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ABSTRACT: The gastric pathogen Helicobacter pylori activates the NF-kB pathway in human epithelial cells via the
recently discovered a-kinase 1 TRAF-interacting protein with forkhead-associated domain (TIFA) axis. We and
others showed that thispathwaycanbe triggeredbyheptose1,7-bisphosphate (HBP), anLPS intermediateproduced
ingram-negativebacteria that represents anewpathogen-associatedmolecularpattern (PAMP).Here,we report that
our attempts to identify HBP in lysates of H. pylori revealed surprisingly low amounts, failing to explain NF-kB
activation. Instead, we identified ADP-glycero-b-D-manno-heptose (ADP heptose), a derivative of HBP, as the
predominant PAMP in lysates of H. pylori and other gram-negative bacteria. ADP heptose exhibits significantly
higher activity than HBP, and cells specifically sensed the presence of the b-form, even when the compound was
addedextracellularly.Thedata leadus to conclude thatADPheptosenot only constitutes thekeyPAMPresponsible
for H. pylori–induced NF-kB activation in epithelial cells, but it acts as a general gram-negative bacterial
PAMP.—Pfannkuch, L., Hurwitz, R., Traulsen, J., Sigulla, J., Poeschke, M., Matzner, L., Kosma, P., Schmid, M.,
Meyer, T. F.ADPheptose, a novel pathogen-associatedmolecular pattern identified inHelicobacter pylori. FASEB J.
33, 9087–9099 (2019). www.fasebj.org

KEY WORDS: NF-kB • ALPK1 • TIFA • LPS • PAMP

The innate immune system provides mammalian cells
with various means of self-defense against microbial
infections. A key element in detecting possible threats
is the recognition of pathogen-associated molecular

patterns (PAMPs) by host cells (1). These highly con-
served structures are found in bacteria, viruses, and
fungi and can be detected via pattern-recognition re-
ceptors (2). Although a variety of PAMPs has been
identified in the last decades (e.g., LPS, CpG nucleo-
tides, and flagellin) the picture is still incomplete (3).
Recognition of these structures alerts the host cell to the
presence of potentially harmful microorganisms and
triggers innate immune signaling pathways that induce
the production of inflammatory mediators and attract
immune cells to fight an infection.

One of the main pathways activated in response to in-
fectionwith pathogenic bacteria isNF-kB signaling,which
has been implicated in inflammation and carcinogenesis
(4). Canonical NF-kB signaling can be stimulated by a
variety of effectors, such as microbial PAMPs or pro-
inflammatory cytokines like TNF-a (5). Activation of the
upstream receptors leads to phosphorylation of the in-
hibitor of IKK-b and subsequent phosphorylation of
the inhibitor of NF-kB-a (IkB-a). This induces poly-
ubiquitination and proteasomal degradation of IkB-a,
which releases the p65/p50 heterodimer normally se-
questered in the cytoplasm. Upon release, p65/p50 is
translocated into the nucleus, where it activates the ex-
pression of multiple genes involved in inflammation and
proliferation (6).
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LPS is a well-studied PAMP found in most gram-
negative bacteria. The inner core of LPS typically
consists of 3-deoxy-D-manno-octulosonic acid and L,D-
heptose units (7). The precursor of the L,D-heptose
units, ADP-L-glycero-b-D-manno-heptose (ADP heptose), is
synthesized in a 5-step pathway, starting from D-sedoheptu-
lose 7-phosphate, which is 1) converted into D-glycero-a,
b-D-manno-heptose-7-phosphate by the sedoheptulose-7-
phosphate isomerase GmhA, 2) phosphorylated to form
D-glycero-b-D-manno-heptose-1,7-bisphosphate (HBP) by
the bifunctional kinase or adenylyltransferase HldE,
3) dephosphorylated to D-glycero-b-D-manno-heptose-
1-phosphate by the D-glycero-b-D-manno-heptose-1,7-
bisphosphate-7-phosphatase (GmhB), followed by 4)
nucleotide activation by formation of ADP-D-glycero-
b-D-manno-heptose by HldE, and, finally, 5) epimerization
to ADP heptose by the epimerase HldD (7) (Supplemental
Fig. S1A). The resulting activated heptose unit is then in-
tegrated into the LPS core region.

In 2015, the intermediate metabolite HBPwas identified
as a potent effector ofNF-kB activation byNeisseria species,
which is released into the cytosol of infected epithelial cells
via phagocytosis followed by lysosomal degradation (8).
More recently,we showed in gastric epithelial cells infected
withHelicobacter pylori that the proteinsa-kinase 1 (ALPK1)
and TRAF-interacting protein with forkhead-associated
domain (TIFA) are key components in the response toHBP,
leadingtoactivationofcanonicalNF-kBsignaling (9). In this
system, too,NF-kBactivationwas stimulatedbyHBPupon
transfection as well as, presumably, upon translocation to
the cytosol via the type-IV secretion system (T4SS) (9).

The discovery of ALPK1 as an NF-kB pathway–
associated signaling molecule (9, 10) and a novel pattern-
recognition receptor acting via the rapid formation of TIFA-
somes, a previously unknown signaling platform, represent
major breakthroughs in the field. However, even in our
original study,wewere unable to isolateHBP fromH. pylori
for use in experiments and instead had to rely on chemically
synthesizedHBP. Since then,wehavemadean intense effort
to confirm the presence of HBP in bacterial lysates using a
mass spectrometry (MS) approach. Chemical derivatization
of b-HBP finally allowed us to overcome the detection limit
and revealed that HBP was present at concentrations far
lower than those required to activate NF-kB with synthetic
HBP. We thus hypothesized that yet another compound
involved in LPS synthesis might be responsible. After
screening fractionated H. pylori lysates for their capacity to

stimulate NF-kB, we identified ADP heptose by MS as a
novel, potent NF-kB–activating PAMP acting via the
ALPK1-TIFAsignalingaxis [see alsoPfannkuch et al. (11)]. In
parallel to our studies, Zhou et al. (12) recently demonstrated
that ADP heptose is indeed the ligand for ALPK1. Because
ADPheptose is present inmost LPS-containingbacteria, this
molecule likely is of relevance for numerous infections with
gram-negative bacteria.

MATERIALS AND METHODS

Cell culture

AGS cells stably expressing a tdTomato-TIFA-Flag construct
(tdTomato construct from Takara, Kyoto, Japan) were created
using the pMW1064 (td-Tomato/TIFA-Flag/Kan) plasmid. The
tdTomato-TIFA-Flag genewas shuttled in a lentiviral expression
plasmid (pLenti 31 Zeo Dest, Plasmid 17299; Addgene, Water-
town,MA,USA). Cellswere lentivirally transduced and selected
with zeocin, and a cell line was created from single clones. AGS
cells stably expressing an NF-kB-luc2P construct were created
using the pGL4.32 (luc2P/NF-kB-RE/Hygro) plasmid (Prom-
ega, Madison, WI, USA). The NF-kB response element and the
luc2P reporter gene was shuttled in a pLenti plasmid (pLenti
phosphoglycerate kinase Neo Dest, Plasmid 19067; Addgene).
Cells were lentivirally transduced and selected with neomycin,
and a cell culture was created from single clones. Clustered reg-
ularly interspaced short palindromic repeat (CRISPR)/CRISPR-
associatedprotein 9 (Cas9) control andALPK1orTIFAknockout
cells were created as previously described by Zimmermann et al.
(9) from the AGS parent cell line [1739; American Type Culture
Collection (ATCC), Manassas, VA, USA]. All cells were culti-
vated at 37°C and 5% CO2 in Roswell Park Memorial Institute
medium (Thermo Fisher Scientific, Waltham, MA) with 10%
heat-inactivated fetal calf serum (9).

Bacterial culture and lysis preparation

H. pylori wild-type (WT) strain P12 and corresponding mu-
tants were grown on GC agar plates supplemented with
10% horse serum and vancomycin or respective antibiotic
(Table 1) and cultivated for 2 passages at 37°C and 5% CO2
(13). All other strains (Table 1) were grown on standard
Luria-Bertani (LB) medium agar plates and cultivated for 2
passages at 37°C (or 26° in case of Yersinia enterocolitica) and
5% CO2.

For lysate preparation, bacteria were harvested by resus-
pension inwater anddiluted to optical density at 550 nm (OD550)
1. Cells were lysed by heating to 95°C for 15 min. Lysates were
centrifuged at 4000 g for 3min and supernatants filtered through

TABLE 1. Bacterial Strains and Cultivation

Strain Name Plate

X 52 P. aeruginosa LB-Agar
X 98 S. typhimurium LB-Agar
X 2 S. pneumoniae LB-Agar
X 466 Y. enterocolitica LB-Agar but 26°C
X 122 L. monocytogenes LB-Agar
P511 H. pylori P12 WT GC agar + vancomycin
P587 H. P12DrfaE GC agar + vancomycin + kanamycin
P589 H. pylori P12DgmhB GC agar + vancomycin + kanamycin
P587 Helicobacter pylori P12DgmhA GC agar + vancomycin + kanamycin
P582 Helicobacter pylori P12DrfaD GC agar + vancomycin + kanamycin
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a 0.22-mm syringe filter. To validate lysis, 100 ml of lysate were
incubatedonLBmediumagarplates overnight at 37°Cor 26°Cat
5% CO2 (Table 1).

Carbohydrate delivery by lipofection and
luciferase assay

AGS cells stably overexpressing an NF-kB-luc2P construct were
starved in serum-freemediumfor 2hat 37°Cand5%CO2prior to
sugar delivery. Delivery of sugar into the cytoplasm was
achievedby treatingcells at 70%confluencewith apreparationof
1 ml sugar solution diluted to respective concentrations mixed
with 7.5 ml Opti-MEM (Thermo Fisher Scientific), 6.25 ml ATP
(20 mM; Roche, Basel, Switzerland), and 1.25 ml lipofectamine
2000 (Thermo Fisher Scientific) after 20 min preincubation at
room temperature. Alternatively, sugars were added to the
starvation medium without transfection reagent. Cells were in-
cubated for 3 h at 37°Cand5%CO2, and the subsequent lysis and
luciferase assay was performed according to the manufacturer’s
instructions (Promega).

Confocal microscopy

Stably tdTomato-TIFA–overexpressing cells were seeded on
glass cover slips and grown for 24 h at 37°C and 5% CO2. Cells
were either transfected with b-D-ADP-heptose or b-HBP using
lipofectamine 2000 (Thermo Fisher Scientific) under serum-free
conditions, treated with sugars without transfection, or left un-
treated for 3 h at 37°C and 5% CO2. To visualize TIFAsome for-
mation, cells were fixed with 4% (w/v) paraformaldehyde and
counterstainedwithDAPI (1:300,H1840-10;Roche) for 2h.Cover
slipsweremountedwithMowiol40–88 (324590;MilliporeSigma,
Burlington, MA) and analyzed by laser scanning microscopy
using a Leica SP8 confocal microscope (Leica Microsystems,
Buffalo Grove, IL, USA) (9). For quantification of TIFAsome-
positive cells, 2 images with a340 magnification were obtained
for every condition. Dead or dividing cells (as judged by a con-
densed, irregular nucleus) were excluded from analysis. Nuclei
and TIFAsome-positive cells were counted using the Counter
plugin of Fiji (https://fiji.sc/ ).

Quantitative RT-PCR

Quantitative RT-PCR (qRT-PCR) was performed using the
Power Sybr Green RNA-to-CT 1-Step Kit according to the man-
ufacturer’s instructions (Thermo Fisher Scientific). As previously
described by Zimmermann et al. (9), 1 ng/ml of the isolated RNA
was added per reaction, and the final concentration of the pri-
merswas 166nM.qRT-PCRwasperformedusing a StepOnePlus
Real-Time PCR system (Thermo Fisher Scientific) with a 1-step
protocol for both RT reaction and PCR reaction. The following
conditions were used during the protocol: an initial cycle for the
generation of cDNA at 48°C for 30 min; second cycle for the
activation of thehot-start Taqpolymerase at 95°C for 10min; and
40 consecutivedenaturation cycles at 95°C for 15 s, each followed
by primer annealing at 60°C for 1 min. Baseline and Ct values
were determined automatically by the StepOne Software v.2.3
(Thermo Fisher Scientific). Fold changes were calculated using
the22DDCtmethod (14). The followingprimerswereused: IL-8 59-
ACACTGCGCCAACACAGAAAT-39 and 59-ATTGCATCTG-
GCAACCCTACA-39, GAPDH 59-GGTATCGTGGAAGGACT-
CATGAC-39 and 59-ATGCCAGTGAGCTTCCCGTTCAG-39.

Glycero-D-manno-heptoses

D-glycero-D-manno-HBP (both a- and b- configurations),
D-glycero-D-manno-heptose 7-phosphate (H7P), b-D- and b-L-

glycero-D-manno-heptose-1-phosphate (b-H1P) were chemi-
cally synthesized as previously described (15–17).

ADP heptose

ADP heptoses were synthesized chemoenzymatically with H1P
or H7P as glycosyl donors, respectively, or chemically with
b-H1P or with peracetylated L-glycero-D-manno-heptose. The
followingstrategieswereapplied:1)Wecoupled theunprotected
L- and D-glycero-D-manno-heptose-1-phosphate to adenosine-59-
phosphomorpholidate (AMP morpholidate) under anhydrous
conditions in pyridine or tetrazole as described by Zamyatina
et al. (17) andWagner et al. (18). 2)We coupledb-H1P (D and L) to
AMP with 2-chloro-1,3-dichloromethylimidazolinium chloride
in D2O as described by Tanaka et al (19). Both the AMP mor-
pholidate and the dichloromethylimidazolinium chloride or
imidazolemethodswere carried outwith up to 100 nmol H1P as
starting material, keeping the reaction volume as small as pos-
sible (1-5ml). After completion of the reaction, themixtures were
dilutedwith 50ml water, andADPheptoses were extractedwith
2 vol. of chloroform andmethanol (2:1). The aqueous phase was
dried and the residuedissolved in 50mlwater and separated on a
reversed-phase HSS T3 ultraperformance liquid chromatogra-
phy (UPLC) column. Products were also analyzed by liquid
chromatography (LC) electrospray ionization (ESI) MS as de-
scribed below. 3)b-L-ADPheptosewas synthesized according to
the protocol previously described by Zamyatina et al. (17) but
with amodification regarding the introduction of the phosphate:
50 mg of the peracetylated L-glycero-D-manno-heptose were
deacetylated with Hünig’s base as described. The resulting
2,3,4,6,7-penta-O-acetyl-manno-heptopyranose was purified by
silica chromatography and phosphitylated with bis(2-cyanoe-
thoxy)-N,N-diisopropylaminophosphine in dry acetonitrile/
tetrazole in the presence of 1-hydroxy-6-(trifluoromethyl)
benzotriazole (20). The phosphitylating reagent was prepared
by stirring 60 mg 1-hydroxy-6-(trifluoromethyl)benzotriazole
with 1 ml 0.1 cM bis(2-cyanoethoxy)-N,N-diisopropylamino-
phosphine in anhydrous acetonitrile for 2 h under reduced
pressure. Themixturewas slowly added to 10mgof thepenta-O-
acetyl heptopyranose in 1 ml anhydrous acetonitrile containing
3%tetrazoleover30min, and thereactionwas incubated for8hat
ambient temperature. Oxidation to the phosphate ester was
carried out by slowly adding 50 ml of 10% tert-butylhydroper-
oxideover 1hon ice. The reactionmixturewasdilutedwith 5vol.
dichloromethane and washed with brine and 0.5 M triethy-
lammonium bicarbonate (TEAB; pH 8.5), successively. The or-
ganic phase was dried under nitrogen, dissolved in 500 ml
acetonitrile, and passed over a silica gel 60 column, which
was eluted with chloroform and methanol and water (3:2:0.1),
yielding 2 components with the expected molecular mass for
the penta-O-acetyl-heptose-1-(bis-cyanoethyl)-phosphate of m/z
629.2 [M+Na]+ (ESI-MS). The later eluting sugar phosphate (as-
sumed to be the b-anomer) was dried and dissolved (5 mg) in
500ml dry pyridine. Cyanoethyl groups were cleaved by adding
200 ml bis(trimethylsilyl)acetamide and 10 ml 1,8-diazabicyclo
[5.4.0]undec-7-ene.The reactionwas stirred for 20minat ambient
temperature (21), then stopped by diluting with 5 vol dichloro-
methane and methanol (2:1) and 2 vol 500 mM TEAB (pH 8.2).
The organic layer was dried, solubilized in 50% methanol, and
separated on an HSS T3 high-performance LC column that was
isocratically eluted with 40% acetonitrile in 10 mM TEAB.
Heptose-phosphate fractions were detected by ESI-MS (Waters
QDa; Waters, Milford, MA, USA), dissolved in anhydrous
dichloromethane, driedundervacuumoverphosphorpentoxide,
and dissolved in anhydrous pyridine. Coupling to AMP
morpholidate and deprotection was performed essentially as
described. The resulting O-acetylated-ADP heptose was depro-
tected with 50 mM triethylamine (pH 10.5) in methanol or
TEAB. The product was further purified by anion exchange
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chromatography (Supelcosil LC-SAX 25 cm 3 4.6 mm; 5-mm
particle). ADP heptose was eluted with a linear gradient of
10–500 mM TEAB in water [total yield: 0.65 mg (1.3%); ESI-MS
(negative mode): m/z 618.05]. 4) L/D-a-ADP heptose was syn-
thesized as previously described by Zamyatina et al. (17).

Enzymatic synthesis of b-ADP heptose from
b-H1P or H7P

Up to 200 nmol D-b-H1P (triethylammonium salt)was incubated
at 35°Cwith 1mg recombinantHldE fromH. pylori in 20ml HldE
buffer [50 mM Tris HCl (pH 8.0), 150 mM NaCl, 5 mM MgCl2,
and 20mMATP] for 1 h. The reactionwas stoppedbyadditionof
50 ml chloroform and methanol (2:1). The aqueous phase was
dried in a SpeedVac (Thermo Fisher Scientific) evaporator and
dissolved in 50ml water. The productwas analyzed by LC-MS as
described below.WhenH7Pwas used instead ofH1P, the above
reaction was performed in the presence of 1 mg of recombinant
GmhB fromH. pylori.

Enzymatic synthesis of b-HBP from H7P

D-H7P (10 nmol, triethyl ammonium salt) was incubated with
1 mg recombinant RfaE from Neisseria gonorrheae in 20 ml HldE
buffer [50mMTrisHCl (pH8.0), 150mMNaCl, 5mMMgCl2, and
20mMATP] for 1–8hat 35°C.Todestroyminor amounts ofADP
heptose, which were formed because of the presence of the
endogenous Escherichia coli adenylyltransferase activity, 1 ml
phosphodiesterase (PDE) (Crotalus adamanteus; 3 mU/ml) was
added for 30min. The reactionwas stopped by addition of 50 ml
chloroformandmethanol (2:1). Theaqueousphasewasdried ina
SpeedVac evaporator and dissolved in 50 ml water. The product
was analyzed by LC-MS as described below.

Derivatization of heptoses with
3-amino-9-ethylcarbazole

Sugar-phosphates were dephosphorylated with calf intestine
alkaline phosphatase (CIP) or by acid hydrolysis with trifluoro-
acetic acid (TFA) (50 mM, 30 min, 90°C). Reactions were con-
ducted in10ml.Afterhydrolysis, samplesweredilutedwith50ml
methanol and dried in a SpeedVac evaporator. For reductive
amination, the hydrolyzed samples were incubated with 100 ml
3-amino-9-ethylcarbazole (AEC) (60 mM in methanol) followed
by the addition of 25 ml of sodium cyanoborohydride (50 mM in
water) and 20 ml of acetic acid. After 1 h at 60°C, samples were
directly submitted to UPLC analysis. (BEH C18, 50 3 2.1 mm;
Waters). Compounds were eluted with a linear gradient of
10–100% acetonitrile in 0.1% formic acid.

Matrix-assisted laser desorption/ionization
time-of-flight tandem MS

Lyophilized samples were solubilized with 4 ml 2% acetonitrile
and 0.1%TFA.Onemicroliter of each samplewasmixedwith an
equal volume a-cyano-4-hydroxycinnamic acid (0.5% solubi-
lized in 60% acetonitrile and 0.3% TFA) and transferred onto the
matrix-assisted laser desorption/ionization (MALDI)/MS tem-
plate. MS and tandemMS (MSMS) spectra for AEC sugars were
acquired in positive mode with a 4700 Proteomics Analyzer
(Sciex, Framingham, MA, USA) MALDI time-of-flight (TOF)/
TOF instrument. MS mass range was set to 300–600 Da. ADP
heptosemeasurementswere acquired in negativemode, and the
MSmass range was set to 250–1000 Da. All data were evaluated
manually.

UPLC

Carbohydrates were separated by ion-pairing reversed-phase
chromatography on an HSS T3 UPLC column (2.1 3 150 mm,
1.8 mm;Waters) with a linear gradient of 10 mM TEAB, (pH 8.5)
from 2% acetonitrile to 90% acetonitrile (containing 10 mM
TEAB) over 7 min at 45°C and a flow rate of 0.4 ml/min. Eluted
compoundswere detected byUV absorbance (photodiode array
detector; Waters) and by ESI-MS detection (QDa; Waters) or
MALDI-TOF MSMS.

The QDawas operated in an electrospray negative ion mode
by applying a voltage of 0.8 kV. The cone voltagewas set at 15 V.
The probe temperature was set at 600°C. A full mass spectrum
betweenm/z 100 and 1200was acquired at a sampling rate of 8.0
points/s.

For quantification of ADP heptose, calibration standard so-
lutions at 7 concentrations from10 to 100pmol/mlwereanalyzed
in single ion recording (SIR) mode at m/z 618. The calibration
curves were established by plotting the peak areas (m/z 618)
against the concentrations of analytes with linear regression
analysis.

Cloning and expression of the ADP heptose
pathway enzymes RfaE, HldE, and GmhB in E. coli

DNA recombinant procedures were performed according to
standard methods described by Sambrook et al. (22). DNA
encoding the enzymes of theADP heptose pathwaywere cloned
from H. pylori P12 (GmhB), H. pylori G27 (HldE), and Neisseria
meningitides 2C43 (RfaE). DNA templates were PCR amplified
with the primers indicated below. The PCR products were
digested with the indicated restriction enzymes and ligated to
plasmid vector pGex-2T prelinearized with the same restriction
enzymes, yielding pGex-2T-RfaE, pGex-2T-HldE, and pGex-2T-
GmhB.

E. coli strain BL21(DE3) was used and maintained at 37°C
using LB medium. For strain activation, 0.5 ml of an overnight
culture were inoculated into 50 ml LB medium and grown at
37°C to OD600 0.5. To express the glutathione S-transferase–
tagged enzymes, the 3 constructed recombinant plasmids (pGex-
2T-RfaE, pGex-2T-HldE, andpGex-2T-GmhB)were transformed
into E. coli strain BL21(DE3) to allow evaluation of protein ex-
pression. The recombinant strains were grown in LBmedium in
the presence of ampicillin (50 mg/ml) at 37°C.

Primers

The following primerswere used: RfaE kinase: RfaE_fw_BamHI:
59-GACTGGATCCTCCGCCAAGTTCCAACAAG-39 (fw, for-
ward), RfaE_rv_EcoRI: 59-CCCGGAATTCCTACATTGTTGA-
TTGCCCTGAC-39 (rv, reverse); HldE bifunctional kinase and
adenylyl transferase: HldE_fw_BamHI: 59-GACTGGATCCAT-
GAAAAAAATCTTAGTCATAGGC-39, HldE_rv_EcoRI: 59-CCC-
GGAATTCCTTCAATCATTGCATGTCC-39; GmhB phosphatase:
GmhB_fw_BamHI: 59-GACTGGATCCATGAACACTAACAAAG-
CCC-39, GmhB_rv_EcoRI: 59-CCCGGAATTCCTTTATTTGATTAG-
ATCTATCATCTCTTTAA-39.

The templates were as follows: for RfaE (AAF41238), N.
meningitides 2C43 (strain N1072); for HldE (O255529), H. pylori
G27 (strain P224); for GmhB (D64627),H. pyloriP12 (strain P511).

Purification of enzymes

Proteins were expressed in 1-L cultures, respectively. The fol-
lowing expression and purification protocol was applied per
100ml of bacterial culture: 5 ml preculturewas grown for 16 h at
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37°C, followed by the addition of 95 ml of prewarmed LB
mediumwith ampicillin. At the OD600 of 1.5, protein expression
was induced for 4 h at 30°C with 1 mM isopropyl b-D-1-
thiogalactopyranoside. Cells were harvested by centrifugation
(4000 g, 4°C, 15min). The cell pelletwas frozen in liquid nitrogen,
thawed on ice for 15min, and resuspended in 3ml of lysis buffer
[20 mM Tris (pH 8.0) and 5 mM EDTA]. Fifty microliters of ly-
sozyme solution (10mg/ml)was added and incubated on ice for
30 min. One microliter of benzonase grade II (1 U/ml; Merck,
Kenilworth, NJ, USA) and 50 ml of 1 M MgCl2 was added and
incubatedon ice for30min.The lysateswerecentrifugedat 6000g
at 4°C for 30 min. The supernatants were mixed with 200 ml of
glutathione-sepharose 4B beads (50% suspension in PBS) for 4 h
andwashed several times with PBS. Bound proteins were eluted
with 20 mM glutathione in 100 mM Tris HCl (pH 8.0). Eluates
were applied on a sephadex G20 column equilibrated in PBS
to get rid of glutathione. Protein concentration was adjusted to
10 mg/ml by ultrafiltration centrifugal devices and stored in
aliquots at280°C.

Isolation of ADP heptose from H. pylori

H. pylori strain P12 was grown on horse serum agar plates sup-
plemented with vancomycin (10 mg/ml) and cultivated for 2
passages at 37°C and 5% CO2 (13). For lysate preparation, bac-
teria were harvested by resuspension in water and diluted to
OD550 1. Cells were lysed by heating to 95°C for 15 min. Lysates
were centrifuged at 4000 g for 3 min and supernatants filtered
through a 0.22-mm syringe filter.

1 ml of the cleared lysate was extracted by addition of 2 ml
chloroform/methanol (2:1). After vortexing and centrifugation
(5min, 10,000 g), the aqueousphasewaspassed over aHyperSep
solid phase extraction (SPE) aminopropyl cartridge (200 mg/
3 ml), which was equilibrated with 50 mM acetic acid in 50%
methanol. Bound compounds were eluted with 500 mM TEAB
(pH 8.5) in 50% methanol. Eluates were dried in a SpeedVac
evaporator, solubilized in 1 ml 10 mM ammonium bicarbonate
(pH 8.0), and passed over a graphite carbon column [Supelclean
Envi-Carb (MilliporeSigma), 1 ml]. Sugarswere elutedwith 30%
acetonitrile. The eluate was dried in a SpeedVac evaporator,
dissolved in 10 ml 10 mM TEAB buffer, and loaded onto an HSS
T3reversed-phaseUPLCcolumn(33150mm,1.8mm)equipped
with an HSS T3 VanGuard precolumn. Compounds were sepa-
rated at a flow rate of 0.4 ml/min at 45°C with a linear gradient
from2%acetonitrile to80%acetonitrile containing10mMTEABas
an ion-pairing reagent. Fractions were analyzed by UV detection.

Deletion of rfaE, hldD, and hldA genes in H. pylori

Deletion of rfaE, hldD, and hldA was performed as previously
described (9, 23). The up- and downstream regions (0.5 kb) of the
respective genes were amplified, gel-purified, digested using
BamHI, and ligated. After ligation, a column purification was
performed and the fragments amplified by PCR. The 1-kb
products of up- and downstream fragments were cloned into
pGEM-T Easy (Promega) and separated by the kanamycin re-
sistance gene at the BamHI restriction site. The plasmidwas then
transformed into dam-negative E. coli strain GM2199. After iso-
lation, plasmid DNA was used to transform H. pylori P12 WT
(P511). H. pylori was selected using kanamycin-containing agar
plates, and gene knockout was confirmed by PCR amplification
using primers spanning DNA up- and downstream of the sites.

Western blot

Infected cellswere lysed in 23Laemmli bufferwith incubationat
96°C for 5 min, separated by 10% SDS-PAGE, transferred to

PVDF membranes, and blocked in Tris-buffered saline buffer
supplemented with 0.05% Tween 20 and 5% nonfat milk for
30 min. Samples were probed against primary antibodies at 4°C
overnight. After washing with Tris-buffered saline buffer sup-
plemented with 0.05% Tween 20, membranes were probed with
matching secondary horseradish peroxidase–conjugated anti-
bodies (1:3000; Amersham, Little Chalfont, United Kingdom)
and visualized with enhanced chemiluminescence reagent (Per-
kinElmer, Waltham, MA, USA). The following primary anti-
bodies were used: anti-phosphotyrosine 99 (pY99) sc-7020,
anti–cytoxin-associated gene A (b300) sc-25766, and b-actin
A5441 fromMilliporeSigma.

Statistical analysis

Graphs were prepared using GraphPad Prism v.7 software
(GraphPad Software, La Jolla, CA,USA) orMicrosoft Excel. Data
are presented as means 6 SEM. Two-sided unpaired Student’s
t test was used to calculate P values. Significance was assumed if
P,0.05.Thenumberof replicates isprovidedin thefigure legends.

RESULTS

H. pylori lysates contain only minor
amounts of HBP

Inorder to confirm thepresenceofHBP inH. pylori lysates,
we tried to separate the heptose by SPEmethods based on
the protocol described by Gaudet et al. (8). Detection of
HBP was performed by ion-pairing reversed-phase chro-
matography viaESI-MS.However, in SPE extracts derived
from at least 1 ml of H. pylori lysate, we could not detect
HBP as judged by the absence of a mass with m/z 369
[M-H]2 (unpublished results). Because the detection limit
of HBP was relatively high ($100 pmol), we aimed to
increase the sensitivity by derivatizing the heptose by re-
ductive amination using AEC after treatment with either
CIP, which cleaves both the 79-O-phosphate and the gly-
cosidic phosphate ester, or with TFA, a mild acid that
hydrolyzes only the glycosidic binding (24). This creates
an aldehyde group enabling Schiff’s base generation be-
tween carbohydrates and primary amines, a reaction that
does not occur if the sugar is esterified to phosphate by
an O-glycosidic bond (Supplemental Fig. S1B). We then
determined the sensitivity of our assay using chemically
synthesized b-HBP as a reference.

Derivatization of b-HBP allowed us to detect AEC
sugar derivatives byMALDI-TOFMSMSwith a detection
limit of 1 pmol. Thus,we detected precursormasses ofm/z
405 [M+H]+ for the CIP-treated HBP, with both phos-
phates cleaved andm/z 485 [M+H]+ after TFA hydrolysis,
removing only the O-glycosidically bound phosphate.
Reductive amination of theH. pylori SPE extract after acid
hydrolysis led to the appearance of the predicted m/z 485
mass and fragment ions (m/z 210, 223, 275, and 315) (Fig.
1A and Supplemental Fig. S1C), but it also revealed that
HBP was present in quantities too low to account for the
stimulation of NF-kB. In our experiments with synthetic
HBP, a concentration of at least 10mMwas required (9). By
contrast, in extracts (containing 93 108 bacteria/ml), only
concentrations of,0.1mMHBP could be detected. To our
surprise, in the lysates we also detected a mass of m/z 405

ADP HEPTOSE, A NOVEL PATHOGEN-ASSOCIATED MOLECULAR PATTERN 9091

Downloaded from www.fasebj.org by Max-Planck Inst fuer Infektionsbiol Biblio (141.14.154.155) on September 12, 2019. The FASEB Journal Vol. ${article.issue.getVolume()}, No. ${article.issue.getIssueNumber()}, pp. 9087-9099.



(fragment ions of m/z 210, 223, and 315) after AEC de-
rivatization, which appeared after acid treatment (Fig. 1B
and Supplemental Fig. S1C), indicative of a heptose with
an acid labile O-glycosidic bond.

In order to identify the compounds present inH. pylori
that could stimulate NF-kB activation, we fractionated
bacterial lysates by UPLC. Improved chromatographic
resolution of the H. pylori carbohydrate compounds from
the SPE extract was achieved by ion-pairing reversed-

phase UPLC. We tested the fractions for their ability to
stimulate NF-kB in luciferase reporter cells and for the
appearance of AEC-derivatized heptoses using MALDI
MS. By transfecting the fractions into reporter cells, we
found that only a single fraction in any given run had a
strong capacity for inducing NF-kB (Fig. 2A). For each of
these NF-kB–stimulating fractions, the most prominent
MSMS peak intensities (m/z 223) of the AEC precursor
masses were quantified (summarized in Supplemental
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Figure 1. Detection of AEC-derivatized heptoses in H. pylori extracts by MALDI-TOF MSMS. A) HBP or extracts from H. pylori
(graphite carbon eluate) were derivatized with AEC after acid hydrolysis, respectively. AEC heptose adducts were separated with
UPLC and analyzed by MALDI-TOF MSMS. Shown are the MSMS spectra of the precursor ion m/z 485 [M+H]+ as the putative
Schiff base–derived H7P-AEC adduct. Upper panel: Derivatization of H. pylori extracts, arrows and numbers in red: fragment ions
(m/z 210, 223, 275 and 315) of the precursor ion m/z 485 [M+H]; middle: derivatization of HBP, lower: matrix control. B) Upper
panel: MALDI-MSMS spectrum of the AEC-glycero-D-manno-heptose precursor ion (m/z 405 [M+H]+) derived from reductive
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Figure 2. Identification of a novel NF-kB–stimulating compound in H. pylori lysates. A) AGS NF-kB luciferase reporter cells were
incubated with H. pylori fractions separated by ion-pairing reversed-phase UPLC. Fractions were mixed with transfection reagent
(lipofectamine 2000) and then added to NF-kB luciferase reporter cells for 3 h. Induction of NF-kB was determined by
measurement of luciferase activity. Treatment with lipofectamine 2000 was used as negative control. Induction is shown as fold

(continued on next page)

ADP HEPTOSE, A NOVEL PATHOGEN-ASSOCIATED MOLECULAR PATTERN 9093

Downloaded from www.fasebj.org by Max-Planck Inst fuer Infektionsbiol Biblio (141.14.154.155) on September 12, 2019. The FASEB Journal Vol. ${article.issue.getVolume()}, No. ${article.issue.getIssueNumber()}, pp. 9087-9099.



Table S1; see also Supplemental Figs. S2A, B and S3A, B).
An AEC sugar ofm/z 405 [M+H]+ was detected only after
acid treatment but not after digestion with CIP (Supple-
mental Fig. S1D). From these data, we concluded that not
HBP but rather a manno-heptose with an acid labile gly-
cosidic linkage partly resistant to alkaline phosphatase
was present in the NF-kB–stimulating fractions. This was
further supported by the observation that the active frac-
tion contained a prominent compoundwith amass ofm/z
618 [M-H]2 (ESI-MS) and a UV absorbance of 259 nm,
whereas spiked HBP eluted earlier (Fig. 2B, C). We there-
fore hypothesized that the substance could be b-ADP
heptose, the final metabolite of the ADP heptose pathway
(Supplemental Fig. S1E). This assumption was further
supported by the fact that treatment of the activeH. pylori
fraction after UPLC chromatography with alkaline phos-
phatase (CIP)orwithPDEfromC. adamanteus showed that
the active compoundwas completely hydrolyzed byPDE.
By contrast, CIP treatment caused only minor hydrolysis
after prolonged digestion times (Supplemental Fig. S3C).

De novo synthesis of ADP heptose reveals
b-configuration as active form

To firmly establish the identity of the 618 peak as the NF-
kB–stimulating factor, we decided to synthesize b-ADP
heptose both chemically and enzymatically. For chemical
synthesis, we applied 2 strategies: b-H1P was either
coupled directly to AMP morpholidate (18) or to acti-
vated AMP by in situ generation of 2-imidazolyl-1,3-
dimethylimidazolinium chloride, which converts the
59phosphate ester of AMP to the reactive phosphor-
imidazolide (19). Both methods worked well, yielding
moderate amounts of the expectedb-ADPheptoses (L and
D isomers), which eluted simultaneously from reversed-
phaseUPLC as comparedwith the active compound from
H. pylori extracts (unpublished results).

Them/z 618 [M-H]2precursor ionwas further analyzed
byMALDI-TOFMSMSusing chemically synthesizeda-D-
ADP heptose as reference (17). The same fragment ions
could be observed in them/z 618 precursor ion [M-H]2 as
in the chemically synthesized ADP-a-D-heptose (Figs.
1–3A, see also Supplemental Fig. S4 for higher resolution
spectra). Main fragment ions could be attributed to ade-
nine (m/z 134), ribose-phosphate (m/z 211), heptose-
phosphate (m/z 289), AMP (m/z 346), and ADP (m/z 426).
MALDI-TOFMSMS of theUPLC-fractionated SPE extract
fromH. pylori led toweak intensities of product ions (Figs.
3A and 4), strongly indicating that ADP heptose was in-
deed present in the stimulating fraction at a concentration
up to 1mM.Alkaline phosphatase treatment of these ADP
heptoses, which were generated from the unprotected
sugarphosphate, led to small amounts (1–5%)of aproduct
with a mass of m/z 538 resulting from the loss of the

heptose-phosphate group (unpublished results). We pre-
sume that coupling of activated AMP to the unprotected
sugar led to small amounts of an adenylylated heptose-1-
phosphate product, which became esterified at the 59-
phosphate of AMP at one of the hydroxyl groups of the
heptose.

In order to rule out the possibility that the presence of
an HBP analog (e.g., 79-adenylyl-heptose-1-phosphate)
could be responsible for the activating effect, we also
synthesized ADP heptose starting from the O-acetyl
protected sugar (L-glycero-D-manno-heptose-2,3,4,6,7-
O-penta-acetate), which was phosphitylated using a
phosphoramidite (see Materials and Methods) and cou-
pled by the AMP morpholidate method as described by
Zamyatina et al. (17). Coupling of the O-acetyl protected
sugar 1-phosphate to AMP morpholidate afforded acet-
ylated ADP heptose (both anomeric forms), which was
carefully deprotected, affording b-ADP heptose in low
yields. As an alternative approach, we generated b-ADP
heptose chemoenzymatically by either phosphorylating
D-H7P or D- or L-b-H1P with purified recombinant HldE
and GmhB fromH. pylori in the presence of ATP (Fig. 3A,
panel 3). The enzymatic conversion of the heptose mono-
phosphatesproceedednearlyquantitatively toADPheptose.

To provide firm evidence that ADP heptose is the
immunostimulatory molecule present in H. pylori lysates,
epithelial cells were treated with different ADP heptoses.
Both chemoenzymatically and chemically synthesized
b-ADP heptoses (D- and L-glycero isomers) were able to
stimulate NF-kB, whereas a-ADP heptose, even at higher
concentrations, was not (Fig. 3B and unpublished results).
Thus, in subsequent experiments, b-D-ADP heptose was
used.

ADP heptose is present in various
gram-negative bacteria, and synthesis is
dependent on GmhB in H. pylori

As heptose residues in the inner core of LPS and the ADP
heptose synthesis pathway are conserved in most gram-
negative bacteria,we tested lysates of different bacteria for
the presence of ADP heptose. Of all the bacteria analyzed,
ADP heptose was only detected in the gram-negative
species (Pseudomonas aeruginosa, Y. enterocolitica, and Sal-
monella typhimurium) but not in the gram-positive ones
(Streptococcus pneumoniae and Listeria monocytogenes)
(Supplemental Fig. S5A). This finding confirms the role of
ADP heptose as a general immunostimulatory molecule
present in several pathogenic bacteria.

Interestingly, it has been reported before that a mutant
in the gmhB gene coding for the GmhB that dephosphor-
ylates HBP in the ADP heptose synthesis pathway is still
capable of inducing an immune response (25). We there-
fore created an H. pylori mutant deficient of GmhB. We

change compared with a negative control. Representative result of 2 repeated runs is shown. B) H. pylori extract was spiked with
b-HBP. Shown are the chromatograms in SIR mode for m/z 369 (black line) and m/z 618 (negative mode) (blue, dashed line).
Corresponding fractions in A are given below. C) H. pylori extract (carbon graphite eluate) was separated by UPLC. Shown are
the chromatograms in SIR mode for m/z 618 (upper panel) and the UV absorbance at 259 nm (lower panel).
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analyzed this mutant together with other mutants of the
ADPheptose synthesis pathway (GmhAandRfaE) for the
presence of ADP heptose by LC-MS. This compound
could only be detected in WT bacteria but not in the
GmhA, GmhB, and RfaE mutants (Fig. 4A). When tested

for their capacity to induce IL-8 in AGS cells, only WT
bacteria were able to induce NF-kB (Fig. 4B), despite the
fact that all mutants showed T4SS activity as indicated by
cytoxin-associated gene A translocation after infection
(Supplemental Fig. S5B).
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Figure 3. NF-kB–stimulating compound in H. pylori lysates is b-ADP heptose. A) MALDI-TOF MSMS spectra of ADP
heptoses, m/z 618.2 [M-H]; corresponding fragment ions are labeled 1) Reference spectrum: a-D-ADP heptose; 2) b-D-ADP
heptose from H1P or AMP morpholidate synthesis; 3) b-D-ADP heptose from H1P/HldE enzymatic synthesis; 4) b-D-ADP
heptose from purified H. pylori extracts; 5) Matrix control. B) AGS NF-kB luciferase reporter cells were stimulated with
chemically synthesized ADP-a-D-heptose and b-D-ADP heptose, and D- and L-glycero isomers as well as with enzymatically
generated b-D-ADP heptose in D and L forms in the presence of a transfection reagent for 3 h at concentrations of 10 mM.
Induction is shown as fold change compared with untreated control. Data are means 6 SEM of at least 2 independent
replicates.
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Proinflammatory activity of ADP heptose

Previous studies have shown that HBP needs to be de-
livered to the host cell cytoplasm for recognition and
subsequent NF-kB activation (8, 9, 26). To our surprise,
when we incubated an AGS reporter cell line with b-ADP
heptose in the absence of transfection reagent, we ob-
served a robust NF-kB response, whereas HBP only
stimulated the cells when delivered into the cytoplasm by
a transfection reagent (Fig. 5A, B). Additionally, we ob-
served that b-ADP heptose activates NF-kB at concentra-
tions as low as 10–50 nM, which is around 100-fold lower
than the concentration required for HBP (Fig. 5A, B). This
corroborates the notion that ADP heptose, which is pre-
sent in bacteria at sufficiently high concentrations, rather
than HBP, constitutes the NF-kB–inducing factor.

To compare the activation level between lipofected and
extracellularly added ADP heptose, we analyzed in-
duction of IL-8 and did not observe significant differences
(Supplemental Fig. S6A). Additionally, we challenged the
cells with equimolar amounts of E. coli LPS. We did not

observe activation of NF-kB, neither when added extra-
cellularly nor when transfected into the cell, underlining
the specific role of ADP heptose in inducing inflammation
in epithelial cells (Supplemental Fig. S6A).

We hypothesized that b-ADP heptose might share the
same signaling pathway as HBP, activating NF-kB via the
ALPK1-TIFAaxis.Wetherefore treatedAGSWTaswell as
AGS TIFA2/2 and ALPK12/2 cells with b-ADP heptose
andmeasured the induction of IL-8.Weobserved thatNF-
kB activation triggered byb-ADPheptosewas completely
abrogated in ALPK1 and TIFA knockout cells (Fig. 5C).
Additionally, we wanted to assess whether ADP heptose
useddifferent signaling routes after extracellular challenge
and intracellular delivery. In both conditions, ALPK1 and
TIFA knockout cells failed to show induction of IL-8,
which is indicative of a commonmechanism of activation
(Fig. 5C).

To further demonstrate an activation of the ALPK1-
TIFA axis by b-ADP heptose, we incubated a stably
tdTomato-TIFA–overexpressing cell line with b-ADP
heptose. Induction of TIFAsomes could be observed inH.
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Figure 4. GmhB is essential for b-ADP heptose synthesis in H. pylori and necessary for NF-kB activation. A) Solid phase extracts
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pylori WT–infected cells, cells treated by addition of or
lipofection with b-ADP heptose, and in cells lipofected
with HBP (Fig. 5D). Quantifying the activation of cells
confirmedour finding in thatan inductionofTIFAsomes is
much less pronounced in cells transfected with HBP than
in cells challenged with ADP heptose or infected with H.
pylori (Supplemental Fig. S6B).We therefore conclude that
b-ADP heptose does indeed activate theALPK1-triggered
TIFA phosphorylation to cause NF-kB activation and that
b-ADP heptose rather than HBP is the main proin-
flammatory PAMP inH. pylori. It is very likely thatb-ADP
heptose also plays a decisive role in other infections.

DISCUSSION

The identification of immune stimulatory molecules and
downstream pathways is crucial for understanding how
cells can sense infection and initiate an immune response.
Here, we reveal b-ADP heptose as the key proin-
flammatory effector molecule of highly pathogenic, T4SS-
positiveH. pylori. We show that b-ADP heptose is present
in H. pylori at more than 10-times higher concentrations
than HBP. At the same time, it is far more potent, acti-
vatingALPK1-TIFA–controlled innate immune responses
in epithelial cells at 100-fold lower concentrations. Its ca-
pacity to stimulate NF-kBwas confirmedwith chemically
and enzymatically synthesized b-ADP heptoses (D- and L-
glycero isomers). Recognition is specific, as evidenced by
the fact that thea-configurated forms elicited no response.
By directly demonstrating that ADP heptose is present in
gram-negative bacteria at sufficient concentrations, these
results complement the recent demonstration by Zhou
et al. (12) that ADP heptose is the ligand for ALPK1.

Former studies focusing on HBP, including ours,
showed that permeabilization of the membrane by lipo-
fection or electroporation is necessary for a robust HBP-
triggered NF-kB response, underlining the role of HBP in
invasive infections (8, 9, 25, 26). Interestingly, with b-ADP
heptose, activation occurred to the same extent evenwhen
added extracellularly without permeabilization of the cell
membrane. Nevertheless, activation byH. pylori itself was
still dependent on its functional cag pathogenicity island
type-4 secretion system. We note, however, that infection
with H. pylori cag PAI deletion mutants did induce very
minor levels ofNF-kBactivation, suggesting that although
the ADP heptose cannot be translocated, small amounts
may indeed be released (i.e., if some bacteria are lysed
during in vitro experiments). This is reminiscent of N.
gonorrheae, in which the release of respective PAMPs may
be substantially facilitated by bacterial autolysis (8).

Interestingly, regardless of whether NF-kB activation
occurred via HBP upon membrane permeabilization or
ADP heptose upon extracellular addition, both routes
were dependent on ALPK1 and TIFA in target cells. The
exact mechanism of uptake or translocation of extracellu-
lar b-ADP heptose into host cells now requires further
investigation. A dynamin-dependent uptake has been
proposed for HBP stimulation of Jurkat cells (8), and a
similar mechanism could apply in the case of ADP hep-
tose. The study byZhou et al. (12) also suggested thatHBP

is converted inside the host cell to heptose-7-phosphate,
which is also able to activate ALPK1. In support of this
theory, we too observed NF-kB activation in cells treated
with ADP heptose-7-phosphate (unpublished results). It
seems unlikely, however, that variations in the mode of
ALPK1-TIFA axis activation by the 2 molecules would
lead to major changes in the regulation of target genes.

The generation of ADP heptose from D-sedoheptulose-
7-phosphate involves a multienzyme cascade (Supple-
mental Fig. S1A). Previous studies have shown that
deletion of gmhA and rfaE abolish the induction of NF-kB
(9, 25, 26). Yet, a mutant in gmhB, the phosphatase that
converts HBP into heptose-1-phosphate, a precursor for
b-ADP heptose synthesis, still showed NF-kB activation
(25, 26). In our experiments, we could not detect ADP
heptose in lysates of H. pylori strains deficient of gmhA,
rfaE, and gmhB. Accordingly, we did not observe activa-
tion of NF-kB by these strains, underlining the pre-
dominant role of ADPheptose for rapidH. pylori–induced
NF-kB activation. We cannot exclude that, depending on
theHelicobacter strain, some gmhbmutants are still capable
of ADP heptose synthesis via an alternative pathway,
explaining the preserved NF-kB activation reported else-
where (25, 26). Such a compensatorymechanism is known
from E. coli, in which the gmhB gene function can at least
partially be compensated by other phosphatases (7).

Wewere also able to demonstrate the presence of ADP
heptose in lysates of other gram-negative bacteria, con-
firming its role as a common immunostimulatory mole-
cule.Althoughb-ADPheptose serves as a central building
block of the inner core biosynthesis of LPS in gram-
negative bacteria, it has also been detected in some gram-
positive bacteria (7, 27). Interestingly, our comparative
experiments showed that, in epithelial cells, ADP heptose
is far more potent than LPS for activating NF-kB. It is also
tempting to speculate that, besides NF-kB activation, the
activation of other downstream targets may differ depend-
ing on the involvement of the upstream pathways. Stimula-
tion ofNF-kB activation by common inducers, such as IL-1b
or TNF-a, involves canonical pathways, whereas stimula-
tionbyADPheptose andHBP leads to the formationof the
largeTIFAsomecomplex,which, aswe revealedpreviously
(9), associates multiple signaling molecules that may have
a capacity to stimulate additional routes, such as MAPK
pathways. Likewise, a recent report showed that signaling
via TIFA can lead to activation of the inflammasome (28). It
will certainly be interesting to explore the spectrum of
ALPK1-TIFA–dependent pathways in greater depth. The
relevance ofb-ADPheptose as a PAMP in vivo, its potential
usefulness as an adjuvant, and its importance in other clin-
ical settings constitute further questions of relevance.
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