. I\/Ilcroblology
é SOCIETY FOR Spec rum

MICROBIOLOGY

8 | Pathogenesis and Host Response | Research Article

L)

Check for
updates

Exacerbated salmonellosis in poly(ADP-ribose) polymerase 14-

deficient mice

Madhukar Vedantham,' Lauri Polari,?* Tiia Rissanen,* Arto Tapio Pulliainen’
AUTHOR AFFILIATIONS See affiliation list on p. 21.

ABSTRACT Salmonella enterica subspecies enterica serovar Typhimurium is an
enteropathogen annually causing millions of acute infections ranging from gastroen-
teritis to life-threatening systemic disease. Strong mucosal inflammation, a process
with incomplete molecular understanding, is characteristic of S. Typhimurium gastro-
enteritis. Here, we investigated functions of the nucleocytoplasmic protein poly(ADP-
ribose) polymerase (Parp14) in the mouse model of S. Typhimurium infection. Using
a systemic Parp14 knockout approach, we found that infected Parp14-deficient mice
suffered from exacerbated histopathology, in particular, in the large intestine, that
is, increased immune cell infiltration, goblet cell loss, and epithelial erosion. A bulk
tissue and single-cell RNA-Seq analysis supplemented with TagMan qPCR assays was
executed to obtain molecular-level functional approximations. We found evidence of a
defective Th17 response in the infected Parp14-deficient mice. This parallels the known
cell-intrinsic regulatory function of Parp14 in Th17 cell differentiation. However, based
on immunohistochemistry, we found that Parp14 was also expressed by macrophages
and, in particular, by epithelial cells across the mucosal tissues in small intestine, cecum,
and large intestine. The bulk tissue and epithelial cell subtype single-cell RNA-Seq
data comparison revealed a plausible epithelial cell-specific transcriptomic signature
defective in the infected Parp14-deficient mice. Downregulation of ApoAT, Spink1, and
Sst, encoding apolipoprotein A1, serine protease inhibitor Kazal-type 1, and somatos-
tatin, respectively, was characteristic of this defective transcriptomic signature. We
conclude that Parp14 is an integral part of the physiological response to S. Typhimurium
infection and that Parp14 acts as a multi-cell-type pleiotropic regulator of mucosal
inflammation.

IMPORTANCE Eukaryotic cells rely on dynamic cell-signaling mechanisms to mount
responses to external perturbations, such as an invading bacterial pathogen. The PARP
protein family is a group of enzymes catalyzing a protein post-translational modification
known as ADP-ribosylation. PARP1, the founding member, has received considerable
research interest, in particular in cancer. However, recent data imply that PARP1 and,
in particular, the other PARPs have regulatory functions in inflammatory responses. Yet,
the mechanistic basis and, more importantly, the physiological relevance have largely
remained elusive. Our study with the systemic Parp14-deficient mice provides compel-
ling in vivo evidence that Parp14 is an integral part of the physiological response to S.
Typhimurium infection.

KEYWORDS Salmonella, gastroenteritis, infection, inflammation, Parp14
S almonella enterica subspecies enterica serovar Typhimurium (hereafter S. Typhimu-
rium) is a food- and waterborne enteropathogen annually causing millions of acute

infections ranging from the self-limiting non-invasive gastroenteritis to life-threaten-
ing invasive systemic disease (1, 2). The globally emerging antibiotic-resistant strains
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complicate the clinical management of the most severe forms of S. Typhimurium
infection (2-4). Based on the analyses of patient tissue samples, S. Typhimurium
elicits mucosal inflammation, in particular in the terminal ileum and colon, character-
ized by a massive neutrophil influx (5, 6). It is believed that the expression of bac-
terial virulence factors (7, 8), such as flagella and type | fimbriae, drives the initial
contacts between S. Typhimurium and colon epithelial cells, the enterocytes, through
the protective barrier created by the colon lumen microbiota (9) and dense epithelial
cell mucous layer (10). It appears evident that S. Typhimurium also actively interacts with
trans-epithelial and/or lamina propria-associated dendritic cells as well as macrophages
(7, 8). Upon initial contact with the host cells, S. Typhimurium is thought to utilize two
different type 3 secretion systems (TTSS-1 and TTSS-2) and a plethora of TTSS effec-
tor proteins to drive deeper colon wall invasion and intracellular as well as extracellu-
lar replication (7, 8). Some of the TTSS effects are counterintuitively driving mucosal
inflammation, which is additionally activated by the classical innate immunity receptors,
such as Toll-like receptors recognizing pathogen-associated molecular patterns (7, 8,
11, 12). It is believed that S. Typhimurium benefits from colon inflammation to outcom-
pete the colon lumen microbiota (13, 14), that is, via the creation of gut dysbiosis,
and to obtain nutrients boosting the colon lumen bacterial replication (15). It remains
incompletely understood how and at which point the mucosal inflammation turns
anti-bacterial and how the tissue homeostasis is restored in the colon. Elucidation of
molecular mechanisms regulating the mucosal inflammation in S. Typhimurium infection
could be useful for the development of novel host-targeted anti-bacterial pharmaceuti-
cals.

Eukaryotic cells rely on dynamic cell-signaling events to mount responses to external
perturbations, such as an invading bacterial pathogen. Post-translational modifications
influence the location, half-life, and activity of proteins and thereby serve as a powerful
regulatory mechanism of cell signaling. Poly(ADP-ribose) polymerase 14 (Parp14) is a
multidomain ADP-ribosyltransferase (ART) enzyme of the Parp protein family (16). Parp14
was identified as a Stat6-interacting protein (17) with a postulated role as a transcrip-
tional co-factor in interleukin-4 (IL-4)-induced Stat6-dependent gene expression (17-20).
Parp14 catalyzes protein ADP-ribosylation, including itself (21-23), which refers to the
covalent conjugation of an ADP-ribose moiety from nicotinamide adenine dinucleotide
(NAD+) onto the substrate protein with simultaneous release of nicotinamide (16).
The functional outcomes of Parp14-catalyzed protein ADP-ribosylation have remained
largely unknown. Regulation of macrophage activation via ADP-ribosylation of Stat
proteins has been proposed (24, 25). The recent work on the identification of Parp14
as the key ART of the interferon-y (IFN-y)-inducible protein ADP-ribosylation response is
expected to pave the way for a better understanding of the cellular and physiological
functions of Parp14 (22, 26-29). Parp14 functions that are independent of its ART activity,
such as ADP-ribose-dependent scaffolding and ADP-ribose modification reversal, also
appear possible, as exemplified by the recent work on ADP-ribose binding and ADP-
ribose hydrolysis activities of the Parp14 macrodomains (30, 31). In respect to bacterial
infections, one previous in vitro phenotypic study employing Parp14 depletion has been
published (32). The Parp14-deficient RAW264.7 macrophages contained more viable S.
Typhimurium bacteria and, upon S. Typhimurium infection, produced less microbicidal
nitric oxide as well as had a defective expression pattern of a number of inflammation-
related genes, such as Ifnb1, Ccl5, Cxcl10, and IfitT (32). It therefore appears plausible
that Parp14 has functional relevance to mount a controlled physiological response to a
bacterial infection.

We hypothesized that Parp14 is involved in the regulation of anti-bacterial mucosal
inflammation, and, if so, its malfunction could play a role in the development of bacterial
gastroenteritis. We explored the expression of Parp14 and the effect of its systemic
genetic deficiency in the mouse streptomycin-pretreatment model of S. Typhimurium
infection (8, 33). Exacerbated salmonellosis was witnessed in Parp14-deficient mice. This
phenotype paralleled defective transcriptomic signatures with functional significance in
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infection and inflammation responses. Given the multi-cell-type expression of Parp14
(epithelial cells, macrophages, T cells, B cells), as found in this and previous studies,
for example, references 17-20, 25, 32, 34, Parp14 appears to act as a multi-cell-type
pleiotropic regulator of mucosal inflammation.

MATERIALS AND METHODS
Mouse experimentation
Colony breeding

Our colony of Parp14-deficient mice was established based on the previously described
body-wide Parp14 knockout mice (34), kindly provided by Adam Hurlstone (University of
Manchester, UK), in a specific-pathogen-free area at the Central Animal Laboratory of the
University of Turku, with free access to a soy-free diet and water ad libitum. The Parp14
knockout mice were backcrossed for 10 generations to a C57BL/6N background before
starting the experiments (35).

Salmonella infection

Experiments with female C57BL/6N mice aged 6-8 weeks were performed as descri-
bed (33). The mice were allocated to two groups, that is, phosphate-buffered saline
(PBS) control and Salmonella infection groups, with similar starting body weights. The
naturally streptomycin-resistant SL1344 strain of S. Typhimurium was purchased from
the Culture Collection University of Gothenburg (CCUG 51871), Gothenburg, Sweden.
Bacteria were grown for 12 h at 37°C in Luria-Bertani (LB) medium with shaking, diluted
1:20 in fresh medium, and sub-cultured for 4 h with shaking. Bacteria were washed twice
and suspended in ice-cold sterile PBS. Water and food were withdrawn 4 h before per
os (p.o.) treatment with 20 mg of streptomycin (75 pL of sterile solution or 75 pL of
sterile water). Afterward, animals were supplied with water and food ad libitum. At 20
h after streptomycin treatment, water and food were withdrawn again for 4 h before
the mice were orally gavaged with 10° colony-forming units (CFU) of Salmonella (50 pL
suspension in PBS, p.o.) or with PBS (50 pL). Thereafter, drinking water ad libitum was
offered immediately and food 2 h post-infection (p.i.). At the indicated times p.i., mice
were sacrificed by CO, asphyxiation, organs were weighed, colon length was measured,
and tissue samples were processed for bacterial viability quantitation (CFU/g) (samples
collected in cold PBS), histological analyses (samples collected in 4% paraformaldehyde),
and RNA analysis (samples collected in liquid nitrogen).

Quantitation infection severity
Enumeration of viable bacteria

Fecal pellets were placed in 500 pL of ice-cold PBS and suspended to homogeneity on
ice by vortexing and pipetting. The distal small intestine, cecum, proximal and mid-large
intestine, mesenteric lymph nodes, spleens, and livers were removed aseptically and
homogenized in ice-cold PBS at +4°C by using stainless steel balls (IKA 5 mm stainless
steel balls, Fisher Scientific) and a compact bead mill (TissueLyser LT, Qiagen). CFUs were
determined by plating different dilutions on LB agar plates (streptomycin, 50 pg/mL).
Plates were incubated at 37°C for approximately 12 h before counting the colonies.

Histopathological analysis

Formalin-fixed paraffin-embedded (FFPE) tissues were cut into longitudinal 5 um-thick
sections prior to hematoxylin and eosin (HE) staining. HE staining was performed using
standard methods. All samples were scanned using a Pannoramic 1000 Slide scanner
(3DHistech, Budapest, Hungary) with a 20x objective and analyzed with a Pannoramic
Viewer (3DHistech, software version 1.15.4). Histopathology was scored based on four
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variables, that is, (i) immune cell infiltration to the gut wall as 0 (healthy/neglectable
numbers of immune cells), 1T (minor level of immune cells), 2 (moderate level of immune
cells), 3 (high level of immune cells indicative of a severe inflammation); (ii) edema of
the gut wall as 0 (healthy/neglectable edema), 1 (minor edema), 2 (moderate edema),
3 (strong edema indicative of a severe inflammation); (iii) epithelial erosion of the gut
wall as 0 (healthy/neglectable erosion), 1 (mild loss of epithelial cells), 2 (moderate loss
of epithelial cells), 3 (strong loss of epithelial cells and erosion going through muscular
lamina, indicative of a severe inflammation); and (iv) loss of goblet cells of the gut wall
as 0 (healthy/neglectable loss of goblet cells), 1 (minor loss of goblet cells), 2 (moderate
loss of goblet cells), 3 (only a few sporadic goblet cells left, indicative of a severe
inflammation). Two people performed the scoring independently and blinded to the
animal groups to obtain the average scores for statistical analysis.

Statistical analyses

The statistical analysis for studying association of variables (tissue variables, histology
scores, bacterial load variables, weights) with mice group (wild-type [wt] vs Parp14-KO)
was analyzed separately by termination day. Tissue variables (spleen, liver, colon length)
and bacterial load variables (proximal colon, liver, spleen, MLNs, fecal pellets, distal small
intestine) were summarized with descriptive statistics, and associations between mice
groups were studied using the Kruskal-Wallis test. Histology scores (edema, immune
infiltration, goblet cell loss, erosion) were measured in the distal small intestine, proximal
colon, and whole cecum. Associations between mice groups and variables were also
studied by the Kruskal-Wallis test. Weight percentages were summarized with descriptive
statistics. Differences between groups in the 5 day follow-up were analyzed using the
Friedman test because the normality assumption was not met. The Wilcoxon signed-rank
test was used to study the difference over days. The normality of variables was evaluated
visually and tested with the Shapiro-Wilk test. Due to the non-normality of the continu-
ous variables, nonparametric methods were used. All tests were performed as two-tailed,
and the statistical significance level was set at 0.05. The analyses were carried out using
the SAS system, version 9.4 for Windows (SAS Institute Inc., Cary, NC, USA).

Parp14 immunohistochemistry

The 5 um-thick FFPE sections were stained for Parp14 with mouse monoclonal anti-
body (sc-377150, Santa Cruz Biotechnology, dilution 1:500) and detected using the
mouse-specific HRP-DAB (ABC) detection immunohistochemistry (IHC) kit (ab64259,
Abcam). Tissue sections were air-dried for 2 h at room temperature, placed in a 37°C
incubator overnight, deparaffinized in xylene, and rehydrated through alcohol gradients.
Endogenous peroxidase was blocked with the Peroxidase Blocking Solution provided
with the IHC kit. The sections were immersed in prewarmed 10 mM Na-citrate buffer
(freshly prepared, pH 6.0) and kept in a boiling water bath for 20 min (antigen retrieval).
After antigen retrieval, sections were rinsed in PBST (PBS with 0.01% Tween-20) followed
by BSA blocking (5% wt/vol in PBST) for 1 h at room temperature to reduce nonspecific
binding of the antibodies. The primary anti-Parp14 antibody in BSA (5% wt/vol in PBST)
was added to tissue sections and incubated overnight at 4°C in a humidified chamber.
Post-incubation with primary antibody, tissue sections were rinsed twice in PBST for 5
min each and incubated with biotinylated anti-mouse secondary antibody (provided
with IHC kit) for 1 h at room temperature. Streptavidin-HRP conjugate was added and
then stained using 3,3’-diaminobenzidine (DAB) as a chromogen (both solutions were
provided with IHC kit). Harris hematoxylin was used as a nuclear counterstain. Sections
without incubation of primary antibody served as negative controls. Mounting was
performed using Histo-Clear, and sections were allowed to sit at room temperature for 12
h before imaging. Imaging was performed using Zeiss Axiolmager M1 microscope with
5%, 20%, 40x% oil or 63x oil objective lenses.
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Parp14 and F4/80 double immunofluorescence staining

Staining was performed as previously described (35). Briefly, Alexa Fluor 647 conjugated
anti-F4/80 (MCA497A647, Bio-Rad, dilution 1:500) and anti-Parp14 (sc-377150, Santa
Cruz Biotechnology, dilution 1:500) were mixed in 5% (wt/vol) BSA in PBST. Secondary
antibody Alexa Fluor 488 goat anti-mouse IgG (H+L) (A11001, Invitrogen, dilution
1:1,000) was used to visualize the anti-Parp14 antibodies. Mounting was performed using
Histo-Clear post-DAPI counterstaining, and sections were kept in the dark at 4°C before
Zeiss Axiolmager M1 imaging.

Parp14 and wheat germ agglutinin double immunofluorescence staining

After antigen retrieval (as explained above), sections were permeabilized using 0.2%
Triton X-100 in PBS for 10 min at room temperature. This was followed by BSA blocking
(5% wt/vol in PBST) for 1 h at room temperature. Primary anti-Parp14 antibody in
BSA (5% wt/vol in PBST) staining was performed as mentioned above. After overnight
incubation, tissue sections were rinsed in PBST twice for 5 min each and incubated
with secondary antibody Alexa Fluor 647 goat anti-mouse IgG (A21235, Invitrogen,
dilution 1:1,500) for 1 h at room temperature. After secondary antibody incubation,
tissue sections were rinsed in PBST thrice for 5 min each and incubated with Alexa Fluor
488-conjugated wheat germ agglutinin (W11261, Invitrogen, dilution 5 pg/mL) in PBS
for 10 min at room temperature. Tissues were then washed twice in PBST for 5 min
each, and mounting was performed using Mowiol (475905, EMD Millipore) with 2.5%
wt/vol DABCO (1,4-diazabicyclo[2.2.2]octane, D27802, Sigma) after DAPI counterstaining.
Sections were kept in the dark for 1 h at room temperature, then stored at 4°C before
Zeiss Axiolmager M1 imaging.

QuPath-based quantitation of Parp14 immunohistochemical staining

The anti-Parp14-stained tissue sections of wt mice (distal small intestine, cecum, and
proximal large intestine) were scanned using a Pannoramic 1000 Slide scanner (3DHis-
tech, Budapest, Hungary) with a 40x objective and analyzed with a Pannoramic Viewer
(3DHistech, software version 1.15.4). Scanned slides were converted to .mrxs file type,
and a specific project in QuPath (qupath.github.io, software version 0.5.1 [36]) was
created to quantify the DAB OD (optical density) of the entire cell, the cytosol, and the
nucleus. Parameters for stain vectors of hematoxylin and DAB were set using automatic
estimation in QuPath. For cellular detection, nucleus parameters used were background
radius, 8 um; minimum area, 10 um% and maximum area, 400 um? Cell expansion
was set at 5 pm. From each tissue of each section, a minimum of 50 to a maximum
of 200 horizontal villus crypts were selected for cellular detection and for quantifying
DAB staining intensity from manually annotated regions of interest consisting mostly
of epithelial cells. Detected annotations were exported, and statistical analyses were
conducted using the one-way ANOVA with Tukey’s multiple-comparison test to compare
the means.

Single-cell RNA-Seq

The already published single-cell RNA-Seq data on epithelial cell-enriched cell suspen-
sions of control (four mice) vs S. Typhimurium-infected (SL1344 strain, 2 days post-infec-
tion, two mice) C57BL/6J mice (37) were re-analyzed. We used the single-cell RNA-Seq
data analysis and visualization interface at the Broad Institute Single Cell Portal (https://
singlecell.broadinstitute.org/single_cell) in order to analyze Parp1 and Parp14 expression.
In respect for the comparative data analysis with our bulk tissue RNA-Seq data, we
first downloaded the differential single-cell RNA-Seq gene expression data (Table S9 of
reference 37). Next, we filtered the single-cell RNA-Seq data to only include differentially
expressed genes with a <0.05 statistical support value (FDR-corrected Mann-Whitney
P-value). Subsequently, we executed two comparisons, that is, (i) genes upregulated
by infection in wt mice (single-cell data) vs genes downregulated by infection in
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Parp14-deficient mice (bulk tissue data), and (ii) genes downregulated by infection in wt
mice (single-cell data) vs genes upregulated by infection in Parp14-deficient mice (bulk
tissue data).

Isolation of RNA and quantitative PCR analysis

Total RNA was isolated from mouse tissues using TRIsure reagent (BIO-38033, Bioline
GmbH, Germany), and genomic DNA was digested using RNase-free DNase (rDNase)
from Machery-Nagel as per the manufacturer’s instructions. Briefly, colon tissue was
homogenized using stainless steel balls (IKA 5 mm stainless steel balls, Fisher Scien-
tific) and compact bead mill (TissueLyser LT, Qiagen). Colon tissue was placed in
TRIsure reagent during homogenization. After this, chloroform was used for phase
separation. RNA in the upper aqueous phase was precipitated using isopropyl alco-
hol. The pellet was washed with 70% ethanol and dissolved in nuclease-free water.
Dissolved RNA was mixed with rDNase and rDNase reaction buffer as per manufac-
turer’s instructions. This mixture was incubated at 37°C for 10 min. Post-gDNA diges-
tion, RNA was precipitated using 3 M sodium acetate, pH 5.2, and 96% ethanol.
Pellet was washed with 70% ethanol and dissolved in RNase-free water. RNA purity
and concentration were measured using DeNovix DS-11 spectrophotometer (Wilming-
ton, DE, USA). The dissolved RNA (1 pg) was reverse-transcribed using SuperScript
Il reverse transcriptase (#1808044, Thermo Fisher Scientific) and Oligo(dT) 12-18
Primer (#18418012, Thermo Fisher Scientific). Separate real-time PCR was carried
out in duplicates using TagMan gene expression assays (Applied Biosystems) for
Parp14 (Assay ID: Mm00520984_m1), Il1b (Assay ID: Mm00434228_m1), Il6 (Assay ID:
MmO00446190_m1), Ccl2 (Assay ID: Mm00441242_m1), Ccl7 (Assay ID: Mm00443113_m1),
Tnfa (Assay ID: Mm00443258_m1), [l23a (Assay ID: MmO00518984_m1), Il17a
(Assay ID: MmO00439618_m1), Cxcl1 (Assay ID: MmO04207460_m1), Cxcl2 (Assay
ID:  MmO00436450_m1), Cxcl10 (Assay ID: MmO00445235_m1), Spinkl (Assay
ID:  MmO00436765_m1), Sst (Assay ID: MmO00436671_m1), ApoAl (Assay ID:
MmO00437569_m1), Ckb (Assay ID: Mm00834780_g1) and the reference gene, glyceralde-
hyde-3-phosphate dehydrogenase, Gapdh (Assay ID: Mm99999915_g1) on the Rotor-
Gene Q real-time PCR cycler (Qiagen). Thermal cycling conditions included an initial
denaturation step at 95°C for 10 min followed by 40 cycles of 95°C for 15 s and 60°C
for 1 min. Relative mRNA levels were determined using the 22" method with Gapdh as
reference (38). If the standard deviation of duplicate Ct values from a sample was 0.5 or
more, results of those samples were not used for statistical analysis. Statistical analysis of
22T values was done using the unpaired t-test (two-tailed).

RNA-Seq runs and data analysis

Total RNA of the distal colon tissue samples was extracted as described above.

RNA quality

RNA integrity, including all the other RNA-Seq wet-lab techniques described below, was
assessed by Novogene Co., Ltd. (Cambridge, UK) using the RNA Nano 6000 Assay Kit on
the Bioanalyzer 2100 system (Agilent Technologies, CA, USA).

Library preparation for transcriptome sequencing

Briefly, mRNA was purified from total RNA using poly-T oligo-attached magnetic beads.
Fragmentation was carried out using divalent cations under elevated temperature in First
Strand Synthesis Reaction Buffer (5x). First-strand cDNA was synthesized using random
hexamer primers and M-MuLV Reverse Transcriptase (RNase H-). Second-strand cDNA
synthesis was subsequently performed using DNA Polymerase | and RNase H. Remaining
overhangs were converted into blunt ends via exonuclease/polymerase activities. After
adenylation of 3" ends of DNA fragments, adaptors with a hairpin loop structure were
ligated to prepare for hybridization. To select cDNA fragments preferentially 370-420
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bp in length, the library fragments were purified using the AMPure XP system (Beck-
man Coulter, Beverly, USA). Then PCR was performed with Phusion High-Fidelity DNA
polymerase, Universal PCR primers, and Index (X) Primer. Finally, PCR products were
purified (AMPure XP system), and library quality was assessed on the Agilent Bioanalyzer
2100 system.

Clustering and sequencing

The clustering of the index-coded samples was performed on a cBot Cluster Generation
System using TruSeq PE Cluster Kit v.3-cBot-HS (lllumina) according to the manufacturer’s
instructions. After cluster generation, the library preparations were sequenced on an
lllumina NovaSeq platform, and 150 bp paired-end reads were generated. The raw
RNA-Seq data have been deposited in the NCBI Gene Expression Omnibus database
(https://www.ncbi.nlm.nih.gov) under accession number GSE284287.

Data analysis - Quality control

Raw data (raw reads) of FASTQ format were first processed through Novogene’s in-house
Perl scripts. In this step, clean data (clean reads) were obtained by removing reads
containing adapters, reads containing poly-N, and low-quality reads from raw data. At
the same time, Q20, Q30, and GC content of the clean data were calculated.

Data analysis - reads mapping to the reference genome

Reference genome and gene model annotation files were downloaded directly from the
genome website. The index of the reference genome was built using Hisat2 v.2.0.5, and
paired-end clean reads were aligned to the reference genome using Hisat2 v.2.0.5.

Data analysis - quantification of transcript level

FeatureCounts v.1.5.0-p3 was used to count the read numbers mapped to each gene.
Subsequently, fragments per kilobase of transcript sequence per millions base pairs
sequenced (FPKM) for each gene were calculated based on the length of the gene and
the number of reads mapped to that gene.

Data analysis - differential expression analysis

Differential expression analysis was performed using the DESeq2 R package (v.1.20.0).
The resulting P-values were adjusted using the Benjamini and Hochberg approach for
controlling the false discovery rate. Genes were assigned as differentially expressed
either with low (P-value <0.05) or high statistical stringency (adjusted P-value, Paqj <
0.05).

Data analysis - GO and KEGG analyses

To analyze cellular and physiological associations of the uniquely expressed genes (FPKM
> 1) and the differentially expressed genes (DEGs), we performed Gene Ontology (GO)
enrichment at the GO consortium website (https://geneontology.org) (39-41). In parallel,
we performed the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis
(42-44) using SRplot (45) (http://www.bioinformatics.com.cn/srplot).

RESULTS

Parp14 is expressed by epithelial cells in the mouse gastrointestinal tract

Littermates of female wt and Parp14-deficient mice (34, 35) were either orally gavaged
with S. Typhimurium strain SL1344 or PBS, followed by sampling as described in Fig.
1A and B. First, we analyzed the expression of Parp14 at the protein level in wt mice
using a commercial anti-Parp14 monoclonal antibody. This antibody was validated for
epitope specificity in our previous study (35). We detected Parp14-positive epithelial cells
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across the mucosal tissues in small intestine, cecum, and large intestine of S. Typhimu-
rium- as well as PBS-gavaged mice (Fig. 2; Fig. S1). The mucosal tissue also contained
some Parp14-positive macrophages (F4/80-positive cells), as exemplified with the large
intestine analysis (Fig. S2). A QuPath-based quantitation of the Parp14 staining intensity
was executed by selecting 50-200 horizontal villus cross-sections and thereby thousands
of individual epithelial cells per animal (Fig. S3). This analysis revealed a temporal pattern
of Parp14 staining (Fig. 3A). The Parp14 staining in the small intestine appeared to
increase with infection at day 1 but decreased from day 1 to day 5 (P<0.0001). The Parp14
staining in the cecum appeared to decrease with infection at day 1 and decreased
from that level further down at day 5 (P<0.0001). The large intestine showed more
complex staining patterns. The Parp14 staining appeared to increase with infection
at day 1 and increased from that level further up at day 5 when the whole-cell or
cytosolic QuPath readouts were compared (P<0.0001). However, less Parp14 staining was
detected in the nucleus at day 5 as compared to day 1 (P<0.0001). Next, we conducted a
PCR-based quantitation of Parp14 expression. We did not detect statistically significant
differences between the two time points (Fig. 3B). We also analyzed the published small
intestine single-cell RNA-Seq data on epithelial cell-enriched cell suspensions (Epcam+/
CD45—-/TER-119-/CD31-) of PBS control and S. Typhimurium (SL1344 strain, 2 days
post-infection)-infected C57BL/6J mice (37). Out of the eight detected small intestine
epithelial cell sub-types (endocrine cells, enterocytes, enterocyte progenitors, goblet
cells, stem cells, transit-amplifying cells, early transit-amplifying cells, Tuft cells), the
expression of Parp14 was pronounced in the enterocytes and Tuft cells of the infected
mice (Fig. S4). Such a pattern of expression was not detected in the PBS gavaged mice.
Of note, the expression pattern of the founding member of the Parp family, Parp1 (16),
was similar in the eight epithelial cell types of S. Typhimurium and PBS gavaged mice,
being most pronounced in the endocrine cells. Taken together, Parp14 is expressed by
epithelial cells across the mucosal tissue in the mouse gastrointestinal tract.

Minor macroscopic effects of Parp14 deficiency on the severity of salmonello-
sis

We monitored the S. Typhimurium- and PBS-gavaged mice daily by quantifying their
body weight up to the day 5 termination point. Infection caused weight loss in wt and
Parp14-deficient mice in a statistically similar manner (Fig. 1C). No differences between
the infected wt and Parp14-deficient mice were detected in the colon length, spleen
weight, or liver weight at day 1 or day 5 (Fig. 1D through F). However, when we quanti-
fied the numbers of viable bacteria in different tissues, some statistically significant
differences were detected (Fig. 1G through L). The bacterial load (CFU/g) was higher in
the liver of Parp14-deficient mice at day 1. In contrast, the bacterial load was lower in the
colon of Parp14-deficient mice at day 5. Otherwise, no differences in the bacterial loads
were detected. It appears, based on the measured macroscopic variables, that the effect
of Parp14 deficiency on the severity of salmonellosis is minor.

Exacerbated gastrointestinal histopathology in S. Typhimurium-infected
Parp14-deficient mice

We quantified epithelial erosion, edema, immune cell infiltration, and goblet cell loss in
small intestine, cecum, and large intestine from the HE-stained FFPE sections (Fig. 4A and
B; Fig. S5). Of note, the absence of Parp14 did not cause apparent small intestine, cecum,
or large intestine deformations in the resting state, as evidenced with the PBS-gavaged
mice (Fig. 4B). This is in line with our previous comparative results with water-gavaged wt
and Parp14-deficient male mice (35). Several statistically significant histological differen-
ces between the infected wt and Parp14-deficient were detected (Fig. 4A). At day 1,
epithelial erosion was stronger in the small intestine of Parp14-deficient mice. At day 5,
epithelial erosion was also stronger in the large intestine of Parp14-deficient mice. Such a
trend in the large intestine was evident already at day 1 (P = 0.0765). Moreover, at day 5,
immune cell infiltration and goblet cell loss were stronger in the large intestine of
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FIG 1 Minor macroscopic effects of Parp14 deficiency on the severity of salmonellosis. (A, B) Schematic representation of the single-animal experiment executed

in this study. The blue box refers to mice, which were subjected to statistical comparisons throughout the study. The tissues marked with an asterisk were

longitudinally cut into two pieces, one for histology and one for qPCR/RNA-Seq. Images were partially created with BioRender.com. (C) Weight change of the

mice during the course of the experiment relative to day —1 (medians with interquartile range). No statistically significant differences between the infected wt

and Parp14-deficient mice were detected. Statistical significance values are shown in the figure. Weights of the PBS mice were not statistically compared (NA,

not applicable; fewer than three animals to compare, see Fig. 1A). (D) Colon lengths at day 1 and day 5. (E) Spleen weights at day 1 and day 5. (F) Liver weights

at day 1 and day 5. (G-L) Determination of viable bacteria in different tissues at day 1 and day 5. Bars in sub-panels D-L represent medians with interquartile

range. All individual data points are shown. Statistical significance values for the differences between the infected wt and Parp14-deficient mice are shown in

each D-L sub-panel. Fecal pellets were not obtained from all mice. Parameters of the PBS mice were not statistically compared (NA, not applicable; fewer than

three animals to compare, see Fig. 1A).

Parp14-deficient mice. It appears that Parp14 deficiency caused a more severe salmonel-
losis in mice, as evidenced by the exacerbated histopathology, in particular in the large

intestine.

Transcriptomic signatures uniquely detected in large intestines of S. Typhi-
murium-infected wt and Parp14-deficient mice

We performed a bulk tissue large intestine RNA-Seq analysis using triplicate samples of
infected wt and Parp14-deficient mice at day 1. First, we looked at the identities of genes
detected to be expressed using the canonical transcript detection cut-off FPKM value of
>1. As shown in Fig. 5A and Data Set S1_1-3, 11,648 genes were detected in both
genotypes, as well as 520 and 325 genes specifically in the wt and Parp14-deficient mice,
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FIG 2 Immunohistochemical staining of Parp14 in the mouse gastrointestinal tract. Parp14 was detected in FFPE tissue sections using a commercial anti-Parp14

antibody. Selected representative 10x air (upper image, scale bar: 100 pm) and 40x oil (lower image, scale bar: 20 pm) images are shown for each location of the

gastrointestinal tract (1:500 dilution of the anti-Parp14 antibody). Quantitation of Parp14 staining is displayed in Fig. 3 and Fig. S3.

respectively. Next, we ran GO term searches with the wt and Parp14-deficient mouse-
specific gene detections using the Fisher’s Exact test and the False Discovery Rate (FDR)
<0.05 filter (Fig. 5B; Data Set S1_7 and 8). When we looked at the GO Biological Process
(BP) terms, identified based on the 325 genes specifically detected in the Parpi14-
deficient mice, all the 20 BP terms were related to cell division (Fig. 5C). Altogether, 201
genes out of the 325 analyzed genes were mapped to these BPs (Data Set S1_9). When
we ran the GO term analysis with the 520 genes specifically detected in the wt mice, 23
BP terms were identified (Fig. 5D). Seven of these BP terms had relevance to infection and
inflammation responses, for example, neutrophil chemotaxis and leukocyte migration.
Altogether, 46 genes were behind these seven BP term identifications, for example,
cytokines Ccl17, Ccl7, Ccl2, Cxcl9, and Cxcl10 (Fig. 5E; Data Set S1_10). The Ccl2, Ccl7, and
Cxcl10 genes were also analyzed in a TagMan gPCR assay. We found out that the relative
mRNA level of Ccl2, but not Ccl7 or Cxcl10, was significantly higher in the large intestine
of wt mice at day 1 (Fig. 6). Such a Cc/2 mRNA-level difference was not detected with day
5 samples of the large intestine or with any of the small intestine or cecum samples (Fig.
S6). When the gene lists of the seven infection- and inflammation response-related GO
BP terms were compared with the PBS-gavaged wt mice gene lists (Data Set S1_4-6, 13,
and 14), we found that four genes were shared (Hp, Gprc5b, Trim30a, and H2-Q10).
Although we only had two PBS-gavaged mice per genotype, the data indicate that the
unique detection of most of the 46 genes in the S. Typhimurium-gavaged wt mice was
indeed associated with the infection, not merely with the mouse genotype difference.
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FIG 3 Quantitation of Parp14 expression in the mouse gastrointestinal tract. (A) The QuPath-based
quantitation of Parp14 expression. Representative examples of the Parp14 stainings are shown in Fig.
2. The values on the y-axis refer to the means of DAB staining intensity, that is, the mean OD in the
QuPath data output. Each dot refers to a single cell. The numbers of analyzed cells (mostly epithelial
cells) are indicated on the x-axis (see Fig. S3). The red lines above the data points refer to the mean
values. Statistical analyses were conducted using the two-tailed unpaired t-test (NA, not applicable; fewer
than three animals to compare, see Fig. 1A). One Salmonella-infected day 5 mouse was left out from the
quantitation due to poor quality of the FFPE tissue block. (B) The qPCR data on relative Parp14 expression
(means with standard deviation, statistics performed using two-tailed unpaired t-test). Samples were
included in the data analysis if they passed the 0.5 standard deviation Ct filter for replicate runs. No
statistical analyses were executed against the PBS groups because there were less than three data points/
animal to compare (see Fig. 1A). The calibrators in each sub-panel are the mean dCq values of the day 1
Salmonella-infected mice.
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FIG 4 Exacerbated gastrointestinal histopathology in S. Typhimurium-infected Parp14-deficient mice. (A) Quantitation of histopathological variables, that is,

epithelial erosion, tissue edema, immune cell infiltration, and goblet cell loss in distal small intestine, cecum, and large intestine (medians with interquartile

range). Statistical significance values for the differences between infected wt and Parp14-deficient mice are shown in each sub-panel. (B) Representative

HE-stained tissue sections. The 10x and 30x air objective images are shown. The size of the scale bar in sub-panels refers to 100 um (10x) and 50 um (30x). The

sections represent the tissues where statistically significant differences were detected between wt and Parp14-deficient mice. Representative HE-stained tissue

sections of all the tissue sections at all time points are shown in Fig. S5 as 10x air objective images.

Next, we ran KEGG pathway analyses using the wt and Parp14-deficient mouse-specific
gene detections in S. Typhimurium infection. Based on the canonical <0.05 P-value
filtering, only two KEGG pathways were detected with the Parp14-deficient mouse-
specific gene list, and none were significant based on the <0.05 P,gj-based filtering (Fig.
5F, Data Set S1_11). In contrast, based on the canonical <0.05 P-value filtering, we
identified 20 KEGG pathways with the wt-specific genes (Fig. 5G; Data Set S1_12), and
one of these was significant based on the <0.05 Pq; based filtering. This Pag; significant
KEGG pathway was the IL-17 pathway containing altogether eight scored genes (Lcn2,
1116, S100a8, S100a9, Cxcl10, Ccl17, Ccl7, Ccl2) (Fig. 5H). The Il1b gene was also analyzed in
a TagMan gPCR assay. We found out that the relative mRNA level of //7b gene was
significantly higher in the wt mice (Fig. 6). Such an I//Tb mRNA-level difference was not
detected with day 5 samples of the large intestine or with any of the small intestine or
cecum samples (Fig. S6). Taken together, based on the FPKM transcript-level analysis, we
detected a cell division-related transcriptomic signature in Parp14-deficient mice that
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FIG 5 Transcriptional signatures uniquely detected in S. Typhimurium-infected wt and Parp14-deficient mice. Data from a triplicate RNA-Seq analysis of mouse
large intestine sections 1 day post-infection are shown. (A) The Venn diagrams of shared and unique genes that were detected to be expressed in the infected
wt and Parp14-deficient mice (FPKM value >1). The integer is the number of genes detected to be expressed in both of the genotypes. (B) The pie charts of the
numbers of identified GO terms based on the genotype-specific lists of expressed genes (BP, biological process; CC, cellular component; MF, molecular function;
Data Set S1). (C-E) Bar graph representation of all the identified GO BP terms with the genotype-specific lists of expressed genes. The BP terms are sorted based
on the percentage of GO term gene values (number of detected genes in a particular BP term / number of all genes in particular BP term x 100). FDR refers
to the false discovery rate value. An FDR value cut-off of <0.05 was used in the searches. The asterisks in the wt sub-panel (D) refer to the seven infection-
and inflammation response-related BP terms. The sub-panel E displays the genes of these seven infection- and inflammation response-related BP terms.
(F-H) Pathway-enrichment dot plot representations of all (KO sub-panel) and the top 10 (wt sub-panel) KEGG pathways identified with the genotype-specific lists
of expressed genes. All the identified KEGG pathways with the corresponding gene lists are described in Data Set S1_11 and 12. The KEGG pathways are sorted
based on the P-value. The count values refer to the number of genes that were detected in a particular KEGG pathway. The asterisk in the wt sub-panel (G) refers
to the only KEGG pathway with a <0.05 Pagj-value. The sub-panel H displays the genes of this IL-17 signaling pathway.

was missing from the wt mice in S. Typhimurium infection. Also, we detected and
validated an infection- and inflammation response-related transcriptomic signature in
the wt mice that was missing from the Parp14-deficient mice in S. Typhimurium infec-
tion.
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FIG 6 Hampered expression of four cytokines in the large intestine of S. Typhimurium-infected Parp14-deficient mice. Four hit genes of the large intestine bulk

tissue RNA-Seq analysis (Ccl2, Ccl7, Cxcl10, ll1b) were analyzed. Five other TagMan gPCR assays on inflammation-associated genes were run in parallel. The figure

illustrates the TagMan qPCR data on relative gene expression with means and standard deviations. The calibrators in all sub-panels are the mean dCq values of

the day 1 infected wt mice. Statistical analyses were done with a two-tailed unpaired t-test. All the statistical significance values of the comparisons between the

wt and Parp14-deficient mice are indicated.

Transcriptomic signatures downregulated in the large intestine of S. Typhi-
murium-infected Parp14-deficient mice

Next, we executed a DESeq2-based DEG analysis with triplicate groups of infected
Parp14-deficient vs wt mice at day 1 (Data Set S1_15). The DESeq2-based DEG approach
uses a different bioinformatic approach on the same raw RNA-Seq data output as in the
preceding chapter’s FPKM transcript-level analysis. The pairwise R? Pearson correlation
values of the FPKM values of the DEGs were 0.974 or higher with the Parp14-deficient
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FIG 7 Transcriptional signature downregulated in S. Typhimurium-infected Parp14-deficient mice. Data from triplicate bulk tissue RNA-Seq analysis of mouse
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and 14. The x-axis shows the fold difference in gene expression between different samples, and the y-axis shows the statistical significance of the differences.
Red dots represent upregulation genes, and green dots represent downregulation genes. The dashed line indicates the threshold line for statistically significant
differential gene expression. The values marked with asterisks refer to the number of DEGs that were used for a stringent downstream data analysis, that is,
UP genes, log2(FoldChange) > 0.5 and Padj < 0.05; DOWN genes, log2(FoldChange) < —0.5 and Padj < 0.05 (Data Set S1_14). (C) GO term analysis with DEGs in
Parp14-deficient vs wt mice comparison (BP, biological process; CC, cellular component; MF, molecular function; Data Set S1_15). The GO terms were searched
using the canonical Fisher’s test and an FDR value <0.05 filter. (D) Bar graph representations of the top 20 identified GO BP terms (all the 107 identified GO BP
terms in Data Set S1_15) sorted based on the percentage of GO term gene values (number of detected genes in a particular GO term / number of all genes in
a particular GO term x 100). The black asterisks in the sub-panel refer to the PB terms with functional relevance to cell adhesion and cytoskeleton remodeling.
(E) Pathway-enrichment dot plot representations of the top 10 identified KEGG pathways sorted based on the P-value. All the identified KEGG pathways with the
corresponding gene lists are described in Data Set S1_16. The count values refer to the number of genes that were detected in a particular KEGG pathway. The
black asterisk in the wt sub-panel refers to the KEGG pathways with a <0.05 P,gj-value.

group, and 0.964 or higher with the wt group (Fig. 7A). This indicates that the triplicate
samples could be reliably pooled for further analysis. The volcano plot of all the DEGs
(P < 0.05) is shown in Fig. 7B. To execute downstream analysis with these DEGs, we
ran the DEGs through a P,q; < 0.05 filter, which resulted in a shorter list of DEGs,
that is, 52 upregulated DEGs and 158 downregulated DEGs (Data Set S1_16). When we
performed a GO analysis with the upregulated DEGs, that is, the genes that had more
transcripts in the knockout as compared with the wt mice, using the canonical Fisher’s
test and FDR < 0.05 filter, we did not detect a single BP, CC, or MF GO terms (Fig. 7C).
In contrast, with downregulated DEGs, that is, the genes that had fewer transcripts in
the knockout as compared with the wt mice, numerous BP, CC, and MF GO terms were
detected (Data Set S1_17; Fig. 7C and D). Many of the top downregulated DEG BP GO
terms had functional relevance with cell adhesion and cytoskeleton remodeling (Fig. 7D).
We also performed a KEGG pathway analysis with the downregulated DEGs. Based on
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FIG8 Comparative analysis of unique and differentially expressed transcriptional signatures. (A) The Venn diagrams of the shared and unique genes of the FPKM

analysis vs the DESeq2 DEG analysis. The integer is the number of genes that were uniquely detected in the S. Typhimurium-infected wt mice based on the FPKM

analysis and the genes that were downregulated in the S. Typhimurium-infected Parp14-deficient mice based on the DESeq2 analysis. (B) The pie chart- and bar

graph-based representation of the identified GO terms (BP, biological process; CC, cellular component; MF, molecular function) with the 147 shared genes (see

also Data Set S1_19). The top 10 BP terms are shown, and they are sorted based on the percentage of GO term gene values (number of detected genes in a

particular BP term / number of all genes in particular BP term x 100). FDR refers to the false discovery rate value. An FDR cut-off value of <0.05 was used in the

searches. The asterisks refer to the infection- and inflammation response-related BP terms. (C) Pathway-enrichment dot plot representations of the top 10 KEGG

pathways identified with the shared genes (see also Data Set S1_20). The KEGG pathways are sorted based on the P-value. The count values refer to the number

of genes that were detected in a particular KEGG pathway. The asterisk refers to the only KEGG pathway with a <0.05 P,qj-value. (D) The key metrics of all the

genes behind the 15 infection- and inflammation response-related GO BP terms and the KEGG IL-17 signaling pathway identifications.

the canonical <0.05 P-value filtering, we identified 12 KEGG pathways, and 2 of these
were significant based on the <0.05 Pqq; filtering (Fig. 7E; Data Set S1_18). The top
Pagj significant KEGG hit was the regulation of actin cytoskeleton pathway containing
altogether eight scored DEGs (Ppp1ri2b, Pfn2, Enah, Myh11, Fni1, Rdx, Myl9, Myh10).
Many of these DEGs were shared with the lower ranking >0.05 P,qj KEGG hits, including
the focal adhesion and tight junction pathways (Data Set S1_18). It is noteworthy that
infection- and inflammation response-related GO terms or KEGG pathways, similar to
the FPKM transcript-level analysis (Fig. 5D and E and G and H), were not detected with
the P,qj < 0.05 downregulated DEGs. We therefore dropped the statistical stringency of
our DESeq2 analysis by switching the P,g; < 0.05 filter to the P < 0.05 filter. Next, we
compared the overlap between the downregulated DEGs (n = 1,162, see Fig. 7B) and
the genes (n = 520) detected to be expressed only in the wt (see Fig. 5A). It turned out
that 147 genes were shared with these two bioinformatic outputs (Fig. 8A). We identified
73 BP GO terms with these 147 genes, and 15 of them had relevance to infection and
inflammation responses (Fig. 8B; Data Set S1_19), for example, neutrophil chemotaxis
and leukocyte migration. We also identified 17 KEGG pathways (Fig. 8C; Data Set S1_20),
and 1, the KEGG IL-17 signaling pathway, was significant based on the <0.05 P,; filtering.
The key metrics of the genes behind the 15 infection- and inflammation response-related
GO BP terms and the KEGG IL-17 signaling pathway identifications are shown in Fig.
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FIG 9 Epithelial cell-specific transcriptomic signature downregulated in the large intestine of S. Typhimurium-infected Parp14-deficient mice. (A) The Venn

diagrams of the shared and unique genes in two comparisons, that is (i) genes upregulated by infection in wt mice (single-cell data [37]) vs genes downregulated

by infection in Parp14-deficient mice (bulk tissue data), and (ii) genes downregulated by infection in wt mice (single-cell data [37]) vs genes upregulated by

infection in Parp14-deficient mice (bulk tissue data). (B) The key single-cell RNA-Seq differential expression metrics of the shared genes. The numbers behind

the gene names indicate the rank numbers, for example, ApoAT was the third highest upregulated gene in goblet cells. (C) The key bulk tissue differential

expression metrics of the shared genes. (D) TagMan qPCR validation of the four shared genes with small and large intestine samples at day 1 and day 5. The

figure illustrates the TagMan gPCR data on relative gene expression with means and standard deviations. The calibrators in all sub-panels are the mean dCq

values of the infected wt mice. Statistical analyses were done with a two-tailed unpaired t-test. All the statistical significance values of the comparisons between

the wt and Parp14-deficient mice are indicated.

8D. Taken together, based on the DESeq2 DEG analysis, we detected a downregulated
cell adhesion and cytoskeleton remodeling-related transcriptomic signature in the S.
Typhimurium-infected Parp14-deficient mice. Also, by lowering the statistical stringency
of the DESeq2 DEG analysis, we detected, in analogy to the FPKM transcript-level analysis
(see Fig. 5 and 6), downregulated infection and inflammation response transcriptomic
signatures in S. Typhimurium-infected Parp14-deficient mice.
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Epithelial cell-specific transcriptomic signature downregulated in large
intestine of S. Typhimurium-infected Parp14-deficient mice

Parp14 was expressed by epithelial cells across the mucosal tissue in the mouse
gastrointestinal tract, that is, in the small intestine, cecum, and large intestine (see
Fig. 2; Fig. S1). To experiment on the plausible epithelial cell functions of Parp14 in S.
Typhimurium infection, we performed a comparative analysis of the published single-
cell RNA-Seq data of small intestine epithelial cell types (37), which have counterparts
in the large intestine, with our bulk large intestine RNA-Seq data. We executed two
comparisons, that is, (i) genes upregulated by infection in wt mice (single-cell data) vs
genes downregulated by infection in Parp14-deficient mice (bulk tissue data), and (ii)
genes downregulated by infection in wt mice (single-cell data) vs genes upregulated
by infection in Parp14-deficient mice (bulk tissue data). As shown in Fig. 9A through C,
the latter comparison yielded one shared gene with the enterocyte input, that is, Slc4a4.
However, several genes with multiple epithelial cell subtype inputs were identified in
the first comparison (Fig. 9A through C). Four of these genes were analyzed in TagMan
PCR assays. We found that none of these genes were differentially expressed in the
small intestine of infected Parp14-deficient mice. However, when we analyzed samples
of the large intestine, which, based on the histopathology analysis (see Fig. 4), suffered
the most from Parp14 deficiency, differential gene expression was detected. The relative
mRNA levels of ApoAT (day 1), Spink1 (day 5), and Sst (day 1) were significantly lower
in the infected Parp14-deficient mice (Fig. 9D). Taken together, a previously identified
infection-induced epithelial cell-specific transcriptomic signature (37) was detected to be
downregulated in the large intestine of S. Typhimurium-infected Parp14-deficient mice.

DISCUSSION

The microbiota-mediated colonization resistance of incoming pathogens in the
gastrointestinal tract is supported by thick intestinal mucous layer secreted by the
epithelial cells (9, 10). If these barriers are breached, an innate inflammatory response is
initiated, followed by the adaptive immune system activation, all designed to erad-
icate the invading pathogen. In some cases, such as in S. Typhimurium infection,
the bacterium is thought to benefit from the colon inflammation to outcompete the
colon lumen microbiota (13, 14), that is, via creation of gut dysbiosis, and to obtain
nutrients boosting the colon luminal bacterial replication (15). It remains unknown at the
molecular level how, and at which point, the mucosal inflammation turns anti-bacterial
and how the gastrointestinal tissue homeostasis is restored.

We previously reported that the lack of Parp14 sensitized mice to dextran sulfate
sodium (DSS)-induced colitis, manifested, for example, as stronger epithelial erosion
compared to the wt mice (35). Oral administration of the non-physiological DSS chemical
to mice via drinking water, used frequently to model human ulcerative colitis (46, 47),
induces severe colitis characterized by weight loss, bloody diarrhea, loss of epithelial
cells, and infiltration of neutrophils. DSS is believed to cause direct damage to epithe-
lial cells followed by strong innate immune system activation by dissemination of the
proinflammatory colon luminal content, such as bacteria, into the sub-epithelial space
(46, 47). Here, we hypothesized that Parp14 is involved in the anti-bacterial mucosal
inflammation and set out to study the expression and function of Parp14 in a bacterial
enteropathogen mouse model.

We used the mouse streptomycin-pretreatment model of S. Typhimurium colitis (8,
33). The streptomycin treatment transiently depletes the microbiota, and the subsequent
S. Typhimurium colitis resembles many aspects of human disease, for example, epithelial
erosion and massive infiltration of neutrophils (33). Our immunohistochemical analysis
demonstrated that epithelial cells across the mucosal tissues in small intestine, cecum,
and large intestine were Parpl14-positive. Enterocytes, the absorptive cells primarily
forming the intestinal barrier, were consistently Parp14-positive. To substantiate the
immunohistochemical findings, we analyzed the published single-cell RNA-Seq data of
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eight different small intestine epithelial cell populations in the control and S. Typhimu-
rium-infected mice (37). The expression of Parp14 in the infected mice was pronounced
in the enterocytes and Tuft cells. The latter ones are rare and functionally elusive cells
found in the mucosal tissue with immunomodulatory potential (48). It is noteworthy
that the mucosal tissues also contained some Parp14-positive cells, which were also
positive for the F4/80 macrophage marker. This resembles what we and others previously
reported for the large intestine in the oral DSS exposure mouse model of IBD and in IBD
patients (35, 49). In the large intestine, it appeared that the most strongly Parp14-stain-
ing F4/80-positive cells were frequently embedded in the epithelial cell layer, having
protrusions toward the gut lumen. Contacts with the luminal content might have driven
the detected strong expression of Parp14, for example, with bacterial lipopolysaccharide
(LPS), which is a known inducer of Parp14 expression in human and mouse macrophages
in vitro (32, 35). Overall, Parp14 appeared to be expressed in macrophages and, in
particular, in epithelial cells across the mucosal tissue of the mouse gastrointestinal tract.

We detected significant effects of Parp14 deficiency on the severity of salmonellosis.
Out of the measured variables at day 1 and day 5 post-infection, the mouse weight,
colon length, spleen weight, and liver weight were similar in the infected wt and
Parp14-deficient mice. Also, the numbers of viable bacteria were mostly similar between
the mouse genotypes in small intestine, large intestine, mesenteric lymph nodes, spleen,
and liver. However, we witnessed increased numbers of viable bacteria in the liver of
Parp14-deficient mice at day 1. At the same time point, we saw that the small intestine of
Parp14-deficient mice had stronger epithelial erosion. We are tempted to speculate that
the poor condition of the small intestine epithelium had contributed to the enhanced
peripheral tissue invasion of S. typhimurium. In part, this effect could include defective
Peyer’s patches and M cells therein, which are potent entry sites for peripheral tissue
invasion of S. Typhimurium (50, 51). Interestingly, stronger epithelial cell erosion was
not witnessed in the infected Parp14-deficient mice at day 5. Therefore, the deleterious
effect of Parp14 deficiency in the small intestine appeared to be transient. At day 5, we
witnessed lower amounts of viable bacteria in the large intestine of Parp14-deficient
mice. At the same time, we saw that the large intestine of Parp14-deficient mice had
stronger epithelial erosion, immune cell infiltration, and goblet cell loss. These days, five
findings imply that the mucosal inflammation in the large intestine of infected Parp14-
deficient mice was hyperactive, resolving the infection more efficiently, but, at the
same time, it resulted in exacerbated tissue destruction. Overall, it appears that Parp14
is involved in the regulation of mucosal inflammation, or it influences the mucosal
epithelial cell barrier integrity, or possibly both of these interconnected phenomena, in S.
Typhimurium infection.

To possibly obtain mechanistic insights on the exacerbated salmonellosis in Parp14-
deficient mice, we executed a bulk tissue RNA-Seq analysis of the large intestine
supplemented with TagMan gPCR assays. Systems-wide GO- and KEGG-based functional
categorization of the RNA-Seq data led to identification of infection- and inflammation
response-related transcriptomic signatures that were defective in the infected Parp14-
deficient mice. The most notable KEGG hit was the IL-17 signaling pathway, which is
a key regulatory pathway of mucosal inflammation triggered by the six-member IL-17
cytokine family (52). In this respect, it is noteworthy that CD4+ T cells of Parp14-deficient
mice have difficulties in vitro to differentiate to Th17 cells (53, 54), the primary producers
of IL-17A and IL-17F (52). Moreover, in a model of allergic airway inflammation, less
IL-17-positive CD4+ T cells have been detected in the lungs and in the bronchoalveolar
lavage samples of Parp14-deficient mice, in parallel with lower transcript and protein
levels of IL-17A (54). However, our RNA-Seq analysis did not identify statistically strong,
that is, Pagj < 0.05, evidence of lower //77 transcript levels in the infected Parp14-defi-
cient mice. We detected downregulation of //77d (Log2FC —0.48913; P-value 0.022107;
Pagj-value 0.255385) and II17f (Log2FC —5.15979; P-value 0.011622; Pygj-value 1). Yet,
both RNA-Seq and TagMan gPCR assays revealed lower transcript levels of genes
classified in the KEGG hierarchy as IL-17 signaling pathway downstream effectors, or
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as IL-17 signaling pathway signature genes (55), such as Il1b, 16, and Ccl2. This implies
that the downstream effector step of the IL-17 signaling pathway was defective in
the infected Parp14-deficient mice. However, the pleiotropic IL-6 cytokine is also an
important upstream activator of the Th17 cell differentiation process (56). Furthermore,
based on our TagMan gPCR analysis and RNA-Seq with weak (P,g; > 0.05) statistical
support (Log2FC —3.83621; P-value 0.039471; Pygj-value 1), we detected compromised
transcript levels of //23a, encoding the p19 subunit of the heterodimeric p19/p40 IL-23
cytokine (57). IL-23 promotes the activation of effector functions of Th17 cells and is
primarily produced by macrophages (57). Overall, it appears, based on our transcript-
level functional approximations, that the infected Parp14-deficient mice were subject
to a defective Th17 response possibly involving functionally compromised T cells and
mononuclear phagocytes.

Parp14 was expressed by epithelial cells across the mucosal tissues in the mouse
gastrointestinal tract. To experiment on the plausible epithelial cell functions of Parp14,
we performed a comparative analysis of the published single-cell RNA-Seq data of
small intestine epithelial cell types (37) with our bulk large intestine RNA-Seq data
supplemented with TagMan gPCR assays. This analysis led to the identification of three
genes, that is, ApoAl, Spinki, and Sst, encoding apolipoprotein A1, serine protease
inhibitor Kazal-type 1, and somatostatin, respectively. These genes, in particular ApoAT,
were upregulated by S. Typhimurium infection in multiple small intestine epithelial cell
subtypes (37). Yet, their expression was hampered in the large but not the small intestine
of our S. Typhimurium-infected Parp14-deficient mice. In this respect, it is noteworthy,
based on our histopathology analysis, that the large intestine suffered the most from
Parp14 deficiency. ApoA1 is a component of the high-density lipoprotein particles, but
it also has potent anti-inflammatory functions (58), for example, via neutralization of
the effects of bacterial LPS (59-61). In respect to prior phenotypic work, an exacerba-
ted DSS-induced colitis is known to develop in ApoAT-deficient mice (59), and ApoA1
mimetic peptide ameliorates the DSS-induced colitis (59). Other gastrointestinal murine
disease models also support the anti-inflammatory functions of ApoA1 (60, 62). Serine
protease inhibitor Kazal-type 1 (Spink1, formerly Spink3 in mouse) acts as the first line
of defense against premature trypsinogen activation in the pancreas (63). However,
it is also expressed elsewhere, including the gastrointestinal tract (64). To the best
of our knowledge, Spink1 has not previously been implicated in the physiological
response to a gastrointestinal bacterial infection. Somatostatin is a peptide hormone
widely distributed in the central nervous system and endocrine organs, including the
gastrointestinal tract (65). It has a plethora of functions in the gastrointestinal tract,
including modulation of gastrointestinal motility as well as exocrine and endocrine
secretion processes (65). Studies on its functions in enteric bacterial infections are
scarce. Somatostatin inhibits TNF-a- or Salmonella-induced secretion of IL-8 and IL-1p by
intestinal epithelial cells in vitro (66). The authors proposed that somatostatin could limit
the inflammation induced in acute enteric diseases such as Salmonella gastroenteritis
to prevent the development of chronic inflammation and the ensuing tissue damage
(66). Taken together, our epithelial cell-centric analysis identified three genes having
plausible protective functions in Salmonella infection and hampered expression in the S.
Typhimurium-infected Parp14-deficient mice. Whether the detected defect was indeed
due to the lack of epithelial cell-intrinsic functions of Parp14, or if it was caused by some
extrinsic effect on epithelial cells, for example, the defective Th17 response, remains a
subject of future studies.

In summary, our study with the systemic Parp14-deficient mice provides compel-
ling in vivo evidence that Parp14 is an integral part of the physiological response to
S. Typhimurium infection. The infected Parp14-deficient mice suffered from exacerba-
ted histopathology. Using transcriptome-based functional approximations, we found
evidence of a defective Th17 response and functionally hampered T cells and macro-
phages. We also found evidence of a defective epithelial cell-specific response involving
genes (ApoA1, Spink1, Sst) with scarce prior knowledge of their functional significance in
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enteric bacterial infections. We conclude that Parp14 acts as a multi-cell-type pleiotropic
regulator of mucosal inflammation. Further animal experimentation and in vitro work
are needed to identify the exact phenotype-contributing cell type(s) spatially and
temporally, for example, with cell lineage-specific Parp14 knockout mice in parallel
with single-cell RNA-Seq studies, and to understand the functional contributions of the
detected transcriptomic abnormalities in S. Typhimurium infection.

ACKNOWLEDGMENTS

This work was financially supported by the Research Council of Finland grants with
project numbers 295,296 and 329,252 to ATP and the 1-year Finnish Cultural Foundation
personal grant 00231206 to M.V.

M.V. also acknowledges the financial support from the Turku University Foundation
(081781). In addition, M.V. has received a 2-year salary package from the Turku Doctoral
Program of Molecular Medicine (TuDMM). L.P. acknowledges the financial support from
Business Finland and the Novo Nordisk Foundation (NNF230C0087039). Mika Savisalo,
Merja Lakkisto, and the personnel of the Histology Core Facility (Institute of Biomedicine,
University of Turku, Turku, Finland) are acknowledged for technical support.

AUTHOR AFFILIATIONS

'Institute of Biomedicine, University of Turku, Turku, Finland

2Cell Biology, Biosciences, Faculty of Science and Engineering, Abo Akademi University,
Turku, Finland

*InFLAMES Research Flagship Center, Abo Akademi University, Turku, Finland
“*Department of Biostatistics, University of Turku, Turku, Finland

AUTHOR ORCIDs

Arto Tapio Pulliainen & http://orcid.org/0000-0002-9361-8963

FUNDING

Funder Grant(s) Author(s)

Research Council of Finland (AKA) 295296, 329252 Arto Tapio Pulliainen
Suomen Kulttuurirahasto 00231206 Madhukar Vedantham
Turun Yliopistosaatio 081781 Madhukar Vedantham
Novo Nordisk Fonden NNF230C0087039  Lauri Polari

AUTHOR CONTRIBUTIONS

Madhukar Vedantham, Data curation, Formal analysis, Investigation, Methodology,
Validation, Visualization, Writing — original draft, Writing — review and editing | Lauri
Polari, Data curation, Formal analysis, Investigation, Methodology, Software, Supervision |
Tiia Rissanen, Data curation, Formal analysis, Investigation, Methodology, Software | Arto
Tapio Pulliainen, Conceptualization, Data curation, Formal analysis, Funding acquisition,
Project administration, Supervision, Validation, Visualization, Writing - original draft,
Writing - review and editing

DATA AVAILABILITY

The raw bulk mouse tissue RNA-Seq data has been deposited to NCBI (https://
www.ncbi.nlm.nih.gov) Gene Expression Omnibus (GEO) database with accession
number GSE284287. The published (37) mouse small intestine single -cell RNA-Seq data
wasdata were analyzed and visualized at the Broad Institute Single Cell Portal (https://
singlecell.broadinstitute.org/single_cell).

Month XXXX Volume 0 Issue 0

Microbiology Spectrum

10.1128/spectrum.02971-25 21

Downloaded from https://journals.asm.org/journal/spectrum on 16 January 2026 by 130.232.237.255.


http://orcid.org/0000-0002-9361-8963
http://dx.doi.org/10.13039/501100003125
http://dx.doi.org/10.13039/501100022793
http://dx.doi.org/10.13039/501100009708
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE284287
https://singlecell.broadinstitute.org/single_cell
https://doi.org/10.1128/spectrum.02971-25

Research Article Microbiology Spectrum

All the other data that support the findings of this study are available in the Materials
and

Methods, Results, and/or Supplemental Material of this article.

ETHICS APPROVAL

The National Animal Experiment Board has approved our mouse experiments in a
C57BL/6N background (ESAVI/24418/2018).

ADDITIONAL FILES

The following material is available online.

Supplemental Material

Data Set S1 (Spectrum02971-25-s0001.xIsx). Gene expression data.
Supplemental figures (Spectrum02971-25-s0002.pdf). Figures S1 to S6.

REFERENCES
1. Marchello CS, Birkhold M, Crump JA, Vacc-iNTS consortium collabora- 14. Zeng MY, Inohara N, Nufiez G. 2017. Mechanisms of inflammation-driven
tors. 2022. Complications and mortality of non-typhoidal salmonella bacterial dysbiosis in the gut. Mucosal Immunol 10:18-26. https://doi.or
invasive disease: a global systematic review and meta-analysis. Lancet 9/10.1038/mi.2016.75
Infect Dis 22:692-705. https://doi.org/10.1016/S1473-3099(21)00615-0 15.  Winter SE, Thiennimitr P, Winter MG, Butler BP, Huseby DL, Crawford RW,
2. Feasey NA, Dougan G, Kingsley RA, Heyderman RS, Gordon MA. 2012. Russell JM, Bevins CL, Adams LG, Tsolis RM, Roth JR, Baumler AJ. 2010.
Invasive non-typhoidal salmonella disease: an emerging and neglected Gut inflammation provides a respiratory electron acceptor for
tropical disease in Africa. Lancet 379:2489-2499. https://doi.org/10.1016 Salmonella. Nature 467:426-429. https://doi.org/10.1038/nature09415
/S0140-6736(11)61752-2 16. Brooks DM, Anand S, Cohen MS. 2023. Immunomodulatory roles of
3. Ingle DJ, Ambrose RL, Baines SL, Duchene S, Gongalves da Silva A, Lee PARPs: shaping the tumor microenvironment, one ADP-ribose at a time.
DYJ, Jones M, Valcanis M, Taiaroa G, Ballard SA, Kirk MD, Howden BP, Curr Opin Chem Biol 77:102402. https://doi.org/10.1016/j.cbpa.2023.102
Pearson JS, Williamson DA. 2021. Evolutionary dynamics of multidrug 402
resistant Salmonella enterica serovar 4,[5],12:i:- in Australia. Nat Commun 17. Goenka S, Boothby M. 2006. Selective potentiation of Stat-dependent
12:4786. https://doi.org/10.1038/s41467-021-25073-w gene expression by collaborator of Stat6 (CoaSt6), a transcriptional
4, Xiang Y, Zhu K, Min K, Zhang Y, Liu J, Liu K, Han Y, Li X, Du X, Wang X, cofactor. Proc Natl Acad Sci U S A 103:4210-4215. https://doi.org/10.107
et al. 2024. Characterization of a Salmonella enterica serovar Typhimu- 3/pnas.0506981103
rium lineage with rough colony morphology and multidrug resistance. 18. Goenka S, Cho SH, Boothby M. 2007. Collaborator of Stat6 (CoaSt6)-
Nat Commun 15:6123. https://doi.org/10.1038/5s41467-024-50331-y associated poly(ADP-ribose) polymerase activity modulates Stat6-
5. Day DW, Mandal BK, Morson BC. 1978. The rectal biopsy appearances in dependent gene transcription. J Biol Chem 282:18732-18739. https://do
Salmonella colitis. Histopathology 2:117-131. https://doi.org/10.1111/j.1 i.org/10.1074/jbc.M611283200
365-2559.1978.tb01700.x 19.  Mehrotra P, Riley JP, Patel R, Li F, Voss L, Goenka S. 2011. PARP-14
6.  McGovern VJ, Slavutin LJ. 1979. Pathology of salmonella colitis. Am J functions as a transcriptional switch for Stat6-dependent gene
Surg Pathol 3:483-490. https://doi.org/10.1097/00000478-197912000-00 activation. J Biol Chem 286:1767-1776. https://doi.org/10.1074/jbc.M11
001 0.157768
7. Galan JE. 2021. Salmonella Typhimurium and inflammation: a pathogen- 20. Riley JP, Kulkarni A, Mehrotra P, Koh B, Perumal NB, Kaplan MH, Goenka
centric affair. Nat Rev Microbiol 19:716-725. https://doi.org/10.1038/541 S.2013. PARP-14 binds specific DNA sequences to promote Th2 cell gene
579-021-00561-4 expression. PLoS One 8:@83127. https://doi.org/10.1371/journal.pone.00
8.  Kaiser P, Diard M, Stecher B, Hardt WD. 2012. The streptomycin mouse 83127
model for Salmonella diarrhea: functional analysis of the microbiota, the 21. Carter-O'Connell I, Vermehren-Schmaedick A, Jin H, Morgan RK, David
pathogen’s virulence factors, and the host’s mucosal immune response. LL, Cohen MS. 2018. Combining chemical genetics with proximity-
Immunol Rev 245:56-83. https://doi.org/10.1111/j.1600-065X.2011.0107 dependent labeling reveals cellular targets of poly(ADP-ribose)
0.x polymerase 14 (PARP14). ACS Chem Biol 13:2841-2848. https://doi.org/1
9. Caballero-Flores G, Pickard JM, Nuiez G. 2023. Microbiota-mediated 0.1021/acschembio.8b00567
colonization resistance: mechanisms and regulation. Nat Rev Microbiol 22. Higashi H, Maejima T, Lee LH, Yamazaki Y, Hottiger MO, Singh SA,
21:347-360. https://doi.org/10.1038/s41579-022-00833-7 Aikawa M. 2019. A study into the ADP-ribosylome of IFN-y-stimulated
10. Song C, Chai Z, Chen S, Zhang H, Zhang X, Zhou Y. 2023. Intestinal THP-1 human macrophage-like cells identifies ARTD8/PARP14 and
mucus components and secretion mechanisms: what we do and do not ARTD9/PARP9 ADP-ribosylation. J Proteome Res 18:1607-1622. https://d
know. Exp Mol Med 55:681-691. https://doi.org/10.1038/512276-023-00 0i.0rg/10.1021/acs.jproteome.8b00895
960-y 23.  Wallace SR, Chihab LY, Yamasaki M, Yoshinaga BT, Torres YM, Rideaux D,
11.  Weiss DS, Raupach B, Takeda K, Akira S, Zychlinsky A. 2004. Toll-like Javed Z, Turumella S, Zhang M, Lawton DR, Fuller AA, Carter-O’Connell I.
receptors are temporally involved in host defense. J Immunol 172:4463- 2021. Rapid analysis of adp-ribosylation dynamics and site-specificity
4469. https://doi.org/10.4049/jimmunol.172.7.4463 using TLC-MALDI. ACS Chem Biol 16:2137-2143. https://doi.org/10.1021
12. Wong CE, Sad S, Coombes BK. 2009. Salmonella enterica serovar /acschembio.1c00542
typhimurium exploits Toll-like receptor signaling during the host- 24. Begitt A, Cavey J, Droescher M, Vinkemeier U. 2018. On the role of STAT1
pathogen interaction. Infect Immun 77:4750-4760. https://doi.org/10.11 and STAT6 ADP-ribosylation in the regulation of macrophage activation.
28/1A1.00545-09 Nat Commun 9:2144. https://doi.org/10.1038/541467-018-04522-z
13. Stecher B, Robbiani R, Walker AW, Westendorf AM, Barthel M, Kremer M, 25. lwata H, Goettsch C, Sharma A, Ricchiuto P, Goh WWB, Halu A, Yamadal l,
Chaffron S, Macpherson AJ, Buer J, Parkhill J, Dougan G, von Mering C, Yoshida H, Hara T, Wei M, Inoue N, Fukuda D, Mojcher A, Mattson PC,
Hardt W-D. 2007. Salmonella enterica serovar typhimurium exploits Barabasi A-L, Boothby M, Aikawa E, Singh SA, Aikawa M. 2016. PARP9

inflammation to compete with the intestinal microbiota. PLoS Biol
5:2177-2189. https://doi.org/10.1371/journal.pbio.0050244

Month XXXX Volume O Issue 0 10.1128/spectrum.02971-25 22

Downloaded from https://journals.asm.org/journal/spectrum on 16 January 2026 by 130.232.237.255.


https://doi.org/10.1128/spectrum.02971-25
https://doi.org/10.1016/S1473-3099(21)00615-0
https://doi.org/10.1016/S0140-6736(11)61752-2
https://doi.org/10.1038/s41467-021-25073-w
https://doi.org/10.1038/s41467-024-50331-y
https://doi.org/10.1111/j.1365-2559.1978.tb01700.x
https://doi.org/10.1097/00000478-197912000-00001
https://doi.org/10.1038/s41579-021-00561-4
https://doi.org/10.1111/j.1600-065X.2011.01070.x
https://doi.org/10.1038/s41579-022-00833-7
https://doi.org/10.1038/s12276-023-00960-y
https://doi.org/10.4049/jimmunol.172.7.4463
https://doi.org/10.1128/IAI.00545-09
https://doi.org/10.1371/journal.pbio.0050244
https://doi.org/10.1038/mi.2016.75
https://doi.org/10.1038/nature09415
https://doi.org/10.1016/j.cbpa.2023.102402
https://doi.org/10.1073/pnas.0506981103
https://doi.org/10.1074/jbc.M611283200
https://doi.org/10.1074/jbc.M110.157768
https://doi.org/10.1371/journal.pone.0083127
https://doi.org/10.1021/acschembio.8b00567
https://doi.org/10.1021/acs.jproteome.8b00895
https://doi.org/10.1021/acschembio.1c00542
https://doi.org/10.1038/s41467-018-04522-z
https://doi.org/10.1128/spectrum.02971-25

Research Article

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

Month XXXX Volume 0

and PARP14 cross-regulate macrophage activation via STAT1 ADP-
ribosylation. Nat Commun 7:12849. https://doi.org/10.1038/ncomms128
49

Kuraoka S, Higashi H, Yanagihara Y, Sonawane AR, Mukai S, Mlynarchik
AK, Whelan MC, Hottiger MO, Nasir W, Delanghe B, Aikawa M, Singh SA.
2022. A novel spectral annotation strategy streamlines reporting of
mono-ADP-ribosylated peptides derived from mouse liver and spleen in
response to IFN-y. Mol Cell Proteomics 21:100153. https://doi.org/10.101
6/j.mcpro.2021.100153

Ribeiro VC, Russo LC, Hoch NC. 2024. PARP14 is regulated by the PARP9/
DTX3L complex and promotes interferon y-induced ADP-ribosylation.
EMBO J 43:2908-2928. https://doi.org/10.1038/544318-024-00125-1

Kar P, Chatrin C, Buki¢ N, Suyari O, Schuller M, Zhu K, Prokhorova E, Bigot
N, Bareti¢ D, Ahel J, Elsborg JD, Nielsen ML, Clausen T, Huet S, Niepel M,
Sanyal S, Ahel D, Smith R, Ahel I. 2024. PARP14 and PARP9/DTX3L
regulate interferon-induced ADP-ribosylation. EMBO J 43:2929-2953. htt
ps://doi.org/10.1038/544318-024-00126-0

Russo LC, Tomasin R, Matos IA, Manucci AC, Sowa ST, Dale K, Caldecott
KW, Lehtio L, Schechtman D, Meotti FC, Bruni-Cardoso A, Hoch NC. 2021.
The SARS-CoV-2 Nsp3 macrodomain reverses PARP9/DTX3L-dependent
ADP-ribosylation induced by interferon signaling. J Biol Chem
297:101041. https://doi.org/10.1016/j.jbc.2021.101041

Torretta A, Chatzicharalampous C, Ebenwaldner C, Schiiler H. 2023.
PARP14 is a writer, reader, and eraser of mono-ADP-ribosylation. J Biol
Chem 299:105096. https://doi.org/10.1016/j.,jbc.2023.105096

Puki¢ N, Stremland @, Elsborg JD, Munnur D, Zhu K, Schuller M, Chatrin
C, Kar P, Duma L, Suyari O, Rack JGM, Bareti¢ D, Crudgington DRK,
Groslambert J, Fowler G, Wijngaarden S, Prokhorova E, Rehwinkel J,
Schiler H, Filippov DV, Sanyal S, Ahel D, Nielsen ML, Smith R, Ahel I.
2023. PARP14 is a PARP with both ADP-ribosyl transferase and hydrolase
activities. Sci Adv 9:eadi2687. https://doi.org/10.1126/sciadv.adi2687
Caprara G, Prosperini E, Piccolo V, Sigismondo G, Melacarne A, Cuomo A,
Boothby M, Rescigno M, Bonaldi T, Natoli G. 2018. PARP14 controls the
nuclear accumulation of a subset of type | IFN-inducible proteins. J
Immunol 200:2439-2454. https://doi.org/10.4049/jimmunol.1701117
Barthel M, Hapfelmeier S, Quintanilla-Martinez L, Kremer M, Rohde M,
Hogardt M, Pfeffer K, Rlissmann H, Hardt WD. 2003. Pretreatment of mice
with streptomycin provides a Salmonella enterica serovar Typhimurium
colitis model that allows analysis of both pathogen and host. Infect
Immun 71:2839-2858. https://doi.org/10.1128/IA1.71.5.2839-2858.2003
Cho SH, Goenka S, Henttinen T, Gudapati P, Reinikainen A, Eischen CM,
Lahesmaa R, Boothby M. 2009. PARP-14, a member of the B aggressive
lymphoma family, transduces survival signals in primary B cells. Blood
113:2416-2425. https://doi.org/10.1182/blood-2008-03-144121
Vedantham M, Polari L, Poosakkannu A, Pinto RG, Sakari M, Laine J, Sipila
P, Maatta J, Gerke H, Rissanen T, Rantakari P, Toivola DM, Pulliainen AT.
2024. Body-wide genetic deficiency of poly(ADP-ribose) polymerase 14
sensitizes mice to colitis. FASEB J 38:e23775. https://doi.org/10.1096/f].2
02400484R

Bankhead P, Loughrey MB, Ferndndez JA, Dombrowski Y, McArt DG,
Dunne PD, McQuaid S, Gray RT, Murray LJ, Coleman HG, James JA, Salto-
Tellez M, Hamilton PW. 2017. QuPath: open source software for digital
pathology image analysis. Sci Rep 7:16878. https://doi.org/10.1038/s415
98-017-17204-5

Haber AL, Biton M, Rogel N, Herbst RH, Shekhar K, Smillie C, Burgin G,
Delorey TM, Howitt MR, Katz Y, Tirosh |, Beyaz S, Dionne D, Zhang M,
Raychowdhury R, Garrett WS, Rozenblatt-Rosen O, Shi HN, Yilmaz O,
Xavier RJ, Regev A. 2017. A single-cell survey of the small intestinal
epithelium. Nature 551:333-339. https://doi.org/10.1038/nature24489
Livak KJ, Schmittgen TD. 2001. Analysis of relative gene expression data
using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method.
Methods 25:402-408. https://doi.org/10.1006/meth.2001.1262
Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, Cherry JM, Davis AP,
Dolinski K, Dwight SS, Eppig JT, Harris MA, Hill DP, Issel-Tarver L,
Kasarskis A, Lewis S, Matese JC, Richardson JE, Ringwald M, Rubin GM,
Sherlock G. 2000. Gene Ontology: tool for the unification of biology. Nat
Genet 25:25-29. https://doi.org/10.1038/75556

Gene Ontology Consortium, Aleksander SA, Balhoff J, Carbon S, Cherry
JM, Drabkin HJ, Ebert D, Feuermann M, Gaudet P, Harris NL, et al. 2023.
The gene ontology knowledgebase in 2023. Genetics 224:iyad031. https:
//doi.org/10.1093/genetics/iyad031

Thomas PD, Ebert D, Muruganujan A, Mushayahama T, Albou LP, Mi H.
2022. PANTHER: making genome-scale phylogenetics accessible to all.
Protein Sci 31:8-22. https://doi.org/10.1002/pro.4218

Issue 0

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Microbiology Spectrum

Kanehisa M, Furumichi M, Sato Y, Kawashima M, Ishiguro-Watanabe M.
2023. KEGG for taxonomy-based analysis of pathways and genomes.
Nucleic Acids Res 51:D587-D592. https://doi.org/10.1093/nar/gkac963
Kanehisa M. 2019. Toward understanding the origin and evolution of
cellular organisms. Protein Sci 28:1947-1951. https://doi.org/10.1002/pr
0.3715

Kanehisa M, Goto S. 2000. KEGG: kyoto encyclopedia of genes and
genomes. Nucleic Acids Res 28:27-30. https://doi.org/10.1093/nar/28.1.2
7

Tang D, Chen M, Huang X, Zhang G, Zeng L, Zhang G, Wu S, Wang Y.
2023. SRplot: a free online platform for data visualization and graphing.
PLoS ONE 18:e0294236. https://doi.org/10.1371/journal.pone.0294236
Wirtz S, Popp V, Kindermann M, Gerlach K, Weigmann B, Fichtner-Feigl S,
Neurath MF. 2017. Chemically induced mouse models of acute and
chronic intestinal inflammation. Nat Protoc 12:1295-1309. https://doi.or
9/10.1038/nprot.2017.044

Okayasu |, Hatakeyama S, Yamada M, Ohkusa T, Inagaki Y, Nakaya R.
1990. A novel method in the induction of reliable experimental acute
and chronic ulcerative colitis in mice. Gastroenterology 98:694-702. http
s://doi.org/10.1016/0016-5085(90)90290-h

Schneider C, O’Leary CE, Locksley RM. 2019. Regulation of immune
responses by tuft cells. Nat Rev Immunol 19:584-593. https://doi.org/10.
1038/541577-019-0176-x

Argmann C, Tokuyama M, Ungaro RC, Huang R, Hou R, Gurunathan S,
Kosoy R, Di'Narzo A, Wang W, Losic B, et al. 2021. Molecular characteriza-
tion of limited ulcerative colitis reveals novel biology and predictors of
disease extension. Gastroenterology 161:1953-1968. https://doi.org/10.
1053/j.gastro.2021.08.053

Jones BD, Ghori N, Falkow S. 1994. Salmonella typhimurium initiates
murine infection by penetrating and destroying the specialized
epithelial M cells of the Peyer’s patches. J Exp Med 180:15-23. https://doi
.org/10.1084/jem.180.1.15

Penheiter KL, Mathur N, Giles D, Fahlen T, Jones BD. 1997. Non-invasive
Salmonella typhimurium mutants are avirulent because of an inability to
enter and destroy M cells of ileal Peyer’s patches. Mol Microbiol 24:697-
709. https://doi.org/10.1046/j.1365-2958.1997.3741745 x

Li J, Casanova JL, Puel A. 2018. Mucocutaneous IL-17 immunity in mice
and humans: host defense vs. excessive inflammation. Mucosal Immunol
11:581-589. https://doi.org/10.1038/mi.2017.97

Cho SH, Raybuck A, Wei M, Erickson J, Nam KT, Cox RG, Trochtenberg A,
Thomas JW, Williams J, Boothby M. 2013. B cell-intrinsic and -extrinsic
regulation of antibody responses by PARP14, an intracellular (ADP-
Ribosyl)transferase. J Immunol 191:3169-3178. https://doi.org/10.4049/ji
mmunol.1301106

Mehrotra P, Krishnamurthy P, Sun J, Goenka S, Kaplan MH. 2015. Poly-
ADP-ribosyl polymerase-14 promotes T helper 17 and follicular T helper
development. Immunology 146:537-546. https://doi.org/10.1111/imm.1
2515

Amatya N, Garg AV, Gaffen SL. 2017. IL-17 signaling: the Yin and the
Yang. Trends Immunol 38:310-322. https://doi.org/10.1016/j.it.2017.01.0
06

Kishimoto T, Kang S. 2022. IL-6 revisited: From rheumatoid arthritis to
CART Cell therapy and COVID-19. Annu Rev Immunol 40:323-348. https:
//doi.org/10.1146/annurev-immunol-101220-023458

Ohara D, Takeuchi Y, Hirota K. 2024. Type 17 immunity: novel insights
into intestinal homeostasis and autoimmune pathogenesis driven by
gut-primed T cells. Cell Mol Immunol 21:1183-1200. https://doi.org/10.1
038/541423-024-01218-x

Tao X, Tao R, Wang K, Wu L. 2024. Anti-inflammatory mechanism of
apolipoprotein A-l. Front Immunol 15:1417270. https://doi.org/10.3389/f
immu.2024.1417270

Gkouskou KK, loannou M, Pavlopoulos GA, Georgila K, Siganou A,
Nikolaidis G, Kanellis DC, Moore S, Papadakis KA, Kardassis D, lliopoulos
I, McDyer FA, Drakos E, Eliopoulos AG. 2016. Apolipoprotein A-l inhibits
experimental colitis and colitis-propelled carcinogenesis. Oncogene
35:2496-2505. https://doi.org/10.1038/0nc.2015.307

Meriwether D, Sulaiman D, Volpe C, Dorfman A, Grijalva V, Dorreh N,
Solorzano-Vargas RS, Wang J, O'Connor E, Papesh J, Larauche M, Trost H,
Palgunachari MN, Anantharamaiah GM, Herschman HR, Martin MG,
Fogelman AM, Reddy ST. 2019. Apolipoprotein A-I mimetics mitigate
intestinal inflammation in COX2-dependent inflammatory bowel disease
model. J Clin Invest 129:3670-3685. https://doi.org/10.1172/JC1123700
Sharifov OF, Xu X, Gaggar A, Tabengwa EM, White CR, Palgunachari MN,
Anantharamaiah GM, Gupta H. 2014. L-4F inhibits

10.1128/spectrum.02971-25 23

Downloaded from https://journals.asm.org/journal/spectrum on 16 January 2026 by 130.232.237.255.


https://doi.org/10.1038/ncomms12849
https://doi.org/10.1016/j.mcpro.2021.100153
https://doi.org/10.1038/s44318-024-00125-1
https://doi.org/10.1038/s44318-024-00126-0
https://doi.org/10.1016/j.jbc.2021.101041
https://doi.org/10.1016/j.jbc.2023.105096
https://doi.org/10.1126/sciadv.adi2687
https://doi.org/10.4049/jimmunol.1701117
https://doi.org/10.1128/IAI.71.5.2839-2858.2003
https://doi.org/10.1182/blood-2008-03-144121
https://doi.org/10.1096/fj.202400484R
https://doi.org/10.1038/s41598-017-17204-5
https://doi.org/10.1038/nature24489
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1038/75556
https://doi.org/10.1093/genetics/iyad031
https://doi.org/10.1002/pro.4218
https://doi.org/10.1093/nar/gkac963
https://doi.org/10.1002/pro.3715
https://doi.org/10.1093/nar/28.1.27
https://doi.org/10.1371/journal.pone.0294236
https://doi.org/10.1038/nprot.2017.044
https://doi.org/10.1016/0016-5085(90)90290-h
https://doi.org/10.1038/s41577-019-0176-x
https://doi.org/10.1053/j.gastro.2021.08.053
https://doi.org/10.1084/jem.180.1.15
https://doi.org/10.1046/j.1365-2958.1997.3741745.x
https://doi.org/10.1038/mi.2017.97
https://doi.org/10.4049/jimmunol.1301106
https://doi.org/10.1111/imm.12515
https://doi.org/10.1016/j.it.2017.01.006
https://doi.org/10.1146/annurev-immunol-101220-023458
https://doi.org/10.1038/s41423-024-01218-x
https://doi.org/10.3389/fimmu.2024.1417270
https://doi.org/10.1038/onc.2015.307
https://doi.org/10.1172/JCI123700
https://doi.org/10.1128/spectrum.02971-25

Research Article

62.

63.

64.

Month XXXX Volume 0

lipopolysaccharide-mediated activation of primary human neutrophils.
Inflammation 37:1401-1412. https://doi.org/10.1007/510753-014-9864-7
Nowacki TM, Remaley AT, Bettenworth D, Eisenbldtter M, Vowinkel T,
Becker F, Vogl T, Roth J, Tietge UJ, Liigering A, Heidemann J, Nofer JR.
2016. The 5A apolipoprotein A-l (apoA-l) mimetic peptide ameliorates
experimental colitis by regulating monocyte infiltration. Br J Pharmacol
173:2780-2792. https://doi.org/10.1111/bph.13556

Réasdnen K, Itkonen O, Koistinen H, Stenman UH. 2016. Emerging roles of
SPINKT1 in cancer. Clin Chem 62:449-457. https://doi.org/10.1373/clinche
m.2015.241513

Wang J, Ohmuraya M, Hirota M, Baba H, Zhao G, Takeya M, Araki K,
Yamamura K. 2008. Expression pattern of serine protease inhibitor kazal

Issue 0

65.

66.

Microbiology Spectrum

type 3 (Spink3) during mouse embryonic development. Histochem Cell
Biol 130:387-397. https://doi.org/10.1007/s00418-008-0425-8

Van Op den bosch J, Adriaensen D, Van Nassauw L, Timmermans J-P.
2009. The role(s) of somatostatin, structurally related peptides and
somatostatin receptors in the gastrointestinal tract: a review. Regul Pept
156:1-8. https://doi.org/10.1016/j.regpep.2009.04.003

Chowers Y, Cahalon L, Lahav M, Schor H, Tal R, Bar-Meir S, Levite M. 2000.
Somatostatin through its specific receptor inhibits spontaneous and tnf-
a- and bacteria-induced IL-8 and IL-13 secretion from intestinal
epithelial cells. J Immunol 165:2955-2961. https://doi.org/10.4049/jimm
unol.165.6.2955

10.1128/spectrum.02971-25 24

Downloaded from https://journals.asm.org/journal/spectrum on 16 January 2026 by 130.232.237.255.


https://doi.org/10.1007/s10753-014-9864-7
https://doi.org/10.1111/bph.13556
https://doi.org/10.1373/clinchem.2015.241513
https://doi.org/10.1007/s00418-008-0425-8
https://doi.org/10.1016/j.regpep.2009.04.003
https://doi.org/10.4049/jimmunol.165.6.2955
https://doi.org/10.1128/spectrum.02971-25

	Exacerbated salmonellosis in poly(ADP-ribose) polymerase 14-deficient mice
	MATERIALS AND METHODS
	Mouse experimentation
	Quantitation infection severity
	Parp14 immunohistochemistry
	Parp14 and F4/80 double immunofluorescence staining
	Parp14 and wheat germ agglutinin double immunofluorescence staining
	QuPath-based quantitation of Parp14 immunohistochemical staining
	Single-cell RNA-Seq
	Isolation of RNA and quantitative PCR analysis
	RNA-Seq runs and data analysis

	RESULTS
	Parp14 is expressed by epithelial cells in the mouse gastrointestinal tract
	Minor macroscopic effects of Parp14 deficiency on the severity of salmonellosis
	Exacerbated gastrointestinal histopathology in S. Typhimurium-infected Parp14-deficient mice
	Transcriptomic signatures uniquely detected in large intestines of S. Typhimurium-infected wt and Parp14-deficient mice
	Transcriptomic signatures downregulated in the large intestine of S. Typhimurium-infected Parp14-deficient mice
	Epithelial cell-specific transcriptomic signature downregulated in large intestine of S. Typhimurium-infected Parp14-deficient mice

	DISCUSSION


