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Analysis of the roles of Helicobacter pylori lactate utilization genes in lactate-
supplemented growth and bacterial pathogenesis

by
Cande Bernal

ABSTRACT

Helicobacter pylori is a human-adapted pathogen that colonizes the stomach
and infects approximately half the world's population. H. pylori infection can induce
erosive gastritis, peptic ulcers, and gastric cancer. H. pylori growth requirements in
vivo are not yet fully understood, but one important molecule may be lactate. Lactate
metabolism fulfills critical roles in mammalian and microbial homeostasis, through
regulating immunological responses or serving as a precursor for various major
microbial metabolites. Lactate exists in two enantiomers with distinct biological
functions, L & D. L-lactate utilization in mammals and H. pylori has been studied
more intensely relative to D-lactate metabolism and function. However, the
physiological significance of mammalian D-lactate metabolism has become
increasingly evident over the last decade. Recent findings such as the functional role
of human D-LDH and the presence of neurotoxicity at physiological levels of D-
lactate have contributed to the revaluation of mammalian D-lactate.

In this work, we performed in vitro temporal chemotaxis assays to assess H.
pylori’s chemotactic response to both lactate isomers. We also created isogenic
lactate uptake and metabolism mutants to assess the roles of these genes in lactate
metabolism and stomach infection. Lactate supplementation growth assays were
performed on lactate utilization mutants under various lactate concentrations,
isomers and media compositions. In vivo murine infections with isogenic PMSS1
lactate metabolism mutants were performed to examine the significance of each

lactate permease in gastric colonization. Here we report that D-lactate is a

viii



chemoattractant sensed at physiological concentrations by the TIpC chemoreceptor
in a manner distinct from L-lactate. We also found that the absence of H. pylori
lactate permeases alters in vitro growth response and significantly reduces in vivo
gastric colonization. These findings suggest that lactate utilization confers a

functional role in H. pylori growth and colonization.
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1. Introduction
1.1 Background

1.1.1 Helicobacter pylori as a chemotactic gastric pathogen

H. pylori is a motile microaerophilic Gram-negative bacterium that exclusively
colonizes the human stomach, specifically the mucous layer and gastric glands
(Bury-Moné et al. 2006; Jager et al. 2000; Rolig et al. 2012; Schreiber et al. 2004;
Sigal et al. 2015). A critical H. pylori colonization factor is chemotaxis. Chemotaxis
refers to the modification of an organism’s movement based off the chemical stimuli
it receives through its chemoreceptors. The chemical stimuli can either induce a
chemoattractant (flagellar run) or chemorepellant response (flagellar tumble). This
change in the organism's movement is intended to reduce the organism’s stress
(Wadhams and Armitage 2004).

Chemotaxis is vital for the ability of H. pylori to swim through highly acidic
regions of the stomach lumen and properly localize at its colonization sites. H. pylori
has four distinct chemoreceptors, known as Transducer like proteins (TIp) TIpA ,B ,C
and D. Each detect distinct molecules such as urea, auto-inducer 2, and arginine
(Keilberg and Ottemann 2016). However, multiple chemoreceptors can also detect
the same molecule and collectively modify H. pylori chemotaxis. For instance, TIpA
and TIpD were found to be independent acid sensors with TIpB dampening the TIpD-
mediated chemorepellant response to HCI (Huang et al. 2017).

Although TIpC mutants have colonization defects in a co-infection model, the
role of TIpC in the physiology of H. pylori remains largely unclear (Andermann, Chen,

and Ottemann 2002; Machuca et al. 2017) The only known ligand detected by TIpC



is L-lactate (Machuca et al. 2017). H. pylori lactate utilization genes were identified
based on their homology to E. coli lactate metabolism genes (Dong et al. 1993;
Iwatani et al. 2014; Tomb et al. 1997). H. pylori encodes one L-lactate
dehydrogenase (LDH), but this enzyme is not thought to actually produce L-lactate,
and instead catalyzes the reverse reaction to oxidize lactate into pyruvate (Dong et
al. 1993; Iwatani et al. 2014; Tomb et al. 1997). In H. pylori, pyruvate is a critical
intermediate metabolite used to power the Kreb’s cycle (Mendz, Hazell, and van

Gorkom 1994).
1.1.2 Microbial L-lactate metabolism

Generally, L-lactate is produced by most microbial and mammalian cells
during glycolysis, by conversion of pyruvate into lactate via LDH (Y.-S. Lee et al.
2018; Louis, Hold, and Flint 2014). Lactate formation occurs under anaerobic
conditions to replenish NAD* for energy production via glycolysis (Akram 2013). This
idea is an oversimplification, however, as many mammalian cells produce L-Lactate
under aerobic conditions (Heinova, Kostecka, and Petrovova 2018). The typical
human serum concentration of L-lactate is approximately 2mM. However, a variety of
physiological situations can mildly or drastically increase the serum L-lactate
concentration to as high as 40 mM (Walenta and Mueller-Klieser 2004).

L-lactate produced from cultured murine gastric surface mucus cells was
observed to enhance H. pylori growth (Takahashi et al. 2007). H. pylori lactate
utilization genes are conserved across almost all strains but not all strains exhibit the
ability to catabolize lactate (W. C. Lee et al. 2017). H. pylori lactate genes were
identified by lwatani et al. 2014 through in vitro studies that assessed the contribution

of these genes to growth, lactate uptake, and LDH activity. H. pylori encodes two



lactate permeases (LctP1 and LctP2), which is atypical since other Helicobacter
species have only been observed to contain a single IctP gene. H. pylori IctP1
expression is partially decreased by L-lactate but not D-lactate (Iwatani et al. 2014).
For these analyses, H. pylori was grown in BB10 media supplemented with 5 mM or
10mM L-lactate. Expression levels of the Ictp1 gene were determined via qRT-PCR.
There was a significant reduction in Ictp1 expression whereas the same
concentrations of D-lactate did not alter Ictp1 expression. These results thus suggest
that Ictp1 gene expression is regulated by L-lactate. Ictp2 has not yet been tested.

H. pylori also possesses a single L-LDH and D-LDH, which do not produce
lactate (Chang et al. 1995; Iwatani et al. 2014). H. pylori has a total of four genes
encoding LDH subunits: L-LDH is encoded by a three-gene cluster (HP0137-
HPO0139) that functions as a single unit while D-LDH is encoded by a single gene
(HP1222) (Iwatani et al., 2014). LDH enzymes catalyze oxidation-reduction reactions
and depend on electron carriers. In some LDH enzymes, electrons are carried on
NAD+/NADH. In H. pylori strain 26695, L-LDH requires NAD+, while D-LDH is NAD+
independent (lwatani et al., 2014). The only known physiological role of H. pylori
LDH is the in vitro utilization of L-lactate as a carbon and energy source. Similarly,

Campylobacter jejuni, a close relative of H. pylori, has also been observed to solely

utilize L & D-lactate as a carbon/energy source as well (Thomas et al. 2011). H. pylori

D & L-LDH were confirmed via qRT-PCR to be constitutively expressed when grown
in BB media supplemented with 5 mM and 10mM of D-lactate and/or L-lactate
(lwatani et al., 2014). No known physiological conditions have been observed to

modify H. pylori LDH activity.



Vertebrates contain six L-LDH isoenzymes, and these are all capable of
producing L-lactate (Cristescu et al. 2008; Heinova, Kostecka, and Petrovova 2018).
L-lactate confers a multitude of cellular signaling roles in mammals dependent on its
serum concentration and localization. Examples include immune cell effector
functions, wound healing, and vaginal mucosal immunity (Aldunate et al. 2015; Sun
et al. 2017). Various pathogenic microbes depend on lactate genes to colonize
mammalian hosts (Exley et al. 2005; Jiang et al. 2014, Lichtenegger et al. 2014).
Lactate utilization-induced pathogenesis varies from biofilm development,
complement resistance, and ROS resistance (Jiang et al. 2014; Sigurlasdéttir et al.
2019) L-lactate is a major carbon source in mucosal environments colonized by
members of the Lactobacillales genus, such as Streptococcus and Enterococcus,

which are found in the human stomach (Schoen et al. 2014; Schulz et al. 2016).
1.1.3 Microbial D-lactate metabolism

D-lactate in mammalian systems is produced via the intestinal microbiota and
methylglyoxal detoxification, a ubiquitous & vital biological process(Louis, Hold, and
Flint 2014; Thornalley 1990). Humans and H. pylori both encode a single D-LDH
enzyme whose physiological role has remained largely unknown (Flick and
Konieczny 2002; Iwatani et al. 2014; Monroe et al. 2019). In humans, D-lactate is
largely produced and rapidly consumed by intestinal commensal microbes to fuel
various metabolic pathways, such as the production of propionate, sulphide, or
butyrate (Louis, Hold, and Flint 2014). Within mammals, D-lactate is either converted
into pyruvate or quickly excreted (Ewaschuk, Naylor, and Zello 2005).

D-lactate is also produced by the glyoxalase system, which is observed in

most cellular organisms (Thornalley 1993). The glyoxalase system converts



methylglyoxal, a toxic glycolytic by-product whose presence is ubiquitous amongst all
cellular organisms, into D-lactate. (Silva et al. 2013). Methylglyoxal has been
suggested to inhibit H. pylori (Keenan et al. 2010; Mavric et al. 2008; Takaji et al.
1997). H. pylori does not have any identified glyoxalase enzymes and lacks one of
the characteristic enzymes of a glycolytic bypass, an alternate biochemical pathway
that converts 2 glyceraldehyde 3-phosphate (GAP) into D-lactate (Pitson et al. 1999;
Schilling et al. 2002; Thornalley 1993). Converting GAP directly into D-lactate lowers
the possibility of GAP converting into an enediol intermediate and degrading into
methylglyoxal. Therefore, it's unknown how H. pylori prevents methylglyoxal toxicity,
which results in the inhibition of glycolytic enzyme activity via methylglyoxal
irreversibly binding to proteins (Thornalley 1993).

Similarly to L-lactate, H. pylori does not produce D-Lactate and instead only
catalyzes the reaction that oxidizes D-lactate into pyruvate (Chang et al. 1995). H.
pylori D-LDH is NAD- independent and is structurally more similar to D-LDH encoded
by Pseudomonas putida KT2440 rather than E. coli (Jiang et al. 2017; Tomb et al.
1997). These enzymes deposit the electrons from lactate directly into the electron
transport chain. Mitochondrial human and murine D-LDH are widely expressed,
predominantly in the kidney and liver (Flick and Konieczny 2002). However, D-lactate
has historically been regarded as physiologically irrelevant to mammalian physiology
due to its small serum concentration of approximately 70nM largely maintained
through its rapid metabolic clearance. D-lactic acidosis occurs at serum
concentrations exceeding 3mM, whose clinical symptoms include reversible
neurological anomalies such as hallucinations and slurred speech. L-lactate does not

appear to be neurotoxic (Ewaschuk, Naylor, and Zello 2005).



Recent evidence suggests that D-lactic acidosis is perhaps more common
and grossly underreported, suggesting a potential increase in the physiological
relevance of D-lactate in mammalian pathogenesis (Bianchetti et al. 2018; Monroe et
al. 2019; Parrish 2015). Interestingly, there has been increasing evidence that links
heightened mammalian D-LDH activity with the development of H. pylori-derived
gastric adenocarcinomas (Kim et al. 2014; Parsons et al. 2017).The direct role of D-

lactate in H. pylori metabolism and pathogenesis is currently unknown.

1.1.4 Gastric cancer induction via alterations to host

metabolism

H. pylori is classified as a class 1 carcinogen and is the strongest risk factor
for gastric cancer (F. Wang et al. 2014). Gastric adenocarcinomas have a high
mortality rate due to their detection at typically advanced stages (Cormedi et al.
2018; Hohenberger and Gretschel 2003; B. R. Smith and Stabile 2009). It is well
established that H. pylori is linked to gastric cancer through inducing the host’s
inflammatory cellular stress responses (F. Wang et al. 2014). It has been previously
speculated that abnormal mitochondrial metabolism is the primary cause of cancer
rather than uncontrolled cell growth (Akram 2013).

H. pylori has recently been evidenced to directly induce mitochondrial
dysfunction and metabolic reprogramming (D. Y. Lee et al. 2017; Luo et al. 2016).
CagA is a H. pylori virulence factor that is injected into gastric epithelial cells via a
type IV secretion system (T4SS) and alters host signaling pathways and gene
expression (Censini et al. 1996; Xiang et al. 1995). CagA * H. pylori strains, such as
the PMSS1 strain used in this study, are associated with the development of and

have been observed to be directly involved in the metabolic reprogramming of gastric



epithelial cells through various disruptions of host cell signaling (D. Y. Lee et al.
2017).

Gastric cancer cells are also well known to have metabolic alterations that
create high levels of lactate. The Warburg effect in gastric cancer cells is canonically
characterized by the metabolic shift away from oxidative phosphorylation towards
lactate production under aerobic conditions (Liu et al. 2019). Additionally, heightened
uptake of glucose and enhanced glycolysis also occurs in the Warburg effect (Liu et
al. 2019). Heightened mammalian LDH activity has been evidenced to be correlated
with cancer morbidity (Fantin, St-Pierre, and Leder 2006; Kim et al. 2014; Vinasco et
al. 2019) H. pylori infected gastric biopsies were shown to have increased LDH
expression as a result of increased oxidative stress (Baek et al. 2004) Gastric cancer
tissue has also been observed to have significantly higher glyoxalase enzymatic
activity, specifically GLO1, relative to healthy tissue (Hosoda et al. 2015; Thornalley
1990; Y. Wang et al. 2012). This increase in GLO1 is predicted to be caused by
heightened glycolytic enzyme activity, although this measurement has not been
directly reported. GLO1 was suggested to be a metabolic oncogene in human gastric
cancer since its overexpression exhibited tumor-formation in vivo and GLO1
inhibition resulted in significantly reduced growth in a multitude of gastric cancer cell
lines (Hosoda et al. 2015).

As mentioned earlier, H. pylori can utilize L and D lactate as a carbon/energy
source to enhance growth (lwatani et al. 2014; Takahashi et al. 2007). H. pylori
encodes two lactate permeases (/ctP) that have been observed to uptake L&D-
lactate (Iwatani et al. 2014). Several pathogenic microbes encounter colonization

defects upon disruption of lactate utilization genes (Jiang et al. 2014). Therefore, we



hypothesize that host-derived lactate has a role in H. pylori pathogenesis, especially

during gastric cancer.
1.2 Justification for this research

The aim of this research was to elucidate the pathogenic role conferred by
the H. pylori lactate metabolism genes, with an emphasis on microbial D-lactate
metabolism since this metabolite has mostly been investigated in the context of
intestinal microbiota. Defining the distinct chemotactic behavior that varying
concentrations of L-& D-lactate exhibit allows us to better hypothesize the
chemotactic behavior of H. pylori within the host’s stomach. Characterizing the
growth effect of lactate utilization gene mutants in the presence of lactate
supplementation provides a deeper understanding of H. pylori physiology and serves
as a foundation for the further investigation of bacterial lactate metabolism. The
murine infections grant critical insight into the pathogenic significance of H. pylori
lactate utilization genes. Cumulatively, the data arising from these experiments
contributes foundational knowledge regarding the significance of microbial lactate

metabolism within carcinogenic host-pathogen interactions.

2. Materials and methods:
Microbiology and molecular biology

2.1 Bacterial strains, solid and liquid media

The bacterial strains and plasmids used in this study are shown in Table 1. H.
pylori strains were grown on Columbia Horse Blood Agar (CHBA) plates containing
50 pg/ml B-cyclodextrin (VWR), 5mlI/100ml agar defibrinated horse blood (Hemostat

labs),10 pug/ml vancomycin, 5 ug/ml cefsulodin, and 2.5 U/ml polymyxin B (Gold



Biotechnology). For chloramphenicol blood plates, from a stock of 20 mg/ml, 75
pl/100ml agar was used. For kanamycin plates, from a stock of 30 mg/ml, 50
pl/100ml agar was used. For murine output plates, 75 pl/100ml agar of each of the
following components were added; trimethoprim (5 pug/ml) / amphotericin B (8 pg/ml),
bacitracin (200 mg/ml), and nalidixic acid (10mg/ml).

Cultures were grown in microaerobic conditions (5% O2 & 10% CO,) at 37°C.
H. pylori liquid cultures were grown with constant shaking under microaerobic
conditions in media denoted as BB10, consisting of brucella broth (BD BBL/ Fisher)

containing 10% heat-inactivated fetal bovine serum (Life Technologies).
2.2 Construction of H. pylori mutants

The H. pylori PMSS1 and G27 AlctP1 & AlctP2 clean deletions were created via
natural transformation of the wild type with plasmid pUC57-Ictp1::cat & pUC57-
Ictp2::cat. Transformants were selected on chloramphenicol, and the mutations
confirmed by PCR analysis of the mutated locus with the same primers used to
generate the deletions (Table 2). WT and the lactate permease deletion strains had
distinctly different band sizes, where the unaffected permease had a band size of
1.6kb and the mutant /ctP had a band size of 1kb. G27 lactate permease deletions
were confirmed by sequencing the PCR product. After verification, the strains were
made GFP-positive by transforming with the plasmid pTM115 derived from PMSS1
and selecting for kanamycin resistance. Strains were confirmed to retain robust
motility via phase-contrast microscopy.

Mutation of the D-Idh locus was done via natural transformation with a SOE
PCR product containing a chloramphenicol cassette insertion. In brief, the 5’ and 3’

ends of G27 D-Idh were amplified in 20 ul PCR reactions with 1 ul of WT G27 gDNA
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as the template & two distinct primer sets listed in Table 2. The chloramphenicol
cassette in the pS102 plasmid (Table 1) was amplified through the prior mentioned
20 pl PCR reaction. A 50 pl SOE reaction using primer sets 1 & 2 (Table 2) was
performed through combining the three PCR products containing the 500bp G27 D-
LDH 5’ & 3’ fragments and the chloramphenicol cassette. The following PCR
program was used to perform the SOE PCR reaction: 94°C 3 min, (6X 94°C 30 sec,
50°C 1 min), add 1 pl phusion polymerase (Seth Rubin’s lab), 94°C 1min, (30X 94°C
30 sec, 50°C 1 min, 72°C 5 min), 72°C 7 min). The SOE PCR product was then
directly used for natural transformation with G27 WT. The AD-LDH::cat cassette in
G27 AD-LDH was PCR amplified and the dirty PCR product was used to transform
PMSS1 WT into PMSS1 AD-LDH#1. PMSS1 AD-LDH#2 was generated by using
splicing by overlap extension (SOE) PCR with primers #3-6 that amplified the D-ldh
chromosomal region and cat gene from plasmid pBS-cat (Ottemann et al., 2002).
The gene deletion starts from 301bp downstream of the D-Idh start codon to 292bp
upstream of the D-Idh stop codon, in which terminatorless cat gene is in the same

transcriptional orientation of D-/dh.

Table 1. Bacterial strains and plasmids.

Strains or Characteristics Source

plasmids

Helicobacter

pylori

PMSS1 H. pylori wild-type strain, Arnold, et al. 2011
parental strain for mutants Gastroenterology

PMSS1-GFP PMSS1 pTM115, Kan" This study

11



PMSS1 null mutant lacking tlpC Machuca, M. A. et al.

AtlpC::cat 2017 Scientific reports

PMSS1 Null mutant lacking both Hu and Ottemann,

AlctP::cat PMSS1 lactate permeases, unpublished
IctP_1and IctP_2, Cm'

PMSS1 IctP_1 disrupted derivative of  This study

AlctP1::cat PMSS1, Cm'

PMSS1AlctP1- PMSS1 AlctP1::cat pTM115 This study
GFP Cm" & Kan'

PMSS1 IctP2 disrupted derivative of This study
AlctP2::cat PMSS1, Cm'’

PMSS1 AlctP2- PMSS1 AlctP2::cat pTM115 This study
GFP Cm" & Kan'

PMSS1 AD- HPYLPMSS1_01172 disrupted = This study
LDH::cat derivative of PMSS1, Cm"
G27 H. pylori wild-type strain, Baltrus, David A. et al.
parental strain for mutants 2009 Journal of
bacteriology
G27 Alctp1::cat | HPG27_127 disrupted This study

derivative G27, Cm'

G27 Alctp2::.cat  HPG27_128 disrupted This study
derivative of G27, Cm’

G27 AD- HPG27_1166 disrupted This study
LDH::cat derivative of G27, Cm"

12



E. coli DH5a

Plasmids

pUC57

pS101

pS102

pTM115

pBS-cat

Host strain used for plasmid
construction

E. coli cloning vector, Amp’

PUCS57 derivative with
(HPG27_127)::cat

PUC57 derivative with
(HPG27_128)::cat

ureAp-GFP aphA3, Kan’

pBluescript::cat (from
Campylobacter coli), Amp",
Cm'

Silva, F., Lourenco et
al. 2011 Process
biochemistry

Shaffer, C. L et al. 2011

PLoS pathogens

This study

This study

Keilberg, D. et al. 2016
mBio

(Ottemann and
Lowenthal 2002)

Kan'’, kanamycin resistance Cm', chloramphenicol resistance, Amp’, ampicillin

resistance.

Table 2. Primer sequences

Title Primer sequence

Primer Primer 1: 5 TTAAAGCGTGCAAGCATCCACTAA 3’
set #1 Primer 3 CAT-F:

3 5ATTATATCATAAATCTATCCACTATATCATA
D-LDH AAAAAAACCATGCGATTTTTTTA 3

fragment

13




Primer Primer 2: 5 GTGGAAGAAAATTATCATGCTTTTTTT 3
set #2
5 Primer 4 CAT-R:
D-LDH 5TCTGCCGAGAGTAGTGCGTCCTGCGGATTTTGCTCCA
fragment CCCCGCAACACAT &
Primer 5 TTAAAGCGTGCAAGCATCCACTAAATA 3’
#3
Primer 5ATTATATCATAAATCTATCCACTATATCATAACGATGTG
#4 CGCTTTAAAATTAGAAAATAAA 3
Primer 5TCTGCCGAGAGTAGTGCGTCCTGCGGATTGAGCGTCT
#5 TTGAAAAAATGTGCCAC &
Primer 5 CGGTAAAAAAAGCATGATAATTTTCTTCCAC &
#6
Cm catF: 5TATGATATAGTGGATAGATTTATGATATAAT
cassette catR: 5TCCGCAGGACGCACTACTCTCGGCAGA
G27 HPG27 127 FWD: 5 ATGGAATTTTATCAAGTCTATGA
IctP1 3
HPG27 127 RVS: 5
TTAAGTAGGAGTAACTGGAATAATAAA 3
G27 HPG27 128 FWD: 5 GTGTCAGAATTTCATCAAGTTTAT
IctP2 3
HPG27 128 RVS: 5 CTACTTTATCGCAGGCACCACTT
3!
PMSS1 HPG27 127 FWD: 5 ATGGAATTTTATCAAGTCTATGA
IctP1 3
140 PMSS1 RVS: 5
TTATTTAGGAATGATAGGGATAATA 3
PMSS1

letP2

141 PMSS1 FWD: 5 GTGCTAGAATTTCATCAAATTTAT
3,
HPG27_128 RVS: 5 CTACTTTATCGCAGGCACCACTT
3,

14




3. Materials and methods: Characterization of chemotaxis
3.1 Video microscopy analysis of chemotaxis

Temporal swimming behavior assays were performed as done previously in

Machuca, M. A. et al. 2017, with PMSS1 WT and its isogenic AtlpC variant grown in
5mL BB10 with constant shaking under microaerobic conditions at 37°C for 12 hours
to reach exponential growth phase. The cultures were diluted to an ODgo 0.1 in fresh
BB10 and incubated as above for 40 minutes. Robustly motile cultures were treated
with sodium L or D- lactate (0.1 mM, 1 mM, 10 mM) (Sigma-Aldrich). 50 uM dipyridyl
treatment served as a chemoattractant control as used previously (Machuca et al.
2017) resulting in fewer direction changes. 10 mM HCL treatment was used as a
chemorepellant control (Huang et al. 2017; Iwatani et al. 2014; Machuca et al. 2017)
and untreated samples were used as controls for baseline swimming behavior. BB10
pH upon treatment was separately determined through the use of a Denver
instruments pH meter. Cultures were filmed immediately after ligand addition at 400x
magnification using a Hamamatsu Digital Camera C4742-95 with the yManager
software (Version 1.4.22), mounted on a Nikon Eclipse E600 phase contrast
microscope(Edelstein et al. 2014). For each sample, 200 3-s-long bacterial tracks
from three independent cultures were analyzed manually to identify stops followed by
direction changes and to calculate the average number of direction changes in 3
seconds. Statistical analysis of the data for treated versus untreated samples was

performed using a Student’s t-test.

15



4. Materials and methods: Liquid growth curves

4.1 Fluostar BMG plate reader

For liquid growth curves, several conditions were tested, including Brucella
Broth and Ham’s F-12 containing different percentages of FBS (10% and 2%
respectively). All liquid growth curve cultures were grown to exponential phase (=12
hrs) before being diluted to ODsgo 0.1 in a 200pl culture within a 96-well plate for 36
hours. 1-2 pl of lactate supplementation was provided immediately prior to the
initiation of the 36-hour growth experiment. Absorbance readings were performed

every 20 minutes in a Fluostar BMG plate reader.

5. Materials and methods: In vivo murine infections
5.1 Infecting mice via pipette feeding & gastric colonization

enumeration

For the initial infection, female C57BL/6 mice were 6-8 weeks old at the time
of H. pylori infection. These mice were ordered from Charles River Labs. For the
second infection, a mix of approximately 8-month-old female and male C57BL/6 mice
were used, which had been bred in house. Animals were infected orally via a 200 pl
pipette (Pipet-Lite) with 50 pl of PMSS1 WT-GFP, AlctP-GFP, AlctP1-GFP, and
AlctP2-GFP grown to late exponential phase in BB10 media, then spun down and
concentrated to ODesoo=3. After the 2-week infection period, the animals were
sacrificed via CO2 narcosis and the stomach was removed by cutting at the stomach-
esophageal junction and the antrum-duodenum sphincter. The fore stomach was
removed, and the stomach opened along the lesser curvature. The stomach was

gently rinsed in 25 ml ice-cold phosphate-buffered saline (PBS) to remove food.
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Blood vessels and the muscle layer were removed from the nonluminal side of the
tissue using microscissors (Kelly Scientific) and tweezers. The stomach was then
dissected to isolate the corpus from the antrum using the difference in tissue
coloration as a marker for the border between these regions. Each piece was then
cut into two, one for total bacterial number and one for gland isolation. For total
bacterial number, the tissue was weighed, homogenized using the Bullet Blender
(Next Advance) with 1.0-mm zirconium silicate beads, and then plated to determine
the number of CFU per gram of stomach tissue on murine output CHBA plates. To
enumerate bacterial colonies, plates were analyzed using a Bio-Rad Chemi-Doc

imaging system using settings for fluorescent antibodies at 488.
5.2 Gastric gland occupancy

Glands were isolated using a protocol adapted from (Keilberg et al. 2016;
Mahe et al. 2013). Dissected gastric tissue was cut into 1-mm2 pieces and incubated
with slight shaking in Dulbecco’s phosphate-buffered saline (DPBS) (Millipore) plus 5
mM EDTA at 4°C for 2 h. After this period, the tissue was transferred into ice-cold
DPBS containing 1% sucrose and 1.5% sorbitol and shaken roughly by hand for 2
min. The remaining large tissue pieces were allowed to settle, and 2 ml of the
solution containing the glands was removed. Glands were then transferred into a
clean tube, washed two times with 2 ml DPBS each time and labeled with 10 g/ml
Hoechst DNA stain (Life Technologies). Glands were kept on ice until examined. Ten
microliters of isolated glands that had been stained with Hoechst were placed on
glass slides and visualized using a Nikon Eclipse E600 microscope with fluorescence

filters for 4=,6=-diamidino-2-phenylindole (DAPI) and GFP. For each individual
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infection,100 glands each were imaged for the corpus and antrum, and the number

of H. pylori cells inside the gland was counted manually for each gland.

6 Results

6.1 H. pylori TIpC senses D-lactate as a chemoattractant. The crystal structure of
the ligand binding site for H. pylori chemoreceptor TIpC has been resolved and the L-
lactate binding site was identified in this region (Machuca et al. 2017). Temporal
chemotaxis assays confirmed L-lactate to be a chemoattractant sensed by TIpC
(Machuca et al. 2017). Due to the chirality of lactate, we investigated whether D-
lactate induced an appreciable chemotactic response in H. pylori PMSS1. PMSS1
has been used in recent chemotaxis studies and is a physiologically relevant strain
due to encoding a complete cytotoxin-associated gene pathogenicity island (cagPAl)
(Huang et al. 2017; Machuca et al. 2017) The cagPAIl was detected in 90% of
biopsies taken from patients who suffered severe gastric diseases and is an
important H. pylori virulence factor (Stein, Rappuoli, and Covacci 2014).

Temporal chemotaxis assays were performed as previously described, where
chemorepellents and chemoattractants respectively induce increased and decreased
direction changes (Machuca et al. 2017). HCl is a known chemorepellant that TIpA
and TlpD senses via detection of low pH (Huang et al. 2017). Dipyridyl is a
chemoattractant sensed by TlpD (Collins et al. 2016). WT PMSS1 showed a
significant chemoattractant response to 10 and 1 mM but lost the response at 0.1mM
D-lactate (Fig.1A). In accordance with the observations reported in Machuca et al.
2017, 0.1mM L-lactate induced a strong chemoattractant response whereas 10mM
L-lactate did not significantly alter PMSS1 chemotaxis (Fig. 1A). Strikingly, the

chemotactic response to identical concentrations of L& D-lactate are distinct. The
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rich bacterial growth medium used in these chemotaxis assays, BB10, was analyzed
via a pH probe and found to have negligible pH alterations (<0.2 pH) with L- or D-
lactate supplementation.

A previously generated isogenic null mutant strain of TIpC (AtlpC) was used
to determine whether D-lactate was specifically sensed by TIpC (Machuca et al.
2017). The chemoattractant response of L&D-lactate were abrogated in the AtlpC
strain at all tested concentrations (Fig. 1B). These results suggest that TIpC is the
chemoreceptor for L&D-lactate and that both lactate isomers induce chemoattractant

responses at distinct concentrations.

Figure 1 Chemotaxis assay performed on H. pylori PMSS1 WT (1A) & ATIpC PMSS1
(1B) strain of H. pylori. Lactate induced a TIpC dependent chemoattractant response.
Dipyridyl and HCI served as the attractant and repellant control, respectively. Error bars
represent standard error of the mean. *p<0.05; **p<0.01,****p<0.0001, comparisons
performed via two-way ANOVA. This data is representative of 3 biological replicates.
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6.2 H. pylori D-LDH has an inconclusive role in carbon source utilization. L-
lactate metabolism enhances H. pylori growth in vitro in a L-LDH dependent manner
(lwatani et al. 2014; Takahashi et al. 2007). L-LDH is encoded by a three-gene
cluster (HP0137-HP0139) that functions as a single unit while D-LDH is encoded by
a single gene (HP1222) (Iwatani et al. 2014). Although the growth of H. pylori
isogenic lactate utilization deletion mutants has been previously characterized with
10mM L&D-lactate supplementation in the 26695 strain, it has been suggested that
10mM L- or D-lactate could be cytotoxic to H. pylori (Iwatani et al. 2014; Takahashi
et al. 2007). Therefore, we performed growth assays with varying lactate
concentrations and media and used the mouse-infecting strain PMSS1, as well as its
isogenic lactate utilization deletion mutants.

Two independently created PMSS1 AD-/dh mutants were generated to
compare their growth to WT and gauge the metabolic role of H. pylori D-LDH. These
mutants were generated by transforming PMSS1 with the same D-/dh allele that
replaced all of the open reading frame with the cat gene. These transformants were
confirmed by PCR amplification of D-Idh gene, showing the mutant allele had a size
of 1.9 kb with 3’ and 5’ D-LDH fragment primers while the WT allele had a size of 2.8
kb.

We first confirmed that WT PMSS1 responded to D- and L-lactate. In nutrient
rich BB10 media, PMSS1 WT demonstrated a slight growth advantage with 10mM D-
lactate supplementation in between 12 and 16 hours, the exponential growth phase
for this strain (Supplemental Figure 1A). Additionally, L-lactate supplementation
increases PMSS1 WT growth rate in a modest but statistically significant manner (Hu

and Ottemann, unpublished). These findings suggest that both D and L lactate
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enhance H. pylori PMSS1 growth, similar to findings reported with strain 26695
(lwatani et al. 2014).

We next characterized the behavior of the PMSS1 AD-/dh mutants. In the rich
growth medium BB10 with no additional lactate, the variants initially grew slower than
WT, but AD-LDH#1 recovered WT-levels of growth in stationary phase, but the other
mutant, AD-LDH#2, remained low (Fig.2A). The reason for this variation is not yet
known, so we analyzed both mutants for the response to lactate. The AD-LDH
variants showed only a modest response to lactate supplementation that was non-
identical. AD-LDH#1 exhibited enhanced growth with 10mM D-lactate
supplementation but did not respond to L-lactate (Fig.2B). In contrast, the AD-LDH#2
mutant showed only a slight response to D-lactate, and generally only displayed poor
growth under all conditions (Fig.2C). The previous analysis of H. pylori AD-LDH
growth resembled what we see here for AD-LDH#2, where it was reported that
10mM L-lactate enhanced growth while 10mM D-lactate reduced growth (Iwatani et
al. 2014). Shewanella oneidensis is a sedimentary metal-reducing facultative
bacterium that possess a L-LDH and D-LDH structurally similar to that of H. pylori
(Pinchuk et al. 2011; Pinchuk et al. 2009; Venkateswaran et al. 1999). Pinchuk et al.
2009 observed via mutagenesis that S. oneidensis L-LDH and D-LDH are required
for the ability to grow on their respective lactate enantiomer in minimal media. Since
both of the PMSS1 AD-LDH strains gained a slight a growth advantage with differing
concentrations of D-lactate supplementations, further sequencing is required to
conclude the validity of the AD-LDH mutants and the metabolic role of H. pylori D-

LDH.
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Figure 2 Liquid growth curves performed on H. pylori PMSS1 WT and AD-LDH variants.
WT & AD-LDH with no lactate supplementation (2A), lactate supplementation of AD-
LDH#1 (2B) and AD-LDH#2 (2C). H. pylori was grown to exponential phase in 5mL BB10
media shaking under microaerophilic conditions at 37°C before being diluted to ODeoo 0.1
in a 200pI culture within a 96-well plate for 36 hours. These growth curves were generated
on 2 separate occasions with 3 technical replicates for each condition. Absorbance
readings were performed every 20 minutes in a Fluostar BMG plate reader, for clarity,
readings were only shown in 4-hour intervals. Error bars represent standard error of the
mean and this data is representative of 2 biological replicates.
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6.3 H. pylori IctP mutants exhibit enhanced liquid growth independent of
lactate supplementation. H. pylori contains two distinct but similar lactate
permease (Lct) genes (HP0140 & HP0141) responsible for transporting lactate.
Although H. pylori has not had the biological characteristics of its putative lactate
permeases characterized, HP0140 & HP0141 were identified due to their percent
identities (respectively 58.7% & 55.5%) to E. coli lactate permease (LIdP), which has
been well studied (Tomb et al. 1997). Iwatani et al. 2014 reported that the H. pylori
dual lactate permease mutant (Denoted as AlctP in that study) still had enhanced
growth with L- and D-lactate supplementation in. Here we characterize the growth of
individual lactate permease deletions (Denoted as AlctP1 & AlctP2) and compare
them to AlctP in a PMSS1 background.

Hams F-12 is a defined medium that was used in this part of the study to
simulate bacterial growth in limited nutrient conditions, and because we reasoned it
would be easier to detect effects of lactate addition to this medium. All growth curve
analysis performed in Hams F-12 were supplemented with 2% fetal bovine serum,
rendering the media undefined. H. pylori PMSS1 AlctP1 and AlctP2 growth in Ham
F-12 2% serum was directly compared to each other in four distinct growth curves.
Multiple observations can be made from this data. First, WT PMSS1 grows very
slowly in Hams F-12 2% serum, with an estimated doubling time of greater than 16
hours, compared to 4-12 hours in BB10 (Fig. 3) The AlctP1 and double IctP1-2
mutant generally grew better than WT, with doubling times of respectively 4-16 hours
and 4-8 hours in Hams F-12 2% serum (Fig. 3A, 3D, 3E), while the AlctP2 mutant
comparatively grew to notably lower optical densities (Fig. 3A, 3C, 3E). Lactate

supplementation generally had little effect on the growth of all lactate permease
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mutants, with the exception of the double /ctP7-2 mutant, which had a notable

increase in growth in the early log stage with 5mM of L or D lactate supplementation

(Fig. 3B, 3C, 3F).

Figure 3 Liquid growth curves performed on H. pylori PMSS1 WT and AlctP variants. 3A-
3F were measured in Ham F-12 2% serum. AlctP1 & IctP2 with no lactate
supplementation (3A), IctP1 lactate supplementation (3B), AlctP2 lactate
supplementation(3C), AlctP1 & AlctP with no lactate supplementation (3D), AlctP2 & AlctP
with no lactate supplementation (3E), /ctP lactate supplementation(3F). 3G-3K were
measured in BB10. AlctP1 & AlctP with no lactate supplementation (3G), AlctP2 & AlctP
with no lactate supplementation (3H), /ctP1 lactate supplementation (3I), AlctP2 lactate
supplementation(3J), IctP lactate supplementation(3K). H. pylori was grown to exponential
phase in 5mL BB10 media shaking under microaerophilic conditions at 37°C before being
diluted to ODeoo 0.1 in a 200pl culture of the denoted media within a 48-well plate for 36
hours. 5 technical replicates were used for each condition. Absorbance readings were
performed every 20 minutes in a Fluostar BMG plate reader, for clarity, readings were only
shown in 4-hour intervals. Error bars represent the standard error of the mean.
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In nutrient rich media, some trends persisted. The AlctP1 mutant still grew
better than the WT (Fig. 3G). Generally, AlctP1 grew the best of those analyzed
based on the doubling times between 4 and 8 hours, followed by AlctP, then WT and
finally AlctP2 (Fig. 3G-3K). D or L lactate supplementation did not have a great or
consistent effect with any of the mutant strains. Our lab has demonstrated that L-
lactate supplementation provides a significant growth advantage to PMSS1, while D-
lactate provides a slight growth advantage (Supplemental Figure 1 and unpublished
data). In summary, these growth curves demonstrate that AlctP1 and AlctP outgrow
WT in nutrient rich or poor conditions and lactate supplementation slightly alters the
growth of any lactate permease mutant.

6.4 H. pylori lactate permease genes promote colonization in vivo. The genes
encoding the lactate permeases are the most conserved component in microbial
lactate utilization operons (Jiang et al. 2014; Pinchuk et al. 2009). Additionally, for
various pathogenic bacterial species, the single lactate permease has been
observed to be necessary for successful in vivo colonization (Exley et al. 2007; Jiang
et al. 2014; Lichtenegger et al. 2014). It was not known, however, whether both or
one lactate permease would be needed in the case of microbes that encode two. We
therefore attempted to elucidate the importance of both lactate permeases in H.
pylori pathogenesis through infecting 6—-8-week-old C57BL6/N female mice with
variants of H. pylori PMSS1 for two weeks. Consistent with previous results, PMSS1
AlctP has a significant colonization defect in the antrum and corpus compared to WT
(Fig. 4). PMSS1 AlctP2 only had a significant colonization defect in the antrum,
compared to WT, and not a defect in corpus colonization (Fig. 4). AlctP1 was unable

to establish a successful infection in either the corpus or the antrum, in two distinct in
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vivo challenges, resulting in no colony forming units on the mouse output plates (Fig.
4). This phenotype is curious considering that the dual LctP deletion was able to
infect mice (Fig.4A-B).

The second in vivo challenge possessed several significant confounding factors, the
mice were generally much older (= 8 months), some of the mice were male and three
mice were pregnant. However, the phenotypes of the overall stomach colonization
and gastric gland occupation exhibited similar phenotypes to what was observed in
the initial infection challenge (4B-D). Overall, we observed that IctP1 is required for
establishing a successful gastric infection whereas AlctP2 has a less severe

colonization defect relative to AlctP.

Figure 4 Two week in vivo murine infections with 6-8-week-old female C57BL6/N
mice and fluorescently labeled variants of H. pylori PMSS1. Mice were infected with
50pl of a 30Deoo culture for 2 weeks before sacrifice via CO2 narcosis. Stomach
tissue was removed, homogenized, and plated on CHBA plates to be enumerated
(4A). In vivo infections were replicated in 8-month-old male and female C57BL6/N
mice (4B). Gastric gland occupancy was characterized for replicate murine infection
(4C-D). *p<0.05; **p<0.01, comparisons performed via student t-test.
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7 Discussion

7.1 Physiological implications of H pylori lactate chemotaxis

The physiological function of H. pylori ‘s distinctly different chemoattractant
response to L and D lactate has yet to be investigated (Fig. 1). Since both lactate
enantiomers serve as a carbon source for H. pylori, it is possible that this is the only
benefit derived from lactate chemotaxis (Iwatani et al. 2014; Takahashi et al. 2007).
However, various infectious microbes rely on lactate to evade the host immune
response and enhance colonization. For instance, N. meningitidis possess lactate
mediated complement resistance that is reliant upon lactate catabolism to increase
sialic acid biosynthesis, enabling sialyation & reducing C3 deposition on cell surface
(R. M. Exley et al. 2005; Lo et al. 2009). Jiang et al. 2014 reviews additional
mechanisms of lactate utilization induced microbial pathogenesis, including
enhanced resistance to oxygen-dependent bactericidal mechanisms and nitrous
oxide resistance. Overall, further investigation into lactate induced alterations of H.
pylori physiology and metabolism could initiate the characterization of a novel H.
pylori pathogenic mechanism.

| proposed a hypothesis that H. pylori could use its chemoattractant response
to lactate as a means of enhancing gastric glandular colonization. H. pylori
chemotaxis is necessary for maximum glandular colonization during the early
infection phase (Keilberg et al. 2016). Leucine-rich repeat-containing G-protein
coupled receptor 5-positive (Lgr5+) cells serve as stem/progenitor cells in the base
of gastric glands and have been found to drive gastric adenocarcinoma formation
(Barker et al. 2010; Phesse and Sansom 2017; Uehara et al. 2013; X. Wang et al.

2018; Xi et al. 2014). H. pylori colonizing murine and human gastric glands was
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observed to directly interact and increase Lgr5+ stem cell proliferation in a manner
heightened by the presence of cagA (Sigal et al. 2015). Additionally, chemotaxis
deficient H. pylori strains had deficient gastric gland colonization and did not induce
Lgr5+ stem cell proliferation (Keilberg et al. 2016; Sigal et al. 2015). Lgr 5+ cells are
also found in the small intestine and colon, where they maintain small intestinal crypt
homeostasis and are found to be highly expressed in colorectal adenocarcinomas
(Baker et al. 2015; Rodriguez-Colman et al. 2017). Despite the hundreds of Lgr5+
stem cells present within murine adenomas, further studies observed a small amount
of functional stem cells within individual murine intestinal crypts, suggesting that
relatively few stem cells contribute to tumor growth (Humphries et al. 2013; Kozar et
al. 2013; Schepers et al. 2012).

Intestinal Lgr5+ stem cell function is dependent upon surrounding lactate
producing Paneth cells (Rodriguez-Colman et al. 2017). The L and D- lactate
concentrations present in gastric mucosa and glands is unknown, rendering it difficult
to predict the in vivo lactate-mediated chemotactic behavior of H. pylori. Additionally,
it'’s unknown whether gastric Lgr5+ cells are functionally dependent upon lactate
metabolism. However, the prior presented evidence (Refer to 1.1.4) of H. pylori
carcinogenic alterations to host metabolism and the promotion of mammalian LDH
activity could suggest the presence of a heightened gastric lactate concentration.

Gastric cancer is a multifaceted disease, and it must be kept in mind that the
genetics of the host and microbe have a critical role in determining the pathogenesis
of H. pylori infection (EI-Omar, Chow, and Rabkin 2001). H. pylori is genetically
diverse, with bacteria from different geographic regions possessing variations in the

presence and expression of virulence factors such as CagA and VacA (Akeel et al.
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2019; Karlsson et al. 2012). The proteome expression pattern was also indicated to
be geographically influenced since the protein expression pattern of several H. pylori
strains was found to be dependent on their geographic habitat rather than their
disease outcome or expression of cagA (Sugiyama et al. 2019) In addition, the
proteome of H. pylori was suggested to be more diverse than the genome as
evidenced by H. pylori from different regions in the stomach containing distinct
patterns of protein expression despite a lack of genetic diversity (llina et al. 2010).
Ultimately, the potential link between dysfunctional gastric Lgr5+ cellular activity and
its influence on H. pylori chemotactic behavior warrants further studies.
7.2 H pylori respiratory D-LDH

D- and L-lactate as well as pyruvate have been evidenced to be readily
oxidized by H. pylori (Kelly, Hughes, and Poole 2014). H. pylori L-LDH and D-LDH
provide energy through oxidizing lactate into pyruvate. Pyruvate is metabolized via
the TCA, serving as an immediate substrate for electron transport (H. Smith et al.
2001). The NAD-dependent and -independent LDH enzymes have different
subcellular localizations. NAD-independent D-LDH is membrane-associated, while

NAD-dependent L-LDH enzymes are cytosolic (Jiang et al. 2014, 2017). Previous
work showed that H. pylori L-LDH was cytosolic, while D-LDH activity was in the
membrane fractions (Chang et al. 1995).

Other organisms contain D-LDH that are predicted to be similar to that of H.

pylori, and serve to enhance our understanding of the H. pylori enzyme.
Pseudomonas putida KT2440 possesses a representative of microbial NAD*

independent Fe-S D-iLDH, which has been well characterized biochemically and
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structurally. This enzyme is of interest because it contains nearly identical domains
as H. pylori D-LDH and has 59% protein similarity (Jiang et al. 2017). Shewanella
oneidensis and Campylobacter jejuni both possess Fe-S D-iLDH similar to P. putida
(Jiang et al. 2017; Pinchuk et al. 2009; Thomas et al. 2011). Here we analyzed two
independent H. pylori PMSS1 D-LDH mutants. One (#2) appeared to have a severe
growth defect, possibly suggesting it has another mutation in the chromosome. The
other, AD-LDH#1, responded to high D-lactate supplementation with enhanced
growth (Fig. 2). This finding contrasts with S. oneidensis AD-iLDH, which did not
grow on D-lactate (Pinchuk et al. 2009). One possibility is that the remaining H. pylori
“L”-LDH could be involved in D-lactate oxidation. This possibility has precedent: the
expression of S. oneidensis L-LDH in a E.coli strain lacking D-LDH restored the
mutant’s ability to grow on D-lactate (Pinchuk et al. 2009). Additionally, previous
work has shown that D-LDH'’s often oxidize L-lactate, as was observed in C. jejuni
and suggested for H. pylori, because the AD-LDH strain was measured to have
lower L-lactate oxidation activity relative to WT (Futai and Biol 1972; Iwatani et al.
2014; Jiang et al. 2017; Kato et al. 2010; Thomas et al. 2011) Due to the relatively
early stage of microbial Fe-S D-LDH research and the variety of observed
contrasting phenotypes, the H. pylori PMSS1 AD-LDH strains must be sequenced
and the mutation complemented to conclusively determine the metabolic contribution
of D-LDH.
7.3 H pylori lactate permeases

A few other microbes have been found that have more than one copy of IctP.
Desulfovibrio vulgaris is an environmental anaerobic sulfate-reducing microbe and

opportunistic pathogen that uses lactate as its primary energy source (Tang et al.
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2007) D. vulgaris oxidizes lactate to eventually form acetate to serve as an electron
donors for sulfate reduction. Most of its lactate is oxidized via respiratory membrane
bound LDH enzymes. Multiple copies of IctP are present in the genome but only 2
were identified to be functional (Rajeev et al. 2019; Vita et al. 2015). One of the D.
vulgaris IctP genes (DVU2451) was observed to have its expression dependent upon
the presence of lactate (Rajeev et al. 2019). H. pylori IctP1 expression was
significantly reduced by L-lactate (lwatani et al. 2014). Both functional D. vulgaris
LctP proteins (DVU2451 & DVU3026) share 95% sequence similarity and were
thought to be functionally redundant since deletion of DVU3026 increased DVU2451
expression (Vita et al. 2015). Whether deletion of one H. pylori IctP gene affects the
expression of the other is not yet known.

We were surprised that the H. pylori PMSS1 IctP1 and IctP mutant grew
better than WT. There is precedent for this finding as well. Haemophilus influenzae is
a facultative anaerobe and opportunistic pathogen that causes respiratory disease
(Turk 1984). H. influenzae AlctP had a higher growth rate compared to WT in the
mid-log phase & attained a higher OD during stationary phase in a L-lactate
dependent manner (Lichtenegger et al. 2014) The authors speculated that this
increased growth could be strain-specific but they determined that ArcAB, the two-
component global regulon canonically associated with microbial lactate utilization
genes, was not responsible for enhanced growth of the AlctP strain. H. pylori PMSS1
AlctP similarly outgrew WT independent from nutrient conditions or lactate
supplementation (Fig. 3). Generally, we observed in a liquid growth curve that H.

pylori PMSS1 ALctP1 grew the best, followed by ALctP, then WT, with ALctP2
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having the worst growth (Fig. 3). However, these in vitro growth phenotypes were
starkly contrasting to the in vivo colonization phenotypes (Fig. 4).

In vivo, lactate uptake has been shown to promote growth and also help
survive innate immune challenges. H. influenzae is reliant upon lactate utilization
genes for in vivo colonization but loss of /ctP does not alter complement resistance
(Herbert et al. 2002)(Jiang et al. 2014) (Lichtenegger et al. 2014). N. meningitidis is
dependent upon host endogenous L-lactate to colonize the nasopharynx (Harry
Smith, Tang, and Exley 2007). Loss of IctP in N. meningitidis attenuated colonization
and abrogated complement resistance in ex-vivo and murine in vivo models (Exley et
al. 2005, 2007).

We observed in two separate 2-week murine in vivo infections significant
mucosal and drastic glandular colonization defects in the H. pylori PMSS1 IctP
mutants (Fig. 4A-B). Relative to PMSS1 WT mucosal colonization, PMSS1 AlctP had
a significant colonization defect that was similar between the antrum and corpus
while PMSS1 AlctP2 only had a significant colonization defect in the antrum. In
accordance with Sigal et al. 2015 and Keilberg et al. 2016, the H. pylori WT infection
had greater glandular colonization in the antrum compared to the corpus. The
glandular occupancy in the antrum and corpus of PMSS1 AlctP2 infections was
dramatically lower relative to WT (Fig. 4C-D). AlctP2 glandular occupancy was
noticeably lower in the antrum compared to the corpus, which is in contrast with the
typical early-infection behavior of increased gastric colonization in the antrum relative
to the corpus (Keilberg et al. 2016; Sigal et al. 2015). PMSS1 AlctP solely colonized
5% of the gastric glands in the corpus (Fig. 4C-D). Sigal et al. 2015 observed via 3D

confocal microscopy that H. pylori gastric gland colonization rather than luminal
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surface colonization precedes regional gastric pathogenesis. Additionally, Keilberg
and Ottemann et al. 2016 reported that maintenance of chronic H. pylori infections is
dependent upon exclusive glandular colonization in 10% of the gastric glands.
Curiously, PMSS1 AlctP1 was unable to colonize the gastric mucous or
glands despite displaying the best in vitro growth amongst the infection strains
whereas PMSS1 AlctP2 and AlctP successfully established an infection whilst
respectively having the worst in vitro growth and lacking both permeases (Fig. 3&4).
Iwatani et al. 2014 observed H. pylori AlctP to have moderately decreased
consumption of L and D lactate relative to WT. This confirmed that /ctP1 and IctP2
are responsible for some of the uptake of both lactate isomers, but the
stereospecificity of each permease was left unknown, but also suggested there are
other ways for lactate to enter the cells. This colonization defect of AlctP1 strains
could be attributed to a variety of factors. LctP1 could be primarily responsible for
uptake of either one or both lactate enantiomers and the concurrent expression of
IctP2 could be preventing the activity of alternate permeases responsible for lactate
uptake in the dual IctP deletion. E. coli glycolate permease can only uptake the D-
lactate isomer and although H. pylori is not known to possess any alternative
permeases responsible for lactate uptake, it's possible for an unknown permease to
have its expression suppressed by the constitutively active lactate permeases (M. F.
Nufiez et al. 2001; Maria Felisa Nufiez et al. 2002). Another possibility to consider is
that LctP function is dependent upon downstream activity of LDH, as was observed
in H. influenzae (Lichtenegger et al. 2014). lwatani et al. 2014 reported that H. pylori
AL-LDH and AD-LDH strains were unable to uptake their respective isomers,

possibly indicating a protein / protein interaction between the lactate permease and
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lactate dehydrogenase. Observing the colonization phenotype of a PMSS1 AlctP1
complemented strain would be a strong indicator for the validity of our reported
PMSS1 AlctP1 colonization phenotype. Ultimately, the in vivo colonization defects
observed in PMSS1 LctP mutants suggest that H. pylori is reliant upon nutritional

virulence (Abu Kwaik and Bumann 2013).

8 Conclusions

The chemotactic and metabolic influence that L and D lactate imposed upon
H. pylori could be critical for predicting bacterial localization within the gastric niche.
In addition, elucidating the physiological and pathogenic roles of H. pylori lactate
utilization genes can potentially lead to the identification of a novel H. pylori
pathogenesis. Current studies are suggesting that further characterizing pathogenic
manipulation of host metabolic activity would grant the ability to outline a detailed
molecular pathway of the development of H. pylori mediated gastric cancer. This
study presents an initial characterization of H. pylori lactate chemotaxis, as well as a
foundation for determining the contributions that lactate utilization genes make

towards H. pylori metabolism and gastric colonization.

9 Recommendations for future study

1. Future studies should attempt measuring the lactate concentration gradient
within the murine gastric region. This would provide immense insight towards
the physiological environment that host gastric cells and H. pylori alike are
subject to within the host, overall providing much needed context towards
phenotypes observed within in vitro chemotaxis / growth curve assays and in

vivo infections.
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2. The metabolic function of H. pylori D-LDH must conclusively be determined
in order to have a general understanding of the basic function of H. pylori
lactate utilization genes. Additionally, the stereospecificity of the individual H.
pylori lactate permeases should be characterized

3. The PMSS1 AlctP1 mutant should have its complimented strain undergo
growth analysis in vitro and in vivo murine infections to determine if the lack
of gastric colonization and growth effects observed in this study should
undergo further consideration geared towards elucidating a molecular

mechanism.

10 Appendix

Supplemental Figure 1. Liquid growth curve of lactate supplementation in
PMSS1 WT grown in BB10 (a) and Ham F-12 2% (b), as well as G27 AD-
LDH in Ham F-12 2%.
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