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Sandy M. Wong, Mary Darby Jackson and Brian J. Akerley *

Department of Microbiology and Immunology, University of Msissippi Medical Center, Jackson, MS, United States

In pathogens that produce lipooligosaccharide (LOS), sugaresidues within the
surface-exposed LOS outer core mediate interactions with amponents of the host
immune system, promoting bacterial infection. Many LOS stictures are controlled
by phase variation mediated by random slipped-strand base fispairing, which can
reversibly switch gene expression on or off. Phase variatiodiversi es the LOS, however
its adaptive role is not well-understood. NontypeableHaemophilus in uenzae (NTHi) is
an important pathogen that causes a range of illnesses in thepper and lower respiratory
tract. In NTHi a phase variable galactosyltransferase ended by lic2A initiates galactose
chain extension of the LOS outer core. The donor substrate foLic2A, UDP-galactose,
is generated from UDP-glucose by UDP-galactose epimerasereoded by galE. Our
previous tness pro ling of H. in uenzae mutants in a murine lung model showed that
the galE mutant had a severe survival defect, while thBc2A mutant's defect was modest,
leading us to postulate that unidenti ed factors act as suppessors of potential defects
in a lic2A mutant. Herein we conducted a genome-wide genetic interadbn screen to
identify genes epistatic orlic2A for survival in the murine lung. An unexpected nding was
that galE mutants exhibited restored virulence properties in #ic2A mutant background.
We identi ed an alternative antibody epitope generated by ic2A in the galE mutant that
increased sensitivity to classical complement mediated king in human serum. Deletion
of lic2A or restoration of UDP-galactose synthesis alleviated thgalE mutant's virulence
defects. These studies indicate that when deprived of its dactosyl substrate, Lic2A
acquires an alternative activity leading to increased regmition of NTHi by IgM and
decreased survival in the lung model. Bio Im formation wasnicreased by deletion of
galE and by increased availability of UDP-GICNAc precursors thiacan compete with
UDP-galactose production. NTHi's ability to reversibly activatelic2A by phase-variation
may in uence survival in niches of infection in which UDP-Qactose levels are limiting.

Keywords: lipooligosaccharide (LOS), lung infection,
evasion
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Wong et al. LOS Mediated Immune Evasion
INTRODUCTION
UDP-Glc

Lipooligosaccharide  (LOS), a short chain  form PIC P’DIEt”
of lipopolysaccharide (LPS) that lacks the long ( GalE 6 pa a5 .
repetitive polysaccharide O-antigen of LPS, is the principal /7~ ™\ R=Glc—Hepl — Kdo—LipidA
component of the outer-membrane of bacteria that produce UDP-Gal Lic2A o3
it, mediating interactions with host immune defenses that Heplls— PEtn
determine the outcome of infectiotdaemophilus in uenzaea 13 al4  p14 g2 1912

: - : : GalNAc"Z Gal™Z Gal* Glc ZHeplll
Gram-negative bacterium that colonizes the human respisato alNAC — Lal — Lal— Lic —hep
tract, causes a range of illnesses including otitis mediasis, NeuSAc” 23

and exacerbation of chronic obstructive pulmonary diseas
(Klein, 1997; Murphy et al., 2004; Wiertsema et al., 2011; Ahea|
et al., 201)Y. In H. inuenzag LOS structure varies between

strains, yet several features are conserved such as lipid A, a

inner core usually composed of a single 3-deoxyr@Anc

octulosonic acid linked to three heptose residues, and a

outer core containing a short heteropolymer of glucose an
galactose residues in di erent con gurations extending rfro
the heptosyl residuesv/oxon and Murphy, 200Q Glucose and
galactose extensions of the outer core often terminate gt-like
structures including sialic acid, phosphorylcholine (PC)dan
N-acetylgalactosaminedpod et al., 1999; Risberg et al., 1p99

e
FIGURE 1 | H. in uenzae Rd LOS. GalE generates UDP-Gal for galactose
extension by Lic2A. Diagram is based on structural informain as described

(Risberg et al., 1999; Hood et al., 2001, 20041). R, tetrasaccharide

extensions, Neu5Acaz2,3-Gal-b1,4-GIcNAc-b1,3-Gal or

PEtn-6-GalNAc-al,6-Gal-b1,4-GIcNAc-bl,3-Gal. Glc, glucose; Gal, galactose;

NUDP-Glc, UDP-glucose; UDP-Gal, UDP-galactose; UDP, uridé diphosphate;

] NeuSAc, N-acetylneuraminic acid; GalNAcN-acetylgalactosamine; PC,
phosphorylcholine; Hep, heptose; Kdo, 2-keto-3-deoxyoctlosonic acid;
PPEtn, pyrophosphoethanolamine;PEtn, phosphoethanolamine.

in contrast to their very di erentin vivo survival levels identi ed

mediating numerous aspects of immune evasion. Sialylateésl Lby HITS in the murine model. It is possible that other LOS

is critical for colonization of the middle ear and nasophaxyn
a chinchilla model of otitis mediaBouchet et al., 2003&as well

genes are functionally redundant with tHe2A gene during
infection. For example, some cryptic LOS structures contain

as in a gerbil middle ear infection model and a rat pulmonarygalactose, and therefore may contribute to tfe@Ephenotype.

model (Swords et al., 2004PC modi cation of LOS promotes

As the cryptic structures vary under di erent environmental

persistence in the respiratory tract in an infant rat model ofconditions and possess several alternative foraso(l et al.,

infection (Weiser et al., 1998 and mutants de cient in the
N-acetylgalactosamine structure exhibit reduced lethalit a
mouse model of bacteremi&l¢od et al., 1996

In the H. in uenzaeRd strain and NTHi strain 375, thic2A
encoded galactosyltransferase initiates galactose ek&nsion

by addition of ab-galactose in a 1,4-linkage to a glucose

appending from heptose Il of the inner corél¢od et al., 1999,
200). UDP-glucose 4-epimerase encodedgayEinterconverts

2004, it is unclear which, if any, of them relate to these
observations. We postulated that unidenti ed factors such as
other complementary LOS genes or other genetic interactions
act as suppressors of potential virulence defects in the
lic2Amutant.

In this report, we undertook a functional genomics approach
using a genetic interaction screen to identify genes epéstati
lic2A that can account for the di erence in the survival pro les

endogenous UDP-glucose (UDP-GIc) to UDP-galactose (UDPsetween thegalEand lic2A mutants. Speci cally, this approach
Gal) (Frey, 199% which then serves as donor of galactosyl unitgdenti es secondary mutations that increase or decreassernce

for biosynthesis of LOS outer core structurestHofin uenzae
including thelic2A dependent extensionMaskell et al., 1992

phenotypes associated with deletion BE2A Our results
implicated a diversity of genes in virulence wHe2Ais deleted,

From the glucose on Hep |, extensions containing severahcluding genes that in uence the synthesis of cryptic LOS

alternative “cryptic” LOS structures have also been idesttithat
vary between strains and environmental conditior®(d et al.,
2004k Figure 1). In our previous studies we utilized genome-
wide mutant tness analyses &f. in uenzaeRd in the murine
lung, a model of bacterial clearance that detects genesresqu

glycoforms, in addition to an unexpected genetic interactio
in which deletion oflic2A speci cally alleviated much of the
requirement forgalEin survival of NTHi in the lung. The results
support a model in which an alternative LOS con guration
controlled by precursor production levels modulates virulenc

for immune evasion and other determinants of host-pathogerproperties of NTHi.

interactions. Our approach, termed HITS igh-throughput
Insertion Tracking by deep-&juencing), revealed that mutations

MATERIALS AND METHODS

in galE conferred a severe survival defect relative to other

potential virulence determinants. Surprisingly, mutatioirs
lic2A conferred modest or insigni cant defect&awronski et al.,

Media and Haemophilus in uenzae  Growth

Conditions

2009; Wong et al., 20).8Because structural analysis of the majorThe non-encapsulated Rd derivative Hf in uenzae type d

LOS species in Rd indicates tHat2A is required for addition
of the initial galactose unit to a glucose extension in théeou
core Risberg et al., 1999; Hood et al., 2)J0a similar LOS
structure might be predicted for both ttgalEandlic2Amutants,

(RAAW) (Akerley et al., 2002 and nontypeabldH. in uenzae
(NTHi) clinical isolates 375 (NTHi375)Houchet et al., 2003
and NT127 (Wong et al., 20I3were grown at 353C 1.5C
and 5% CQ in Brain Heart Infusion supplemented with
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10mg/ml NAD and 10mg/ml hemin (sBHI) on agar plates (ThermoFisher). Size markers were SeeBlue Plus2 pre-stained
or in sBHI broth. Strains were also grown in a chemicallyprotein standards.

de ned medium (Mic) or on Mic agar as described@#rcak o

et al., 199). DNA was transformed into naturally competent Serum Bactericidal Assays

H. in uenzae as describedRarcak et al., 1991 Kanamycin Bacteria were harvested after overnight growth on Miwith
(Km), gentamicin (Gm), erythromycin (Erm), tetracycline or without 0.5 or 1% galactose and resuspended in HES®r
(Tet), 3,4-cyclohexenoesculetinD-galactopyranoside (S-Gal), serum bactericidal assays as previously descritdésh( et al.,

and D-xylose were added to sBHI at @g/ml, 15mg/ml, 2011, with minor modi cations (Supplementary Text SL In
10mg/ml, 3mg/ml, 300mg/L, and 1 mM, respectively. S-Gal is designated experiments, 10mM EGTA and 10 mM magnesium
a chromogenic substrate fds-galactosidase for detection of chloride (MgCh) were added to NHS to selectively block
bacterial colonies with theac® phenotype; D-xylose is used for the classical and lectin, but not the alternative complement
induction of thelacZ gene encoding-galactosidase under the pathway Platts-Mills and Ishizaka, 1974; Des Prez et al., J.975
xylA promoter at thexyl locus {Vong et al., 2007 Milc agar Bactericidal assays using strain specic absorbed sera were
contains sialic acid (SA) at 2f/ml supplemented (MIg") with ~ performed as described above except IgG/IgM antibody depleted

or without 0.5 or 1% galactose. human complement (HC) pooled serum (Pel-Freez Biologicals)
was used as a source of active complement. Percent survival is
Plasmid and Strain Construction calculated as indicated in the gure legends.

Standard methods were used for strain and plasmid constocti

(Ausubel et al., 1995 Strains are listed inTable 1, and Flow Cytometry

imer n iTable S1 Replacing th dina. reaion Rd and NTHi 375 strains were grown and harvested as described
primer: sequences infable eplacing the coding Tegion ¢, 1he serum bactericidal assays above. Binding of serum

O.f interest With. the gppropriate antibiotic regigtance casset antibodies to bacteria incubated with either NHSr absorbed
via transformation with PCR prOd.UCtS contalmn_g each 9ENQHS! T was detected with anti-human IgM and IgG conjugated
knockout generated nonpolar deletion mutantsHinin uenzae t? uorescein isothiocyanate (FITC) (SouthernBiotech) @n

Complementing strains were created by cloning the gene cNovoCyte ow cytometer with analysis using NovOEXpress

'fgtﬁ:ﬁ:t ig;igﬁzgﬁrgft?:té%ygg ﬂﬁ!%ff;ga;grﬁy\(éﬁozaﬁ software (ACEA Biosciences, Inc., San Diego, CA). The redort
9 y P 9 median uorescence intensities (MFI) of bacterial populagon

Akerley, 200R Detailed description of strain construction and in replicate samples were obtained after subtraction of the

other strains/plasmids is provided Bupplementary Text S1 background FITC-conjugated antibody only uorescenc |

) obtained for each strain.
Absorption of Sera

Absorption of sera was performed as describedep, 198 Bio Im Assay
with modi cations (Supplementary TextS), using strains Biolm formation was assessed by the microtiter plate assay
RdgalElic2A/lic2A;, and RdgalElic2A grown on Mic agar (O'toole, 201). NTHi 375 strains grown to log phase in sBHI

containing sialic acid (26g/ml) (MIcSA). were diluted to ORppof 0.01 in sBHI and seeded at 260per
well in replicates in polystyrene 96-well at bottom microtite
Western Blotting plates (Corning Incorporated, Kennebunk, ME) in the presence

Bacteria grown on MIEA overnight were resuspended at of(.).l%gallactqse, ﬂ@/mlsialicacid,0.1%-acetylg|ucosamine
0.4 ODyo Units in Hank's Balanced Salt Solution with OF in combinations of t'he three reagents for ?4 hr atleelvlth '
calcium and magnesium chloride (HBSS) and NuPAGE 5% CQ. After assessing growth by measuring opncal_densny
LDS Sample buer containing lithium dodecyl sulfate & 600nm, cultures were decanted, and bio Ims quanti ed by
(ThermoFisher). Whole-cell lysates treated with or withou CySta! violet staining detected as absorbance at 595nm, as

1 mg/ml proteinase K were separated on Invitrogen NuPAGEP"eviously describedtoole, 201).

4-12% Bis-Tris Protein Gels (ThermoFisher) using 2-(N-, - . . .
morpholino) ethanesulfonic acid (MES) running buer, pH H.inuenzae Colonization and Selection of

7, transferred to PVDF membranes (Millipore) and blocked Ifansposon Mutant Libraries in the Murine

with TBS-0.1% Tween 20 containing 1% dry milk for 30 min atLung Model

24 C. Membranes were incubated with serum pre-absorbed witingle strain colonization angh vivo competition assays were
strains RdgalElic2A/lic2@, (GalE , Lic2AC) or RdgalElic2X  essentially as described previousha(vronski et al., 2009; Wong
(GalE , Lic2A ) diluted 1:120 in TBS-0.1% Tween 20 foret al., 2013 Supplementary Text SL This model measures
17h at 4C on a rotary shaker. Membrane-bound IgM and survival ofH. in uenzaein the otherwise healthy mammalian
IgG were detected using alkaline phosphatase-conjugatdaing, resulting in transient weight loss and morbidity with
anti-human IgM and IgG (Sigma) at a 1:1,000 dilutionclearance by approximately day 4. Attenuated mutants in this
in TBS-0.1% Tween 20 and 5-bromo-4-chloro-3-indolylmodel are more rapidly eliminated, indicating loss of potahti
phosphate/nitro blue tetrazolium (BCIP/NPT) purple liquid virulence genes. Foin vivo selection of theH. in uenzae
substrate system (Sigma). Coomassie Blue staining of esidig Rd transposon insertion libraries in strairdsrep (parent) and
samples was performed with a Colloidal Blue Staining Kitl replic2A (isogeniclic2A deletion mutant), genomic DNA
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TABLE 1 | H. in uenzae strains and plasmids used in this study.

Strains Relevant features Reference or source
RdAAW Non-encapsulatedH. in uenzae Rd; referred to as Rd in this study Akerley et al., 2002
NTHi375 NontypeableH. in uenzae clinical isolate 375 Bouchet et al., 2003
NT127 NontypeableH. in uenzae clinical isolate NT127 Wong et al., 2013
NT127siaB NT1271 siaB::aphl; KmR This study
RdLacz Rd carrying pXELacZ?2 at thexyl locus; H. in uenzae expressing LacZ This study
1rep Rd licAl CAAT; licAis phase on locked Wong and Akerley, 2005
1 replic2A 1 repl lic2A::aacCl,; GmR This study
Rdlic2A Rdl lic2A::aacCl, GmR This study
RdgalE Rdl galE:aphl; KmR Wong et al., 2013
Rdlic2AgalE Rdlic2AL galE::aphl; GmR KmR; lic2A galEdouble deletion mutant This study
Rdgalk Rdl galK::aacC1; GmR This study
RdgalKgalE RdgalKl galE::aphl; GmR KmR; galK galE double deletion mutant This study
RdIsgE RdL IsgE::ermC' expressed via thetrc promoter; ErmR This study
RdlsgD Rdl IsgD::ermC' expressed via thetrc promoter; ErmR This study
RdlsgC Rdl IsgC::ermC' expressed via thetrc promoter; ErmR This study
Rdlic2AlsgE Rdlic2Al IsgE::ermC' expressed via thetrc promoter; GmR ErmR This study

lic2A IsgE double deletion mutant
Rdlic2AlsgD RdL lic2A 1 IsgD::ermC' expressed from thetrc promoter; GmR ErmR This study

lic2A IsgD double deletion mutant
Rdlic2AlsgC RdL lic2A 1 IsgC::ermC' expressed from thetrc promoter; GmR ErmR This study

lic2A and IsgC double deletion mutant
RdY Rd carrying empty vector pXT10 at thexyl locus; Tef? Wong et al., 2007
Rdlic2AY Rdlic2A carrying empty vector pXT10 at thexyl locus; TefR This study
RdgalEY RdgalE carrying empty vector pXT10 at thexyl locus; Tef? This study
RdgalEIicZ/—V RdgalElic2A carrying empty vector pXT10 at thayl locus; TeR This study
RdgaIE/gaIEC RdgalE carryinggalE expressed under its own promoter at thexyl locus; KmR TetR; This study

galE mutant containing galE complementing construct
RdgalE lic2A/lic245 RdgalElic2A carrying pLic2Aon at thecyl locus; KmR GmR TetR; galE lic2A This study

double deletion mutant complemented forlic2A mutation with lic2A phase-on locked
375lic2A NTHi375L lic2A::aacC1; GmR This study
375galE NTHi375 galE::aphl;, KmR This study
375lic2AgalE 375galEl lic2A::aacC1; KmR GmR; lic2A galEdouble deletion mutant This study
375siaB NTHIi375 carrying kanamycin resistance cassette serted into siaB; KmR Bouchet et al., 2003
Plasmids
pXT10 Delivery vector for chromosomal expression at theyl locus of H. in uenzae, Wong and Akerley, 2003

contains tetAR tetracycline resistance cassette; Té?; referred to as 'V'
pXELacZ2 pXT10 carryindacZ expressed from thexylA promoter Rosadini et al., 2011
pFLOB4300 Vector carryingermC'-rpsLgc cassette containing erythromycin selectable marker Johnston and Cannon, 1999
pTrcHIs2B Source ofE. coli trc promoter ThermoFisher
pGalE pXT10 carrying RdgalE expressed from its own endogenous promoter This study
pLic2Aon pXT10 carrying Rdic2A(1 CAAT) expressed from its own endogenous promoter This study

representing 19 mutants Gawronski et al., 20Q9was used per strain. The remaining portion of the inoculum was
to transform these two strains to Kfor KmRGmR to  processed for genomic DNA representing the input libraries.
generate mutant banks termed parent library div@A library,  Output libraries were recovered from lungs at24h post-
respectively. We used th&rep strain containinglicA that infection, grown on sBHI agar plates and collected for geromi
is phase-on locked for LOS PC epitope to prevent phasBNA isolation for transposon insertion mapping analysis.
variation at this locus, which has been shown previously t&Experiments were conducted with approval and in accordance
in uence phenotypes ofic2A mutants (angereis and Weiser, with guidelines of the Institutional Animal Care and Use
2019. Forty microliter containing 16 CFU of each transposon Committee at the University of Mississippi Medical Center
insertion library was inoculated into the nares of ve mice (Jackson, MS).
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Sequencing of Transposon Junctions and libraries, respectively, were further analyzed for rolestiress in
Analysis of Sequence Data the mouse lung modeHRigure 2A) (Materials and Methods and

Genomic DNA from parent andic2A libraries was isolated pre- Supplementary Text Si Fitness is expressed as a survival index
and post-selection and sequenced using true single molecui@!-) representing the ratio of insertions detected aftdection
DNA sequencing (tSMS) technology developed by SeqL{output)tothose detected in thie vitro grown inoculum (input).
(Woburn, MA), formerly Helicos BioSciences (Cambridge, MA)VaIues of s.i<0.2 andp < 0.001 were set as requirements for
(Thompson et al., 20)2 The tSMS reads were aligned to thegenes to be considered to contribute to tness during ini@ct

H. in uenzae Rd KW20 genome sequence, GenBank: L42023r¢sulting in 71 genes identi ed as required for infection time
(National Center for Biotechnology Information, NCBI) mgj  Parent, and 91 in thdic2A mutant bank dataset, of which 51
HeliSphere software (SeqLL) with the “best-only” settingl an Were required in both. A further cuto of a fold di erence ofis.
other parameters taken as defaults, assigned to genes using & between the two mutant banks was set as the criterion for
revised version of NCBI protein table NC_000907 and Itered to? gene to be considered required for survival in one libray b
remove reads corresponding to more than one location on th&0t the other, resulting in 3 and 29 genes that are considered
genome as described previously¢ng et al., 2013 Themariner ~ uniquely required in the lung model by either the parent or
transposorHimarl inserts speci cally into TA dinucleotides in lic2A mutant, respectivelyHigures 2B,Q. S.i. values fogalE
target DNA (Lampe et al., 1996; Rubin et al., 19 the (0.04) andic2A (0.8) in the parent library were consistent with
input parent andic2A mutant banks, 64,348 (50%) and 55,028 Our previous s.i. results fogalE (0.025, 0.03) andic2A (0.4,

( 42%) of the 131,955 total possible chromosomal TA target sitdg in the mouse lung modelQawronski et al., 2009; Wong
were found to have sustained unique insertions, respectivaly €t al., 2018 HITS data for all protein coding genes are listed
number of sequencing reads mapping to the genome resulted ifi Table S2andin vitro essential genes identi ed using the EL-
averages of 27-fold and 12-fold coverage of each TA insertic®RTIST pipeline Pritchard et al., 2014are listed inTable S3

site within the parent andic2A mutant libraries, respectively. AS expected, and further validating the method, 90% of genes
Of the 1,724 predicted or annotated genes in the genome, within the common core set of 51 required for both parent
excluded 443 (from parent library) and 481 (frdin2Amutant ~@nd in the lic2A mutant background Table S4 were found
library) loci essential for growtfin vitro from our analysis as in our previous HITS results foH. in uenzae infection in
well as duplicated genes, genes withto 5 reads and those the murine lung model and have been discussed previously
with only one TA insertion within the rst 95% of their coding (Gawronskietal., 2009; Wong et al., 2113

regions. Additional detailed analyses including clasation Importantly, deletion oflic2A changed the genes required
of genes based on their tness proles, assigning gen# the lung and yielded two categories of interest: mutasion

essentiality and threshold requirements for genes comsitie that resulted in survival defects only in thkc2A mutant
to contribute to tness during lung infection is provided background, and mutations that enhanced survival in this

in Supplementary Text S1 mutant but caused attenuation in the parenfTaple 2.
Several genes that were required only in ie2A deletion
background have roles in in uencing the cell envelope intsgri

RESULTS or changes in LOS structure: e.glacA encoding penicillin-
_ _ _ binding protein 5 involved in peptidoglycan biosynthesis
Genome-Wide Genetic Interaction Screen (Sauvage et al., 200&he licl locus (icABCD required for

A possibility to account for the di erence in survival phenotyge phosphorylcholine modi cation of the LOS iH. in uenzae
of lic2A and galE mutants in the lung model would be (Weiser et al., 1997thelsgCDEgenes involved in carbohydrate
the presence of other genes that have functions redundamixtension of the cryptic LOS structuresidod et al., 2004b;
with lic2A. In order to identify gene(s) in this category, Johansen et al., 20jLland the vacdyrbCDEFgenes, encoding
we used HITS to examine the tness of a large bank ofin ABC transport system that functions in maintenance of
mariner transposon insertion mutants (75,000) in alic2A  outer membrane lipid asymmetryMalinverni and Silhavy,
deletion background vs. the control parental strain pre- and2009 and in uences the spatial arrangement of LOS in NTHi
post-selection in the mouse lung model. This approach cafNakamura et al., 20)1 Other genes in this category had
unmask gene(s) that become required in the absencic®f  annotated functions in DNA recombination/repair récG
during infection, potentially accounting for the dierenceni xerQ, DNA recombination with regulatory roles g, ihfA),
the survival proles between thegalE and lic2A mutants protein turnover/translation lpn, deaD, energy metabolism
we observed previously. Moreover, thie2A gene is subject (aspA pg), L-tryptophan biosynthesis tpG), transport
to reversible inactivation by phase variation mediated By 5 of phosphate [§std and iron (itC), and regulatory roles
CAAT-3 repeats in its coding regionHjgh et al., 199 and  (sspA phoB. Three genes were required in the parental
this approach can reveal genes that may be required duringtrain background, but not required in thdic2A deletion
natural infection in whichlic2A can reversibly switch o by background, indicating an unexpected suppression of
this mechanism. virulence defects by thdic2A mutation. These genes have
After excluding duplicated genes and genes with fevknown or proposed functions in DNA repaixthA), RNA
insertions including those that are essential vitro, the degradation K11146 putative rapZ-like homolog) and LOS
remaining 1,236 and 1,197 genes in the parentla@g®A mutant  biosynthesisdalB.
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FIGURE 2 | Genome-wide genetic interaction screen via HITS evaluatingness of H. in uenzae mutants in alic2A deletion background in a mouse lung model(A)
Mutant tness (survival index, s.i.) of candidate virulencgenes in parent andlic2A deletion with no observed effects on tnessin vitrowas plotted against signi cance
(p-value). Red box demarcates the genes of interest meeting threquirements for further analysis (s.k 0.2, p-value <0.001). (B) Venn diagram displaying these
genes of interest sorted into categories. Further criterisvere imposed to identify candidate genes required for infeé@n in parent, lic2A only or in both. (C) Fitness of
the transposon mutants attenuated in the parent otic2A or in both was plotted against each other, highlighting theidifferential s.i. phenotypes. The 3 genes required
for parent alone (green) or 29 ilic2A alone (red) are displayedigg, crosses; licl, triangles;yrb, diamonds) {Table 2). The 51 genes required in both (blueh vivo
conditions are listed inTable S4.

Evaluation of Isg Interaction With lic2A normal human serum (NHS) were used to evaluate whether
Several genes of theglocus encoding glycosyltransferases wer¢éhese genes confer complement resistance in this context.
implicated in our genetic screen, and may have redundanResults of the serum bactericidal assays with the doidge
functions with lic2A that could be responsible for suppressinglic2A mutants showed that thésgE IsgD, and IsgC deletions

in vivo defects oflic2A mutants. The HITS data indicate that in the lic2A mutant background do not increase serum
mutations in thesdsg genes in thdic2A mutant background bactericidal killing at statistically signi cant levels rnpared
gave rise to low survival indices suggesting their requaenin  to the lic2A single mutant Figure 3) indicating that the
the absence dic2A. As complement evasion is an important apparent attenuation of the doubléc2A Isgmutantsin vivo
defense mechanism dfl. in uenzae, bactericidal assays with is likely e ected by host defense mechanism(s) other than
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TABLE 2 | Genes required inH. in uenzae parent or lic2A library.

Genes required in parent library

Gene ID Gene Product/predicted function Parent library lic2A library

s.i.@ p value s.i.@ p value
HI0041 xthA Exonuclease Il 0.08 1.3E-05 0.5 3.4E-01
HI0351 galE UDP-glucose 4-epimerase 0.04 5.2E-07 0.6 8.2E-05
HI1146 rapZ-like Putative RNase adaptor protein 0.05 2.2E-07 0.2 2.5E-0
Genes required in lic2A library
H10029 dacA Penicillin-binding protein 5 0.2 6.2E-07 0.06 7.1E-10
HI10099 hitC Iron(Il) ABC transporter ATP-binding protein 0.8 2.3E-01 0.12 8.2E-05
HI0231 deaD ATP-dependent RNA helicase 0.5 4.4E-02 0.12 3.2E-06
HI0462 lon ATP-dependent proteinase 0.2 1.5E-07 0.01 2.6E-09
HI10534 aspA Aspartate ammonia-lyase 0.5 4.3E-04 0.09 1.5E-05
HI0676 xerC Site-speci ¢ tyrosine recombinase 0.6 1.5E-01 0.06 3.6E-04
HI0718 vacJ (mlaA) Lipoprotein 1.1 8.8E-01 0.06 8.8E-04
HI0980 s Factor for inversion stimulation DNA binding protein 0.3 2E-04 0.05 3.0E-04
HI1084 yrbC (mlaC) ABC transporter; substrate-binding protein 0.7 1.8E-01 006 3.5E-04
HI1085 yrbD (mlaD) ABC transporter periplasmic protein 0.4 1.0E-03 0.10 6.8E04
H11086 yrbE (mlaE) ABC transporter permease 0.7 5.0E-01 0.01 2.3E-05
H11087 yrbF (mlaF) ABC transporter ATPase 0.3 2.7E-04 0.07 6.6E-05
HI1159m - Thioredoxin domain-containing protein 0.2 1.0E-02 0.05 BE-04
HI1313 ihfA Integration host factor subunit alpha 1.0 9.8E-01 0.06 8.5E5
HI1379 phoB Phosphate regulon transcriptional regulatory protein 0.2 1.5E-04 0.04 1.8E-04
HI1381 pStA Phosphate ABC transporter permease 0.2 3.4E-04 0.05 6.7E-8
HI1388 trpG Anthranilate synthase component Il 0.3 8.3E-04 0.04 4.3E-04
HI1441 SSpA Stringent starvation protein A 0.2 3.3E-03 0.02 3.3E-05
HI1537 licA lic-1 operon protein, choline kinase 0.9 2.1E-01 0.002 2.9ED5
HI1538 licB lic-1 operon protein, choline transporter 1.0 9.5E-01 0.07 1.6E-09
HI11539 licC lic-1 operon protein, pyrophosphorylase 0.8 1.0E-02 0.01 11E-08
H11540 licD lic-1 operon protein, choline transferase 0.7 1.3E-03 0.04 2.5E-05
HI11576 pgi Glucose-6-phosphate isomerase 0.3 1.1E-06 0.08 1.4E-06
HI1654 - Hypothetical protein 0.7 9.4E-02 0.12 4.7E-05
HI1658 yraP Predicted outer membrane lipoprotein 0.2 8.3E-05 0.01 1.6ED4
HI1696 IsgE GlycosyltransferaseN-acetylglucosaminyltransferase 0.2 1.2E-04 0.01 8.7E-06
HI1697 IsgD Galactosyltransferase 1.1 7.8E-01 0.02 3.2E-04
HI1698 IsgC Putative galactosyltransferase 0.4 9.6E-04 0.02 1.3E-08
HI1740 recG ATP-dependent DNA helicase 0.2 1.2E-05 0.03 2.9E-04

asurvival index.

complement. Alternatively, lack of signi cant di erentiaesum  of galE lic2A, and a galE lic2A double deletion mutant
killing between thdic2A mutant andlsg lic2Adouble mutants following growth in sBHI. Results showed that thalEmutant
could also result from a lack (or low levels) of expressions more sensitive than thdic2A mutant to killing at 0.5,
or activity of the Isg gene productsin vitro. These genes 1, and 2% NHS. Interestingly, relative to tlgalE mutant,
will require further studies to fully evaluate their intetéoons the galE lic2Adouble deletion mutant exhibited signi cantly

with lic2A increased resistance to serum Killingigure 4A). A hypothesis

. . to account for serum sensitivity of thgalE mutant is the
Deletion of lic2A Increases Serum proposed addition of an alternative structure to the LOS
Resistance of the galE Mutant by Lic2A in the absence of UDP-GaFifure 4B). That this

Unexpectedly, our genetic screen revealed thagdl&mutant  alternativelic2A dependent epitope is likely a glucose residue is
was restored to virulence in thiEe2A mutant background. To supported by previous structural studies indicating the presen
investigate the mechanism of this restoration, we performedf an unexpected glucose residue at this position in Hn
bactericidal assays with NHS to determine the sensitivityn uenzae galEmutant (Masoud et al., 20Qgfurther described
pro le of Rd wild-type compared to isogenic deletion mutantsin Discussion).
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FIGURE 3 | Deletion oflsg genes in parent or thelic2A mutant backgrounds Qpé\&\ \\("g\\yqp@ 3 \\cﬁg\\c‘:‘l}@b Q%\ \\‘f'\g\\a/Y~
does not signi cantly increase serum sensitivity. Viabijitof Rd wild-type (WT) &® & &
and isogenic deletion mutantslic2A, IsgE, IsgD, IsgC, and double deletion B
mutants lic2A IsgE lic2A IsgD, and lic2A IsgC grown in sBHI medium was PPEtn
assayed following incubation with 1 and 2% normal human sem (NHS) at Glc-1-P+UTP PIC I
37 C for 30 min. Percent survival is the ratio of CFU recovereddm serum 6 B4 als 4 o
treated samples at 30 min to CFU recovered from heat inactitad serum Galu Glc' —Hepl — Kdo — LipidA
(NHS1 I) treated samples. The mean of two independent samples is shon. al3
ThelsgD and IsgC mutants each exhibited statistically signi cant increasen UDP-Glc Lic2A Heplls— PEtn
survival compared to all other samples at 2% NHS. Statistidasigni cance is al2
evaluated by one-way ANOVA with Bonferroni's multiple comgrison test GalE R,\ GICB “He III,
(**p < 0.001; *p < 0.05). - — 1P
UDPGal %

‘lic2A epitope’
Serum bactericidal assays typically have udeih uenzae FIGURE 4 | Deletion oflic2A increases serum resistance of thegalE mutant.

. BHI d d rich di It h b ted (A) Survival of Rd wild-type (WT) and isogenic single deletionutants galE,
grown _In S J an un e_ne rch medium. a_s _een _no e lic2A and double deletion mutantgalE lic2Agrown in sBHI medium was
that this medium contains trace amounts of sialic acid tha assayed following incubation with 0.5, 1, and 2% NHS at 37C for 30 min.
could increase serum resistanceHn in uenzae via sialylation Percent survival is the ratio of CFU recovered from sampleseated with either
of the LOS HOOd et a|_Y 199}) Similarly, we found that wild- NHS or NHS! i at 30 min to CFU recovered from untreated samples.
type NTHi strain NT127 was 8-fold more resistant to 2% Log-transformed survival ratios were evaluated by one-wapA\NOVA with

. - foll . h Bonferroni's multiple comparison test (» < 0.05; **p < 0.01; ***p < 0.001).

NHS compared to an isogenigiaB mutant following growt The mean of triplicate samples is shown. LLD, lower limit ofetection. (B)
in sBHI in the absence of supplemental sialic ad#b(re SJ. Proposed model to account for complement sensitivity of thegalE mutant
ThesiaBgene encodes CMP-Neu5Ac synthetase, which catalyzessulting from addition of alic2A dependent alternative epitope in the absence
the conversion of sialic acid to CMP-Neu5Ac, the activated of galactose. GalU, glucosephosphate uridylyltransferas R' is inferred to be
nucleotide sugar donor essential for LOS sialylation. Sfage, | ' (se¢ Results and Discussion).
these results indicate that wild-type NTHi are able to scgeen
sialic acid from sBHI for LOS modi cation. To further re newr
analysis of the bactericidal e ect of NHS on thalE lic2A, and
galE lic2Amutants, we used a chemically de ned medium, Mic,
to control the levels of sialic acid in our assays, exploitiregfact
that H. in uenzaelacks the complete biosynthetic pathway for

sialic acid synthesis and must acquire it from exogenousceisl o gjsiance similar to the results seerFigure 4A Because sialic
(Fleischmann etal., 1995; Vimr etal., 2000; Severi et@l)20 544 i ahundant on mucosal surfaces, we gkéwin uenzae
Serum bactericidal assays with Rd and mutants grown op, y;1c containing sialic acid, MIEA for subsequent serum

N_”C_ agar in _e|ther the presence or absence of SUpplernentﬁﬁctericidal assays and IgM binding studies to more closely
sialic acid prior to treatment with 0.5 and 1% NHS con rmed resemble the host environment

sensitivity of thegalEmutant to NHS killing Figure 5). Because

lic2A is subject to phase variation, we created strain RdgalE .

lic2Alic2AS,, a galE lic2Adouble deletion mutant containing EXOgENOUS Galactose Alleviates Serum

lic2A complemented with a copy dit2Athat has been phase-on Sensitivity of the galE Mutant

locked by deletion of CAAT repeatS(@pplementary TextS.  The @lE mutant is unable to generate UDP-Gal via
This strain displayed a serum sensitivity phenotype comparablhe endogenous Leloir pathway, in which UDP-glucose

to that of the galE mutant, consistent with sequencing
data indicating that ourgalE mutant is phase-on fordic2A
(Supplementary Text S. As expected, complementation of
galE rescued serum resistance, and deletionlio2A in the
galE mutant background was also con rmed to rescue serum
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FIGURE 5 | Deletion oflic2A increases serum resistance of thegalE mutant when grown in the absence or presence of sialic acid oMIc medium. Viability of Rd
containing empty cloning vector (V) (R\fbarent), lic2A mutant containing V HCZAV), galE mutant containing V gaIEV), galE mutant with complementing copy ofgalE in
trans (gaIEgaIEC), galE lic2Amutant containing V galE IicZAV), galE lic2Amutant with complementing copy of phase-on lockedlic2A in trans (galE |iCZP‘|iCZA(c):n)
following incubation with 0.5% and 1% NHS at 37 C for 30 min. Percent survival is the ratio of CFU recovered &0 min from serum treated samples to CFU
recovered from samples treated with NH$ i, statistical signi cance of log-transformed survival ratis between each strain  sialic acid is indicated (one-way ANOVA
with Bonferroni's multiple comparison test; (% < 0.01; ***p < 0.001; n.s., not statistically signi cant).gaIEV and galE IicZAlIicZAgn mutants signi cantly differed
(denoted with black circles,p < 0.001) from all other strains except each other in =C sialic acid in both NHS concentration. The mean of triplicatsamples is shown.
LLD, lower limit of detection is approximately 0.25% surval.

pyrophosphorylase converts Glc-1-P to UDP-Glc, which theserum sensitivity regardless of exogenous galactose. Howeve
GalE epimerase then converts to UDP-Galry, 1995 If  galE galKdouble mutant remained sensitive to serum killing
defects in LOS and serum resistance are caused by a de ciereyen when supplied with exogenous galactose, con rming that
in UDP-Gal, then resistance should be restored by provisiomlocking exogenous galactose catabolism in ga¢E mutant
of the galE mutant with an exogenous source of galactosegonfers serum sensitivity.
which can be converted to UDP-Gal via the exogenous Leloir
pathway. The exogenous Leloir pathway requgakK encoding T . .
galactokinase, which produces the phosphorylated intermedia!ncreased lgM Bmdlng in Rd and NTHi 375
galactose-1-phosphate, which is then converted to UDP-G&FOrTelates With Increased Serum
by galactose-1-phosphate uridylyltransferase encodegaiy Sensitivity
(Frey, 199% Results of serum bactericidal assays showegntibodies, including IgM and to a lesser extent IgG, are pbte
that exogenous galactose restored serum resistancgalé activators of the classical complement pathway (CP), which is
mutants in both Rd and NTHi 375 strain backgrounds. A slightrequired for maximal bactericidal activity of complementaggst
growth inhibition of the galEmutants by galactose under theseNTHi (Williams et al., 2001; Wong et al., 2011; Rosadini et al.,
conditions was observed (data not shown), however the ebcu2014. Therefore, we investigated whether a functiotiaRA
serum resistance of thgalE mutants by galactose overcamegene in thegalE mutant confers increased antibody binding
this defect. ThegalEmutants of both of these strains grown in |eading to serum sensitivity. Increased IgM antibody bimgli
the absence of exogenous galactose were sensitive to NHS, af the galE mutant containing lic2A phase-on locked and
deletion oflic2A in their respectivegalE mutant backgrounds the Rd galE mutant (also phase-on folic2A) (Figures 7A,B
restored a signi cant level of resistandédqures 6A,B. correlated with their serum sensitivity when grown without
If catabolism of exogenous galactose is blocked ingh&  exogenous galactoseFigures 5 6A). Also consistent with
mutant by deletion ofgalK, thus depriving cells of a source serum sensitivity results, deletion 6E2A in the galE mutant
of activated galactose precursor ftic2A, then expression background and complementation of thgalE mutant both
of the alternativelic2A structure is predicted to result in reduced IgM binding to the levels seen in wild type. No
serum sensitivity. Serum bactericidal assays withgak galK di erential IgG binding between Rd wild-type and thgalE
double deletion mutant con rmed that the exogenous galaeto mutant was detectedF{gure 7C). As expected, no signi cant
utilization pathway is required for serum resistance of y®E  di erential binding of IgM was detected between Rd wild-type
mutant (Figure 6C). Both galE and galE galKmutants were and thegalE mutant when grown in the presence of galactose
sensitive to serum killing when grown in the absence of das&  (Figure S2. Similarly, increased IgM binding of the NTHi 375
As expected, galactose alleviated the serum sensitivitheof tgalE mutant (Figures 8A,B correlated with increased serum
galE mutant, and thegalK deletion mutant does not exhibit sensitivity of thisgalEmutant grown in the absence, but not in
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FIGURE 6 | Deletion oflic2A or growth on galactose alleviates sensitivity of thgalE mutant to bactericidal effects of NHS and blocking galactos catabolism in the
galE mutant confers serum sensitivity. Viability dfi. in uenzae wild-type (WT) Rd(A,C) and NTHi strain 375(B) and isogenic single and double deletion mutants in
their respective strain backgrounds grown on Mic medium corgining sialic acid (MIéA) in the absence (-) or presenceQ) of 1 or 0.5% galactose for Rd and NTHi
375, respectively, following incubation with the percent bNHS indicated at 37 C for 30 min. Percent survival is the ratio of CFU recovered &0 min from serum
treated samples to CFU recovered from NH$! treated samples. Log-transformed survival ratios were evaated by one-way ANOVA with Bonferroni's multiple
comparison test (p < 0.05, **p < 0.01,**p < 0.001). The mean of duplicate assays is shown. Lower limit afetection is approximately 0.25% survival.

the presence of exogenous galactose and deletibe2#fin the  both backgrounds. The NTHi 37lic2A mutant was moderately
galEmutant abrogated this increased binding correlating withattenuated while the Rtic2A mutant had no signi cant defect.
decreased serum sensitivijigure 6B). As with Rd, there was no Deletion of lic2A in the galE mutants of Rd and NTHi 375
statistically signi cant di erential binding of IgG betw@eNTHi  partially rescued the persistence defect of gfadE mutants in
375 wild-type and its isogenigalEmutant grown under either both strain backgroundsigures 9A,B. Moreover, lockindic2A

condition (Figure 8C). in the phase-on state in the RghlEmutant (galE lic2A/lic24)

decreased persistence similar to that seen withgdl&mutant,
Deletion of lic2A in the galE Mutant and complementationdalE/galE) restored survival of thgalE
Background Improves Survival in the Lung mutantin the lung Figure 9A).

To conrm the in vivo survival phenotype oBalE mutants .
in the lic2A mutant background as identi ed in HITS data, The Classical Pathway of Complement Is

survival of Rd, NTHi 375 and their respective isogenic mutant$Xe€duired for Differential Serum Killing of

(lic2A, galE, galE lic2Avas evaluated in the mouse lung model.the galE Mutant vs. Wild-Type NTHi 375
Supporting the HITS datagalE mutants exhibited the most Increased IgM binding to thegalE mutants (GalE, Lic2AC)
severe attenuation in survival relative to wild-type strains (Figures 7 8) implicated the classical pathway of complement
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FIGURE 7 | Increased binding of IgM but not IgG to thegalE mutant and galE lic2Acontaining lic2A phase-on locked. (A) Rd strains grown in MIGA were incubated
with NHS! ' at 20% nal concentration at 37 C for 30 min followed by detection via ow cytometry with antihuman IgM conjugated to FITC. X-axis, uorescence;
Y-axis, counts. Numbers alongside histograms indicate thenedian uorescence intensity (MFI) of the bacterial populatn. Control antibody (Ab) only uorescence
values are similar for all strains and one representative siown (Rd” parent). One representative experiment of two reproduciblrepeats is shown.(B) IgM and (C)
1gG binding for the mean of replicate samples of which one is gfwn in (A) for IgM. Statistical signi cance was evaluated by one-way AN®A with Bonferroni's
multiple comparison test (**p < 0.001; n.s., not statistically signi cant).

in their increased sensitivity to serum killing relative tbhe  Bactericidal Activity Againstthe  galE

parental strains. To evaluate the role of the CP in di erential\Mutant Requires Recognition of a
killing, we performed pactericidgl assays with NHS cqnmjni ic2A-Dependent LOS Epitope
EGTA and MgC}, which seIectwer' blocks the cIassqu anClFo determine whether antibody dependent Killing results
Iectl_n pathways but not the alterqatlvg pathway. Chelation of,,, recognition of an epitope unique to thgalE mutant,
calcium by EGTA blocks the calcium ion dependent assembly,o performed bactericidal assays in HC supplemented with
of the C1 complex of the classical pathwayeifow et al., Nyl depleted of specic antibody by absorption. Sera
1963. Calcium ions are also required for binding by C-typewere absorbed with galEstrain RdgalElic2A/lic2&, (GalE ,
animal lectins (pbst and Drickamer, 1994and for activation Lic2AC) expressindic2Alocked phase-on or galE lic2Adouble
of the lectin pathway by mannose-associated serine proteasgSietion strain RdgalElic2A (GalE , Lic2A ) predicted to
(Wallis and Dodd, 2000 . lack the epitope. NTHi 375 and isogerlic2A, galE and galE
Results inFigure 10A show that the NTHi 3755alEmutant  jicoa mutants were evaluated in serum killing assays with HC
was highly sensitive to 2% NHS as expected, but its resistanggpplemented with depleted sera or control unabsorbed NHS
to killing is equivalent to wild type in 2% NHS with EGTA- (Figure 11A). Results showed that thgalE mutant was less
MgCl,. Moreover, in NHS with EGTA-MgGI at 50%, the sensitive to serum killing when treated with the serum pre-
galE mutant approaches the survival levels of the wild typeabsorbed with strain RdgalElic2A/lic8A In contrast, sera pre-
retaining 60% survival. We note, however, that at 50% EGTAgbsorbed with strain RdgalElicYr control unabsorbed NHS
MgClp, some killing of thegalE mutant may occur by the retained increased bactericidal activity against gaéE mutant
alternative pathway, however this di erence was not stai@ly  relative to wild typelic2A and galE lic2Astrains. Similar results
signi cant. That the di erential killing in NHS requires aithody  were obtained with the same set of mutants in the Rd background
mediated activation of the classical pathway was conrmedFigure S3. The decrease in serum sensitivity of tiyalE
in bactericidal assays with NHS depleted of IgM and IgGnutant treated with RdgalEIicZA/Iic% pre-absorbed serum
as a source of active human complement (HC), with orcorrelated with a parallel decrease in IgM binding by tie&E
without supplementation with heat inactivated NHS (NH$  mutant treated with this absorbed serum relative to unabsar
as a source of antibodyFigure 10B. Without a source of serum or serum absorbed with th&c2A de cient strain,
antibody from NHS !, there was no di erential killing between RdgalElic2X (Figure 11B.
strains, however in the presence of serum antibody, ghtE Additional evidence for ic2Adependent epitope recognized
mutant was killed 8-fold more compared to wild type, andby IgM on the LOS of thegalE mutant was obtained with
deletion of lic2A in the galE mutant restored resistance to immunoblots containing protease treated bacterial lysatebea
wild-type levels. with the two absorbed seraFigure 12. IgM in the serum
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._ serum resistance and improves lung colonization gdlE
- Ight binding mutants. Conditions in whichgalE activity is absent or low
(-) galactose © (+) galactose . i . X :
2 in wild-type NTHi have not been studied extensively, however
Control (Ab only) Control (Ab only) the NTHi galEmutant exhibits enhanced production of bio Im

1.6

. &
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N
=

suggesting that bio Im formation may involve decreased Eal
activity (Greiner et al., 2004 We noticed in our HITS data
that several genes required in the lung model in the2A
mutant but not in the parent have been implicated in promoting
bio Im formation, including genes of phosphate homeostasis
(phoB pstA (Monds et al., 2001; Hsieh and Wanner, 2010; Xu

7| B NTHIi375 WT

=

- |[181]

Bse| galE lic2A

Count (103)

ST 102 105 a0h 105 10T 102 103 10 105 et al., 201}, stress adaptatioriqn, sspA deal aspA (lost and
Fluorescence intensity > Dreyfus, 2006; Marr et al., 2007; Van Melderen and Aertsen,
2009; Nijland and Burgess, 2010; Bernier et al., 2011; Gg&our
B IgM binding c 19G binding et al., 2013; Karatan and Michael, 2013; Vakulskas et al., 2014;

(-) galactose  (+) galactose Rogers et al., 2016; Xie et al., 2016; Ching et al.,)2808 DNA
T replication, recombination, and repaiihfA, xerG s) (Barre
et al., 2001; Sheikh et al., 2001; Goodman et al., 2011; Moor
et al., 2014; Atwood et al., 2016; Leite et al., 2017; Desbadj,
2018; Lv et al., 201&upplementary Text SL Together, these
observations suggest that during NTHi pathogenesis, bio Im
formation may involve a switch to decreased reliance on LOS
production. Such a switch could be induced by metabolites
that NTHi scavenge from the host. Sialic acid has been shown
to enhance NTHi bio Im production and both sialic acid and
possiblyN-acetylglucosamine (GIcNAc) are present in bio Im
matrix (Greiner et al., 2004; Swords et al., 20Bbth GIcNAc
and sialic acid are precursors of UDP-GICNAEidure 13A),
substrate donor for synthesis of pdl-acetyl-glucosamine, a
potential component of bio Im matrix that has been detected
on the NTHi cell surface@ywes-Bentley et al., 201Because

MFI

]
375 lic2A galE galE 375 lic2A galE galE
WT lic2A WT lic2A

]
375 galE 375 galE
WT WT

FIGURE 8 | Increased binding of IgM but not IgG to the NTHi 375alE
mutant. (A) IgM binding to NTHi 375 wild-type (WT) and isogenic mutants
grown in the absence or presence of 0.5% galactose in MIRA then incubated
with 20% NHS! ! followed by detection with anti-human IgM conjugated to
FITC via ow cytometry. X-axis, uorescence; Y-axis, counts. Nmbers
alongside the histograms indicate the MFI of the bacterialgpulation. Control
Ab only uorescence values are similar for all strains and oplone
representative is shown (NTHi 375 WT). One representativegeriment of two

reproducible repeats is shown.(B) IgM and (C) 1gG binding for the mean of
replicate samples of which one is shown ir(A) for IgM. Statistical signi cance
was evaluated by one-way ANOVA with Bonferroni's multipleamparison test

likely orthologs of GalE of NTHi in other species can utilize
UDP-GIcNAc as an alternative substrate (see Discussion), we
postulate that exogenous GlcNAc/sialic acid in the environment

(*p < 0.01; n.s., not statistically signi cant).

could shift NTHi from UDP-Gal production toward synthesis
of UDP-GIcNAc, leading to increased bio Im production. To
begin to evaluate this hypothesis we conducted bio Im assays
%/ith NTHi 375 and isogenicgalE and siaB mutants in the

absorbed with thegalE lic2Adouble deletion mutant bound to

an 5kDaband, the expected size of the LOS. This IgM bindin resence of these metabolites. The results showed thati@udit
band was present in thgalEmutant lysate, but was completel L - -
was p in thgalEmu Y aw P y of exogenous GIcNAc and sialic acid fueled bio Im productian

absent in lysates of NTHi 375 wild-typk¢2A, and galE lic2A - . . .
deletion strains. A 15 kDa band, likely representing a pr(ﬂeasthe wild type and in thegalEmutant (Figure 138. As previously

resistant protein, bound equal amounts of IgM in all straingw shown, the asialylatediaB mutant exhibited reduced bio Im

both absorbed sera. Reactivity of IgM with thes kDa band Iﬁrrpatmn (Grelnerlettal., ic_)04; Swotrr?ls Etl al.f, é))?é@'e note
was completely eliminated with serum absorbed with gadE at exogenous galactose bi-passes the role ot alk, a an

deletion strain. Consistent with a role for IgM but not 1gG in p'?d:m pr;)éjucilontlgduced by sialic "’llC'dt or GlﬁNAc is abrogat
complement sensitivity of thgalE mutant, 1gG binding to the In the galEmutant by €xogenous galaclose. FIOWever, exogenous

galEmutant was not increased relative to other strains, buteath galactose did not n ugnce_b|_o Im pro_duct|on n the presencb_ 0
was undetectable in each mutant strain, while wild type exbdbi both GlcNAc and sialic acid in the wild type, which synthesize

substantial IgG reactivity with both absorbed sera despie igalactose endogenously.

greater degree of complement resistance.

Decreased UDP-Galactose Production and DISCUSSION

Increased Exogenous UDP-GIcNAc We conducted a genome-wide genetic interaction screen to

Precursor Availability Stimulate Bio Im compare tness of transposon mutants in lic2A deletion
Formation background to that of the same mutants in the parental
Although the lic2A gene contributes positively to serum strain background, and thereby identify mutants with vinute
resistance under some conditions, deletion l@RA restores phenotypes that are exacerbated by deletionlic2A This
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FIGURE 9 | Deletion oflic2A in the galE mutant background partially rescues attenuation of thegyalE mutant for lung colonization in both Rd and NTHi strainsH.

In uenzae Rd or NTHi 375 and isogenic mutants in their respective backgund strains recovered from lungs of C57BL/6 mice 24 h aftemitranasal inoculation.(A) H.
in uenzae Rd strains as described inTable 1 were co-inoculated with an equal amount of arH. in uenzae reference strain expressindacZ (RdLacZ) and recovered
from mice (1 D 5). Ratio of CFU of the experimental strains (LacZ-) to comfitor strain (LacZ) is reported as the competitive index (Cl). Bars representéhgeometric
mean ratio of CFU of each designated strain relative to the IcZC reference strain. Cl fold differences of parent vs. each ohe mutants: lic2AY (l.9x),gaIEV (24x),
galE lic2A (4.3x), andgalE lic2Alic2AS, (14x) and betweengalE lic2A” vs. each of the mutants:galEY (5.5x),galE lic2Alic2AS,, (3.3x).(B) NTHi 375 wild-type (WT)
and isogenic deletion mutants recovered from micenD 10-12). Bars represent the geometric mean CFU per lung. LLDower limit of detection. Fold differences in
mean CFU recovered for WT vs. each of the mutantdic2A (5.5x),galE (6.9x), andgalE lic2A(4.3x) and betweengalE vs. galE lic2A(1.6x). Differences were evaluated
via one-way ANOVA with Bonferroni's multiple comparison & of log-transformed values (p < 0.05; **p < 0.01; ***p < 0.001; n.s., not statistically signi cant).
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FIGURE 10 | Killing of the NTHi 375galE mutant by complement requires serum antibody(A) Survival of NTHi 375 wild-type (WT) and isogenigalE mutant grown on
MIcSA medium assayed following incubation with the indicated perentage of NHS in the absence or presence of EGTA and Mgglat 37 C for 30 min. Percent
survival is the ratio of CFU recovered from serum treated saphes ( EGTA and MgC}) at 30 min to CFU recovered from NH$! treated samples ( EGTA and MgCh).
(B) Antibody-dependent killing of thegalE mutant by NHS. Viability of NTHi 375 wild-type (WT) and isogéc deletion mutants grown on MIGA following incubation
with or without 10% unabsorbed NHS! ! followed by incubation with 3% IgG/IgM antibody depleted humartomplement active serum (HC) at 37C for 30 min.
Percent survival is the ratio of the number of CFU recovered 80 min. relative to the input CFU aff D 0 min. of incubation. Log transformed survival ratios were
evaluated by one-way ANOVA with Bonferroni's multiple comarison test (**p < 0.001; n.s., not statistically signi cant). In(B), the galE mutant differed signi cantly
from the other three strains within the NH$' treatment group. The mean of duplicate samples is shown. Loer limit of detection is 0.25% survival.

approach can identify genes that become required in naturddackground were identi ed in the screen, including mutats

phase variants in thelic2A o-phase, and also address in known or putative LOS glycosyltransferase genes, a primary

the previously observed discrepancy between the virulenadass we had anticipated nding. Surprisingly, tgelE mutant

phenotypes ofgalE and lic2A mutants. A large number of exhibited a prominent phenotype in that its survival defect in

mutations conferring virulence defects in tHE2A deletion the lung model was suppressed by deletionlic2A. A major
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FIGURE 11 | Absorption experiments indicating dic2A dependent epitope in
the galE mutant that confers increased killing by serum and IgM bind (A)
Serum pre-absorbed of the antibody that targets thelic2A dependent epitope
in the galE mutant promotes decreased killing of thegalE mutant. Viability of
the indicated strains grown on MIGA following incubation with 10% NHS i
pre-absorbed with strains RdgalEIicZAlIic2§n (GalE , LicZAC) or
RdgalElic2A’ (GalE , Lic2A ) vs. control unabsorbed NHS |, followed by

recovered from absorbed or unabsorbed serum treated sample after HC
incubation to CFU recovered from non-serum treated (buffeonly) samples
after HC incubation. Lower limit of detection is approximagly 0.25% survival.
Differences between thegalE mutant vs. the other three strains within a
treatment group were statistically signi cant by ANOVA, *1¥ < 0.001. (B)
Serum pre-absorbed of the antibody targeting thdic2A dependent epitope in
the galE mutant contains decreased IgM speci ¢ to thegalE mutant. Strains
grown on MIcSA were incubated with 10% NHS' ! pre-absorbed with
RdgalElic2A/lic245, or RdgalElic2A’ or control unabsorbed NHS ! at 37 C
for 30 min followed by detection via ow cytometry with anti-luman IgM
conjugated to FITC. IgM binding from the mean of replicate sanips.
Log-transformed survival ratios and MFI values were evalted by one-way

not statistically signi cant).

incubation with 3% HC at 37 C for 30 min. Percent survival is the ratio of CFU

ANOVA with Bonferroni's multiple comparison test (f< 0.05; **p < 0.01; n.s.,

defect in serum resistance in ttgalE mutant was shown to
result from an alternative epitope dependent on the presence of a
functionallic2Agene but produced only whegalEis inactivated.
We found that serum IgM targets this epitope, leading to killing
of NTHi by the classical pathway of complement. Therefore,
a major virulence function ofgalE is to prevent alternative
substrate utilization by the glycosyltransferase encodditbA,
which leads to generation of a novel IgM target and complement
sensitivity. Nevertheless, th&2A gene can also contribute
positively to pathogenesis, as highlighted by survival defiec
the lung model detected with transposon insertion mutations
in a diversity of other genes in thiec2A deletion background.
These genes are likely to be importantlio2A phase variants.
We also cannot rule out a potential virulence role for this
alternative Lic2A activity in some aspect of infection noexted
in the lung model. Finally, a question remains as to when
UDP-Gal production by GalE might be decreased under natural
conditions, a situation that could account for the evolutiof
phase-variation byic2A as a means of preventing inappropriate
epitope production. In this report, we suggest that the latter
may occur in bio Ims, aggalEmutants exhibit increased bio Im
formation, and host metabolites that increase bio Im prodioct
are also likely modulators of substrate utilization by GalE.

Deletion of lic2A generated or increased the requirement
for numerous genes involved in host-pathogen interactions.
Almost all of thevacdmla (yrb) homologs that function in
phospholipid tra cking to maintain lipid asymmetry in the outer
membrane were implicatedV{alinverni and Silhavy, 2009In
NTHi, vacJyrbE yrbB andyrbD mutants are very sensitive to
NHS (Nakamura et al., 20),lwhich may magnify sensitivity in
thelic2Adeletion background to killing by complement. We also
observed the requirement fadacA (pbp3, which is involved
in peptidoglycan biosynthesis ardI1658 (yraP), a predicted
outer membrane lipoprotein that is a component of the divisome
(Tsang et al., 20)7and contributes to maintaining the outer
membrane barrier Iflorris et al., 2018 The requirement for
licl, responsible for LOS modi cation with phosphorylcholine,
is likely due to increased IgM binding of thipsA dependent
LOS structure exposed in &c2A licl double mutant that
was correlated with increased neutrophil-mediated killimgai
previous study l(angereis and Weiser, 2014Ne anticipated
identifying LOS glycosyltransferase candidates sucheagehes
(hmg) required for the cryptic LOS glycoforms or genésg(
that associate with this structurél¢od et al., 2004} Although,
we did not nd a requirement forhmg in the lic2A mutant
background foiin vivo survival, thdsgglycosyltransferase genes
did appear to be functionally redundant witit2A in viva But
since thdsgmutations in thelic2A deletion background did not
lead to increased killing compared to thie2 A mutation alone in
the serum bactericidal assays, functional involvemertsggenes
with lic2Ain pathogenesis is currently unclear, and may involve
phenotypes other than complement resistance.

The most striking nding from our genetic screen is thgalE,
which supplies the precursor sugar for LOS incorporation by
Lic2A, was not required for survival in the lung in tHE2A
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FIGURE 12 | IgM binding to alic2A dependent LOS epitope in thegalE mutant. Whole-cell lysates from NTHi 375 and the indicatedsogenic mutants grown on
MIcSA were digested with proteinase K and separated by NUPAGE 4-1% Bis-Tris gels followed by western immunoblotting. Membraes were incubated with serum
pre-absorbed with strains RdgalEIicZA/IicZ&n (GalE , Lic2AC) or RdgalElic2/ (GalE , Lic2A ) followed by incubation with alkaline phosphatase conjugad
anti-human IgM or 1gG. Equal sample concentration was veri ed p Coomassie Blue staining of undigested samples. Each samglwas electrophoresed at three
different concentrations. Arrows indicate 5kDa LOS; pre-stained protein standards in left lane.

deletion strain. We identi ed dic2A dependent immune target 199). The amino acid sequence of the Rd Lic2A has 96 and 98%
leading to serum sensitivity of thgalEmutant and its attenuation identities to Hib and NTHi 375 Lic2A, respectively, and they
in vivo. We hypothesize that the epitope addedlizA in the likely function similarly amongst diverse strains. Intstiegly,
absence ofjalElikely results from addition of a second glucosereports in Neisseria meningitideadicated that agalE mutant

onto that added bypsAon Heplll of the LOS. Structural analyses has the expected major LOS species lacking galactose, but also
of LOS inH. in uenzaetype b strain Eagan indicate a galactosedisplays a second LOS species (5—-10% of the total) containing
residue is normally attached byc2A in a bl,4 linkage to a an extra glucose linked to the proximal glucose of the outeecor
diglucoside on the middle Hepll residue to form a Gal-Glc-Glc(Lee et al., 1995; Wakarchuk et al., 19%9%his extra glucose is
trisaccharide Iflasoud et al., 1997; Hood et al., 2001, 2004adependent on thégtE gene, whose product normally functions
However, both EagagalEand doublegalE galkmutants display as a galactosyltransferase.

a novel triglucoside chain extension o Hepll not normally  We speculate that a critical role of GalE kh in uenzaeis
found in H. inuenzae LOS (Masoud et al., 2008 which is to prevent Lic2A from adding an immune target, presumably a
consistent with addition of Glc by Lic2A in the absence of UDP-glucose extension, in the absence of a galactose sourceisBeca
Gal. In fact, it has been shown that there is some exibilitythe lic2A gene is subject to phase variation and can randomly
in the donor speci city of galactosyltransferases. For exan and reversibly switch to the phase-o state, GalE activityhis t
bovine bl,4-galactosyltransferase does not have an absolueenario could decrease without triggering an adverse imemu
requirement for UDP-Gal as donor, but at a lower e ciency response, and adapting to niches that cause low GalE activity
can use other donors, such as UDP-GRalcic and Hindsgaul, may be one of the roles of phase variationioRA While such
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FIGURE 13 | Exogenous UDP-GIcNAc precursors fuel bio Im production(A) Amino sugar and nucleotide sugar metabolic pathway for gemation of UDP-GIcNAc in
H. in uenzae (adapted from KEGG (Kyoto Encyclopedia of Genes and Genomggpathway database (https://www.genome.jp/kegg/pathwayhtml). (B) NTHi 375
wild-type (WT) with isogenic mutantgyalE and siaB were grown in sBHI for 24 hr in the presence of galactose, si@ acid, N-acetylglucosamine (GIcNAc) or
combinations of the three in microtiter plates and bio Im fomation was quanti ed by crystal violet staining. Log-transirmed values were evaluated by one-way
ANOVA with Bonferroni's multiple comparison test (f< 0.05; **p < 0.01; ***p < 0.001). GIcNAc-6P, N-acetylglucosamine 6-phosphate; GIcN-6P, D-glucosamine
6-phosphate; UDP-GIcNAc, UDPN-acetylglucosamine; UDP-GalNAc, UDRN-acetylgalactosamine; Fru-6Pb-D-fructose 6-phosphate; Glc-6P, a-D-glucose
6-phosphate; CMP-Neu5Ac, cytidine monophosphate sialic aid; UDP-Glc, UDP-glucose; UDP-Gal, UDP-galactose; UDP,ridine diphosphate.

conditions have not been identi ed for NTHn vivo, several of cell surface polWN-acetylglucosamine (PNAG), is a major
our results point to the bio Im mode of growth as a potential polysaccharide component of bio Im matrix in other bacteria
modulator of GalE, as discussed below. Bio Im formation by(Roux et al., 2005 and the precursor for PNAG, UDP-GIcNAc,
NTHi is known to occur in persistent infections in the airways has been proposed as a precursor of bio Im matrix material
(Swords, 2012and has been found in the middle ear mucosa inin NTHi (Greiner et al., 2004 Moreover, PNAG was recently
a chinchilla experimental model of otitis media (OMElfriich  detected on the NTHi cell surfac€{wes-Bentley et al., 2013
et al., 200pand in middle ear e usions in children with OM although the genes responsible for PNAG biosynthesis in NTHi
(Idicula et al., 2016 have not been identi ed.

We note that several genes required in the2A deletion To begin to evaluate the hypothesis that bio Im formation
background Table 2 have potential orthologs in other bacterial may involve metabolic ux away from UDP-Gal production
species that participate in bio Im formation, such peoBand and toward higher UDP-GIcNAc levels, we conducted bio Im
pstAof the phosphate regulon; stress response/adaptation genassays with precursors of this sugar nucleotide. Our bio Im
lon, sspA deaD and aspA and DNA metabolism geneffA, assay results showed a statistically signi ca@tfold increase in
xerG and s. In NTHi, the DNA binding protein IHF was bio Im formation in the NTHi 375 wild-type andgalEmutant
found to be important in maintaining structural integrity of when grown in the presence of both GIcNAc and sialic acid
the extracellular DNA component of biolm and treatment supplied together (dark green bars) vs. sBHI alone (white bars)
with anti-IHF could destabilize NTHi bioImsin vitro and (Figure 13B, consistent with a potential role in bio Ims for
in vivoin chinchilla middle earsGoodman et al., 2011; Devaraj UDP-GIcNAc, which is generated from both of these substrates
et al., 2018 Additional description of these genes is provided(Mengin-Lecreulx and Van Heijenoort, 1993, 19Bigure 13A).
in Supplementary Text S1 The 2-fold increase in bio Im formation in thegalEmutant vs.

It is intriguing to speculate that a consequence li@RA  wild type in sBHI alone is likely due to traces of sialic acid ihlB
phasing o is an alleviated requirement fgalE expression as as sialic acid is known to induce bio Im formatiorifeiner et al.,
part of adaptation within a bio Im. Because mutants lacking2004; Swords et al., 2004
galEproduce enhanced bio Im, it is possible that reduced UDP- In the NTHi 375 wild-type, GIcNAc or sialic acid alone did
Gal production by GalE may occur in bio Ims. While sialic not enhance bio Im formation as much as it did in thgalE
acid and at least one glycosyltransferase have been ingglicatmutant, and bio Im formation overall was higher in thgalE
in bio Im production (Pang et al., 20)8the exact composition mutant. These results could be accounted for if GalE in the
of the carbohydrates in the matrix is not known. Neverthsles wild-type strain has the capacity to interconvert UDP-GIcNAc
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to UDP-GalNAc Figure 13A), providing GalNAc for LOS alternative epitope that is an IgM antibody immune target
biosynthesis and thereby reducing levels UDP-GIcNAc avigila leading to increased serum sensitivity and attenuation ia th
for bio Im formation, potentially involving PNAG production lung. Because virulence in a wide range of bacterial pattegen
GalE is a candidate for mediating this conversioias uenzae  depends upon GalE, its role for NTHi in controlling alternagiv
LOS contains GalNAc residueRigberg et al., 1999; Hood et al., glycosyltransferase phenotypes identied herein has broad
20041, yet there is no annotated UDP-GIcNAc 4-epimerase geninplications toward understanding its role in other bactari
(gng inits genome. In bacteria that do not possgagshomologs, pathogens of high clinical signi cance.

such asCampylobacter jejurdand Neisseriapp, UDP-GICNAC is

synthesized by a bi-functional GalE epimera3er(atchez etal., DATA AVAILABILITY

2005; Bartley et al., 20)LA single amino acid in GalE determines

substrate speci city for UDP-Gal/Glc (mono-functional) ®th  Transposon insertion site sequencing (HITS) read data have
UDP-Gal and UDP-GalNAc/GIcNAc (bi-functional) Thoden  been deposited in the NCBI short read archive (SRA) with the
etal., 2002; Bartley et al., 2Q1lnterestingly, a BLAST database Bioproject ID number: PRINA516677.

search of GalE of 62 complete genome sequendésinfuenzae

strains examined indicates that all possess a cysteine,, C2ETHICS STATEMENT

corresponding to the critical substrate specicity site, 929

of E. coliGalE, in which a Y299C mutation converts it from Experiments were conducted with approval and in accordance
a mono-functional to a bi-functional enzymerljoden et al., with guidelines of the Institutional Animal Care and
2002. It is intriguing to speculate that GalE iHl. inuenzae Use Committee at the University of Mississippi Medical
may possess bi-functional activity and that this activityldo Center (Jackson, MS).

potentially be modulated by UDP-GIcNAc precursors a ecting

bio Im production. AUTHOR CONTRIBUTIONS

Aside from galE the genetic screen also identi exthA

and HI1146 as dispensable in thic2A mutant but required SW and BA designed experiments, analyzed data and wrote the
in the parent. XthA (exodeoxyribonuclease Ill) participates i manuscript. SW performed all experiments with MJ contributing
repair of oxidative damage to DNA_pvett, 201}, resistance to  to studies of IgM binding, immunoblotting, serum bactedei
oxidative stresd{emple et al., 199@nd resistance to hydrostatic assays, and serum absorption studies. All authors read and
pressure during stationary phaséiaroenwong et al., 2011t  approved the manuscript.

is not clear why deletion aic2A would alleviate these mutant

phenotypes inH. in uenzae HI1146 encodes a putative RapZ FyUNDING

(or YhbJ) homolog (RNase adaptor protein) that functions in

a small RNA mediated regulatory feedback pathway, Inhlbltlng'ms work was Supported by National Institutes of
expression of glucosamine-6-phosphate synthase (GImS) Mealth/National Institute of Allergy and Infectious Disess
response to its product, glucosamine 6-phosphate (GICN-6P)NIH/NIAID) RO1AI095740 (to BA).
a key intermediate for the biosynthesis of UDP-GIcNAc and
UDP-GalNAc Figure 13A Kalamorz et al., 2007; Gopel et al., ACKNOWLEDGMENTS
2013. Therefore, deletion of the putativapZ homologH11146,
is predicted to increase intracellular GIcN-6P, which maiftsh We thank Dr. Sanjay Ram for critical reading of the manuscript
cellular production away from UDP-Gal and toward UDP-
GIcNAc, leading to a Lic2A dependent virulence defect similaSUPPLEMENTARY MATERIAL
to that seen in galEdeletion mutant.

Our ndings indicate that when deprived of its usual The Supplementary Material for this article can be found
galactose donor substrate provided by GalE or the exogenogsline at: https://www.frontiersin.org/articles/10.38&imb.
pathway, thelic2A encoded galactosyltransferase generates &919.00160/full#supplementary-material
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