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Abbreviations

HIF Hypoxia-inducible factor

S. Tm Salmonella Typhimurium

PHD Prolyl Hydroxylase

IEC Intestinal epithelial cells

NOS2 NO Synthetase-2

CXCL2 C-X-C motif chemokine 2

SPI-2 Salmonella pathogenicity island 2
BMDM Bone marrow-derived macrophages
IBD Inflammatory bowel disease

RNS Reactive nitrogen species
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Abstract

The hypoxia-inducible transcription factor 1 (HIF-1) has been shown to ameliorate
different bacterial infections through enhancement of microbial killing. While the impact
of HIF-1 on inflammatory diseases of the gut has been studied intensively, its function
in bacterial infections of the intestine remains largely elusive. With the help of a publicly
available gene expression data set, we could infer significant activation of the HIF-1
transcription factor after oral infection of mice with Salmonella Typhimurium. This
prompted us to apply lineage-restricted deletion of the Hifla locus in mice to examine
cell type-specific functions of HIF-1 in this model. We show hypoxia-independent
induction of HIF-1 activity upon Salmonella infection in the intestinal epithelium as well
as in macrophages. Surprisingly, Hifla deletion in intestinal epithelial cells impacted
neither disease outcome nor inflammatory activity. The conditional knockout of Hifla
in myeloid cells enhanced the mRNA expression of the largely pro-inflammatory
chemokine Cxcl2, revealing a potentially inflammatory effect of HIF-1 deficiency in
myeloid cells in the gut in vivo. Again, the disease outcome was not affected. In vitro
HIF-1-deficient macrophages showed an overall impaired transcription of pro-
inflammatory factors, however, Salmonella bypassed direct intracellular, bactericidal
HIF-1-dependent mechanisms in a Salmonella pathogenicity island (SPI)-2
independent manner. Taken together, our data suggest that HIF-1 in intestinal
epithelial and myeloid cells is either dispensable or compensable in the immune

defense against Salmonella Typhimurium.
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Introduction

With drastically increasing numbers of antibiotic resistant bacteria and little novel
antibiotic discoveries, new strategies to combat acute infections are urgently needed.
Boosting the immune response rather than killing the pathogen directly has become a
focus of investigations. The hypoxia-inducible factor (HIF)-1 functions as a cellular
energy switch orchestrating energy homeostasis, metabolism, angiogenesis and
evasion of apoptosis in response to low oxygen levels (hypoxia) in multiple cell types
and tissues!. Interestingly, the heterodimeric transcription factor HIF-1 further
regulates the innate immune response to invading pathogens in ways that yet remain

to be understood in greater detail to evaluate its potential as a therapy target 22,

The ubiquitously and constitutively expressed HIF-1 consists of a HIF-1a and -
subunit. HIF-1a is hydroxylated by oxygen-dependent prolyl hydroxylase enzymes
(PHDs) and marked for proteasomal degradation by von Hippel-Lindau tumor
suppressor protein (pVHL) under normoxic or rather non-stress conditions, preventing
it from otherwise binding to the HIF-13 subunit and translocating into the nucleus when
oxygen levels are low #°. The closely related HIF-2a isoform has been shown to exhibit
overlapping transcriptional activity but is mainly expressed in endothelial cells and
bone marrow %7. Gram-positive and gram-negative bacteria as well as LPS potently
stabilize HIF-1 289 thereby promoting innate immune effector functions of phagocytes
1011 Pharmacological stabilization of HIF-1a by inhibition of iron and oxygen-
dependent PHDs utilizing iron-chelators was shown to be an effective tool against
bacterial infections in vivo and in vitro 1213, arguing for a potential of HIF-1 targeting for

the treatment of bacterial infections.
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Hypoxia, physiologically defined as oxygen concentration below 1% or partial pressure
under 10 mmHg, is a hallmark of tissue inflammation, and best explained by reduced
tissue perfusion combined with increased oxygen uptake by immune cells 4. Luminal
cells of the healthy gastrointestinal epithelium are marked by physiologic hypoxia 1516
which overlaps with HIF-1a stabilization. This is functionally linked to the intestinal
luminal consumption of oxygen by the microbiota and the production of short-chain
fatty acids which promote oxygen consumption by intestinal epithelial cells, ultimately
resulting in HIF-1 protein stabilization 1. HIF-1 guards intestinal barrier integrity in two
major ways: (i) by supporting continuous proliferation via interaction with Wnt and
Notch signaling 181 and (ii) by direct barrier stabilization 2°2! through securing of tight
junctions 22, While the function of HIF-1 has been extensively studied in intestinal
inflammation and tumorigenesis, albeit with conflicting results 182023 the effect of HIF-
1 on bacterial infections of the intestinal tract remains largely elusive. In an elegant
study, the group of Paul Beck reported a functional significance of HIF-1 for bacteria-
induced intestinal injury. They showed that IEC-specific Hifla knock-out mice
displayed more severe intestinal injury and inflammation in response to Clostridium
difficile infection 24. Furthermore, pharmacological stabilization of HIF-1o attenuated
C. difficile-induced injury, further supporting a functional importance of the HIF-1
pathway in this setting. In line with these results, Hartmann and colleagues showed
that IEC-specific Hifla knock-out mice were highly susceptible to orogastric Yersinia
enterocolitica infection. The authors linked Y. enterocolitica-induced HIF-1-stabilization
to bacterial siderophore expression, including salmochelin, a siderophore also
expressed by Salmonella 2°.

Through ingestion of contaminated food and water, non-typhoidal Salmonella

represents an important cause of the world’s gastrointestinal infections 2627,
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Salmonella initially colonizes the small intestine and invades IECs, overcoming the
mucosal barrier and manipulating the immune response through translocation of
various effector molecules 22-30, It can bypass humoral immunity by hijacking
phagocytes to egress from the gut into the lymphatic system or bloodstream, potentially
causing life-threatening systemic infections 3. The above-described influence of HIF-
1 on cellular immune functions as well as tight sealing of the intestinal wall therefore
led us to investigate its role during gastrointestinal infections, using Salmonella
enterica subsp. enterica sv. Typhimurium (S. Typhimurium/S. Tm) — a non-typhoidal

strain which causes typhoid fever-like systemic infections in mice.


https://doi.org/10.1101/2021.01.16.426940
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.16.426940; this version posted January 16, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Materials and Methods

Mouse models

For constitutive deletion of Hifla specifically in intestinal epithelial cells (IECs), termed
Hif1a'EC, Villin-Cre transgenic mice, expressing the Cre recombinase under control of
the Villin1 promotor 22, were crossed with mice harboring a floxed Hifla locus 33. For
inducible IEC-specific Hifla deletion, VillinCre-ERT2 transgenic mice, which harbor
Cre recombinase fused to the ligand binding domain of the human estrogen receptor
under control of Villinl 34, were crossed with Hifla-floxed mice (termed Hif1a'=c¢nd), For
constitutive myeloid cell-specific Hifla deletion, LysMcre mice harboring Cre under
control of the murine M lysozyme promotor 3°> were crossed with Hifla-floxed mice

(termed Hif1aMc).

Murine Salmonella infection

For in vivo studies, 10-week-old mice from the above-described mouse lines and their
co-housed littermates were used. Mice from the inducible Hifla IEC knockout line were
further administered Tamoxifen (i.p., 100 mg/kg bodyweight) for five consecutive days
to induce Hifla deletion. For a comparable course of infection amongst experimental
groups and between animals, this model requires oral streptomycin treatment of all
mice before oral administration of Salmonella to produce a niche for bacterial
colonization and invasion in the gut. Accordingly, animals were treated with
streptomycin via oral gavage (20 mg/50 pL H20) 48 h after the last Tamoxifen injection
and/or one day before infection. The next day, animals received either 100 uL PBS
(controls) or 108 cfu Salmonella Typhimurium in 100 pL PBS, also via oral gavage 36,
Four days post infection (p.i.), animals were sacrificed for organ harvest. Along control
treatment or infection, mice were examined and weighed at least once daily in

accordance with the approved animal protocol. Liver, spleen, mesenteric lymph nodes
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(MLN), small intestine (SlI), cecum and colon were collected and homogenized in sterile
PBS. Counts of viable Salmonella colony forming units (cfu) were obtained by serial
dilutions and plating on LB agar plates supplemented with Ampicillin. All animal
experiments (and choice of humane endpoints) were performed according to German
animal protection law (TierSchG) and approved by the local animal welfare committee
(Landesamt fur Natur-, Umwelt- und Verbraucherschutz Nordrhein-Westfalen,

Recklinghausen) under the code AZ84-02.04.2016.A491.

Bacterial strains

For in vivo and in vitro infection experiments the Ampicillin-resistant S. Typhimurium
strain ATCC 14028 (kindly provided by Brendan Cormack, Stanford, USA) was used.
The isogenic AsseB S. Typhimurium strain ATCC 14028MvP643 and the constitutive
AsseBpsseB strain ATCC 14028, KanR, were kindly provided by Michael Hensel

(Osnabriick, Germany) 38, The E. coli K12 strain D22 was utilized for in vitro use .

IEC isolation

Intestinal epithelial cells (IECs) were isolated utilizing sections of all three parts of the
small intestine. After sacrifice, intestinal sections were kept in PBS supplemented with
2% FBS (fetal bovine serum), cleaned from feces and then turned inside-out. Sections
were incubated in 30 mM EDTA in PBS at 37°C. Then, IECs were detached in PBS
with 2% FBS and isolated from other cells types by three sedimentation steps. The IEC

pellets were snap-frozen and stored at -80°C until further preparation.

Western Blotting
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IECs (frozen pellets) or BMDMs (in petri-dishes) were lysed in nuclear extraction buffer
according to Dignam and Roeder %°. Forty micrograms of nuclear extracts were used
for SDS-PAGE and wet-transfer blotted onto a nitrocellulose membrane.
Immunoblotting was performed using antibodies against HIF-1a (Cayman Chemical,
Ann Arbor, USA, 1:700; 10006421), HIF-2a (Novus Biologicals, 1:1.000; NB100-122)
and YY1 (Proteintech Europe, 1:1.000; 66281-1-1g). For blocking and antibody dilution,
5% milk in TBS-T buffer was used. Densitometry was calculated using ImageJ software
(NIH, Bethesda, USA) relative to YY1, and normalized to the corresponding untreated

wildtype controls.

RNA isolation and quantitative PCR

Total RNA from snap-frozen IECs was isolated with peqGOLD RNAPure™ (Erlangen,
Germany) and reverse transcription was performed using the iScript cDNA Synthesis
Kit (Bio-Rad, Hercules, California, USA). Following, quantitative realtime PCR (qPCR)
was performed using the Applied Biosystems 7500 RealTime PCR System in a 96-well
format. Reactions contained 15 ng cDNA, 0.3 yM specific primer or primer mix as
indicated in manufacturers instruction at 0.1 uM and 1x Power SYBR Green Master
Mix (Applied Biosystems, Bleiswijk, The Netherlands). Primer mix for 1118 was obtained
from Biomol GmbH (Hamburg, Germany). Primers (all from 5’ to 3’) against B-actin (F:
CAC TGT CGA GTC GCG TCC, R: TCA TCC ATG GCG AAC TGG TG), Hifla (F:
GCT TCT GTT ATG AGG CTC ACC, R: ATGTCG CCG TCATCT GTT AG), Nos2 (F:
AAG CCC CGC TAC TAC TCC AT, R: AAG CCA CTG ACA CTT CGC A) Cxcl2 (F:

AAG TTT GCC TTG ACC CTG AA, R: AGG CAC ATC AGG TAC GAT CC), Cxcl5 (F:

TGC CCT ACG GTG GAAGTCAT,R: AGCTTTCTT TTT GTC ACT GCC C), lI1b (F:
CAA CCA ACA AGT GAT ATT CTC CAT G, R: GAT CCA CAC TCT CCA GCT GCA),

116 (F: TGA GAA AAG AGT TGT GCA ATG GC, R: GCATCC ATCATT TCT TTG TAT
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CTC TGG), Tnfa (F: CCATTC CTG AGT TCT GCA AAG G, R: AGG TAG GAA GGC
CTG AGA TCT TAT C), Cramp (F: CAG CTG TAACGAGCC TGG TG, R: CAC CTT
TGC GGA GAA GTC CA), Lcn2 (F: ATGCACAGGTATCCTCAGGT, R:
TGGCGAACTGGTTGTAGTCC) and LysM (F: ATG GAA TGG CTG GCT ACT ATG,
R: ACC AGT ATC GGC TAT TGA TCT GA) were selected to span exon borders if
possible and were validated according to the MIQE guidelines 4.. Relative mRNA
expression was calculated using the comparative delta- CT method and normalized to

B-actin using gbase+ 3.0 (Biogazelle, Zwijnaarde, Belgium).

Immunohistochemistry

Immunohistochemical analysis was conducted on formalin-fixed and paraffin-
embedded small intestines. Sections were stained with an antibody against HIF-1a
(Cayman Chemical, Ann Arbor, USA; 10006421) and counterstained with hematoxylin.
Hypoxic areas were visualized using the Hypoxyprobe-1 kit (Hypoxyprobe Inc.,

Burlington, USA). Detailled staining procedures were previously described 4243,

Isolation and differentiation of bone marrow-derived macrophages (BMDMs)

Bone marrow from tibiae and femurs of 8- to 12-week-old WT and Hif1laM® mice was
collected and seeded onto non-TC-treated cell culture plates in Roswell Park Memorial
Institute (RPMI) medium supplemented with 10% FBS overnight. Non-adherent cells
were collected and cultured in RPMI (with Penicillin and Streptomycin (Pen/Strep))
supplemented with 20% FBS and 30% L929-conditioned medium and 100 U/mL
penicillin, and 100 pg/mL streptomycin for 6 days for differentiation to MO macrophages
(BMDMSs). Cells were then seeded overnight in RPMI (with Pen/Strep) supplemented

with 10% FBS and 15% L929-conditioned medium. On assay day, cells were washed

10
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twice with PBS and medium was changed to RPMI supplemented with 2% FBS without

antibiotics two hours before assay.

Intracellular killing assay and in vitro infection

Bacteria were grown over night in LB medium supplemented with antibiotics as
indicated. On assay day, log phase cultures were grown in LB, washed with PBS twice
and then diluted in assay medium. For intracellular killing assays BMDMs were infected
with a MOI (multiplicity of infection) of 10 of indicated Salmonella and E. coli strains.
Plates were then briefly centrifuged to assure bacteria-cell contact. 30 minutes after
infection, Gentamycin was added to cells (100 pug/mL final concentration) to Kill
extracellular bacteria. After one, two and four hours, cells were washed twice with PBS
and then lysed with 0,0025% Triton X-100. Counts of viable bacteria/colony forming
units (cfu) were obtained by serial dilutions and plating on LB agar plates. For later
RNA isolation BMDMs were infected with an MOI of 1 instead and no gentamycin was
added. For Lactate dehydrogenase (LDH) assay from supernatants of intracellular
killing assay, were analyzed, the Pierce LDH Cytotoxicity Assay kit was used (Thermo
Scientific, Waltham, Massachusetts) and Absorbance (A490 nm — A680 nm) was

measured.

Flow cytometry analyses of murine leukocyte populations in lamina propria

Peyers patches, mesenteric fat tissue and feces were removed from small intestines
in HBSS supplemented with 3% FBS. Mucus was removed using nitex mesh to rinse.
IECs were removed by two washes in HBSS/FBS containing 2 mM EDTA followed by
collagenase VIl digestion (Sigma). Cells were then filtered using a 40 um cell strainer
and stained with the Live/Dead dye 7 Amino-actinomycin D (7AAD, Biolegend) and

antibodies against CD45.2 (Biolegend, 104), MHC-II (Biolegend, M5.114.15.2), CD11c

11
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(Biolegend, N418) Ly6C (Bioegend, HK1.4), Ly6G (Biolegend, 1A8), CD103
(Biolegend, 2E7), CD11b (Biolegend, M1/70), Siglec F (BD, E50-2440) and CD64

(Biolegend, X54-5/7.1).

Bioinformatics analysis

Data accessing and processing: On NCBI Gene Expression Omnibus (GEO) a
publicly available transcriptomics dataset by Altmeyer et al. studying the effect of a
Salmonella infection in a gastrointestinal infection (accession number: GSE19174) was
identified 44, Raw data were downloaded with the R package GEOquery (version
2.56.0) % focusing only on the wildtype samples. Samples associated with a PARP1
knockout were discarded. Subsequently data were normalized first by removing lowly
expressed genes, followed by background correction and between-array normalization
using the R package vsn (version 3.56.0) 6. Finally, the probes were annotated with
gene symbols and the expression was summarized in case of duplicated gene
symbols.

Differential gene expression analysis: Differential gene expression analysis was
performed using the R package limma (version 3.44.3) 4’. A gene is considered
significantly regulated with an absolute log fold-change (logFC) of at least 1 and false
discovery rate (FDR) < 0.05.

Transcription factor analysis: The activity of the transcription factor HIF-1 was
inferred from gene expression data for each sample using the R/Bioconductor package
DoRothEA (version 1.0.0, https://saezlab.github.io/dorothea/) “8. The activity is
estimated by interrogating the expression of HIF-1 target genes. The difference in HIF-
1 activity between control and infected samples was determined with a two-tailed t-
test.

Pathway analysis

12
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We inferred the activity of Hypoxia and NF-kB for gene expression data for each
sample using the R/Bioconductor packag progeny (version 1.11.1,
https://saezlab.github.io/progeny/) 4%°°, The activities are estimated by interrogating
the expression of downstream affected genes instead of observing the expression of
pathway members. Differences in pathway activities between control and infected

samples were determined with a two-tailed t-test.

Availability of code
The code to perform the presented bioinformatics analysis is written in R and is freely

available on GitHub: https://github.com/saezlab/HIF1A-activity-salmonella.

Statistics

Statistical analysis was performed using Prism 5.0 and 6.0 software (GraphPad
Software, San Diego, California, USA). Statistical significance was determined
according to one-way analysis of variance followed by Tukey post hoc test, Kruskal-
Walllis test with Dunn’s post test, two-tailed t-test or Mann-Whitney U test as indicated.
Differences were considered statistically significant at p < 0.05. The asterisks in the
graphs indicate statistically significant changes with P values: * P < 0.05, ** P < 0.01

and *** P <0.001.
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Results

HIF-1 is highly stabilized in response to Salmonella in the small intestine

As infections with other enteric pathogens such as Y. enterocolitica result in the
stabilization of HIF-1 225, we sought to address the relevance of HIF-1 in the setting of
gastrointestinal Salmonella infection in an oral murine model®’. We performed a
transcription factor analysis using DoRothEA € on a published gene expression data
set (4 days p.i. with Salmonella) 4. This analysis convincingly demonstrated
upregulation of most of HIF-1 target genes, which were summarized as an increased
activity score of HIF-1 in response to Salmonella in the gut (Fig. 1A and B). In order to
understand the upstream pathways responsible for HIF-1 transcriptional activation, we
additionally applied the pathway analysis tool PROGENYy to the published dataset 4%,
Besides hypoxia-dependent activation, this analysis suggested non-canonical HIF-1a
stabilization as the NF-kB pathway was upregulated (Fig. 1C). In line with these in
silico results, we could demonstrate robust stabilization of the epithelial HIF-1a protein
accompanying mucosal tissue destruction and villus shortening at 4 days p.i. with
Salmonella (Fig. 1D). Of note, the villus tip-pronounced hypoxia pattern vanished upon
Salmonella infection (Fig. 1D), consistent with hypoxia-independent (non-canonical)
HIF-1 stabilization in intestinal epithelial cells (IECs).

Small intestinal epithelial cells (IECs) were isolated for mMRNA extraction and to obtain
epithelial nuclear protein extracts (Fig. 1E-F). Since previous studies on chemically-
induced inflammation of the gut, such as DSS colitis, hinted at an influence of HIF-2
on intestinal mucosal inflammatory processes °!, we examined HIF-1a as well as HIF-
2a stabilization in IECs isolated from healthy and Salmonella-infected wild type mice.
While HIF-2a protein level was enhanced in individual samples, only HIF-1a
stabilization was consistently found upon infection in all infected animals (Fig. 1E). To

analyze if the lack of HIF-1 accumulation could be compensated by enhanced HIF-2,
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we compared HIF-2a levels in HIF-1a-deficient IECs (Hif1a't¢) to WT controls and
found no difference in uninfected controls or Salmonella-infected animals
(Supplemental Fig. 1A). Next, we sought to elucidate whether the observed HIF-1
activation was transcriptional or post-translational and whether it resulted in HIF-1-
dependent upregulation of HIF-1 target genes. Quantitative PCR analysis (Fig. 1F) of
isolated WT IECs showed a slight upregulation of Hifla and a significant upregulation
of the HIF-1 target gene No0s2 in response to Salmonella infection. Therefore, we
conclude that epithelial HIF-1 - rather than HIF-2 - is stabilized upon Salmonella

infection in a hypoxia-independent fashion.

Epithelial lack of HIF-1a does not influence disease severity or systemic
bacterial spread

The above results suggested a functional relevance of HIF-1 for the epithelial
antimicrobial host defense against Salmonella. To functionally evaluate this, we used
mice with a constitutive Hifla knockout in IECs (termed Hif1a'®¢) and assayed disease
severity, inflammatory activity in the gut and bacterial spread to mesenteric lymph
nodes, spleen and liver tissue. Four days after Salmonella infection, the indicated
organs were harvested, homogenized, diluted and plated for cfu counting (Fig. 2A).
Also, animals were weighed over the whole course of infection. Since slight differences
in bacteria counts between individual experiments were observed and most likely
caused by minor variations in the bacterial infection inoculum, bacterial numbers were
normalized to those found in respective WT animals for comparison. Both wildtype litter
mates and Hif1a'®¢ mice exhibited significant weight loss (almost 20%), illustrating the
severity of the infection. Unexpectedly, Hif1a't¢ mice showed no difference in bacterial
organ counts or body weight as compared to their WT littermates. To rule out a

potential functional compensation for the loss of HIF-1 in constitutively Hif1a'E¢ mice,
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we additionally utilized a second IEC-specific knockout mouse line, where the Hifla
deletion in IECs was induced prior to the infection (termed Hifla'®c"d). The gene
deletion efficiency in both animal models - the Hifla'®¢ and HiF1a'®¢"d mice - was
confirmed (Supplemental Figure 1B, 1C and 1D). Again, no difference in the bacterial
organ load nor in weight loss was observed (Fig. 2B). Finally, we compared cytokine
and chemokine and gene expression in IECs isolated from Hif1a'¥¢ mice in healthy
controls as well as 4 days p.i. (Fig. 2C). Similarly, no significant difference was detected
between both genotypes while a general upregulation was observed upon infection.
Only Cxcl5 and the HIF-1 target gene Nos2 showed a slightly reduced upregulation in

Hifla-deficient IECs compared to WT.

HIF-1 in myeloid cells influences the antimicrobial host response but does not
influence systemic bacterial spread or disease severity

Macrophages play an essential role in the response to Salmonella infection by
coordinating the innate and adaptive immune response through recognition of
pathogen associated molecular patterns (PAMPS), leading to an antimicrobial
inflammatory immune response %2. Of note, Salmonella is a facultative intracellular
pathogen, and can survive within macrophages in so called Salmonella-containing
vacuoles (SCV) bypassing the antimicrobial attack of the macrophage °2°3. Since the
influence of HIF-1 on bactericidal functions of macrophages has been well described?°,
we explored the effect of a myeloid cell-specific Hifla loss on systemic infection and
disease outcome as well as mucosal inflammation. Unexpectedly, evaluation of organ
load and body weight (Fig. 3A) did not show significant differences between wildtype
and Hif1aM® mice. mRNA expression analysis of IECs isolated from infected wildtype
and Hif1aM® animals showed significantly higher expression of the chemokine Cxcl2

while Cxcl5 expression was slightly reduced in infected HiflaM® mice (Fig. 3B). To
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further characterize the infiltration of immune cells in the mucosal tissue of Hifla'®¢ and
Hif1aM® mice, FACS analysis of isolated lamina propria cells was performed. However,
no difference in the composition of various leukocyte subsets in both mouse lines

compared to their wild type littermates was detected (Supplemental Fig. 2).

HIF-1 is highly stabilized in macrophages upon Salmonella infection and
influences the inflammatory response

Given the well-established supportive role of HIF-1 for microbial killing of phagocytes
we were surprised that neither Hif1aM® nor Hif1a'®¢/Hif1a'8¢"d mice exhibited an altered
bacterial spread after Salmonella infection. As macrophages represent the first line of
defense against Salmonella 3!, we next sought to characterize the functional
importance of HIF-1a for macrophages in vitro. Bone marrow-derived macrophages
(BMDMs) were generated from wildtype mice and infected with Salmonella at a
multiplicity of infection (MOI) of 10 (Fig. 4A). Western blot analysis showed robust
stabilization of HIF-1a upon Salmonella infection. To further elucidate HIF-1's impact
on the transcriptional response to Salmonella, gene expression analysis in BMDMs of
Hif1aM® mice and their wildtype litermates were performed. The expression of genes
involved in direct bactericidal or inflammatory functions of phagocytes and in the
response to Salmonella was compared (Fig. 4B and C). Of note, while the overall
MRNA expression of pro-inflammatory mediators upon infection in HIF-1a deficient
macrophages was lower, this functional inactivation of had no significant influence on
the Salmonella-induced regulation of the pro-inflammatory mediators ll1b, 116 and Tnfa
(Fig. 4B), Lcn2 (inhibiting intracellular Salmonella growth due to iron chelation %),
Nos2, various chemokines and the antimicrobial peptide cathelin-related antimicrobial

peptide (CRAMP) 5 (Fig. 4C).
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HIF-1 does affect E. coli but not Salmonella killing by macrophages

In order to reconcile our observation with the known role of HIF-1 for the antimicrobial
activity in macrophages %13, we performed comparative intracellular killing assays
using Salmonella and the non-pathogenic commensal bacterium E. coli. Both WT and
Hif1aMC® BMDMs exhibited equally and significantly reduced intracellular Salmonella
counts over the time course of 4 hours of infection (Fig. 5A). In sharp contrast, while
WT macrophages killed a significant percentage of intracellular E. coli, Hif1aM® cells
failed to do so (Fig. 5B). To investigate whether macrophages were killing intracellular
bacteria or were lysed by them in turn, we measured LDH (lactate dehydrogenase)
activity in the cell culture supernatant as an indicator for cell death (Fig. 5C). LDH levels
in both WT and Hifla-deficient BMDMs were elevated upon Salmonella infection
already after 2 hours, while LDH levels upon E. coli infection were still as low as in the
control. This suggested that Salmonella induced cell death of a notable number of
infected BMDM s in this setting. Intracellularly, macrophages can kill bacteria through
an oxidative burst utilizing ROS (reactive oxygen species) and RNS (reactive nitrogen
species). Unlike E. coli, Salmonella is able to evade and bypass this antimicrobial host
defense mechanism 6. Salmonella converts the phagosome through expression of a
type 11l (T3SS) secretion system and translocation of effector proteins encoded by the
Salmonella pathogenicity island 2 (SPI-2) into so-called Salmonella-containing
vacuoles (SCV). Here, Salmonella survives and even replicates. We used a sseB
mutant strain (AsseB) lacking a functional SPI-2 T3SS and preventing SCV formation
(Supplemental Figure 3) as well as the complemented AsseBpsseB strain 3. However,
no significant influence of the presence of HIF-1a on the number of intracellular SPI-2
T3SS deficient Salmonella was noted. These results do not support a significant
influence of the SPI-2 T3SS on the resistance to HIF-1 induced bacterial killing in

macrophages.
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Discussion

Originally identified as a master regulator of the cellular response to hypoxia, HIF-1
emerged as a central regulator of immune cell functions °7. Utilizing the same
mechanisms as in the hypoxic setting, it shifts cellular metabolism and changes the
transcription of a broad spectrum of genes and therefore influences immune functions
of epithelial and endothelial cell types 13°8 as well as phagocytes %1 making it a
potential tool to fight various bacterial and non-bacterial infections. The activation of
macrophages with different inflammatory stimuli such as succinate °° or bacteria (as
shown for Mycobacterium tuberculosis) leads to a shift from the TCA cycle to
glycolysis, HIF-1 stabilization and further macrophage activation ©°-%2, HIF-1
stabilization facilitates the induction of pro-inflammatory cytokines such as II-13 and of
additional mechanisms controlling intracellular bacteria in particular %3, In this study
we addressed the role of HIF-1 on intestinal infections with Salmonella, utilizing
genetically modified mice harboring either a myeloid- (Hif1la¥®) or an intestinal
epithelial cell- specific (Hif1a'E®) Hifla knockout 32:3335,

Although HIF-1a was robustly upregulated in IECs as well as macrophages in
response to Salmonella infection, its deletion did not change the overall disease
outcome in the respective infection models. No difference between wildtype and
knockout mice was observed comparing weight loss as well as systemic organ spread
of Salmonella in both settings. Since mice with a deletion of Hifla in IECs develop
normally, we further analyzed whether these results could be due to a compensatory
mechanism and utilized a tamoxifen-inducible IEC-specific Hifla knockout mouse
strain (Hif1a'EC¢ind) 3334 However, systemic bacteria spread and weight loss were

comparable to the constitutive IEC-specific Hifla knockout line.
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Different research groups have reported HIF-1 to impact enteric inflammatory diseases
- especially IBD and DSS-induced colitis — and thereby to play a critical role in intestinal
tumorigenesis 864 Surprisingly, the Hifla deletion in IECs did not alter the mRNA
expression of genes encoding different cytokines, chemokines and AMPs potentially
involved in the inflammatory response to bacterial pathogens. Only a slight decrease
of Cxcl5 and Nos2 was observed upon Hifla deletion. On the contrary, Hif1aV® mice
showed increase in Cxcl2 mMRNA expression upon Salmonella infection - hinting at a
potential anti-inflammatory phenotype of HIF-1 possessing myeloid cells in this setting.
Also in vitro, Hifla-deficient macrophages showed globally lower mRNA expression
levels of multiple effectors involved in the specific response to Salmonella. Yet again,
intracellular Salmonella survival was comparable between HiflaM® and wildtype cells.
Two macrophage mechanisms with central importance for killing of intracellular
pathogens are the production of ROS and RNS. The TCA cycle intermediates
succinate and fumarate have been shown to inhibit PHD function and induce ROS
formation leading to robust HIF-1 stabilization 5°65, NO species also inhibit PHDs and
stabilize HIF-1 additionally through S-nitrosylation 6. However, a Salmonella (ASseB)
mutant which is more susceptible to ROS due to its inability to form Salmonella
containing vacuoles (SCV) intracellularly %8 again showed comparable intracellular
survival in both wildtype and Hifla deficient macrophages, while — consistent with
recent studies '® - E. coli survival was positively impacted by Hifla deficiency.
Therefore, we conclude that Salmonella bypasses the ROS-response in a different,

possibly yet unknown, way.

Several studies have shown inducible NO synthase (NOS2) and therefore NO (nitric
oxide) to be of functional relevance for HIF-1-dependent immunity and the induction of

a positive feedback-loop which drives the inflammatory macrophage response .
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However, chronologically the induction of NOS2 and reactive nitrogen species follows
the induction of ROS at later stages of a Salmonella infection °2. In all examined mouse
lines, a weight loss of almost 20% was observed, demonstrating a severe course of
the infection, but potentially obscuring a HIF-1-dependent phenotype in the very final

stages of a Salmonella-infection model portraying survival.

Salmonella has further been shown to evade the RNS response by limiting NOS2
substrates 7. Salmonella also exhibit ROS/RNS detoxification enzymes such as SodC
(Superoxide dismutase) % on the one hand as well as PhoPQ ©°, a factor crucial for
evasion of nitrosative stress and intracellular survival, on the other hand. They could
therefore avoid or alter the main HIF-1 immune response of phagocytes in general.
Salmonella such as other intracellular bacteria like Chlamydophila pneumoniae "° and
Francisella tularensis "* — which actively impair HIF-1 stabilization or possess HIF-1-
degrading virulence factors — might therefore not be susceptible to HIF-1 dependent
immunity and rather reprogram the ROS and RNS response. Taken together, our
findings indicate that the functional importance of HIF-1 for bacterial killing depends on
the pathogen under investigation. For a diverse range of bacteria, from E. coli 3 to
MRSA 2, HIF could represent a therapeutic target but potentially not for all. It is
important to note that our study did not address the effects of (pharmacological)
stabilization of HIF-a. It surely is possible that this approach can result in protection
against Salmonella, as has been shown for other infectious agents 213, Evidently, a
more detailed understanding of HIF-1 immunity and bacterial adaption mechanisms of
professional intracellular pathogens like Salmonella towards it are necessary to fully

evaluate HIF-1’s potential as a therapy target.
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Figure Legends

Figure 1

Gene expression and pathway analysis in response to hypoxia-independent
stabilization of HIF-1to Salmonella (S. Tm) in the gut. (A) Gene expression analysis of HIF-
1 target genes after S. Tm infection. (B) Computation of HIF-1 transcriptional activity, (C) NF-
KB and Hypoxia pathway activities upon Salmonella infection in comparison to uninfected
controls. (D) Representative images of small intestines 4 days post oral PBS administration
(control) or S. Tm infection (p.i.) stained for HIF-1a (upper panel) and Hypoxyprobe (lower
panel). Arrows point towards luminal villus tips. (E) HIF-1a and HIF-2a western blots of nuclear
extracts from IECs isolated from control or 4 days p.i. (n=3) with YY1 as loading control and
corresponding densitometry. (F) gPCR analysis of Hifla (n=4), Nos2 and Hif2a (n=5) mRNA
expression in uninfected IECs and p.i. relative to reference gene -actin and normalized to
control. Data represent means with SEM. * P-values according to two-tailed t-test (B, C) or
Mann-Whitney U test (F).

Figure 2

Intestinal epithelial HIF-1 loss does not affect systemic infection, weight loss or
inflammatory response in a Salmonella infection model. Quantification of systemic
Salmonella spread (normalized cfu (colony forming units)/g tissue) in Liver, Spleen, Mesenteric
Lymph Nodes (MLN), Small Intestine (SI), Cecum and Colon and weight loss (over time course
of infection) of (A) WT littermates and Hif1a'®© mice harboring a constitutive HIF-1a knockout
in IECs 4 days post infection (n=7) and (B) and WT littermates and Tamoxifen-inducible HIF-
1a deficient (Hif1a'=¢"?) mice (n=6). (C) MRNA expression of Cxcl2, 1118, ll1b, Cxcl5 and Nos2
relative to B-actin in WT and Hif1a'®¢ IECs of control mice (n=5) and 4 days p.i. with Salmonella
(S. Tm) (n=7) normalized to WT control. Data represent means with
SEM. " P <0.05; " P<0.01; " P<0.001 according to Kruskal-Wallis test with Dunn’s
posttest (A, B, C).

Figure 3

Myeloid cell specific HIF-1a deletion affects Cxcl2 expression in IECs but not systemic
Salmonella infection. (A) Quantification of systemic Salmonella spread/organ cfu (colony
forming units) after 4 days of infection and quantification of weight loss during time course of
infection of WT littermates and Hif1a““ mice harboring a HIF-1a knockout in myeloid cells
(n=4). (B) mRNA expression of Cxcl2, 1118, 111b, Cxcl5 and Nos2 relative to B-actin in IECs
from WT and Hif1aM® uninfected controls (n=3) and 4 days p.i. with Salmonella (S. Tm) (n=4)
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normalized to WT control. Data represent means with
SEM. "P < 0.05; ™ P <0.01; ™ P < 0.001 according to Kruskal-Wallis test with Dunn’s posttest.

Figure 4

Salmonella (S. Tm)-dependent HIF-1 stabilization alters the transcription of Cytokines,
AMPs and Chemokines in Macrophages. (A) Representative image of HIF-1a western Blot
and densitometry relative to loading control YY1 (n=3) of control and Salmonella infected bone
marrow derived macrophages (BMDMs), MOI 10. Relative mRNA expression of WT and
Hif1aM© BMDMs in uninfected controls and 4 hours p.i. with Salmonella (MOI 1) of (B)
Cytokines Il1b, 116 and Tnfa , (C) AMPs (anti-microbial peptides) and Chemokines Nos2,
Cramp, Cxcl2, Cxcl5, Lcn2 and LysM (Lysozyme) relative to B-actin (n=5, Nos2: n=3) and
normalized to WT control. Data represent means with
SEM. " P <0.05; " P<0.01; ™ P <0.001 according to Mann-Whitney U test (A) or Kruskal-
Wallis test with Dunn’s posttest (B, C).

Figure 5

E. coli not Salmonella intracellular survival in macrophages is HIF-1 dependent. (A)
Intracellular survival of Salmonella in bone marrow derived WT littermates and HIF-1a deficient
(Hif1aM®) macrophages (BMDM) over time course of 4 hours (MOI 10; n=3). Extracellular
bacteria were killed by addition of medium containing Gentamycin after 30 min of incubation.
(B) Intracellular survival of E. coli in WT and Hifla® BMDMs over time course of infection
(n=4). (C) Cell death analysis measured by lactate dehydrogenase (LDH) release into
surrounding medium of controls, Salmonella and E. coli infected BMDMs after 2 and 4 hours
(Absorbance A490nm-A680nm). Data represent means with
SEM. "P < 0.05; " P <0.01; ™ P < 0.001 according to Kruskal-Wallis test with Dunn’s posttest
(A, B, C).

Supplemental Figure 1

HIF-1 knockout efficiency in constitutive and Tamoxifen-inducible VillinCre mice. (A)
HIF-2a and (B) HIF-1a western blots of nuclear extracts of IECs from of uninfected controls
and infected (4 days p.i.) WT littermates and Hif1a'=¢ mice (n=3) and (C) WT and Hif1a's¢nd
animals harboring a Tamoxifen-inducible Hif-1a knockout in IECs (n=2). (D) Hifla mRNA
expression relative to B-actin upon Salmonella (S. Tm) infection in WT and Hifla’®¢" [ECs
(n=3). Data represent means with SEM. P <0.05; " P <0.01; ™ P <0.001 according to
Mann-Whitney U test (D).

Supplemental Figure 2

FACS-based Leukocyte Quantification in Lamina propria of uninfected WT littermates,
Hif1a'®¢ and Hif1aV° animals. (A) Gating strategy for DC and myeloid cell gating. Counts of
Neutrophils, including P1 and P2 Neutrophils, Eosinophils and Macrophages in the small
intestinal Lamina propria of (B) Hif1la'®¢ and (C) Hif1a° mice and their WT littermates (n=3).
Data represent means with SEM. " P < 0.05; " P < 0.01; ™ P < 0.001 according to Mann-
Whitney U test (B, C).

Supplemental Figure 3

SPI-2 deficiency in Salmonella does not interfere with intracellular HIF-1-dependent
bactericidal functions of Macrophages (A) Intracellular survival of Salmonella in bone
marrow derived WT and HIF-1a deficient (Hif1aM®) macrophages within 4 hours of infection
utilizing wildtype Salmonella, a AsseB mutant and the complemented strain AsseBpsseB
(n=3). Data represent means with SEM. * P < 0.05; ” P < 0.01; ™ P < 0.001 according to one-
way analysis of variance followed by Tukey post hoc test (A, B).

Graphical Abstract

Salmonella potently activates HIF-1 in the intestinal epithelium and in macrophages in a
hypoxia-independent manner but bypasses its immune response.
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