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a b s t r a c t

A non-pathogenic Mycoplasma pneumoniae-based chassis is leading the development of live bio-
therapeutic products (LBPs) for respiratory diseases. However, reports connecting Guillain-Barr�e syn-
drome (GBS) cases to prior M. pneumoniae infections represent a concern for exploiting such a chassis.
Galactolipids, especially galactocerebroside (GalCer), are considered the most likely M. pneumoniae an-
tigens triggering autoimmune responses associated with GBS development. In this work, we generated
different strains lacking genes involved in galactolipids biosynthesis. Glycolipid profiling of the strains
demonstrated that some mutants show a complete lack of galactolipids. Cross-reactivity assays with sera
from GBS patients with prior M. pneumoniae infection showed that certain engineered strains exhibit
reduced antibody recognition. However, correlation analyses of these results with the glycolipid profile
of the engineered strains suggest that other factors different from GalCer contribute to sera recognition,
including total ceramide levels, dihexosylceramide (DHCer), and diglycosyldiacylglycerol (DGDAG).
Finally, we discuss the best candidate strains as potential GBS-free Mycoplasma chassis.

© 2024 The Authors. Published by Elsevier Masson SAS on behalf of Institut Pasteur. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The emergence of programmed microorganisms as delivery
vectors, known as live biotherapeutic products (LBPs), offers an
interesting alternative to the systemic administration of thera-
peutic molecules to treat different conditions [1e3]. While most
LBPs have been designed to target diseases in the gastrointestinal
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tract, the first LBP tailored to treat respiratory conditions was only
recently reported [4e6]. This LBP based on an engineered version of
Mycoplasma pneumoniae shows a great biosafety profile in mice
lungs [6]. M. pneumoniae WT is generally considered to be a mildly
infectious agent, although in few cases it can cause pulmonary and
extrapulmonary complications affecting kidneys, skin, or the brain
that might require hospital care [7]. Moreover, it cannot be over-
looked that in humans, prior infections ofM. pneumoniae have been
indirectly linked to the development of Guillain-Barr�e syndrome
(GBS) [8,9], which could hinder any M. pneumoniae-based therapy
in humans.

GBS is an acute immune-mediated disease affecting the pe-
ripheral nervous system [10]. It typically leads to symmetrical
weakness of the limbs and acute flaccid paralysis, and about
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20e25% of patients eventually requiremechanical ventilation.With
an incidence of approximately 1e2 per 100,000 people yearly and
an estimated 3e10% mortality rate [11], it is a sporadic disorder
triggered by a prior bacterial or viral infection. The most frequent
antecedent pathogen is Campylobacter jejuni [12]. Mycoplasma
pneumoniae is indirectly associated with between 3 and 14% of GBS
cases, typically affecting children or young adults [13]. Remarkably,
there are no reported cases of GBS implicating other Mycoplasma
species (e.g., Mycoplasma genitalium).

Molecular mimicry between microbial glycolipids and glyco-
sphingolipids (GSLs) from the nerve fibers is a major driving force
behind GBS development [14]. GSLs comprise a heterogeneous
group of membrane lipids constituted by a carbohydrate polar head
linked through an O-glycosidic bond to the C1-hydroxyl of a cer-
amide (i.e., the complex between a sphingosine and a fatty acid)
backbone [15]. The carbohydrate moiety in GSLs varies from a
single saccharide to oligosaccharide chains of different complexity.
For instance, gangliosides are GSLs especially abundant in the
neuronal membranes, that contain one or more residues of sialic
acid, a class of sugars with a nine-carbon backbone structure. In
contrast, cerebrosides, are much simpler GSLs in which the cer-
amide backbone is linked to a single hexose, commonly galactose
(galactocerobroside or galactosylceramide, GalCer) or glucose
(glucocerebroside or glucosylceramide, GlcCer) [16]. Of note, GalCer
is the predominant GSL in peripheral nerves and is implicated in
the structure and function of the myelinated nerve fibers [17]. Both,
gangliosides and cerebrosides seem to be linked to GBS. It is proven
that carbohydrate mimicry between C. jejuni lipo-oligosacharides
(LOS) and human gangliosides (e.g., GM1) can induce anti-
ganglioside antibodies resulting in GBS development upon
C. jejuni infection [18]. Anti-ganglioside antibodies also correlate
with a few cases of GBS with prior M. pneumoniae infection [19],
although the M. pneumoniae antecedent is more often associated
with anti-galactocerebroside (anti-GalCer) antibodies [9,13,20,21].
Nevertheless, it is not rare to find IgM anti-GalCer antibodies after a
common M. pneumoniae infection not associated with GBS
[9,12,13,20,21]. More recent studies found that IgG anti-GalCer
antibodies are associated explicitly with GBS cases (with higher
titres relating to more severe cases) [13,22e24], indicating an
aberrant class switch from anti-GalCer IgM to IgGmay be critical for
developing GBS.

M. pneumoniae is a cell-wall free bacterium with a plasma
membrane rich in phospholipids and glycolipids, forming a glyco-
calyx [25]. These glycolipids, contain glucose, galactose or a com-
bination of the two as a carbohydrate moiety linked to either
diacylglycerol (DAG) or ceramide to form glycoglycerolipids (GGLs)
and GSLs, respectively. Chromatographic analysis ofM. pneumoniae
extracts have shown that among all glycolipids, digalactosyldia-
cylglycerol (GalGalDAG) is the predominant form in the mem-
branes of this bacterium [26]. For the biosynthesis of glycolipids,
M. pneumoniae encodes three putative glycosyltransferases
(MPN028, MPN075 and MPN483) and a UDP-glucose epimerase
(GalE, encoded by mpn257) that produces UDP-galactose from
UDP-glucose [27,28]. The galactolipids (with a terminal b-galactosyl
residue in common) derived from the activity of these enzymes
could, under certain circumstances, trigger the autoimmune
response observed in GBS cases associated with M. pneumoniae.
Therefore, for the exploitation of anyM. pneumoniae-based therapy
in humans, it is important to ensure that the engineered chassis
will be free of galactolipids, especially GalCer, to guarantee the
safety of this LBP [29].

In this work we analysed the glycolipid biosynthetic pathway in
M. pneumoniae by generating a battery of mutant strains lacking
different key genes of the route, and/or expressing glycosyl-
transferases from other species with preference for UDP-glucose.
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We used liquid chromatography-high resolution mass spectrom-
etry (LC-HRMS) to obtain the glycolipid profile of whole cell ex-
tracts from the different engineered strains. The results
demonstrated that we successfully engineered M. pneumoniae
strains free of GalCer or other galactolipids. We also incubated
extracts from these strains with sera fromGBS patients and showed
that some of them are no longer recognised by anti-GalCer anti-
bodies present on the sera. Finally, we propose the best of these
engineered strains as potential GBS-free M. pneumoniae chassis.
2. Materials and methods

2.1. Bacterial strains, plasmids and oligonucleotides

The strain M129 was used for wild-type M. pneumoniae (ATCC
29342, subtype 1); the strain G37 for wild-typeM. genitalium (ATCC
33530), and the strain 7784 for wild-type Mycoplasma agalactiae
(kindly provided by Dr. Christine Citti).

The mutant strains described in this work (Supplementary
Table 2) are derived from M129 wild-type strain and were gener-
ated following the SURE editing system [30]. Briefly, M129-GP35 or
M129-GP35-PtetCre strains were transformed by electroporation as
previously described [31] with oligonucleotides designed to delete
the coding regions of mpn028, mpn257 or mpn483 genes
(Supplementary Table 3) together with plasmids to select those
mutations (Supplementary Table 4). Specifically, for knock-out (KO)
of genes mpn257 and mpn483, pLoxPuro plasmid was employed as
a selector plasmid. To obtain the D028 strain, we combined oligo
recombineering and cassette exchange using the selector plasmid
pRMCEcatVlox. Although less efficient when compared to standard
SURE editing, this strategy relies on two incompatible lox sites
instead of one, which enables direct gene replacement avoiding the
insertion of the entire plasmid sequence. For strains carrying re-
placements of gene mpn483 by nucleotide sequences coding for
glycosyltransferases in Bacillus subtilis (GenBank: QJR46774.1),
M. genitalium (GenBank: AAC71559.1), or M. agalactiae (GenBank:
SBO45562.1), the selector plasmids employed were pLoxPuroBS,
pLoxPuroGT or pLoxPuroAG, respectively. In addition, two double
mutant strains were engineered in whichmpn257was deleted, and
mpn483 was either deleted or replaced by the MG517 coding gene
of M. genitalium. To this end, the D257 strain was transformed with
pGentaVcre, a suicide vector coding for Vcre recombinase, to excise
the puromycin resistance gene from the mpn257 locus. Subse-
quently, this intermediate strain was transformed with a
tetracycline-resistant transposon vector (pMTnTcR) [32], either
empty or carrying the MG517 coding sequence of M. genitalium.
Finally, these two intermediate strains were cotransformed with
the oligonucleotide targeting mpn483 gene and a selector plasmid
based on BxB1 recombinase termed pAttBPuroBxB1.

The location of the MTn carrying the GP35 or GP35-PtetCre
cassettes from the parental strains was determined in each strain
by A-PCR as previously described [33,34]. Briefly, genomic DNA
from the clonal strain with an MTn unknown insertion is used in a
low stringency PCR with the primers S6b, with homology to a short
fragment inside the MTn, and primer C289 (or C289b) which is a
primer with a 50unic sequence and the 30 randomised sequence
NNNNNNAAAGC(G) ending in a highly repeated sequence in the
M. pneumoniae genome. Then, PCR products generated were puri-
fied as a pool and used as the template in a second PCR to isolate a
single fragment with primers S6 and C290. This final fragment is
sequenced to determine the insertion site of the MTn. Similarly, the
location of the second MTn in the double mutant strains was
determined by A-PCR but, in these cases, primer S3 was used
instead of S6b or S6.
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All plasmids generated in this study (Supplementary Table 4)
were assembled following the Gibsonmethod [35] in an Escherichia
coli host (chemically competent cells #C2987H NEB), and the oli-
gonucleotides employed to this end can be found in Supplementary
Table 3.

2.2. Mycoplasma sample preparation and total protein
quantification

Mycoplasma strains were cultured in tissue culture flasks
(75 cm2) at 37 �C and 5% CO2 in the appropriate medium until
confluent, but before it was acidified. M. pneumoniae strains were
cultured in Hayflick medium (pH 7.8);M. genitalium (strain G37) in
SP4 medium; and M. agalactiae (strain 7784) in Hayflick medium
supplemented with 0.5% pyruvate with shaking. Cells were washed
twice with PBS, harvested and pelleted in a high-speed centrifuge
(10,000 g for 10 min). The pellet of cells is then processed differ-
ently depending on the needs for the downstream tests, as
explained in the following protocols.

For total protein quantification, the pellet of cells was lysed in
100 ml of lysis buffer (4% SDS, 100 mM Hepes) and boiled 10 min at
95 �C. Total protein in the extracts was determined by BCA assay
(Pierce, #23225).

2.3. Time-course experiments

M. pneumoniae growth was monitored using a Tecan spark 10M
plate reader by determining the growth index (ratio between the
absorbance at 430 nm and 560 nm) [27]. M. pneumoniae strains
(WT, D028, D483, D257, D483::GT, D483::AG, D483::SB,
D257D483::prGT and D257D483) were inoculated in triplicate in
96-well plates. Total protein in the mycoplasma stocks was deter-
mined by BCA assay (Pierce) in order to inoculate the equivalent of
2 mg of total protein in 200 ml medium per sample. Media acidifi-
cation was measured in a microplate reader. The experiments were
performed at 37 �C collecting absorbance reads at 460 nm and
560 nm every 2 h for at least 10 days.

The Lysostaphin activity on the supernatants of the resulting
strains was evaluated as previously described [4] with slight
modifications. Briefly, Mycoplasma strains were grown in 25-cm2
flasks filled with 4 ml of Hayflick medium. After three days the
culture supernatant, with the secreted Lysostaphin, was collected
and passed through a 0.22 mm filter. Then, the antimicrobial activity
of Lysostaphin was tested in Staphylococcus aureus cultures. To
begin with, an overnight culture of S. aureus was prepared in TSB
medium. The culture was then diluted 1:30 in fresh TSB, and 180 ml
of this starting culture was added to each well of a 96-well plate.
The plate was incubated at 37 �C with 1,080 rpm continuous
agitation, and the growth of S. aureus was monitored by measuring
OD 600 nm every 20 min using a TECAN plate reader. After 5 h,
recombinant Lysostaphin or different Mycoplasma supernatant
samples were added to the wells and the growth of S. aureus was
tracked for additional 29 h.

2.4. Proteome analysis by protein mass spectroscopy (MS)

The M. pneumoniae pellets of the different strains analysed
(prepared as explained above) were resuspended in 50 ml of Urea
6 M, NH4HCO3 0.2 M. The samples were sonicated for 10 min at
high position with on/off pulses of 30 s (Diagenode bioruptor) and
then centrifuged at 4 �C for 10 min at 16000 g. Total protein in the
extracts was determined by BCA assay (Pierce) and adjusted them
all at 1 mg protein/ml.

ForMS sample preparation, in solution digestion samples were
reduced with dithiothreitol (30 nmols, 1 h, 37 �C) and alkylated in
3

the dark with iodoacetamide (60 nmol, 30 min, 25 �C). The
resulting protein extract was first diluted 1/3 with 200 mM
NH4HCO3 and digested with 1 mg LysC (Wako, cat # 129e02541)
overnight at 37 �C and then diluted 1/2 and digested with 1 mg of
trypsin (Promega, cat #V5113) for 8 h at 37 �C. After digestion,
peptide mix was acidified with formic acid and desalted with a
MicroSpin C18 column (The Nest Group, Inc) prior to LC-MS/MS
analysis.

For chromatographic and mass spectrometric analysis, sam-
ples were analysed using an LTQ-Orbitrap Velos Pro mass spec-
trometer (Thermo Fisher Scientific, San Jose, CA, USA) coupled to an
EASY-nLC 1000 (Thermo Fisher Scientific (Proxeon), Odense,
Denmark). Peptides were loaded onto the 2-cm Nano Trap column
with an inner diameter of 100 mmpackedwith C18 particles of 5 mm
particle size (Thermo Fisher Scientific) and were separated by
reversed-phase chromatography using a 25-cm column with an
inner diameter of 75 mm, packed with 1.9 mm C18 particles (Nikkyo
Technos Co., Ltd. Japan). Chromatographic gradients started at 93%
buffer A and 7% buffer B with a flow rate of 250 nl/min for 5min and
gradually increased 65% buffer A and 35% buffer B in 120 min. After
each analysis, the columnwas washed for 15 minwith 10% buffer A
and 90% buffer B. Buffer A: 0.1% formic acid in water. Buffer B: 0.1%
formic acid in acetonitrile.

The mass spectrometer was operated in positive ionization
mode with nanospray voltage set at 2.1 kV and source temperature
at 300 �C. Ultramark 1621 was used for external calibration of the
FT mass analyser prior the analyses, and an internal calibrationwas
performed using the background polysiloxane ion signal at m/z
445.1200. The acquisition was performed in data-dependent
adquisition (DDA) mode and full MS scans with 1 micro scans at
resolution of 60,000 were used over a mass range ofm/z 350e2000
with detection in the Orbitrap. Auto gain control (AGC) was set to
1E6, dynamic exclusion (60 s) and charge state filtering dis-
qualifying singly charged peptides was activated. In each cycle of
DDA analysis, following each survey scan, the top twenty most
intense ions with multiple charged ions above a threshold ion
count of 5000 were selected for fragmentation. Fragment ion
spectra were produced via collision-induced dissociation (CID) at
normalised collision energy of 35% and they were acquired in the
ion trap mass analyser. AGC was set to 1E4, isolation window of
2.0 m/z, an activation time of 10 ms and a maximum injection time
of 100 ms were used. All datawere acquired with Xcalibur software
v2.2.

Digested bovine serum albumin (New england biolabs cat
#P8108S) was analysed between each sample to avoid sample
carryover and to assure stability of the instrument and QCloud [36]
has been used to control instrument longitudinal performance
during the project.

For data analysis, acquired spectra were analysed using the
Proteome Discoverer software suite (v2.0, Thermo Fisher Scientific)
and the Mascot search engine (v2.6, Matrix Science [37]). The data
were searched against a Mycoplasma pneumoniae database plus
proteins Cat, Par, TcR, MG517, MAGA_RS00300, UgtP, a list of
common contaminants (87076 entries) [38] and all the corre-
sponding decoy entries. For peptide identification a precursor ion
mass tolerance of 7 ppmwas used forMS1 level, trypsinwas chosen
as enzyme and up to three missed cleavages were allowed. The
fragment ion mass tolerance was set to 0.5 Da for MS2 spectra.
Oxidation of methionine and N-terminal protein acetylation were
used as variable modifications whereas carbamidomethylation on
cysteines was set as a fixed modification. False discovery rate (FDR)
in peptide identification was set to a maximum of 5%.

Peptide quantification data were retrieved from the “Precursor
ion area detector” node from Proteome Discoverer (v2.0) using
2 ppm mass tolerance for the peptide extracted ion current (XIC).
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The obtained values were used to calculate protein top 3 area with
the unique peptide for protein ungrouped.

The mass spectrometry proteomics data have been deposited to
the ProteomeXchange Consortium via the PRIDE [39] partner re-
pository with the dataset identifier PXD039720.
2.5. Dot blot

Mycoplasma samples were prepared as explained above. In this
case, the pellets were resuspended in 50 ml SDS 4%, Hepes 100 mM.
The samples were sonicated for 10 min at high position with on/off
pulses of 30 s (Diagenode bioruptor). Protein levels were quantified
using the BCA kit. Samples were treatedwith 2.5 mg proteinase K/mL
of sample (Lucigen #MPRK092) at 65 �C for 15 min, and then at
95 �C for 15 min to inactivate the proteinase K.

One mg of each lysate was loaded into a PVDF membrane pre-
viously hydrated with methanol. The membrane was blocked with
5% dry milk in T-TBS (50 mM Tris, 0.5 M NaCl, 0.05% Tween-20, pH
7.4) for 1 h at room temperature and then incubated with primary
antibody at 4 �C overnight in T-TBS. Antibodies used were anti-
galactocerebroside delipidised whole antiserum (Merck #G9152)
at 1:50, and anti-MPN142/p90 (#65114, kindly provided by Prof. R.
Herrmann) at 1/1000. The membranewas washed three times with
T-TBS during 5 min and incubated with anti-Rabbit IgG (whole
molecule)ePeroxidase antibody produced in goat (Sigma #A0545)
as the secondary antibody for 1 h at room temperature. After three
washes of 5 min with T-TBS the signal was assessed in an iBright.
2.6. Analysis of lipid and glycolipid content in M. pneumoniae cell
extracts by liquid chromatography-high resolution mass
spectrometry (LC-HRMS)

Mycoplasma whole-cell extracts were prepared from pellets (as
explained above) resuspended in 100 ml H2O and sonicated for
10 min at high position with on/off pulses of 30 s (Diagenode bio-
ruptor). Total protein in the mycoplasma extracts was determined
by BCA assay (Pierce). Samples were adjusted to 500 mg protein in
100 ml H2O and then added 250 ml of methanol to each sample.

Lipids in the mycoplasma extracts were analysed as previously
described [40,41] with minor modifications. In detail: Phospho-
lipids and neutral lipids, a total of 500 ml of a methanol-
chloroform (1:2, vol/vol) solution containing internal standards
(16:0 D31_18:1 phosphocholine, 17:0 D5_17:0 diacylglycerol, 17:0/
17:0/17:0 triacylglycerol, 0.2 nmol each, from Avanti Polar Lipids)
were added to 0.5 mg of mycoplasma lysates. Samples were vor-
texed and sonicated until they appeared dispersed and extracted at
48 �C overnight. The samples were then evaporated and transferred
to 1.5 ml Eppendorf tubes after adding 0.5 ml of methanol. Samples
were evaporated to dryness and stored at �80 �C until analysis.
Before analysis, 150 ml of methanol were added to the samples,
centrifuged at 13,000 g for 3 min, and 130 ml of the supernatants
were transferred to ultra-performance liquid chromatography
(UPLC) vials for injection and analysis. Sphingolipids, a total of
750 ml of a methanol-chloroform (2:1, vol/vol) solution containing
internal standards (N-dodecanoylsphingosine, N-dodeca-
noylglucosylsphingosine, N-dodecanoylsphingosylphosphorylcho-
line, C17-dihydrosphingosine and C17-dihydrosphingosine-1-
phosphate, 0.2 nmol each, from Avanti Polar Lipids) were added
to 0.5 mg of mycoplasma lysates. Samples were extracted at 48 �C
overnight and cooled. Then, 75 ml of 1 M KOH in methanol was
added, and the mixture was incubated for 2 h at 37 �C. After adding
75 ml of 1 M acetic acid, samples were evaporated to dryness and
stored at �80 �C until analysis. Before analysis, 150 ml of methanol
were added to the samples, centrifuged at 13,000 g for 5 min and
4

130 ml of the supernatant were transferred to a new vial and
injected.

Lipids were analysed by liquid chromatography-high resolution
mass spectrometry (LC-HRMS). LC-HRMS analysis was performed
using an Acquity ultra-high-performance liquid chromatography
(UHPLC) system (Waters, USA) connected to a Time of Flight (LCT
Premier XE) Detector. Full scan spectra from 50 to 1800 Da were
acquired, and individual spectra were summed to produce data
points each of 0.2 s. Mass accuracy at a resolving power of 10,000
and reproducibility were maintained using an independent refer-
ence spray via the LockSpray interference. Lipid extracts were
injected onto an Acquity UHPLC BEH C8 column (1.7 mm particle
size,100mm� 2.1mm,Waters, Ireland) at a flow rate of 0.3ml/min
and a column temperature of 30 �C. The mobile phases were
methanol with 2 mM ammonium formate and 0.2% formic acid (A)/
water with 2 mM ammonium formate and 0.2% formic acid (B). A
linear gradient was programmed as follows: 0.0 min: 20% B; 3 min:
10% B; 6 min: 10% B; 15 min: 1% B; 18 min: 1% B; 20 min: 20% B;
22 min: 20% B. Chromatographic separation of GlcCer and GalCer
was achieved using a HILIC column, as described by Boutin et al.
[42]. Identification of compounds was based on the accurate mass
measurement with an error <5 ppm and its LC retention time,
compared with that of a standard (92%). Quantification was carried
out using the extracted ion chromatogram of each compound, using
50 mDa windows. The linear dynamic range was determined by
injecting internal and natural standards mixtures. Since standards
for all identified lipids were not available, the amounts of lipids are
given as pmol equivalents relative to each specific standard.
Sphingolipids (ceramide; SM, sphingomyelin; and glycoCer:
MHCer, monohexosylceramide; and DHCer, dihexosylceramide),
glycerophospholipids (PC, phosphatidylcholine), diacylglycerol
(DAG), monoglycodiacylglycerol (MGDAG), diglycodiacylglycerol
(DGDAG) and triacylglycerol (TAG) were annotated using “C fol-
lowed by the total fatty acyl chain length:total number of unsatu-
rated bonds” and the “lipid subclass” (e.g., C32:2-PC). The following
natural standards were used for the identification of MGDAG
(MGlcDAG-C34:1 from E. coli, MGDAG-C34:6 from plant and the
hydrogenated form MGDAG-C34:0) and DGDAG (DGDAG-C36:6
from plant and the hydrogenated form DGDAGC36:0).

2.7. Serum reactivity with M. pneumoniae glycolipids

Lipids were extracted fromwild-type M. pneumoniae M129 and
glycolipids were visualized using thin-layer chromatography and
orcinol staining as described previously [43]. Glycolipids were
further fractionated using silica column chromatography and
eluted with acetone/hexane/water (220:80:14 v/v/v). Fractions
corresponding to mono-, di- and tri-hexose containing glycolipids
were subsequently spotted in triplicate onto glass slides covered
with polyvinylidene difluoride membranes using a thin-layer
chromatography autosampler (CAMAG). Slides were blocked with
PBS/2% BSA and incubated with sera (diluted 1:1000), or intrave-
nous immunoglobulins (20 mg/ml) in PBS/1% BSA. Bound IgG anti-
bodies were detected using Cy3-conjugated goat anti-human IgG
(Jackson ImmunoResearch). Mean fluorescence intensities were
measured using LuxScan™ software.

2.8. Inibition ELISA assay

Mycoplasma samples were prepared as explained above. In this
case, the pellets were washed three times with 30 ml sterile PBS
(centrifuge 10,000 g for 20 min each time) and then, resuspended
in 200 ml of PBS. Total protein in the extracts was determined by
BCA assay (Pierce). All samples were adjusted to 4 mg of protein per
mL of sample prior to heat-inactivation during 30 min at 56 �C.
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Then, all samples were treated with 2.5 mg of proteinase K per mL of
sample at 65 �C for 15 min, and then at 95 �C for 15 min to heat
inactivate the proteinase K.

Patients with GBS, positive for M. pneumoniae and GalCer IgG
antibodies were selected from a previous study [22]. Sera were
collected before start of treatment with intravenous immuno-
globulins (IVIg) and used at 1:200 (anti-GalCer IgG titer 400) or
1:400 (anti-GalCer IgG titer 1600) to reach a DOD of 0.5e1 for anti-
GalCer IgG. At these dilutions anti-GalCer IgM remained negative
(anti-GalCer IgM titers were 100 and 200 respectively). Sera were
negative for GM1, GM2, GD1a, GD1b and GQ1b (IgM and IgG). The
inhibition ELISA was carried out as described previously [22].
Briefly, half-area 96-well plates were coated with 450 pmol/well
GalCer (b-D-galactosylceramide purified from bovine brain;
SigmaeAldrich #C4905) dissolved in 100% ethanol. Control wells
contained only ethanol. After evaporation, wells were blocked with
PBS pH 7.8 with 1% BSA for 2 h at room temperature and 2 h at 4 �C.
Diluted serawere pre-incubated for 3 h at 4 �C on a roller bankwith
6.25e25 mg/ml proteinase K-treated M. pneumoniae extracts pre-
pared as described above, or with PBS only as reference. Following
centrifugation (3000 g, 5 min) supernatants were added to GalCer
or ethanol-coated wells. To rule out non-specific antibody deple-
tion, a serum from a patient with GBS (Miller Fisher variant) pos-
itive for anti-GQ1b antibodies was preincubated with Mycoplasma
pneumonia extracts and added towells coated with 300 pmol GQ1b
(Divbio Science #BCR6556-1). Plates were incubated O/N at 4 �C.
Wells were washed 6 times with PBS and incubated with HRP-
conjugated rabbit anti-human IgG (Jackson Immunoresearch) for
90 min at room temperature. Plates were washed 6 times with PBS,
developed with o-phenylenediamine (Sigma) and stopped after
10 min with 2N HCl. Absorbance was measured at 490 nm using a
Versamax microplate reader. DOD was calculated by subtracting
ODEthanol from ODGalCer or ODGQ1b. Inhibition was calculated as
follows:

DODðserum without Mp antigenÞ � DODðserum with Mp antigenÞ
DODðserum without Mp antigenÞ

x100:

3. Results

3.1. Glycolipid metabolic map of M. pneumoniae and its
essentiality

To rationally engineer M. pneumoniae strains that will not
trigger auto-immune responses linked to GBS, we focus our
attention on the glycolipid metabolism of this bacterium (Fig. 1).
M. pneumoniae can synthesise glycolipids using either DAG or
ceramide as lipid precursors. The enzymes involved in DAG
biosynthesis are essential [44,45]. In contrast, exogenous ceramide
or sphingomyelin (SM), a lipid-containing ceramide, can be incor-
porated directly into the membrane [46]. Despite galactolipids are
the main glycolipids found in their membranes, M. pneumoniae
cells have little to no ability to take up galactose [26]. Therefore,
galactose must be synthesised from glucose in a set of four different
catalytic reactions (Fig. 1). The first two steps of this pathway are
catalysed by essential enzymes as they are responsible for gener-
ating Glucose-6-phosphate and Glucose-1-phosphate, the pre-
cursors of glycolysis and nucleotide metabolism, respectively
[28,44]. Conversely, the two-step conversion of Glucose-1-
phosphate to UDP-Galactose is catalysed by GtaB (gene mpn667)
and GalE (gene mpn257) enzymes, whose inactivation produces a
fitness phenotype [45]. Finally, for lipid glycosylation,
M. pneumoniae encodes three putative glycosyltransferases:
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MPN028, MPN075 and MPN483 [47], of which only suppression of
MPN483 results in a fitness phenotype [45]. The other two glyco-
syltransferases (MPN028 and MPN075), which are very similar to
MPN483 (Suppl. Fig. S1A), are expressed at low protein levels
(Table 1) and are non-essential under in vitro growth conditions
[45]. The MPN483 enzyme is a processive and promiscuous gly-
cosyltransferase (CAZy GT2 family member) responsible for syn-
thesising, at least in vitro, most of the identified glycolipids in
M. pneumoniae [47]. It has been shown that, at least in vitro,
MPN483 uses preferentially DAG but also ceramide as acceptor
substrates, and UDP-galactose and less frequently UDP-glucose as
donor. Hence, mainly GalDAG but also GalCer and the corre-
sponding dihexoside and trihexoside variants (MGDAG, DGDAG
and TGDAG for monohexoside, dihexoside and trihexoside DAG
variants, and MHCer, DHCer and THCer for the corresponding cer-
amide variants) are the main products of MPN483 activity. The
MPN075 enzyme showed no activity with either UDP-glucose or
UDP-galactose with any acceptor substrates like DAG, ceramide,
MGDAG or MHCer, tested in vitro [47]. The role of MPN028 is not
clear yet, since it could not be expressed at significant levels in
E. coli [47]. It is possible that the MPN028 plays a role in incorpo-
rating the first UDP-hexose in the biosynthesis of glycolipids as the
preferred substrates for MPN483 are monoglycosylDAG (MGDAG)
glycolipids [47].
3.2. Engineering M. pneumoniae glycolipid biosynthetic pathway
to avoid the production of galactolipids

As galactolipids have been suggested as a causative factor of GBS
associated with M. pneumoniae infection, we designed two strate-
gies to avoid its biosynthesis. The first approach involved the
deletion of the mpn257 gene coding for GalE epimerase to prevent
the production of UDP-galactose and, hence, prevent galactolipids
synthesis. Since MPN483 strongly prefers UDP-galactose to deco-
rate ceramide or DAG backbones [47], this approach could impair
bacterial growth. The second strategy relied on the deletion of
mpn483 gene, coding for the primary glycosyltransferase MPN483,
that mainly uses galactose as sugar donor. Nevertheless, as glyco-
sylDAGs (containing either galactose or glucose) are critical com-
ponents of the membrane [48] and most of them seem to be
synthesised by this enzyme [47], this strategy might also impair
growth.

To bypass the possible bacterial growth limitations of these two
strategies, we also generated strains replacing mpn483 by an
orthologous gene coding for a glycosyltransferase with preferential
use of UDP-glucose and, ideally, no use of UDP-galactose. For this,
we chose three orthologous gene candidates. The first one ismg517
from the closely related species M. genitalium. The enzyme MG517
sequentially produces MGDAG and DGDAG with a preference for
glucosylDAG (GlcDAG) as substrate [49]. For the second candidate,
we looked for a related Mycoplasma species with mpn483 ortho-
logues and no orthologues of mpn257. In this case, we expect the
glycosyltransferase to use preferentially UDP-glucose as the cor-
responding Mycoplasma species must be unable to make UDP-
galactose. One such species is M. agalactiae [31,50], with several
glycosyltransferases related to MPN483, with the one encoded by
the maga_RS00300 gene showing the highest sequence homology
to MPN483 (Suppl. Fig. S1B). Finally, as the third candidate, we
chose the UgtP enzyme from B. subtilis. This UgtP is a processive
glycosyltransferase that transfers glucose fromUDP-glucose to DAG
[51]. It must be noted that there is no information about using
ceramide as a substrate instead of DAG for these three proteins.
Additionally, we deleted the mpn028 gene to test whether it has a



Fig. 1. Glycolipids metabolism of M. pneumoniae and its essentiality. Enzymes (inside circles) are coloured according to their essentiality (red for essential, blue for fitness and
green for non-essential genes). Gene identifier is also included when the protein activity has been linked to a specific gene in M. pneumoniae. Predicted protein activities (Lip: lipase,
Pap: phosphatidate phosphatase) lack gene identifier and are coloured in black as their essentiality character is not known. A scheme depicting the structure of the most relevant
compounds is shown close to their names. An asterisk (*) highlights compounds demonstrated as precursors for galactolipids by M. pneumoniae. Compounds in the map: PC,
Phosphatidylcholine; Gly-3-P, Glycerol-3-Phosphate; LysoPA, Lyso Phosphatidic Acid; PA, Phosphatidic Acid; Acyl-P, Acyl-phosphate; Glc-6-P, Glucose-6-Phosphate; Glc-1-P,
Glucose-1-Phosphate; DAG, Diacylglycerol. Glycolipids: MGDAG, MonoglycosylDAG (GalDAG or GlcDAG); DGDAG, DiglycosylDAG; TGDAG, TriglycosylDAG; MHCer, Cerebrosides
(GalCer or GlcCer); DHCer, Dihexosylceramide; THCer, Trihexosylceramide.

Table 1
Glycosyltransferases and epimerase expression levels in the engineered M. pneumoniae strains and the M129 wild-type (WT) strain, as determined by Protein Mass
Spectroscopy (MS). Protein quantities (as log2 values) relate to the area under the curve in the MS spectra for the average of the three best flying peptides in each case,
normalised by the median of the set.

MPN257 MPN028 MPN075 MPN483 Heterologous glycosyltransferase

mean SD mean SD mean SD mean SD Protein mean SD

WT 27,48 0,11 23,55 0,21 24,32 0,02 26,61 0,07 e

D028 27,11 ND 24,57 26,31 e

D257 ND 27,66* 0,16 24,17 0,20 27,25 0,17 e

D483 27,39 0,15 23,19 0,56 24,71 0,31 ND e

D483::GT 27,68 0,16 25,01 0,46 24,77 0,22 ND MG517: 30,89 0,44
D483::AG 27,63 0,21 24,13 0,19 23,94 0,13 ND MAGA_RS00300: 29,99 0,23
D483::BS 27,65 0,15 24,33 0,52 25,21 0,24 ND UgtP: 28,27 0,06
D257D483::prGT ND 27,49* 0,17 24,18 0,22 ND MG517: 29,74 0,04
D257D483 ND 27,59* 0,22 23,85 0,38 ND e

Mean values and standard deviation (SD) from aminimum of two bio-replicates (except, only one replicate for the strain D028). ND, not detected. An asterisk (*) indicates the
difference to WT is statistically significant based on a T-test (P-value<0.05). P-values are listed in the Suppl. Table T1.
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role in incorporating the first hexose into the glycolipids. This
strategy might limit the glycolipid production in M. pneumoniae
given that the preferred substrate of MPN483 are glycolipids
already containing one sugar residue [47].
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Using the new target genome engineering technology for
M. pneumoniae [30], we successfully generated a set of clonal
strains to test all the strategies discussed above. On the one hand,
we engineered the strains D257, D483 and D028 with single
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deletions of the genes mpn257, mpn483 and mpn028, respectively.
On the other hand, we engineered three complemented strains
named D483::GT, D483::AG and D483::BS in which mpn483 was
replaced by mg517, maga00300 or ugtP genes, respectively. Addi-
tionally, we engineered two double mutant strains: the strain
D257D483 missing genes mpn257 and mpn483, and the strain
D257D483::prGT with the same double deletion complemented
with the gene mg517 from M. genitalium, under control of the
mpn483 original promoter (see Material and methods for details).

3.3. Growth analysis and proteomic characterisation of strains
engineered to impair galactolipid production

Growth curves of the engineered strains showed the expected
profile considering their annotation on essentiality studies (Fig. 2).
Strains carrying deletions on the fitness genes mpn483 or mpn257
showed impaired growth compared toWT, especially in the case of
the D483 strain. In contrast, growth of strain D028missing the non-
essential gene mpn028 is only slightly slower than that of WT
(Fig. 2A). The replacement of mpn483 with any of the assessed
glycosyltransferase coding genes restore growth to almost normal
rates (Fig. 2B). The double deletion of mpn257 and mpn483 had a
similar negative impact on growth as observed for the single
deletion of mpn483, indicating that there is no significant syner-
gism or additive effects. The introduction of the mg517 gene in the
double deletion mutant (D257D483::prGT) improved growth
significantly (Fig. 2C).

We also characterised the proteome of the different strains by
mass spectroscopy (Table 1, Suppl. Fig. S2 and Suppl. File F2). Most
of the strains showed no obvious significant changes on the protein
levels except those derived from the corresponding deletions in
each strain. However, all strains carrying deletions on the mpn257
gene showed a significant overexpression ofMPN028 (Table 1). This
suggests a role of this glycosyltransferase in incorporating UDP-
glucose whose levels should be increased in strains lacking the
MPN257 glucose epimerase.

Finally, considering that deletions of genes mpn257 or mpn483
and the insertion of genes coding for other orthologous glycosyl-
transferases affect the growth rate and alter the glycolipid profile of
the resulting strains (see below), we aimed to assess whether
therapeutic molecules were still secreted by the engineered strains
at competitive levels. To this end, based on our recent research [4],
we transformed a set of strains (i.e. WT, D257D483 and
D257D483::prGT) with a transposon vector coding for the Lysos-
taphin coding gene fused to a secretion signal and the supernatants
of the resulting strains were added to an actively growing S. aureus
culture. The results show that supernatants collected from all
Fig. 2. Growth kinetics of the different strains engineered in this work. Growth was
M. pneumoniae. Graphs show growth kinetics (growth index corresponds to the ratio Abs43
the M. pneumoniae M129 wild-type strain (WT); (B) the three strains D483::GT, D483::AG an
D483 strains; (C) the double mutant strains D257D483 and D257D483::prGT; compared t
deviation (SD). Source and processed data provided in the suppl. File F1.
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M. pneumoniae recombinant strains had an antimicrobial effect
against S. aureus growth, indicating that these strains were indeed
secreting Lysostaphin. However, no effect was observed after add-
ing the supernatant from the M. pneumoniae WT strain. This
demonstrates that strains carrying the double deletion (D257D483)
or the double deletion complemented with an orthologous glyco-
syltransferase (D257D483::prGT) retained their therapeutic effect,
at least against S.aureus cultures. However, while the antimicrobial
activity of the complemented and the WT strain carrying the
lysostaphin construct was similar, in the non-complemented strain
the effect of supernatant addition takes longer to be observed,
possibly due to a lower concentration of antimicrobial in the su-
pernatant due to its impaired growth rate (Supp. Fig. S3).
3.4. Glycolipid profiling of the different strains

We analysed the glycolipid content of the strains to determine
the effect of the different gene deletions and replacements on
galactolipid production (Fig. 3). We quantified sphingolipids (SM
and ceramide); glycerophospholipids (DAG; TAG, triacylglycerol;
and PC, phosphatidylcholine); GSLs (MHCer and DHCer); and GGLs
(MGDAG and DGDAG) in whole-cell extracts from all strains and
WT by liquid chromatography-high resolution mass spectrometry
(LC-HRMS). Moreover, we quantified the levels of cerebroside with
galactose (GalCer) or glucose (GlcCer) individually, but we could
not determine the carbohydratemoieties linked toMGDAG, DGDAG
or DHCer due to the technical limitations inherent to the experi-
mental approach. We also looked at the relative abundance of
different ceramides and DAGs compounds in the lipids in the
different strains, but we did not see any significant differences
(Suppl. File F3).

As expected, we found no GalCer in strain D257 corroborating
that M. pneumoniae has no other epimerase able to produce UDP-
galactose aside from MPN257 (Fig. 3). This strain shows a slight
increase in the amounts of free DAG and Ceramide. However, the
more evident changes are related to the increase of monohexoside
variants (GlcCer and, especially, MGDAG) and a concomitant
decrease in dihexoside variants (DGDAG and DHCer), which can be
presumed to be exclusively decorated with glucose, although the
specific carbohydrate moieties on MGDAG, DGDAG and DHCer
cannot be determined. These results support the reduction of
MPN483 activity when only UDP-glucose is available, as observed
in vitro [47]. Of note, the observed overexpression of MPN028 seen
in strain D257 by mass spectroscopy might be responsible for the
increased GlcCer levels and thus suggests that this glycosyl-
transferase prefers UDP-glucose as hexose donor.
monitored by pH changes in the medium due to lactate and acetate secretion by
0nm/Abs560nm) of (A) the three knock out strains D257, D483 and D028 compared to
d D483::BS with mpn483 replacement by an orthologous gene compared to the WT and
o the WT strain. Mean values from three bio-replicates. Error bars indicate standard



Fig. 3. Glycolipid profiling of the engineered strains by liquid chromatography-high resolution mass spectrometry (LC-HRMS). Quantification of diacylglycerol (DAG),
monoglycosylDAG (MGDAG), diglycosylDAG (DGDAG), ceramide, total cerebrosides (MHCer) and dihexosylceramide (DHCer) in mycoplasma extracts from strains D028, D257, D483,
D483::GT, D483::AG, D483::SB, D257D483::prGT, D257D483 and M. pneumoniae M129 wild-type strain (WT). Galactocerebroside (GalCer) and glucocerebroside (GlcCer) were also
quantified individually. Graphs show lipid concentration in pmol equivalent per mg of protein in the mycoplasma extracts (pmole/mgprot). Mean ± SD from a minimum of two bio-
replicates. T-test to compare results to WT sample (values considered statistically significant with two-sided P-value<0.05 are indicated with an asterisk; P-values are listed in
Suppl. Table T1). Source and processed data provided in the Suppl. file F3.
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The deletion of mpn483 did not affect the GlcCer and GalCer
levels but produced the most extreme phenotype with the loss of
GGLs (noMGDAG, nor DGDAG) and a reduction of DHCer, while free
DAG and ceramide increased two and a half and ten times,
respectively (Fig. 3). These results suggest that the other glycosyl-
transferases (MPN028 and/or MPN075) could be responsible for
synthesising MHCer, at least in the absence of MPN483, but they
cannot use DAG as an acceptor substrate. In line with this, the
deletion of mpn028 did not render significant changes in any of the
DAG forms, and only promoted a slight increase on the levels of free
ceramide and DHCer and a two-fold increase in GlcCer. These re-
sults suggest that although in vitro studies pinpointed MPN075 as
an inactive glycosyltransferase, in an in vivo context it might play a
role in the synthesis of GlcCer, at least in the absence of MPN028.
Alternatively, although in vitro results have shown that MPN483
prefers UDP-Galactose over UDP-Glucose as donor, and to extend
the sugar chain rather than incorporating the first hexose into the
glycolipids, MPN483 may synthesise GlcCer in the absence of
MPN028.

The absence of galactolipids in strain D257 and the presence of
GalCer in strain D483 was corroborated by dot blot using a com-
mercial antibody against galactolipids (Suppl. Fig. S4).

The replacement of the mpn483 gene by another glycosyl-
transferase with a preference for UDP-glucose restored the pro-
duction of GGLs, yet the balance between MGDAG and DGDAG
differed in each strain, being D483::GT the strain showing the
phenotype more similar to WT (Fig. 3). All three strains,
D483::GT, D483::AG and D483::SB, produce cerebrosides and
DHCer, but again only D483::GT has a balance between these
8

species similar to WT. All cerebrosides in these strains were
GlcCer, except a tiny amount of GalCer in D483::AG, indicating
that the three glycosyltransferases tested can use ceramide as a
substrate and confirming their preference for UDP-glucose. Still,
we cannot rule out the presence of galactolipids in any of these
strains since we could not identify the carbohydrate moieties in
most of the glycolipids.

The double deletion ofmpn257 andmpn483 in strain D483D257
dramatically reduced most glycolipids favouring an excess of free
ceramide and DAG, as in strain D483, and losing GalCer and
increasing GlcCer like strain D257. This extreme phenotype is
rescued by introducing MG517 in strain D483D257::prGT, which
compensates for MPN483 activity and bypasses the absence of
MPN257. This strain D483D257::prGT has WT levels of ceramide,
and it only has GlcCer as its parental strain D257. Additionally, it
restores WT levels of DGDAG, and other glycolipids show minimal
differences to WT, the 20% reduction of DHCer being the most
significant. Altogether, deletingmpn257 prevents the production of
galactolipids while replacing MPN483 with MG517 restores cell
growth.

All strains have normal levels of the neutral lipids PC and TAG,
with the only exception being the TAG increment in strain
D483::GT (Suppl. Fig. S5). Ceramide, the precursor of cerebrosides,
is the neutral lipid that showedmore differences across strains. The
excess of free ceramide is toxic for the cell (i.e., it hardly mixes with
other lipids, increases cell permeability, and destroys membrane
asymmetry) [52,53], which could explain the reduction in the
growth rate, especially in the most dramatic cases of strains D483
and D257D483.
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3.5. Analysis of the cross-reactivity of the different strains with
GalCer using acute phase serum from patients with GBS

Acute phase serum from patients with M. pneumoniae associ-
ated GBS (MpGBS) is enriched in IgG anti-GalCer antibodies and
cross-react with M. pneumoniae [9,22]. We first verified whether
sera from MpGBS and non-MpGBS patients, healthy controls and
intravenous immunoglobulin (IVIg) recognised M. pneumoniae
derived glycolipids and observed strong IgG reactivity to
M. pneumoniae glycolipid fractions in serum from MpGBS
(Suppl. Fig. 6). Next, we performed an inhibition ELISA assay to test
whether cross-reactivity decreases with some of our engineered
strains. To this end, anti-GalCer IgG positive sera from two MpGBS
patients were pre-incubated with different concentrations of
whole-mycoplasma extracts and, subsequently, added to plates
coated with commercial GalCer purified from bovine brains
(Fig. 4A). The inhibitory potential of each extract was calculated
Fig. 4. Inhibition ELISA assay. (A) Scheme depicting the steps followed to evaluate cross-r
inhibition ELISA assay. Sera enriched in GalCer antibodies (blue shapes) is incubated with W
GalCer coated plates to determine the recognition profile of MpGBS sera to each strain (B) Cro
anti-GalCer reactive serum samples with increasing doses of whole-mycoplasma extracts
D257D483 and two types of C. jejuni LOS (GB2 and GB19). Graph shows the mean ± SD p
coplasma extract was defined as 0% inhibition) from a minimum of two biological replicas, o
results to WT sample (values considered statistically significant with two-sided P-value<0.0
listed in Suppl. Table T1). Source and processed data provided in the suppl. File F4. (C) Co
glycolipid species in the different strains. Pearson's correlation coefficient (r) and R-square
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using the same serum that was pre-incubated with buffer only
(without mycoplasma extract) as reference (defined as 0% inhibi-
tion) (Fig. 4B). Sera from MpGBS patients was also incubated with
LOS from C. jejuni strains isolated from two patients (GB2 and GB19)
[54] with C. jejuni associated GBS (CjGBS) as a negative control of
inhibition. Moreover, serum from a GBS patient with anti-GQ1b
antibodies was pre-incubated with mycoplasma extracts and later
exposed to ganglioside GQ1b to rule out non-specific depletion by
mycoplasma extracts.

Most of the mycoplasma strains, but not the purified C. jejuni
LOS, inhibited binding of MpGBS sera to GalCer in a dose-
dependent manner (Fig. 4B), demonstrating that depletion of
GalCer recognising antibodies was specific to M. pneumoniae ex-
tracts. Of note, preincubation of MpGBS sera with WT resulted in
the strongest inhibition of GalCer recognition. Surprisingly, this
inhibition was only partial in strain D257 whose lipidomic profile
showed a complete absence of GalCer and should not have any
eactivity of IgG anti-GalCer positive MpGBS sera with the engineered strains using an
T or engineered strains. The unbound fraction of these incubations is later added to

ss-reactivity of IgG anti-GalCer with M. pneumoniae strains was assessed by incubating
of strains WT (M129), D257, D483, D483::GT, D483::AG, D483::SB, D257D483::prGT,
ercent inhibition compared to the reference (serum incubated with PBS without my-
btained from two MpGBS patient serum samples (see Suppl. Fig. S7. T-test to compare
5 are indicated with an asterisk; and with P-value<0.001 with a triangle; P-values are
rrelation of results from inhibition ELISA assays with the abundance of the indicated
d coefficient of determination (R2) are shown for each linear regression calculated.



A. Broto, C. Pi~nero-Lambea, C. Segura-Morales et al. Microbes and Infection 26 (2024) 105342
other galactolipid. Therefore, despite the lack of GalCer, there are
still molecules on the surface of this strain that can deplete the pool
of IgG anti-GalCer antibodies from MpGBS sera. In contrast, strain
D483 that shows normal levels of GalCer and GlcCer but barely any
other glycolipid on its membrane completely lost the ability to
inhibit the binding of MpGBS sera to GalCer. A similar inhibition
profile was observed for the double mutant strain D257D483.
Regarding the KO strains complemented by other glycosyl-
transferases, strains D483::GT, D483::AG and D483::SB regained
the ability to inhibit IgG binding to GalCer, in a manner comparable
to the WT, whereas the complemented double mutant
D257D483::prGT shows a partial inhibition profile similar to the
D257 strain. Finally, none of the mycoplasma strains were able to
significantly inhibit the recognition of GQ1b by GBS serum, ruling
out non-specific depletion of antibodies by mycoplasma extracts
(Suppl. Fig. S7). The inhibition assays were performed with sera
from two MpGBS patients and the mean of the results obtained
with these two donors is plotted in Fig. 4. Similar patterns were
observedwhen plotting the inhibition results from the two patients
independently and the differences between strains were consistent
between both donors (Suppl. Fig. S7).

Altogether the data suggest that the M. pneumoniae antigens
responsible for the IgG cross-reactivity with GalCer may be other
glycolipids than GalCer itself. As the engineered strains showed
altered levels of several glycolipid species, we aimed to correlate
the amount of each specific glycolipid with the inhibition results
obtained with MpGBS sera in the GalCer ELISA. We found that
MHCer (both GlcCer and GalCer) and MGDAG levels do not corre-
late with the inhibition results (Suppl Fig. S8). In contrast, the
inhibitory potential of the strains anticorrelates with Ceramide and
DAG levels, and is positively correlated with DGDAG and DHCer
levels (Fig. 4C). Specifically, the variants DGDAG and DHCer are
strongly reduced in the D257 strain, which partially lost the ability
to inhibit IgG binding to GalCer, and they are absent (except for a
minor presence of DHCer) in the D483 strain, which is unable to
deplete anti-GalCer signal from MpGBS sera. Supporting the cross-
reactivity of anti-GalCer antibodies with DHCer, M. genitalium and
M. agalactiae extracts presented a similar inhibitory capacity as
strain D257 while showing reduced levels of DHCer, but normal
levels (if not increased) of DGDAG when compared to
M. pneumoniae WT (Suppl. Fig. S9). Interestingly, these are two
Mycoplasma species for which no association with GBS has been
reported.

4. Discussion

Respiratory diseases are one of the most significant causes of
death worldwide, and LBPs with lung specificity could lead to
better therapies to improve prognosis. In this direction, we recently
reported the first non-pathogenic bacterial chassis based on
M. pneumoniae, which can dissolve biofilms made by S. aureus in
catheters in vivo [4], locally deliver active enzymes to fight Pseu-
domonas aeruginosa infectious diseases in the lung [6] and decrease
lung inflammation caused by infection [5]. Although the evidence
of M. pneumoniae causing GBS is not as conclusive as for C. jejuni, it
is desirable for a M. pneumoniae based chassis to bypass the GBS
association.

The GalCer and other galactolipids with a terminal b-galactosyl
residue in the M. pneumoniae surface are potential antigens that
could trigger a cross-reactive antibody response to GalCer in hu-
man peripheral nerves causing GBS. Here, we engineered a set of
M. pneumoniae mutant strains with the deletion or replacement of
crucial enzymes for the biosynthesis of these galactolipids, ac-
cording to the available literature and gene annotations
[27,28,45,47,49e51].
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Based on the glycolipid profiles of all the mutant strains ana-
lysed by LC-HRMS, we were able to refine the glycolipid metabolic
map of M. pneumoniae. We confirmed that the mpn257 gene en-
codes the only UDP-glucose epimerase in M. pneumoniae. We also
corroborate the MPN483 activity observed in vitro [47] and show
that the primordial function of MPN483 glycosyltransferase is to
incorporate UDP-galactose or, to a lesser extent, UDP-glucose to
GalCer in the production of DHCer, and it is the only enzyme syn-
thesising GGLs (MGDAG and DGDAG). Moreover, our data suggest
that the glycosyltransferase encoded by mpn028 can synthesise
MHCer (mainly GlcCer) but not DHCer nor GGLs. Thus, deletion of
the mpn257 gene abolishes the incorporation of galactose to cer-
amide or DAG, while deletion of the mpn483 gene prevents the
synthesis of any GGL and strongly reduces DHCer production. As
expected, these two fitness gene deletions, especially the deletion
of the mpn483 gene, significantly impaired M. pneumoniae growth.
The complementation of the mpn483 gene deletion with similar
glycosyltransferases with preference for UDP-glucose reverses the
growth impairment, and strongly reduces (in the case of MAG-
A_RS00300) or totally abolishes (in the case of MG517 or UgtP) the
production of GalCer.

The evaluation of cross-reactivity of serum anti-GalCer IgG from
MpGBS patients with our mutant strains with modified glycolipid
profiles revealed some unexpected results. The results for the
engineered GalCer-negative M. pneumoniae strains (i.e., those
lacking mpn257), but also M. genitalium and M. agalactiae lacking
GalCer, demonstrate that the anti-GalCer antibodies recognise
other galactolipids from Mycoplasma aside from GalCer, possibly
DHCer. Also, the partial cross-reactivity of the MpGBS sera with
strain D257 that lacks galactolipids suggests that the antibodies
may also recognise glucolipids although with less affinity than
galactolipids. In this direction, the complete lack of sera cross-
reactivity with strain D483 with no DGDAG and barely detectable
levels of DHCer supports the recognition of dihexoside glycolipids,
probably with different carbohydrate moieties including galactose
or glucose. However, we cannot discard that the lack of cross-
reactivity of strain D483, which has WT levels of GalCer, derives
from the abnormal levels of ceramide present in this strain. In this
context, GalCer may not be properly oriented towards the outside
of the membrane, explaining why this mutant is unable to deplete
GalCer antibodies from MpGBS sera.

Of note, in this studywe used GBS sera from only two patients to
investigate the cross-reactivity of anti-GalCer antibodies and
M. pneumoniae strains. This is in part because GBS following an
infection with M. pneumoniae is rare, especially in adults
comprising the majority of our study cohort [22]. Nevertheless,
similar results were obtained with the two sera that were used in
this study, and the differences between strains were consistent.
Importantly, we used sera collected before treatment with IVIg,
which is the standard therapy for patients with GBS. IVIg contains
antibodies to a wide variety of pathogens, and several mechanisms
for the therapeutic action of IVIg have been proposed [55]. To rule
out possible interfere of IVIg-derivedM. pneumoniae reactive IgG in
the inhibition assay we used pre-treatment sera. Finally, our results
may also have broader implications as anti-GalC IgG antibodies are
not restricted to patients with GBS and have also been detected in
serum or cerebrospinal fluid from patients with encephalitis often
with recent or concurrent M. pneumoniae infection [56,57]. It is
possible that a similar cross-reactivity of IgG antibodies between
GalC and M. pneumoniae antigens could play a role in
M. pneumoniae associated encephalitis.

In summary, it seems several glycolipid species cross-react with
sera from MpGBS patients, particularly DHCer and DGDAG. How-
ever, it is unknownwhether all these different glycolipids could act
as triggering factors of GBS, or alternatively it is just GalCer the
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triggering molecule and the antibodies generated show relaxed
specificity for other glycolipid forms in our inhibition ELISA assay.
Unfortunately, there are no animal models of GBS caused by
M. pneumoniae to test the engineered strains described in this
work, which might help elucidate the glycolipid form(s) triggering
GBS linked to M. pneumoniae infection. In the case of C. jejuni-
associated GBS, the antibodies are thought to be induced by the
microbial antigen LOS, which shows an oligosaccharide core similar
but not identical to oligosaccharides present in human ganglioside
[54,58]. Hence, it might be possible that in M. pneumoniae-associ-
ated GBS, antibodies generated against DHCer and DGDAG (the
main glycolipid species found to crossreact with MpGBS patient
sera), crossreact with GalCer and subsequently cause neurological
disease. In this scenario, only strain D483 without any comple-
mentation, which shows a complete lack of DGDAG and barely
detectable levels of DHCer, would bypass the association with GBS
at the cost of a strongly reduced growth rate.

On the other hand, the fact that M. genitalium and M. agalactiae
which show no, or very low levels of GalCer, can compete for the
MpGBS patient sera and in the case of M. genitalium there is no
reported association to GBS, supports the hypothesis that recog-
nition of DHCer and DGDAG by MpGBS sera is the result of relaxed
specificity of the antibodies in our inhibitory assay. This would
suggest that GalCer is the only glycolipid form capable to trigger
GBS. Indeed, it should be noted that antigen presentation of bac-
teria lacking lipopolysaccharide seems to occur via the CD1d re-
ceptor and the iNKT cells, which in turn activate B-cells to
proliferate and produce immunoglobulins [59,60]. GalCer or Gal-
DAG glycolipids but not GlcDAG bind and activate CD1d response
[61e63]. It has been proposed that the immune response against
M. pneumoniae might also be mediated by the CD1d receptor [47].
In this scenario, a strain with the deletion of the mpn257 gene
should prevent the induction of anti-GalCer antibodies associated
with the autoimmunity of GBS since it is incapable of producing
galactolipids. If M. pneumoniae could incorporate external galac-
tose, the double deletion of mpn257 and mpn483 genes would
ensure the galactolipid-free phenotype. However, in that case, it
would be convenient to complement the glycosyltransferase ac-
tivity, e.g. with the MG517 protein, to avoid growth impairment.
These modifications enable the engineering of a non-pathogenic
M. pneumoniae chassis, bypassing the association with GBS while
maintaining a competitive growth rate. Furthermore, the resultant
strains efficiently secrete therapeutic molecules, paving the way for
the development of safer LBPs for the treatment of respiratory
diseases.
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