPS and 2 ng/ml
INF-y for 18 h. Data are presented as mean concentration = SD of three independent experiments. *p < 0.05, **p < 0.01, ¢ test.

To investigate whether ARTD1’s transcriptional regulation of
LPS/IFN-y—induced target genes depends on its enzymatic ac-
tivity, the stimulation of BMDMs was repeated in the presence
of two ADP-ribosylation inhibitors (i.e., PARPi) (Supplemental
Fig. 1H). Although RNA sequencing revealed that treatment of
BMDMs with PARPi affected the expression of 267 LPS/IFN-y—
induced genes (Supplemental Fig. 1H), the proinflammatory genes
observed above were not affected. Gene ontology analysis of
PARPi-sensitive genes revealed no significantly enriched path-
ways but pH reduction and cell adhesion pathways only in the first
cluster (n = 95 genes) (Supplemental Fig. 1I). These data suggest
that the enzymatic activity of most likely ARTD1 in macrophages

does not contribute to LPS/IFN-y—induced innate immune re-
sponses under the examined conditions.

To confirm that the observed transcriptional changes translate
into changes at the protein level, the expression levels of differ-
entially regulated cytokines was confirmed by ELISA after treat-
ment of BMDMs cultured from Artd "% and Artd1%"®' mice
for 18 h with LPS/IFN-y (Fig. 1E). The levels of secreted
IL-12p70, IL-18, IL-6, and TNF-a were all significantly reduced
in BMDMs from ARTDI1-deficient mice compared with wild-type
mice. In addition, we analyzed whether the enzymatic activity
of ARTDI regulates proinflammatory cytokine expression at the
protein level (Supplemental Fig. 1J). ELISA quantification of
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FIGURE 2. Myeloid-specific depletion of ARTD1 reduces the LPS-induced IL-12/18-IFN-y signaling in vivo. (A) Artd"**/** and Artd 1™ mice were
i.p. injected with PBS or 4 mg/kg LPS. After 4 h, whole blood serum was collected, and the selected cytokine levels were quantified by multiplex bead
array. Data are shown as mean = SEM of three independent experiments. (B) Artd P and Artd1*™** mice were i.p. injected with PBS or 4 mg/kg LPS.
After 4 h, RNA of total spleen tissue was isolated, and gene expression levels were quantified by qRT-PCR. Data are shown as mean * SEM of three
independent experiments. (C and D) ICS of splenocytes from Artd " and Artd1*™*' mice i.p. injected with either PBS or 4 mg/kg LPS. After 4 h,
intracellular INF-y was detected by flow cytometry, and the percentages of positively stained NK, CD4* T, and CD8" T cells (Figure legend continues)

6TOZ ‘6T YoLe N o 1sanb Aq /610" jounwiwi 1 :mmmy/:dny wiody pepeojumoq


http://www.jimmunol.org/

The Journal of Immunology

BMDMs stimulated with LPS/IFN-y in the presence or absence of
the PARPi PJ34 or olaparib revealed no expression change for
the abovementioned cytokines. These data implicate ARTD1
in the transcriptional control of innate cytokine genes, which is
independent of its enzymatic activity and likely to affect type I
immune responses in inflammation and cancer models.

Myeloid cell-specific deletion of ARTDI1 reduces LPS-induced
IL-12/18-IFN-vy signaling in an in vivo model of sterile sepsis

To explore the myeloid cell-intrinsic role of ARTDI in vivo in
models driven by strong Ty activation, we crossed the Artd /">
mice with transgenic mice harboring a LyzM-Cre cassette that
resulted in a conditional ARTDI1 knockout in lysozyme-
expressing myeloid cells (Artd1"o*7°%; LyzM-cre), hereafter
called Artd1*™**" (Supplemental Fig. 2A). Mice lacking ARTDI
specifically in this compartment developed normally and were as
fertile as their ARTD1-proficient littermates (data not shown). The
correct targeting was confirmed by Western blotting for ARTD1
in vitro in cultured BMDMs and ex vivo in peritoneal macro-
phages (Supplemental Fig. 2B).

ARTD1-deficient mice are known to be extremely resistant to
LPS-induced endotoxic shock (15). We first set out to study the
innate immune response to sublethal LPS exposure. To this end,
6-12-wk-old Artd "% and Artd1*™' littermates were i.p. in-
jected with 4 mg/kg body weight of LPS. Both Artd**"** and
Artd]*™*! mice showed the expected clinical symptoms, such as
fever and lethargy, but none of the animals died during the 4 h
time course of the experiments (data not shown). ELISA-based
quantification of serum IFN-vy, IL-12p70, IL-18, TNF-«, and IL-6
levels revealed the strong induction of these cytokines in Arrd /">~
mice upon LPS exposure relative to PBS treatment (Fig. 2A).
Interestingly, IFN-y levels in serum were significantly reduced in
Artd]*™*" mice, whereas the other tested cytokines were only
modestly reduced (Fig. 2A). Analyses of anti-inflammatory or
Ty2 cytokines revealed that the serum levels of IL-10 and IL-13
were unchanged, whereas the levels of IL-4 were reduced
(Supplemental Fig. 2C), suggesting that the observed differences
in proinflammatory cytokine levels were not due to an enhanced
anti-inflammatory or Ty2-polarized response. Together, these data
confirmed the initiation of an innate immune response with the
applied low LPS dose and support the in vitro data that ARTD1-
deficient macrophages fail to express IFN-y—inducing IL-12p70
and IL-18.

The reduced IFN-vy levels in Artd1*™*® mice are a
consequence of the reduced production of IL-12
and IL-18 by macrophages

Because IL-12 and IL-18 are known to strongly induce IFN-y gene
expression (42), we analyzed the transcript levels of several
proinflammatory cytokines in spleen tissue. We found transcript
levels of Ifng, 1112b, 1118, Tnfa, and 116 to be strongly reduced in
the spleen of Artd1***' mice (Fig. 2B), indicating that ARTDI in
macrophages regulates this inflammatory program in vivo. To
exclude the possibility that the macrophage-specific deletion of
ARTDL1 affects the cellular composition of the spleen and thus
alters cytokine production, the spleens from Artd "% and
Artd1*™°! mice were analyzed macroscopically, and their
splenocytes were analyzed by flow cytometry using cell type—
specific markers. Although the spleen size was not overtly altered
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(data not shown), the total number of splenocytes was increased in
untreated Artd]*™*! compared with the Artd P/~ control mice
(Supplemental Fig. 2D). This was fully attributable to an increased
number of B and CD4" T cells, whereas the frequencies of all
other examined cell types, including CD8* T cells, NK cells, and,
most importantly, macrophages, monocytes, and neutrophils, were
not altered (Supplemental Fig. 2E). These data indicate that
the lack of ARTDI1 in macrophages neither affected macro-
phage development nor drastically changed splenic immune
cell composition.

IFN-vy is mainly expressed by NK and, to a lesser extent, by
T cells during acute inflammation and the onset of an innate im-
mune response (4). To identify the cell type responsible for the
reduced IFN-y levels in the spleen (Fig. 2B), we performed ICS
for IFN-y in NK, CD4", and CD8* T cells isolated from the
spleens of LPS-treated Artd "% and Artd1**' mice (Fig. 2C,
2D). Although LPS treatment induced IFN-y expression in all
three analyzed cell types, the frequency of IFN-y—expressing
NK cells was considerably higher than the frequencies of CD4*
and CD8" T cells. Thus, NK cells appear to be the main source
of the differential IFN-y expression in LPS-treated Artd /"4~
and Artd1®¢ mice (Fig. 2C, 2D). To exclude the possibility
that NK cells from Artd 1% and Artd1*™**' mice were dif-
ferentially responsive to IFN-y—inducing IL-12/18 signaling,
we isolated and stimulated primary NK cells from both geno-
types with IL-12p70 (10 ng/ml) for 18 h to quantify their IFN-vy
expression by ELISA (Fig. 2E). Stimulation of NK cells from
both mouse strains induced IFN-y expression in an IL-12p70-
dependent manner and to the same extent. The combined re-
sults indicate that the reduced IFN-vy levels produced by NK
cells in Artd1*™*' mice exposed to LPS are a consequence
of the reduced production of IL-12 and IL-18 by macrophages
and that ARTDI is an important transcriptional activator of
these genes.

ARTDI expression in macrophages is required for
Tyl-mediated immune control of bacterial infection

Immunocompetent adult C57BL/6 mice infected with the human
gastric pathogen H. pylori exhibit a striking T cell infiltration that
is dominated by Ty1- and Ty17-polarized CD4* T cells and limits
the bacterial burden (16). We therefore chose this model to assess
the role of myeloid ARTD1 expression in anti—H. pylori Tyl re-
sponses and infection control. To this end, we first cultured
BMDMs from Artd"** and Artd19"" littermates with
the human H. pylori patient isolate PMSS1 for 6 h. Subsequent
gRT-PCR analysis revealed that H. pylori robustly induces 1112b
and [l1b gene expression in cultured BMDMs in an, at least in
part, ARTD1-dependent manner (Fig. 3A). To investigate the role
of ARTDI expression in myeloid cells for the development of
H. pylori—specific Tyl and Ty17 responses in vivo, we infected
Artd"¥10% and Artd1***! mice with 108 CFUs of H. pylori
PMSS1. Artd1*™*" mice were colonized at significantly higher
levels than their Artd " counterparts at 4 wk postinfection
(Fig. 3B), suggesting that ARTDI1 in myeloid cells controls gastric
colonization of H. pylori in vivo. H. pylori induced a strong in-
filtration of CD4™ T cells into the gastric mucosa that was similar
in Artd " and Artd1*** mice (Fig. 3C, Supplemental Fig. 3).
Interestingly, H. pylori—specific Tyl, but not Tyl7, responses
were dependent on ARTD1 expression in myeloid cells as

were quantified. Data are shown as mean = SEM of two independent experiments. (E) ELISA for IFN-vy secreted from MACS-sorted splenic NK cells that
were isolated from Artd %% and Artd1***! mice. NK cells were stimulated with recombinant murine IL-12p70 (10 ng/ml) for 18 h, and cell culture

supernatant was analyzed. *p < 0.05, **p < 0.01, ¢ test.
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assessed by intracellular staining for the signature cytokines Expression of ARTDI in myeloid cells controls the

IFN-vy and IL-17 (Fig. 3D, 3E). The combined results suggest that T cell-mediated immune control of MC-38 tumors

ARTDI expression in myeloid cells is specifically required for ~ Understanding the impact of myeloid cells on cancer development
IL-12—driven Tyl polarization and infection control but not for is essential in distinguishing and possibly manipulating positive
Ty17 responses or CD4* T cell recruitment. and negative myeloid effectors. Polarization states of intratumoral
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FIGURE 4. ARTDI controls macrophage infiltration and CD4*/CD8* T cell activation in MC-38 tumors. (A-C) Tumor volume and weight of MC-38
tumors s.c. injected into the flanks of Artd "% and ArtdI*™**! mice, as determined by caliper measurements at the indicated time points and at the
study’s end point. Each symbol represents one mouse. Data are pooled from two independent experiments and presented as mean = SEM (A). Horizontal
lines in (B) and (C) indicate medians. (D) Monocyte infiltration of of MC-38 tumors grown on the flanks of Artd "% and Artd1*M! mice, as quantified
by flow cytometry. (E) /112b and Argl expression of FACS-sorted tumor-infiltrating monocytes, as determined by qRT-PCR. Data in (E) are from one
representative experiment of two; horizontal lines indicate medians. (F) Total and TNF-a* tumor-infiltrating macrophages, as quantified by flow cytometry.
(G) 1112b and Argl expression of FACS-sorted tumor-infiltrating macrophages, as determined by qRT-PCR. Data are from one representative experiment of
two; horizontal lines indicate medians. (H and 1) Infiltration and IFN-y and TNF-a expression of CD4" T cells, as flow cytometrically determined after
ex vivo restimulation with PMA/ionomycin. Data are from one representative experiment (left panel) or pooled from two independent experiments
(right panels). Representative FACS plots are shown in (I). (J and K) Infiltration and IFN-y and TNF-a expression of (Figure legend continues)
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myeloid populations contribute differentially to tumorigenesis
(25). Tumor-associated macrophages infiltrate tumors and can
serve as important initiators of Tyl-mediated antitumor immunity
in some settings but have also been described as promoting tumor
growth in others (43). To investigate a possible myeloid-specific
ARTDI1 contribution to antitumor immunity, we injected 0.5 X
10® MC-38 colon adenocarcinoma cells s.c. into the flanks of
Artd % and Artd1®°' mice. Artd]*™' mice sustained a
significantly increased tumor burden from day 6 onwards relative
to their Artd"*"* littermates, which was evident until the
study’s end point (Fig. 4A—C). Ly6C* MHC class IT" monocytes,
identified according to the gating strategy shown in Supplemental
Fig. 4, infiltrated the tumors at a similar rate irrespective of
ARTDI1 status but expressed less //12b and more Argl as judged
by qRT-PCR of FACS-sorted cells if lacking ARTD1 (Fig. 4D,
4E). F4/80" macrophage frequencies in the tumor microenviron-
ment were decreased in Artd1**¢! mice (Fig. 4F), and fewer
macrophages expressed TNF-a (Fig. 4F) and I112b (Fig. 4G) as
judged by intracellular staining and qRT-PCR of sorted cells, re-
spectively. As observed for monocytes, Arg/ gene expression was
enhanced in macrophages as a consequence of ARTD1 deficiency
(Fig. 4G). The data suggest that ARTDI1 potentially affects the
differentiation of macrophages from inflammatory monocytes as
well as their M1 polarization. Interestingly, the loss of ARTD1 in
myeloid cells further resulted in strongly reduced intratumoral
CD4* and CD8" T cell activation as judged by IFN-y— and TNF-
a—specific staining, although the recruitment of both populations
to the tumor microenvironment was unaffected (Fig. 4H-K). The
differences due to ARTDI1 deficiency in CD8* T cell activation
could be confirmed by restimulation with MC-38 tumor-specific
peptide (Fig. 4L, 4M)

The combined results implicate myeloid-intrinsic ARTD1 ex-
pression in the generation and/or maintenance of type I immunity in
models of LPS challenge, bacterial infection, and tumor growth.

Discussion

In this study, we investigated the role of ARTD1 in models of
myeloid cell activation in response to innate immune stimulation,
bacterial infection, and MC-38 tumor growth. We show that
ARTDI1 expression in myeloid cells controls a transcriptional
program that includes Tyl-polarizing cytokines and type I im-
munity; this function of ARTD1 appears to be independent of its
ADP-ribosylating activity, as inhibitors targeting the enzymatic
function of ARTD1 do not recapitulate the effects of loss of the
protein.

Various reports have shown that ARTDI1 acts as a transcriptional
cofactor for NF-kB and promotes gene expression by functional
cooperation with the transcription machinery in response to
proinflammatory stimuli (44). LPS- and TNF-a—induced NF-kB—
dependent gene expression in macrophages and fibroblasts was
enhanced by ARTDI1 independently of its enzymatic activity
through the initiation of a mediator complex that also contains
p300 and NF-kB. In the current study, treatment of BMDMs with
ADP-ribosylation inhibitors (e.g., olaparib or PJ34) did not affect
the expression of LPS/IFN-y—induced gene expression, although
some non—inflammation-related genes involved in pH reduction
and cell adhesion were susceptible to both inhibitors. In contrast,
another report suggested that LPS treatment of macrophages
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induced ARTD1’s enzymatic activity and nucleosome remodeling
at promoters of proinflammatory genes, which directly destabi-
lized histone—DNA interactions and facilitated NF-kB binding and
gene expression (45). The discrepancies could be explained by
methodological differences, such as the cell type (RAW267.4
macrophages and primary BMDMs or fibroblasts), the source of
LPS (Salmonella enterica and E. coli), or the serum starvation
overnight prior to LPS stimulation.

The LPS-induced expression of IL-12/18 in primary macro-
phages was strongly dependent on ARTD1 ex vivo as well as
in vivo. The 1112b gene is a well studied example of a gene that
requires chromatin remodeling during inflammation-induced gene
expression (46). Studies of the //12b promoter identified binding
sites for various transcription factors including NF-kB, C/EBP,
AP-1, and NFAT (42). However, their binding sites, 30-175 bp
upstream of the transcription start site, are blocked by nucleo-
somes and require nucleosome remodeling prior to transcription
(46). Indeed, the SWI-SNF complex that is responsible for
nucleosome positioning is recruited to target genes in LPS-
stimulated macrophages (47). Several models describe the tar-
geting of chromatin remodeling machines to their site of action
(i.e., acetylated histones that target and stabilize the SWI-SNF
complex at target loci) (48). Very recently, another report con-
firmed that small hairpin RNA-mediated knockdown of en-
dogenous ARTDI1 expression resulted in reduced 11120 mRNA
expression and [//12b promoter activity (49). BMDMs from
ARTD1-deficient mice also exhibited decreased IL-12p40
expression at both mRNA and protein levels.

IL-12 connects innate and adaptive immune responses either
indirectly via NK cell activation or directly by activating CD4* and
CD8" T cells (5). In this study, we observed a reduced NK cell
activation after LPS administration in Artd]**”* compared with
Artd "% mice. Our analyses of the splenic cell composition of
Artd®™! relative to Artd"**°* mice revealed that, whereas B
and CD4" T cell counts were increased, all other analyzed cell
types, including monocytes and macrophages, were not altered,
suggesting that the deletion of ARTD1 in myeloid cells did not
decrease the numbers of other cell types and their functionality in
this organ. ARTD1-deficient macrophages (or other myeloid cells)
failed to activate NK cells via IL-12 expression, ultimately leading
to decreased IFN-y serum levels and thus protecting against the
consequences of LPS administration. Several lines of evidence
suggest that NK cells might be involved in key functions during
sepsis (4). Similar to the observations made in ARTDI1-deficient
mice, Ab-mediated NK cell depletion in vivo protected against
LPS-induced shock and significantly decreased IFN-y cytokine
levels (15) During sepsis, NK cells promote and amplify the in-
flammatory response as a very early and main source of IFN-vy,
and thus represent a promising target for novel approaches in
sepsis therapy (4).

Reduced NK cell activation significantly reduces the kinetics of
pathogen clearance during sepsis (4). Thus, by enhancing 1/12b
expression in myeloid cells, ARTDI contributes to the generation
of a potent immune response to pathogens. This was very obvious
in the second disease model we investigated. Previous studies
characterized the stomach under basal conditions to be a pre-
dominantly myeloid cell-controlled organ with little or no
lymphocyte immune surveillance (29). Myeloid cells centrally

CD8* T cells, as flow cytometrically determined after ex vivo restimulation with PMA/ionomycin. Data in (J) are from one representative experiment of
two. (L and M) Infiltration and IFN-y and TNF-a expression of CD8" T cells, as flow cytometrically determined after ex vivo restimulation with
MC-38-specific peptide. Data are pooled from two experiments; horizontal lines indicate medians throughout. *p < 0.05, **p < 0.01, ¢ test.
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function as initiators of immune responses against pathogens. Our
study revealed that ARTDI1 deficiency does not affect gastric
CD4* T cell recruitment during H. pylori infection but that the
loss of ARTD1 results in reduced Tyl frequencies. Thus, ARTD1
drives pathogen control via IL-12 production and the initiation of
potent immune responses.

Macrophages play important yet bimodal roles in orchestrating
tumor-associated immune responses (43). They are involved in
tumor killing and other effector functions, but they can also pro-
mote tumor growth by skewing and suppressing T cell responses.
We made several observations relating to ARTD1 of macrophages
in the MC-38 tumor model. On the one hand, we find fewer
macrophages in the tumor microenvironment of Artd1**” mice,
whereas monocyte frequencies are unchanged, which indicates
that macrophage differentiation is impaired in the absence of
ARTD1 expression. On the other hand, those macrophages that do
infiltrate the tumors (or differentiate there from their monocyte
precursors) express less TNF-a and less IL-12 but more Arginase
1, indicating that they have adopted an M2-polarized state. As a
consequence of their lower intratumoral macrophage frequencies,
combined with their dysregulated macrophage activation and
polarization, ArtdI***" mice fail to generate appropriate Tyl-
polarized CD4" and cytotoxic CD8" T cell responses and there-
fore cannot control the tumor burden as efficiently as wild-type
littermates.

Taken together, the results of this study identify ARTDI1 ex-
pression in myeloid cell types as a critical regulator of proin-
flammatory IL-12/18 cytokine expression. In particular, ARTD1
controls the initiation of potent immune responses to LPS and the
elimination of pathogens and tumors in vivo.
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