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Therapeutic CMP-Nonulosonates against Multidrug-Resistant
Neisseria gonorrhoeae

Sunita Gulati,* Ian C. Schoenhofen,” Theresa Lindhout-Djukic,” Melissa J. Schur,’
Corinna S. Landig,”*' Sudeshna Saha,”® Lingquan Deng,”*” Lisa A. Lewis,*
Bo Zheng,* Ajit Varki,”® and Sanjay Ram*

Neisseria gonorrhoeae deploys a unique immune evasion strategy wherein the lacto-N-neotetraose termini of lipooligosaccharide
(LOS) are ““‘capped” by a surface LOS sialyltransferase (Lst), using extracellular host-derived CMP-sialic acid (CMP-NeuSAc in
humans). LOS sialylation enhances complement resistance by recruiting factor H (FH; alternative complement pathway inhibitor)
and also by limiting classical pathway activation. Sialylated LOS also engages inhibitory Siglecs on host leukocytes, dampen-
ing innate immunity. Previously, we showed that analogues of CMP-sialic acids (CMP-nonulosonates [CMP-NulOs]), such as
CMP-Leg5,7A¢c, and CMP-NeuSAc9IN;, are also substrates for Lst. Incorporation of LegS,7Ac, and Neu5Ac9N; into LOS results in
N. gonorrhoeae being fully serum sensitive. Importantly, intravaginal administration of CMP-Leg5,7Ac, attenuated N. gonorrhoeae
colonization of mouse vaginas. In this study, we characterize and develop additional candidate therapeutic CMP-NulOs.
CMP-ketodeoxynonulosonate (CMP-Kdn) and CMP-Kdn7N3;, but not CMP-Neu4,5Ac,, were substrates for Lst, further elucidating
gonococcal Lst specificity. Lacto-N-neotetraose LOS capped with Kdn and Kdn7N; bound FH to levels ~60% of that seen with NeuSAc
and enabled gonococci to resist low (3.3%) but not higher (10%) concentrations of human complement. CMP-Kdn, CMP-NeuSAc9Nj,
and CMP-Leg5,7Ac, administered intravaginally (10 pg/d) to N. gonorrhoeae—colonized mice were equally efficacious. Of the three
CMP-NulOs above, CMP-Leg5,7Ac, was the most pH and temperature stable. In addition, Leg5,7Ac,-fed human cells did not display
this NulO on their surface. Moreover, CMP-Leg5,7Ac, was efficacious against several multidrug-resistant gonococci in mice with a
humanized sialome (Crmah ™~ mice) or humanized complement system (FH/C4b-binding protein transgenic mice). CMP-Leg5,7Ac, and
CMP-Kdn remain viable leads as topical preventive/therapeutic agents against the global threat of multidrug-resistant N. gonorrhoeae.

The Journal of Immunology, 2020, 204: 3283-3295.

eisseria gonorrhoeae is the causative agent of the sexually
transmitted infection gonorrhea, the second most com-
mon worldwide sexually transmitted bacterial infection
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(chlamydia is the most common), with 86.9 million new cases
estimated to occur annually by the World Health Organization
(WHO) (1). The incidence of gonorrhea is increasing globally. In
the United States, 583,405 cases were reported to the Centers for
Disease Control and Prevention in 2018, which represents a 63%
increase since 2014 and an 82.6% increase since the historic low
in 2009 (https://www.cdc.gov/std/stats18/gonorrhea.htm). Gonor-
rhea commonly manifests as cervicitis, urethritis, proctitis, and
conjunctivitis. Infections at these sites, if left untreated, can
lead to local complications, including endometritis, salpingitis,
tubo-ovarian abscess, bartholinitis, peritonitis, and perihepatitis
in women, periurethritis and epididymitis in men, and oph-
thalmia neonatorum in newborns. Disseminated gonococcal
infection is an uncommon event whose manifestations include skin
lesions, tenosynovitis, septic arthritis, and rarely, endocarditis or
meningitis (2, 3).

N. gonorrhoeae has demonstrated a remarkable capacity to be-
come resistant to almost every antimicrobial used for its treatment
(4). The worldwide emergence of strains resistant to third-generation
cephalosporins and azithromycin (5-11), the recommended first-line
agents for treatment, has ushered in an age of potentially untreatable
gonorrhea. In public health efforts to stem the tide, the first-line
treatment regimen was updated in 2016 to include both ceftriaxone
(cephalosporin) and azithromycin (i.e., combination therapy) (12).
But already by March of 2018, reports were being issued of
“superbugs” resistant to the combination therapy (13, 14). In ad-
dition, the pipeline for new gonorrhea treatments is relatively
“empty,” with only three new candidates (solithromycin, zoli-
flodacin, and gepotidacin) in clinical development. Solithromycin
failed to meet noninferiority criteria when compared with the
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first-line recommended regimen of ceftriaxone plus azithromycin
in a recent phase III trial (15). Zoliflodacin and gepotidacin appear
promising for the treatment of uncomplicated urogenital infec-
tions, but failures to eradicate oropharyngeal infection in men
who have sex with men and commercial sex workers have been
reported (16-18). Thus, the possibility of untreatable gonorrhea is
imminent. As such, vaccines and immunotherapeutics to prevent
and treat disease caused by multidrug-resistant gonorrhea are ur-
gently needed (19).

Targeting bacterial virulence mechanisms represents a novel way
to combat antimicrobial resistance because resistance to such drugs
would result in the attenuation of the microbe, thereby compromising
its ability to cause disease. Sialic acids, belonging to the non-
ulosonate (NulO) class of monosaccharides, are negatively charged
nine-carbon backbone molecules that contribute to the virulence of
several pathogens, including N. gonorrhoeae (reviewed in Refs. 20
and 21). The addition of N-acetylneuraminic acid (NeuSAc), a
member of the sialic acid family prominent in humans, from host
CMP-NeuSAc to N. gonorrhoeae lipooligosaccharide (LOS) con-
tributes to gonococcal serum resistance (22-24), evasion of cationic
antimicrobial peptides (25), and biofilm formation (26). Experi-
mental studies in human male volunteers (27, 28) and in mice
(29, 30) have emphasized the importance of LOS sialylation in
mucosal colonization. As such, N. gonorrhoeae LOS sialylation is
a virulence mechanism that is essential for both colonization and
pathogenicity and can be targeted, thereby providing new avenues
for effective treatment.

In a prior study, we showed that certain analogues of sialic acid,
such as Leg5,7Ac, and NeuSAc9Nj; (previously referred to as
LegSAc7Ac and NeuSAc9Az, respectively), could be incorporated
into gonococcal LOS when bacteria were fed with their respective
CMP salts. Incorporation of Leg5,7Ac, and NeuSAc9N; into LOS
did not enhance bacterial resistance to complement. Remarkably,
the presence of these analogue NulOs on LOS concomitantly with
NeuSAc-capped LOS rendered gonococci susceptible to human
complement (31). We exploited the susceptibility of NulO-coated
gonococci to innate immune defenses as a preventive/therapeutic tool
and showed that intravaginal administration of CMP-Leg5,7Ac,
decreased the duration and reduced the burden of vaginal coloniza-
tion of multidrug-resistant N. gonorrhoeae in mice (31). In this
study, we further characterize and develop therapeutic CMP-
NulOs that are promising topical prophylactics/therapeutics
against antimicrobial-resistant N. gonorrhoeae. Specifically, we
evaluated the following: 1) the efficacy of other CMP-NulOs,
such as CMP-ketodeoxynonulosonate (CMP-Kdn), CMP-Kdn7N3,
and CMP-Neu4,5Ac,; 2) the efficacy of CMP-NulO candidates
against various multidrug-resistant N. gonorrhoeae isolates; 3)
dose responses; 4) efficacy in humanized mouse models; 5) pH
and temperature stability of CMP-NulO candidates; and 6) NulO
incorporation on human cell surfaces as a safety assessment.

Materials and Methods

Bacterial strains

A mutant of N. gonorrhoeae strain F62 (32) that lacked expression of
LOS glycosyltransferase D (IgtD), called F62 AlgtD (33), was provided by
Dr. D.C. Stein (University of Maryland). LgtD adds a GalNAc residue to
the terminal Gal of the Hepl lacto-N-neotetraose (LNnT) (34). Therefore,
extension of Hepl of F62 AlgtD is limited to NulO transferred from the
CMP-NulO present in growth media by LOS sialyltransferase (Lst). A
spontaneous streptomycin-resistant mutant of N. gonorrhoeae F62 was
used in mouse infection studies (35). Strain HO41 (sequence type [ST]
7363; NG-MAST ST 4220), also known as WHO reference strain X, was
isolated from a female commercial sex worker in Kyoto, Japan (10). This
isolate is highly resistant to ceftriaxone (minimum inhibitory concen-
tration [MIC] 2—4 pg/ml) and several other antibiotics (10). CTX-r Spain
also displays high-level ceftriaxone resistance [NG-MAST ST 1407,

CMP-NONULOSONATES AGAINST GONORRHEA

ceftriaxone MIC >2 pg/ml (9)]. Strain SD-1 (NG-MAST ST 3158, cef-
triaxone MIC 0.094 pg/ml; cefixime MIC 0.125 pg/ml) was isolated in
San Diego as part of the Gonococcal Isolate Surveillance Program (36).
Strain UMNI60_06UM (NJ-60; ceftriaxone MIC 0.38 jg/ml) was isolated
in Nanjing, China and belongs to NG-MAST ST 3289 and multilocus
sequence type ST 1600 (37). Strain 398078 was isolated from the female
contact of a male with gonorrhea. This isolate predominantly produces the
PX-like LOS [Gala(1,4)-Galp(1,4)-Glc] from Hepl (38). All strains used in
mouse experiments were rendered streptomycin resistant by transforma-
tion with rpsL derived from streptomycin-resistant N. gonorrhoeae strain
FA1090 as described previously (31).

Synthesis of CMP-NulOs and biotinylated NulO-LNnT glycans

The production and characterization of CMP-Neu5Ac, CMP-Neu5,9Ac,
(also referred to as CMP-Neu5Ac9Ac), CMP-Neu5Ac9N;, and CMP-
Leg5,7Ac, used in this study have been described previously (31).
CMP-Neu5Ac was also obtained commercially (Nacalai Tesque).
CMP-Neu4,5Ac, was produced using similar methods to those above
with Neu4,5Ac, obtained commercially (Carbosynth).

CMP-Kdn and CMP-Kdn7N; were produced using the two methods
described below. Kdn (3-deoxy-p-glycero-p-galacto-nonulosonic acid) was
enzymatically prepared using a Pasteurella multocida aldolase (39). Typ-
ically, reactions contained 100 mM Tris (pH 7.5), 20 mM mannose,
100 mM sodium pyruvate, and ~0.15 mg/ml aldolase. Reactions were
incubated at 37°C with gentle shaking for 24-48 h, followed by the re-
moval of enzyme by centrifugal ultrafiltration. Next, CMP activation of
synthesized Kdn was achieved enzymatically using methods similar to
those described previously (31). In this study, reactions typically contained
50 mM Tris (pH 8.5), 50 mM MgCl,, 5 mM CTP, ~5 mM Kdn, 4 U
pyrophosphatase per mM of CTP, and ~0.1 mg/ml of CMP-sialic acid
synthetase. Reactions were incubated at 37°C for 2 h, followed by the
removal of enzyme by centrifugal ultrafiltration. The filtered CMP-Kdn
was then purified using a Q Sepharose Fast Flow (GE Healthcare) column
equilibrated in 1 mM NaCl. Before sample application, the CMP-Kdn
preparation was diluted ~40-fold in 1 mM NaCl. After sample applica-
tion, the resin was washed with 2 column volumes of 1 mM NaCl, and
purified CMP-Kdn was obtained with a 0.8 column volume 100 mM NaCl
step elution. This CMP-Kdn preparation was further desalted using dia-
filtration, in which the sample was transferred to a diafiltration cell
(Diaflo Ultrafiltration Membranes, YCO5 76 mm), and filtered using
three times the volume of 1 mM NaCl at a flow rate of 32 ml/h. After
24 h, the isolated retentate contained ~96% of the original CMP-Kdn.
Kdn7N; (3,7-dideoxy-7-azido-D-glycero-D-galacto-nonulosonic acid) was
enzymatically prepared using a P. multocida aldolase (39) and methods
similar to those described by Khedri et al. (40). Typically, reactions con-
tained 128 mM Tris (pH 8.8), 17.5 mM 4-azido-4-deoxy-D-mannopyranose
(Sussex Research Laboratories, Ottawa, ON, Canada), 128 mM sodium
pyruvate, and sufficient quantities of aldolase. Reactions were incubated at
37°C for ~24 h, and the enzyme was then removed by centrifugal ultrafil-
tration. Next, CMP activation of synthesized Kdn7N3 was achieved enzy-
matically using methods similar to those described previously (31). In this
study, reactions typically contained 50 mM Tris (pH 9), 50 mM MgCl,,
5 mM CTP, ~5 mM Kdn7N;, 4 U pyrophosphatase per mM of CTP,
and ~0.68 mg/ml of CMP-sialic acid synthetase. Reactions were incubated
at 37°C for 2 h, and the enzyme was then removed by centrifugal ultrafil-
tration. Filtered CMP-Kdn7N3 samples were then lyophilized and desalted/
purified using a Superdex Peptide 10/300 GL (GE Healthcare) column
with 10 mM ammonium bicarbonate. To achieve additional purity, elution
fractions containing CMP-Kdn7N3 were subjected to anion-exchange chro-
matography (Mono Q 4.6/100 PE; GE Healthcare) using an ammonium
bicarbonate gradient. Quantification of CMP-Kdn and CMP-Kdn7Nj; prep-
arations were determined using the molar extinction coefficient of CMP
(£260=7400). Purified and desalted sample aliquots were then freeze dried.

For structural characterization of CMP-Kdn and CMP-Kdn7Nj3, purified
material was exchanged into 100% D,O. Structural analysis was per-
formed using either a Varian Inova 500 MHz ('H) spectrometer with a
Varian z gradient 3-mm probe or a Varian 600 MHz ('H) spectrometer with
a Varian 5 mm z gradient probe. All spectra were referenced to an internal
acetone standard (8y 2.225 and 8¢ 31.07 ppm). Results are shown in
Supplemental Table I (CMP-Kdn) and Supplemental Table II (CMP-
Kdn7N3), verifying the production of each compound.

CMP-Kdn— and CMP-Kdn7Nz;—prepared compounds were also char-
acterized using mass spectrometry (MS) or capillary electrophoresis (CE)-
MS analysis. For CE-MS, mass spectra were acquired using an API 3000
Mass Spectrometer (Applied Biosystems/Sciex, Concord, ON, Canada).
CE was performed using a Prince CE system (Prince Technologies,
Emmen, the Netherlands). CE separation was obtained on a 90-cm length
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of bare fused-silica capillary (365 wm outer diameter X 50 wm inner di-
ameter) with CE-MS coupling using a liquid sheath-flow interface and
isopropanol/methanol (2:1) as the sheath liquid. An aqueous buffer com-
prising 30 mM morpholine (adjusted to pH 9 with formic acid) was used
for experiments in the negative-ion mode. Alternatively, mass spectra were
acquired using a SQD2 (Waters, Milford, MA). In this study, the spectra
were collected in the negative-ion mode, and no separations were
attempted. The buffer used was a mixture of 1:1 acetonitrile/water with
0.31 mg/ml of ammonium bicarbonate. Results verifying the production
of each compound are shown in Supplemental Table III, in which observed
m/z ions from MS analysis correspond accurately to the calculated masses.

Synthesis of biotinylated NulO-LNnT glycans

LNnT-PEG;-Nj (GalB-1,4-GlcNAcB-1,3-GalB-1,4-GlcB-PEG;-N3) was
synthesized starting with BLac-PEG3-N3 (Sussex Research Laboratories)
by adding sequentially -1,3-GlcNAc and {3-1,4-Gal residues using, re-
spectively, the HP-39 N-acetylglucosaminyltransferase and the HP-21
galactosyltransferase. HP-39 is a recombinant version of the JHP1032
B-1,3-N-acetylglucosaminyltransferase from Helicobacter pylori. HP-21
is a recombinant version of the HP0826 (3-1,4-galactosyltransferase from
H. pylori. The product was purified by solid phase extraction using a C18
Sep-Pak cartridge (Waters) and lyophilized after each reaction.

For the addition of Leg5,7Ac, or NeuSAc to 7.5 mg of LNnT-PEG;-Nj3,
the reaction contained 50 mM MES (pH 6.5), 10 mM MgCl,, 7.5 mM
donor, and ~1.5 U of NST-05 (a recombinant version of the Lst from
N. meningitidis). The reaction was incubated at 30°C and was complete
after 1 h for the addition of Neu5Ac. However, the complete addition of
Leg5,7Ac, required additional enzyme and donor (CMP-Leg5,7Ac,) and
overnight incubation.

Once again, the samples were purified by solid phase extraction using
C18 Sep-Pak cartridges and eluted using a stepwise gradient of methanol.
Fractions were analyzed by TLC, run in a solvent containing ethyl acetate/
methano/H,O/acetic acid (4:2:1:0.1), and then dipped in 5% H,SO,
and charred. The products were recovered in the 50% methanol eluate.
The desired fractions were pooled and lyophilized.

The reactions for labeling with biotin were performed in 1X PBS (pH
7.4) containing 20% DMSO, 2 mg of LNnT-PEG;-Nj3 (or the derivative
with either Leg5,7Ac, or Neu5Ac), and a 1.5X molar excess of DBCO-
PEGy-Biotin (Click Chemistry Tools, Scottsdale, AZ). The reaction mix
was incubated at 37°C for 30 min (#30). The products were purified by solid
phase extraction using C18 Sep-Pak cartridges and eluted using a stepwise
gradient of methanol. The products were recovered in the 50% methanol
eluate and dried on a SpeedVac vacuum concentrator and by lyophiliza-
tion. MS in the negative mode was used to confirm the masses expected for
the biotinylated products.

Abs

mAb 3F11 (mouse IgM, kindly provided by Dr. M.A. Apicella, University
of Iowa) binds to the unsialylated Hepl LNnT structure; any extension
beyond the terminal Gal (e.g., sialylation of LOS) results in decreased mAb
3F11 binding to LOS (41). Anti—factor H (FH) mAb from Quidel (catalog
no. A254 [mAb 90X]) was used in flow cytometry experiments. Neu5Ge
incorporation into surface glycans on BJA-B K20 cells was detected
using a NeuSGc-specific chicken polyclonal IgY Ab (1:2000) (42) fol-
lowed by FITC-conjugated donkey anti-chicken IgY secondary Ab (1:200;
Jackson ImmunoResearch). Biotinylated glycans containing a2-3 linked
Leg5,7Ac, to LNnT epitope (43) were used to purify anti-Leg5,7Ac, Ab
from human IVIG. Briefly, biotinylated glycans were attached to strepta-
vidin magnetic beads (Invitrogen) by incubating at room temperature for
30 min, followed by washing with PBS. Human IVIG pooled from more
than 1000 individuals was initially incubated with (unsialylated) bio-
tinylated LNnT immobilized on streptavidin beads, followed by incubation
with a2-3 linked NeuSAc-LNnT beads for 30 min at room temperature to
eliminate any Abs against the underlying glycan structure. Finally, a2-3
linked Leg5,7Ac,-LNnT containing beads were added to these clarified
IVIG pools. Following incubation under the same conditions as above, the
beads were washed with PBS, and the bound anti-Leg5,7Ac, Abs were
eluted with citric acid (pH 3) and immediately neutralized with Tris-HCI
(pH 8).

SDS-PAGE

Gonococcal lysates were treated with protease K (100 pg/ml) and sus-
pended in Tris-Tricine sample buffer (Boston BioProducts). Cell lysates
were separated on 16.5% Criterion Tris-Tricine gels (Bio-Rad Laborato-
ries) using Tris-Tricine Cathode buffer (Boston BioProducts), and LOS
was stained using the Bio-Rad Silver Stain Kit.
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FH binding

FH binding to bacteria was performed using flow cytometry, as described
previously (44). Briefly, N. gonorrhoeae F62 AlgtD harvested from
chocolate agar plates was grown in liquid media that contained the spec-
ified concentration of the CMP-NulO. Bacteria were then washed with
HBSS containing 1 mM CaCl, and 1 mM MgCl, (HBSS**) and incubated
with 20 pg/ml of FH purified from human plasma (Complement Tech-
nology). Bound FH was detected using an anti-FH mAb (clone 90X;
Quidel), followed by FITC-conjugated anti-mouse IgG (Sigma); both Abs
had similar performance characteristics. All reaction mixtures were carried
out in HBSS™/1% (w/v) BSA in a final volume of 50 pl.

Flow cytometry

Flow cytometry was performed using a FACSCalibur instrument (Becton
Dickinson), and data were analyzed using FlowJo (version X; Tree Star).

Normal human serum

Serum was prepared from the blood of healthy human volunteers by
phlebotomy. Sera from 10 donors were pooled and stored in single use
aliquots at —80°C.

Serum bactericidal assays

Serum bactericidal assays were performed as described previously (45).
Bacteria were harvested from an overnight culture on chocolate agar
plates, and ~10° CFU of N. gonorrhoeae were grown in liquid media
containing the specified concentration of CMP-NulO as specified for
each experiment. Bacteria were diluted in Morse A, and ~2000 CFU of
N. gonorrhoeae F62 AlgtD were incubated with pooled normal human
serum (NHS) (concentration specified for each experiment). The final re-
action volumes were maintained at 150 wl. Aliquots of 25 wl of reaction
mixtures were plated onto chocolate agar in duplicate at the beginning of
the assay (#p) and again after incubation at 37°C for 30 min (¢30). Survival
was calculated as the number of viable colonies at t3, relative to #.

Mouse vaginal colonization model

Mouse infection experiments were performed using either female wild-type
BALB/c mice (The Jackson Laboratory), Cmah™"~ mice back-crossed into
a BALB/c background (46), or transgenic mice that expressed human
complement inhibitors FH and C4b-binding protein (C4BP) that were
generated in a BALB/c background (47). Mice that were 6-8 wk of age
and in the diestrus phase of the estrous cycle were started on treatment
(that day) with 0.5 mg of water-soluble 17@3-estradiol (Premarin; Pfizer)
given s.c. on each of 3 d: —2, 0, and +2 d (before, the day of, and after
inoculation of bacteria) to prolong the estrus phase of the cycle and pro-
mote susceptibility to N. gonorrhoeae infection. Antibiotics (vancomycin,
colistin, neomycin, trimethoprim, and streptomycin) ineffective against
N. gonorrhoeae were also used to reduce competitive microflora (48).
Mice were then infected with N. gonorrhoeae (CFU stated for every ex-
periment). Mice were treated with 10 ug CMP-NulO (1 mg/ml in sterile
H,0 or ~1.5 mM stock) daily intravaginally, whereas the control mice
were given saline (vehicle control).

Statistics

Experiments that compared clearance of N. gonorrhoeae in independent
groups of mice estimated and tested three characteristics of the data (49):
time to clearance, longitudinal trends in mean log;o CFU, and the cumu-
lative CFU as area under the curve (AUC) were plotted. Statistical analyses
were performed using mice that initially yielded bacterial colonies on days
1 and/or 2. Median time to clearance was estimated using Kaplan—-Meier
survival curves; the times to clearance were compared between groups
using a Mantel-Cox log-rank test. The mean AUC (log;o CFU versus time)
was computed for each mouse to estimate the bacterial burden over time
(cumulative infection); the means under the curves were compared be-
tween groups using the nonparametric rank-sum test because distributions
were skewed or kurtotic.

Cell feeding assays

Human B lymphoma BJA-B K20 cells were incubated in RPMI 1640
containing 1% (v/v) Nutridoma (Roche) for 3 d to eliminate any residual
sialic acid from the cell growth media. Following incubation, 3 mM
Leg5,7Ac, or Neu5Gc (as a positive control) was added, and cells were
allowed to incubate for an additional 3 d at 37°C. Cells were then harvested
2 X 10° cells; fed or unfed), washed, and probed with either Leg5,7Ac,-
specific polyclonal human IgG Ab (see above) or Neu5Ge-specific chicken
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polyclonal IgY Ab (42) for 30 min. NulO incorporation within surface
glycans was detected with fluorophore-attached secondary Abs using flow
cytometry.

Stability of CMP-NulOs

The stability of CMP-Neu5Ac, CMP-Kdn, CMP-Neu5Ac9N;, and CMP-
Leg5,7Ac, in solution was assessed by incubation in various pH and
temperature conditions for various lengths of time. Specifically, freeze-
dried CMP-NulOs were resuspended immediately prior to the start of
the assay at a concentration of ~1 mM in either 25 mM phosphate-citrate
buffer (pH 4-7) or 25 mM sodium phosphate buffer (pH 8). The samples
were incubated at 4, 20, or 37°C, over a time course ranging from 4 h to
6 wk as indicated. CE analysis was performed using a PPACE MDQ in-
strument (Beckman Coulter, Fullerton, CA) equipped with a photodiode
array detector and capillary as described previously (50) with a 30-min run
time in 25 mM sodium tetraborate buffer (pH 9.4) and detection at 271 nm.
Relative quantities of intact CMP-NulO and free CMP were determined
by peak integration using 32 Karat software and expressed as a per-
centage relative to the #, timepoint. The stability assays were performed
in duplicate.

Ethics statement

Collection of human sera and its use were approved by the University of
Massachusetts Medical School Institutional Review Board. Informed
written consent was obtained from all serum donors (no. HO0005614;
Docket). Use of animals in this study was performed in strict accordance
with the recommendations in the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health. The protocol was approved by
the Institutional Animal Care and Use Committee at the University of
Massachusetts Medical School (no. A-1930; Docket).

Results
Incorporation of CMP-NulOs into N. gonorrhoeae LOS

Previously, we showed that N. gonorrhoeae Lst had broad substrate
specificity; in addition to CMP-Neu5Ac, the natural substrate for
gonococcal Lst, CMP salts of Neu5Gc, NeuSGce8Me, NeuSAcON;,
and Leg5,7Ac, were used by Lst (31). Only CMP-Pse5,7Ac,
(CMP-Pse5Ac7Ac), which differs stereochemically from the other
tested CMP-NulOs at C5, C7, and C8, was not used by Lst (31).
To better understand the substrate specificity of gonococcal Lst
and to identify additional candidate therapeutic molecules, we
tested the following CMP-NulOs: CMP-Neu4,5Ac,, CMP-Kdn,
and CMP-Kdn7N; (see Supplemental Fig. 1 for reference to
various NulO backbone structures). These three new CMP-NulOs
were chosen because their NulOs when incorporated into glycans,
like Leg5,7Ac,, are resistant to sialidases (40, 51), enzymes which
are present in human cervical secretions (52). This is important as
the removal of the therapeutic NulO from the gonococcal surface
could compromise efficacy. Further, CMP-Kdn has an advantage
because free Kdn is a “self” molecule present in human tissue/
cells (53, 54); therefore, it could have lower toxicity than ‘“non-
human” NulOs such as Leg5,7Ac,. The other CMP-NulOs used in
this study, such as CMP-Neu5Ac, CMP-Neu5,9Ac,, CMP-Neu5-
Ac9N;, and CMP-Leg5,7Ac,, were chosen from our previous
work (31) as benchmarks or as controls.

mAb 3F11 was used to determine NulO incorporation into LNnT
LOS. mAb 3F11 binds to terminal lactosamine in the unsialylated
LNnT structure; glycan extensions beyond the terminal Gal in
lactosamine, for example, NulO incorporation results in decreased
binding of the Ab (31, 55). mAb 3F11 binding decreased when
bacteria were grown in the presence of all CMP-NulOs except
CMP-Neud,5Ac, (Fig. 1A), suggesting that Neud4,5Ac, was not
added to gonococcal LNnT LOS. These results were confirmed by
silver staining of N. gonorrhoeae LOS on 16.5% Tricine gels,
which showed no change in the migration of LOS when bacteria
were grown in CMP-Neu4,5Ac, (Fig. 1B). Because Neu4,5Ac,
was not incorporated into LOS, CMP-Neu4,5Ac, was not con-
sidered further.
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FIGURE 1. Incorporation of NulO into N. gonorrhoeae LOS. (A) mAb
3F11 binding. mAb 3F11 binds to terminal lactosamine of LNnT; exten-
sions beyond LNnT abrogates 3F11 binding (55). N. gonorrhoeae F62
AlgtD was grown in media alone or media containing 25 wg/ml of the
indicated CMP-NulO. mAb 3F11 binding was detected by flow cytometry,
and median fluorescence was recorded. Binding is shown as percentage
relative to 3F11 binding to unsialylated bacteria (three independent ob-
servations). Comparisons across groups, made by one-way ANOVA,
showed significant differences (F = 43.76; p < 0.0001). Pairwise com-
parisons, made by Tukey multiple comparison test, are indicated. (B) In-
corporation of NulO as visualized by silver-stained SDS-PAGE gels.
Protease K lysates of F62 AlgtD grown in media alone or media containing
each of the indicated CMP-NulOs (100 pg/ml) were separated on 16%
Tricine gels (Bio-Rad Laboratories), and LOS was visualized by silver
staining. Slower mobility relative to bacteria grown in media alone (No
CMP-NulO) indicates the addition of NulO.

Effects of incorporation of NulOs into N. gonorrhoeae LOS on
serum resistance

The effects of incorporation of the NulOs into LOS on the ability of
N. gonorrhoeae strain F62 AlgtD to resist killing by NHS was next
determined. The effects of adding each CMP-NulO individually
on serum resistance is shown in Table I. The addition of CMP-
Neu5SAc [the sialic acid Neu5Ac is scavenged by gonococci in
humans that renders bacteria fully complement resistant (56, 57)]
served as the positive control for serum resistance. As reported
previously (31), Neu5,9Ac, incorporation conferred >100% sur-
vival in 3.3% NHS but not 10% NHS in which survival was <5%
(31). Similarly, LOS substitution with Kdn also rendered bacteria
fully resistant (>100% survival) only to 3.3% but not 10% NHS
(7% survival). Bacteria with Kdn7N3-substituted LOS showed an
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Table I.  Effect of CMP-NulOs on complement-dependent killing of N. gonorrhoeae F62 AlgtD

Percentage of Survival (Mean) In

CMP-NulO Added First CMP-NulO Added Second” 3.3% NHS” 10% NHS
None None 17 3
CMP-Neu5Ac None 126 120
CMP-Neu5,9Ac, None 119 4
CMP-Neu5Ac CMP-Neu5,9Ac, 107 12
CMP-Neu5,9Ac, CMP-Neu5Ac 108 14
CMP-Kdn None 112 7
CMP-Neu5Ac CMP-Kdn 107 107
CMP-Kdn CMP-Neu5Ac 107 12
CMP-Kdn7Nj3 None 126 34
CMP-Neu5Ac CMP-Kdn7N; 133 129
CMP-Kdn7Nj3 CMP-Neu5SAc 126 128
CMP-Leg5,7Ac, None 0 0
CMP-Neu5Ac CMP-Leg5,7Ac, 7 6

“Second CMP-NulO added 15 min after first CMP-NulO.
PNHS, pooled NHS.

intermediate phenotype with >100% survival in 3.3% NHS and
~34% survival in 10% NHS. Consistent with our previous report
(31), incorporation of Leg5,7Ac, rendered N. gonorrhoeae fully
susceptible to both 3.3 and 10% NHS.

We next determined whether the addition of CMP-NulO could
prevent NeuSAc-mediated serum resistance. In these “competi-
tion” experiments, the CMP-NulO was added either 15 min before
or 15 min after adding CMP-Neu5Ac to growth media (Table I).
The addition of CMP-Neu5,9Ac, either before or after the addi-
tion of CMP-Neu5Ac to growth media rendered F62 AlgtD sus-
ceptible to 10% NHS but not 3.3% NHS, which simulated results
with CMP-Neu5,9Ac, alone. In contrast, CMP-Kdn effectively
prevented Neu5Ac-mediated serum resistance only when added
first and, as expected, only in the presence of 10% NHS. Com-
pared with unsialylated bacteria, CMP-Kdn7N; enhanced serum
resistance in 10% NHS (34% survival) and was ineffective in
preventing CMP-Neu5Ac-mediated serum resistance under any of
the test conditions. As reported previously, CMP-Leg5,7Ac,
(benchmark) blocked CMP-Neu5Ac—mediated serum resistance
when added after CMP-Neu5Ac (31).

Effect of NulO substitution of gonococcal LOS on FH binding
and complement activation

Substitution of N. gonorrhoeae LNnT LOS with «2,3-linked
Neu5Ac enhances FH binding, which contributes to gonococcal
complement resistance (58). Kdn and Kdn7Nj3 incorporation resulted
in FH binding (measured as fluorescence) to levels ~62% of that seen
with NeuSAc-substituted LOS (Fig. 2). As reported previously,
bacteria with Neu5,9Ac,-capped LNnT LOS bound FH with
~30% the fluorescence intensity observed with NeuSAc-capped
LOS. Bacteria with Leg5,7Ac, substituted LOS did not bind FH
above levels seen with unsialylated bacteria, replicating prior
observations (31).

Efficacy of CMP-NulOs against N. gonorrhoeae in the mouse
vaginal colonization model

The efficacy of each of the CMP-NulOs against ceftriaxone-
resistant clinical N. gonorrhoeae isolate HO41 was studied in
the mouse vaginal colonization model of gonorrhea. The effica-
cies of CMP-Kdn, CMP-Neu5,9Ac,, and CMP-Neu5Ac9N; were

evaluated; CMP-Leg5,7Ac, served as the benchmark for efficacy
(31). Three parameters of efficacy were measured: median time to
clearance, log;o CFU versus time, and AUC. When administered
at a dosage of 10 wg intravaginally daily, CMP-Kdn and CMP-
Neu5Ac9N; were as efficacious as CMP-Leg5,7Ac; in clearing
gonococcal colonization, whereas CMP-Neu5,9Ac, was ineffec-
tive (Fig. 3).

100~
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CMP-Neu5Ac
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CMP-Kdn7N,
CMP-Leg5,7Ac;

FIGURE 2. Effect of NulO incorporation into LOS on FH binding to
N. gonorrhoeae. F62 AlgtD was grown in media alone or media containing
each of the indicated CMP-NulOs, incubated with purified human FH
(10 pg/ml), and bacteria-bound FH (measured as median fluorescence)
was detected by flow cytometry using an anti-FH mAb 90X followed by
anti-mouse IgG FITC. y-axis, mean (range) of two independent experi-
ments. Comparisons across groups, made by one-way ANOVA, showed
significant differences (F = 1224; p < 0.0001). Pairwise comparisons were
made by Tukey multiple comparisons test. Pairwise differences across the
control, media alone (No CMP-NulO) and CMP-Leg5,7Ac, groups and
between CMP-Kdn and CMP-Kdn7N; were NS. All other pairwise com-
parisons were significant (p < 0.0001).
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FIGURE 3. Efficacy of CMP-NulOs against multidrug-resistant N. gonorrhoeae H041 in the mouse vaginal colonization model. Premarin-treated
wild-type BALB/c mice (n = 10/group) were infected with 10° CFU N. gonorrhoeae HO41. Mice were treated daily (starting 2 h before infection)
intravaginally with saline (untreated vehicle controls), with 10 pg/d of CMP-Leg5,7Ac, [positive control for clearance (31)], or with 10 pg/d of CMP-
Neu5,9Ac,, CMP-Kdn, or CMP-Neu5Ac9N;. Vaginas were swabbed daily to enumerate N. gonorrhoeae CFUs. The graph on the left shows Kaplan—Meier
curves, indicating time to clearance of infection. Groups were compared using the Mantel-Cox (log-rank) test. Significance was set at 0.005 (Bonferroni
correction for comparisons across five groups). Pairwise comparisons between the CMP-Leg5,7Ac,, CMP-Neu5,9Ac,, and CMP-Kdn groups versus the
saline controls or the CMP-Neu5,9Ac, group were significant (p < 0.0001). The middle graph shows log;y CFU versus time. x-axis, day; y-axis, log;o CFU.
Comparisons of the CFU over time between each treatment group and the saline control was made by two-way ANOVA and Dunnett multiple comparison
test. Significantly lower counts on day 1 were seen with the CMP-Leg5,7Ac,-treated group (p < 0.01), on day 2 with the CMP-Leg5,7Ac,, CMP-Kdn, and
CMP-Neu5Ac9N; groups (p < 0.0001, p < 0.05, p < 0.05, respectively), and from days 3 through 9 with all the three aforementioned groups (p < 0.0001).
The graph on the right shows bacterial burdens consolidated over time (AUC [log;o CFU] analysis). The five groups were compared by one-way ANOVA
using the nonparametric Kruskal-Wallis equality of populations rank test. The x? with ties (4 df) was 24.6 (p < 0.0001). Pairwise AUC comparisons across

groups was made with Dunn multiple comparison test.

Stability of CMP-NulOs

Stability of the CMP-NulOs is an important consideration for shelf-
life, drug formulation, safety, and efficacy in vivo. Although CMP-
NulO sugars are very stable in solid dry form, they are acid and
heat labile and can hydrolyze into CMP and NulO under acidic
conditions typical of the human vagina (59). Hydrolysis of ther-
apeutic CMP-NulOs could have adverse consequences for treating
N. gonorrhoeae infections as only the intact CMP-NulO can be
used by N. gonorrhoeae Lst. Furthermore, free NulOs have the
potential to traverse host cell membranes and become incorpo-
rated into host glycans and elicit autoimmune Abs (60, 61).

The stabilities of the three CMP-NulOs (CMP-Leg5,7Ac,, CMP-
Neu5Ac9N;, and CMP-Kdn) that showed efficacy in the mouse
model of gonorrhea were tested at temperatures ranging from 4 to
37°C and pH ranges between 4 and 7; CMP-NeuSAc was used as a
comparator. These conditions were selected to mimic human
vaginal secretions (acidic pH and 37°C) or those similar to shelf-
life/storage conditions in solution (4 or 20°C and neutral pH).
CMP-Leg5,7Ac, was the most stable molecule under all the tested
conditions (Figs. 4, 5). Greater than 90% of CMP-Leg5,7Ac,
remained intact even after 6 wk at 4°C with neutral pH 7 as well as
after 3 d at 20°C (at pH 7) (Fig. 4). Remarkably, ~54% of CMP-
Leg5,7Ac, remained intact after a 24-h incubation at 37°C (pH 5);
none of the other CMP-NulOs remained intact under similar
conditions (Fig. 5). At the lowest pH tested (pH 4), >50% of
CMP-Leg5,7Ac, remained intact after 1 h compared with <35%
for all other CMP-NulOs (data not shown). By 4 h of incubation at
pH 4, CMP-Leg5,7Ac, was the only CMP-NulO left intact in any
appreciable amount (4%) (Fig. 5). Taking all the test conditions
into consideration, CMP-Leg5,7Ac, is the most stable, followed
in descending order by CMP-Neu5Ac9N;, CMP-Neu5Ac, and
CMP-Kdn.

Lack of Leg5,7Ac; incorporation into glycans on the surface of
host cells

Based on the efficacy and stability data presented above, CMP-
Leg5,7Ac, was the top-performing antigonococcal therapeutic
candidate. To note, Leg5,7Ac, is a nonhuman bacterial sugar.
In addition, CMP-NulOs do not typically cross mammalian cell

membranes. However, Leg5,7Ac; that results from hydrolysis of
CMP-Leg5,7Ac,, as well as the intact nucleotide sugar, could
enter human cells via macropinocytosis and be delivered to the
lysosome (the intact nucleotide-sugar would likely be hydrolyzed
by low pH in the lysosomes), followed by export to the cytosol
by the sialic acid transporter sialin (62). If free NulOs in the cy-
tosol get converted back to their CMP-bound form, they could
potentially enter the Golgi apparatus and become incorporated
into newly synthesized cell surface—associated host glycans, elicit
an immune response, and result in complement-mediated tissue
damage. A well-documented example of such a process with the
nonhuman sialic acid Neu5Gc that can be incorporated into hu-
man tissues occurs as a result of consuming foods such as red
meat that are rich in Neu5Gc (63, 64).

Human anti-Leg5,7Ac, was purified from pooled human IVIG
by affinity chromatography over biotinylated Leg5,7Ac,-LNnT
linked to streptavidin magnetic beads. The ability of human anti-
Leg5,7Ac, to detect surface-bound Leg5,7Ac,-substituted gly-
cans was validated using N. gonorrhoeae F62 AlgtD grown in
CMP-Leg5,7Ac,—containing media (Fig. 6A). We could not
detect any Leg5,7Ac, on hyposialylated human B lymphoma
BJA-B K20 cells fed with a concentration of Leg5,7Ac, as high
as 3 mM (Fig. 6B). In contrast, Neu5Gc that was used as a
positive control for uptake and display of a nonhuman NulO by
BJA-B K20 cells was readily detected with chicken anti-Neu5Gc
(Fig. 6C).

Efficacy of CMP-Leg5,7Ac, against N. gonorrhoeae in
Cmah™™ mice

Among related mammals, humans are unusual in being genetically
deficient in the enzyme CMP-NeuSAc hydroxylase that converts
CMP-NeuSAc to CMP-Neu5Gc (65). Thus, mouse glycans display
both Neu5Ac and Neu5Gc, but human glycans possess only
Neu5Ac. Differences in NulO profiles between humans and mice
may affect the activity of the CMP-NulO therapeutic. Therefore,
we evaluated the efficacy of CMP-Leg5,7Ac, in Cmah™~ mice
that express only NeuSAc (i.e., not Neu5Gc) on their glycans [akin
to the human sialome (46, 60, 66—68)] to simulate conditions
more aligned with the human genital tract. The efficacy of
CMP-Leg5,7Ac, against N. gonorrhoeae strains F62 AlgtD and
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FIGURE 4. Effect of pH on CMP-NulO stability at storage temperatures. CMP-NulOs, as indicated, were resuspended in pH 5, 6, or 7 solutions and
incubated for 1-3 d at 20°C (A and B) or for 1-6 wk at 4°C (C and D). The percentage of intact CMP-NulO after incubation relative to #, is indicated. Values

represent the mean of two independent measurements.

HO041 was tested (Fig. 7). Wild-type BALB/c mice were used as
comparators. The duration and burden of gonococcal infection in
the control (saline-treated) groups of the two mouse strains is
shown in Supplemental Fig. 2. The median times to clearance in
the Cmah~’~ mice was a day longer than wild-type mice with
saline-treated negative controls, and the AUC was significantly
higher in the Cmah '~ mice. CMP-Leg5,7Ac, was effective
against both strains of N. gonorrhoeae in Cmah™’~ mice (Fig. 7),
evidenced by more rapid rates of clearance and lower bacterial
burdens compared with saline-treated mice. The efficacy of CMP-
Leg5,7Ac, in Cmah ™~ mice was similar to that seen in wild-type
mice (data with wild-type mice is shown in Supplemental Fig. 3).

Efficacy of CMP-Leg5,7Ac, in Cmah™'~ mice against diverse
gonococcal isolates

The efficacy of CMP-Leg5,7Ac, against four additional strains of
N. gonorrhoeae was next tested in the mouse vaginal colonization
model using Cmah™™ mice (Fig. 8). Three clinical isolates (CTX-
r Spain, NJ-60, and SD-1) were chosen because they are resis-
tant to third-generation cephalosporins (either cefixime and/or
ceftriaxone). The fourth isolate, 398078, was chosen because it
produces the PX-like LOS (Galal-4GalB1-4Glc) from Hepl,
which is sialylated through an 2,6 linkage, as opposed to LNnT,
which is sialylated through an 2,3 linkage (38). As shown in
Fig. 8, CMP-Leg5,7Ac, administered topically at a dosage of
10 g daily significantly shortened the duration and burden of
gonococcal colonization in all four instances. Unlike the other
strains in which 100% of saline-treated animals remained colo-
nized at the end of 7 d, strain 398078 (PX-like LOS) colonized
saline-treated (control) mice for only 3 d. We were unable to
detect 398078 in any of the CMP-Leg5,7Ac,—treated animals
even on day 1 (i.e., swabs taken 24 h postinfection); hence, the
AUC in this group was zero. Collectively, these data suggest that
CMP-Leg5,7Ac, is effective against antibiotic-resistant clinical

strains of N. gonorrhoeae obtained from diverse geographic
locations.

Efficacy of CMP-Leg5,7Ac> in human FH/C4BP
transgenic mice

Several factors contribute to the host restriction of gonococcal
infection, including its ability to resist human but not nonhuman
complement (reviewed in Ref. 48). Binding of human, but not
nonhuman, complement inhibitors FH and C4BP is at least in part
responsible for the ability of gonococci to evade killing exclu-
sively by human complement (69, 70). Given the importance of
LOS Neu5Ac in virulence both in humans and in mice, its role in
counteracting bacteriolysis by complement, and the fact that the
therapeutic CMP-NulO candidates (e.g., CMP-Leg5,7Ac,) coun-
teracted serum resistance mediated by CMP-NeuSAc, we tested the
efficacy of CMP-Leg5,7Ac, in human FH/C4BP dual transgenic
mice. Three doses of intravaginally administered CMP-Leg5,7Ac,
were tested (10, 5, and 1 wg/d). As shown in Fig. 9, the efficacy
of CMP-Leg5,7Ac, was dose responsive; the lowest tested dosage
(1 pg/d) was ineffective, whereas the 5 and 10 pg/d doses showed
progressively increasing efficacy.

Discussion
We previously exploited the central role for LOS Neu5Ac in gono-
coccal pathogenesis to design novel CMP-NulO immunotherapeutic
molecules to fight multidrug-resistant gonorrhea (31). Specifically,
CMP-Leg5,7Ac, and CMP-NeuSAc9N; could counteract serum re-
sistance mediated by CMP-Neu5Ac. CMP-Leg5,7Ac, was ef-
fective in attenuating gonococcal colonization in mice (31), and
in this report, we extend the findings in vivo to CMP-Neu5-
Ac9N; and CMP-Kdn.

Using three new CMP-NulOs, CMP-Neu4,5Ac,, CMP-Kdn, and
CMP-Kdn7N3, this study provides further insights into the sub-
strate specificity of the gonococcal Lst enzyme and the functional
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FIGURE 5. Effect of pH on CMP-NulO stability at physiological tem-
perature. CMP-NulOs, as indicated, were resuspended in pH 4, 5, 6, or 7
solutions and incubated for up to 24 h at 37°C. Measurements of intactness
were taken at 4 h (A) and 24 h (B). The percentage of intact CMP-NulO
after incubation relative to #, is indicated. Values represent the mean of two
independent measurements. *Values reported for these measurements are
0% as the CMP-NulO indicated was hydrolyzed by this time point (data
not shown for earlier time points).

consequences of NulO substitutions on FH binding and comple-
ment evasion. Although CMP-Kdn and CMP-Kdn7Nj; both served
as substrates for Lst, Neu4,5Ac, was not added to LNnT.
The interaction between Neisseria Lst and CMP-Neu5Ac is sta-
bilized by several interactions (71). Specifically, an Arg residue at
position 282 (numbering based on the amino acid sequence of
N. meningitidis Lst, which is also conserved across N. gonorrhoeae
Lst sequences) forms a hydrogen bond with the hydroxyl at the
C4 position of NeuS5Ac (71). Therefore, replacing this hydroxyl
with O-acetyl at the C4 position likely prevents the binding of
CMP-Neud,5Ac, to Lst and subsequent enzymatic transfer of
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Neu4,5Ac; to LOS. In contrast, the substitution of NH acetyl at
the C5 position of Neu5Ac with a hydroxyl to yield Kdn or
subsequent N3 (azido) substitution at the C7 position of the
exocyclic side chain did not interfere with the ability of gono-
coccal Lst to transfer the NulO moiety from the respective CMP-
NulOs to LNnT (i.e., both CMP-Kdn and CMP-Kdn7N; were
transferred).

The exocyclic chain of NeuSAc (C7-C9; see Supplemental
Fig. 1) is important for inhibition of the alternative pathway of
complement by sialoglycans (72, 73) and for interactions of
Neu5Ac with FH domain 20 (74, 75). Thus, alterations of the
exocyclic chain have a profound impact on the binding of FH to
sialylated gonococci, as evidenced by the lack of detectable FH
binding when Leg5,7Ac, (deoxy and methyl at the C9 position, in
addition to C7 NH acetyl), Neu5Gc8Me (O-methyl at the C8
position), and Neu5SAc9N; (deoxy and Nj at the C9 position)
capped LNnT LOS (31), and there was a ~70% decrease in FH
binding fluorescence with Neu5,9Ac, (O-acetyl at the C9 posi-
tion). Changes in the cyclic region of NulOs have either no impact
(for example, Neu5Gc, which differs from NeuSAc in a single
oxygen atom at the C5 position; see Supplemental Fig. 1) (31) or
only a modest (~40%) decrease in binding with Kdn (NH acetyl at
the CS5 position in NeuSAc replaced with OH; see Fig. 2). Of note,
Kdn7Nj5 substituted LOS-bound similar amounts of FH as LOS
capped by Kdn (Fig. 2), suggesting that alterations at the C7 po-
sition in the exocyclic side chain are better tolerated than changes
at the C8 or C9 positions. These data are consistent with findings
of Blaum et al. (74) who showed that the C8 and C9 hydroxyl
groups of the exocyclic moiety of NeuSAc that was 2,3 linked
to lactose formed hydrogen bonds with the amide and carbonyl
groups, respectively, of the W1198 residue in FH domain 20.

Similar to Neu5,9Ac,, the addition of Kdn or Kdn7N; to
LOS enhanced resistance of N. gonorrhoeae F62 AlgtD to
complement-dependent killing by 3.3%, but not 10%, NHS. This
is in accordance with reduced FH binding seen with Kdn or
Kdn7Nj3-substituted LOS. It is worth noting that differences in FH
binding alone may not account for differences in serum resistance.
For example, bacteria with Kdn-substituted LOS shows a 2-fold
greater fluorescence than Neu5,9Ac,-coated gonococci yet shows
similar serum resistance profiles. Kdn and Kdn7N; on LOS both
result in similar FH binding, but Kdn7Nj resulted in greater serum
resistance. Sialylation of gonococcal LOS also regulates the
classical pathway by modulating IgG binding (31, 76), and it is
likely that the various NulOs may differ in their ability to inhibit
the classical pathway, which could also factor into the differences
seen in their complement-regulating properties.

Interestingly, despite their similar effects on resistance to
complement when added to media singly and the observation
that CMP-Kdn counteracted the protective effects conferred
by CMP-NeuSAc against complement only when added prior to
CMP-Neu5Ac, only CMP-Kdn but not CMP-Neu5,9Ac, was ef-
ficacious in vivo. A possible explanation is that hydrolysis of
CMP-Neu5,9Ac, to CMP-NeuSAc may occur over time in vivo,
thereby negating its activity (i.e., because of esterase activity that
may remove the C9 O-acetyl group in the vaginal mucosa). An-
other and not mutually exclusive possibility is that NeuSAc and
Neu5,9Ac¢,, but not other NulOs such as those that decrease col-
onization (Leg5,7Ac,, Kdn, and Neu5Ac9N;), may protect the
organism against host defenses other than complement. Examples
include engaging Siglec receptors that dampen inflammatory re-
sponses (77-79) and protection against cationic antimicrobial
peptides (25).

Stability at the local site of delivery is an important consideration
in the development of therapeutic CMP-NulOs. The normal pH of
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FIGURE 6. Leg5,7Ac; is not detected on the surface of hyposialylated human BJA-B K20 cells fed with Leg5,7Ac,. (A) Validation of reactivity of
human anti-Leg5,7Ac,. N. gonorrhoeae F62 was grown in media alone or media supplemented with 30 wg/ml CMP-Leg5,7Ac,. Bacteria were incubated
with human anti-Leg5,7Ac, (1:10) followed by anti-human IgG conjugated to PE (blue histogram) or with fluorescent conjugate alone (gray shaded
histogram). F62 grown in media alone did not show any reactivity over conjugate control levels (data not shown). x-axis, fluorescence on a log;q scale;
y-axis, counts. (B) Leg5,7Ac; is not detectable on BJA-B K20 cells fed with Leg5,7Ac,. Hyposialylated BJA-B K20 cells were incubated with media alone
(unfed cells) or media containing 3 mM Leg5,7Ac, and incubated with human anti-Leg5,7Ac, and anti-human IgG conjugated to PE (unfed cells, solid gray
line; Leg5,7Ac,-fed cells, red histogram) or with secondary conjugate alone (shaded gray histogram). Axes are as in (A). (C) Incorporation of Neu5Gc by
BJA-B K20 cells. As a positive control for NulO incorporation, BIA-B K20 cells were incubated with media alone (unfed cells) or media containing 3 mM
Neu5Gc and incubated with chicken anti-Neu5Gc and anti-chicken IgY conjugated to Alexa Fluor 647 (unfed cells, solid blue line; NeuSGe-fed cells, green
histogram) or with secondary conjugate alone (shaded gray histogram). Axes are as in (A).

the human vagina ranges from 4 to 5 (80, 81). CMP-Leg5,7Ac,
was the most stable of the CMP-NulOs tested across a pH
range from 4 to 7 at physiological temperature 37°C. Because
its stability exceeds that of the endogenous host molecule,
CMP-NeuSAc, we expect CMP-Leg5,7Ac, to effectively out-
compete CMP-Neu5SAc in the acidic human vaginal environment.
Moreover, CMP-Leg5,7Ac2 was the most stable CMP-NulO when
subjected to conditions representing short- and long-term storage in

A

solution. However, in a solid dry state, all CMP-NulOs are ex-
pected to be near 100% stable. Finally, it is interesting to note
that the pH stability of the various CMP-NulOs in order of
highest to lowest also follows a similar order of anticipated
hydrophobicity of each molecule, with CMP-Leg5,7Ac, ex-
pected to have the highest hydrophobicity due to a 9-deoxy
methyl group and two other methyls associated with the two NH
acetyl groups present.
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FIGURE 7. CMP-Leg5,7Ac; is efficacious in Cmah™’~ mice. Cmah™’~ mice that express only human-like Neu5Ac, but not nonhuman Neu5Gc seen in
nonhuman primates and lower animals including mice, were treated with Premarin and infected with 4.5 X 10> CFU N. gonorrhoeae F62 (R) or 6 X 10°
CFU of strain HO41 (B). Mice were treated intravaginally with either saline (vehicle control; filled black circles) or CMP-Leg5,7Ac, 10 pg daily (open
squares), starting 2 h before infection. Vaginas were swabbed daily to enumerate CFUs. Measures of treatment efficacy included Kaplan—Meier curves (left-
hand column) showing time to clearance of infection (groups were compared using the Mantel-Cox [log-rank] test), log;o CFU versus time (middle
column), and bacterial burdens consolidated over time (AUC [log;o CFU] analysis) (right-hand column). Pairwise AUC comparisons across groups was
made with the two-sample Wilcoxon rank-sum (Mann—Whitney) test.
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FIGURE 8. CMP-Leg5,7Ac, is efficacious against diverse clinical isolates of N. gonorrhoeae in Cmah™’~ mice. Premarin-treated Cmah ™"~ (n = 10/
group) were infected with N. gonorrhoeae strains CTX-r Spain (9.5 X 10° CFU) (A), NJ-60 (7.7 X 10° CFU) (B), N. gonorrhoeae SD-1 (5.1 X 10%) (C),
and 398078 (PX-like globotriose LOS; 5.5 X 10° CFU) (D) and treated intravaginally with either saline (vehicle control; black circles) or CMP-Leg5,7Ac,
10 pg daily (open squares), starting 2 h before infection. Vaginas were swabbed daily to enumerate CFUs. Measures of treatment efficacy included
Kaplan—-Meier curves (left-hand column) showing time to clearance of infection (groups were compared using the Mantel-Cox [log-rank] test), log;o CFU
versus time (middle column), and bacterial burdens consolidated over time (AUC [log;o CFU] analysis) (right-hand column). Log;o CFU over time between
the saline and CMP-Leg5,7Ac, groups were compared by two-way ANOVA and Sidak multiple comparisons test. The differences in CFUs between
the saline- and CMP-Leg5,7Ac,—treated groups were significant (p < 0.0001) on all days (days 1 through 7) for strains CTX-r Spain, NJ-60, and SD-1 and
on days 1 and 2 for strain 398078. Pairwise AUC comparisons across groups was made with the two-sample Wilcoxon rank-sum (Mann—Whitney) test.
Note that infection with strain 398078 lasted only 2 d even in untreated mice.

Leg5,7Ac, is a nonhuman glycan that is expressed by several
microbes that colonize or infect humans such as Legionella
pneumophilia (82), Campylobacter jejuni (83, 84), Acinetobacter
baumannii (85, 86), Enterobacter cloacae (87), and Cronobacter
turicensis (88). It is therefore no surprise that human serum
contains antilegionaminic Abs (89). If Leg5,7Ac; is displayed on
host cells following CMP-Leg5,7Ac, treatment, then binding of
such Abs to host tissues could cause complement-mediated
damage. We are encouraged by the observation that the incuba-
tion of BJA-B K20 cells with free Leg5,7Ac, at concentrations as
high as 3 mM did not result in surface expression of this NulO.
Only NulOs, but not their CMP salts, can be taken up and meta-
bolically incorporated into mammalian cells. Thus, in the event
CMP-Leg5,7Ac, is hydrolyzed at the mucosal surface and is taken

up by cells or is hydrolyzed in the lysosomal compartment after
macropinocytosis, our data suggest that host cell glycans are un-
likely to be capped by Leg5,7Ac, and be targeted by anti-
legionaminic Abs. Another consideration with topical treatment
with CMP-Leg5,7Ac;, is the ability of human ST6Gal-I to enzy-
matically transfer Leg5,7Ac; to select glycans (50). However, we
were unable to detect ST6Gal-I in human cervical lavage samples
by Western blotting (data not shown), suggesting that if transfer of
NulO to cell surface glycans were to occur, it would be at ex-
tremely low levels. Kdn is a host molecule (53, 54); therefore,
CMP-Kdn will also be considered for further development to
circumvent any toxicity issues of CMP-Leg5,7Ac,, if they were to
arise. In contrast, pre-existing human Abs against Leg5,7Ac,
glycans could contribute to the efficacy of CMP-Leg5,7Ac, by
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FIGURE 9. Efficacy of CMP-Leg5,7Ac, in human FH/C4BP transgenic
mice. Transgenic mice in a BALB/c background that express the human
complement inhibitors, FH and C4BP, were treated with Premarin and
infected intravaginally with multidrug-resistant N. gonorrhoeae strain
HO41. Mice (n = 6/group) were treated with either saline (vehicle control)
or CMP-Leg5,7Ac, at doses of 10, 5, or 1 g daily intravaginally, com-
mencing 2 h before infection. Vaginas were swabbed daily to enumerate
CFUs. (A) Kaplan—Meier curves showing time to clearance of infection.
Pairwise comparisons were made using the Mantel-Cox (log-rank) test.
Significance was set at 0.008 (Bonferroni correction for comparisons
across four groups). The groups that received the 10 and 5 wg/d doses
of CMP-Leg5,7Ac; cleared infection significantly faster than the saline or
1 pg/d groups (p = 0.0012). (B) Log;o CFU versus time. Comparisons of
the CFU over time between each treatment group and the saline control
was made by two-way ANOVA and Dunnett multiple comparison test.
**p < 0.01, #*#¥%p < 0.0001. The color of the asterisks corresponds to the
graph of the corresponding color. (C) Bacterial burdens consolidated over time
(AUC [log;o CFU] analysis). The four groups were compared by one-way
ANOVA using the nonparametric Kruskal-Wallis equality of populations rank
test. The x> with ties (3 df) was 19.98 (p = 0.0002). Pairwise AUC compar-
isons across groups was made with Dunn multiple comparison test.

binding to Leg5,7Ac,-coated gonococci and enhancing comple-
ment activation.

Another advantage of CMP-Leg5,7Ac, and CMP-Kdn as ther-
apeutics is the resistance of Leg5,7Ac,- and Kdn-terminating
glycans to the effects of several bacterial, viral, and mammalian
sialidases (40, 51). As such, Leg5,7Ac, or Kdn will remain linked
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to the gonococcal surface even in the presence of sialidases/
neuraminidases elaborated by microflora concomitantly present
in the cervical secretions of women with gonorrhea (52) and
render gonococci susceptible to clearance by host defenses.

In conclusion, CMP-Leg5,7Ac, is efficacious against diverse
strains of N. gonorrhoeae in mice that express human-like sialic
acid and human complement inhibitors. At physiological tem-
perature, it is stable over pH ranges that are encountered in the
human female genital tract, it is not incorporated into host cell
glycans, and it is resistant to sialidases. Furthermore, CMP-Kdn, a
human NulO representative anticipated to have low toxicity, was
shown to have efficacy in a mouse vaginal colonization model that
is on par with CMP-Leg5,7Ac,. In addition, there are low-cost
methods for both CMP-Leg5,7Ac, and CMP-Kdn production
(43, 90). These qualities together make CMP-Leg5,7Ac, and
CMP-Kdn our best lead antigonococcal therapeutic CMP-NulO
compounds.

Acknowledgments

We thank Dr. Daniel C. Stein (University of Maryland) for F62 AlgtD and
Dr. Ann E. Jerse (Uniformed Services University of Health Sciences,
Bethesda, MD) for streptomycin-resistant N. gonorrhoeae F62. We thank
Dr. Magnus Unemo (WHO Collaborating Centre for Gonorrhoea and Other
Sexually Transmitted Infections, Orebro University Hospital, Orebro,
Sweden) and Dr. Makoto Ohnishi (National Institute of Infectious Diseases,
Tokyo, Japan) for N. gonorrhoeae HO41, Dr. Carmen Ardanuy (Department
of Microbiology, Hospital Universitari de Bellvitge, Instituto de Investiga-
cion Biomédica de Bellvitge, University of Barcelona, Barcelona, Spain) for
strain Ctx-r (Spain), Dr. Severin Gose (San Francisco Department of Public
Health, San Francisco, CA) for strain N. gonorrhoeae SD-1, and Dr. Xiao-
Hong Su (Institute of Dermatology, Chinese Academy of Medical Sciences
and Peking Union Medical College, Nanjing, P. R. China) for strain NJ-60.
We thank Nancy Nowak for technical assistance. We thank Dr. Michel
Gilbert, Dr. Evgeny Vinogradov, Dr. Jianjun Li (all from the National Re-
search Council, Ottawa, ON, Canada), Dr. Mohamed Hassan, Dr. Chris
Boddy (both from the University of Ottawa), and Dr. Dennis Whitfield
(Sussex Research Laboratories) for technical assistance.

Disclosures
The authors have no financial conflicts of interest.

References

1. Rowley, J., S. Vander Hoorn, E. Korenromp, N. Low, M. Unemo, L. J. Abu-
Raddad, R. M. Chico, A. Smolak, L. Newman, S. Gottlieb, et al. 2019.
Chlamydia, gonorrhoea, trichomoniasis and syphilis: global prevalence and
incidence estimates, 2016. Bull. World Health Organ. 97: 548-562P.

2. Holmes, K. K., G. W. Counts, and H. N. Beaty. 1971. Disseminated gonococcal
infection. Ann. Intern. Med. 74: 979-993.

3. O’Brien, J. P, D. L. Goldenberg, and P. A. Rice. 1983. Disseminated gonococcal
infection: a prospective analysis of 49 patients and a review of pathophysiology
and immune mechanisms. Medicine (Baltimore) 62: 395-406.

4. Unemo, M., and W. M. Shafer. 2014. Antimicrobial resistance in Neisseria
gonorrhoeae in the 21st century: past, evolution, and future. Clin. Microbiol.
Rev. 27: 587-613.

5. Brunner, A., E. Nemes-Nikodem, C. Jeney, D. Szabo, M. Marschalko,
S. Karpati, and E. Ostorhazi. 2016. Emerging azithromycin-resistance among the
Neisseria gonorrhoeae strains isolated in Hungary. Ann. Clin. Microbiol. Anti-
microb. 15: 53.

6. Katz, A. R, A. Y. Komeya, R. D. Kirkcaldy, A. C. Whelen, O. O. Soge,
J. R. Papp, E. N. Kersh, G. M. Wasserman, N. P. O’Connor, P. S. O’Brien, et al.
2017. Cluster of Neisseria gonorrhoeae isolates with high-level azithromycin
resistance and decreased ceftriaxone susceptibility, Hawaii, 2016. Clin. Infect.
Dis. 65: 918-923.

7. Liang, J. Y., W. L. Cao, X. D. Li, C. Bi, R. D. Yang, Y. H. Liang, P. Li, X. D. Ye,
X. X. Chen, and X. B. Zhang. 2016. Azithromycin-resistant Neisseria gonor-
rhoeae isolates in Guangzhou, China (2009-2013): coevolution with decreased
susceptibilities to ceftriaxone and genetic characteristics. BMC Infect. Dis. 16:
152.

8. Xue, J., C. Ni, H. Zhou, C. Zhang, and S. van der Veen. 2015. Occurrence
of high-level azithromycin-resistant Neisseria gonorrhoeae isolates in China.
J. Antimicrob. Chemother. 70: 3404-3405.

9. Camara, J., J. Serra, J. Ayats, T. Bastida, D. Carnicer-Pont, A. Andreu, and
C. Ardanuy. 2012. Molecular characterization of two high-level ceftriaxone-resistant

220z ‘6T AInC uo |punod say (BN youeld NG| 11S1D T /B0 jounuwiwi [:mmmy/:diy wouy papeojumoq


http://www.jimmunol.org/

3294

10.

11.

12.

14.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Neisseria gonorrhoeae isolates detected in Catalonia, Spain. J. Antimicrob.
Chemother. 67: 1858-1860.

Ohnishi, M., D. Golparian, K. Shimuta, T. Saika, S. Hoshina, K. Iwasaku,
S. Nakayama, J. Kitawaki, and M. Unemo. 2011. Is Neisseria gonorrhoeae
initiating a future era of untreatable gonorrhea?: detailed characterization of
the first strain with high-level resistance to ceftriaxone. Antimicrob. Agents
Chemother. 55: 3538-3545.

Lahra, M. M., N. Ryder, and D. M. Whiley. 2014. A new multidrug-resistant
strain of Neisseria gonorrhoeae in Australia. N. Engl. J. Med. 371: 1850-1851.
‘Workowski, K. A., and G. A. Bolan, Centers for Disease Control and Prevention.
2015. Sexually transmitted diseases treatment guidelines, 2015. [Published er-
ratum appears in 2015 MMWR Recomm. Rep. 64: 924.] MMWR Recomm. Rep.
64: 1-137.

. Eyre, D. W.,, K. Town, T. Street, L. Barker, N. Sanderson, M. J. Cole,

H. Mohammed, R. Pitt, M. Gobin, C. Irish, et al. 2019. Detection in the United
Kingdom of the Neisseria gonorrhoeae FC428 clone, with ceftriaxone resistance
and intermediate resistance to azithromycin, October to December 2018. Euro
Surveill. 24: 1900147.

Jennison, A. V., D. Whiley, M. M. Lahra, R. M. Graham, M. J. Cole, G. Hughes,
H. Fifer, M. Andersson, A. Edwards, and D. Eyre. 2019. Genetic relatedness of
ceftriaxone-resistant and high-level azithromycin resistant Neisseria gonorrhoeae
cases, United Kingdom and Australia, February to April 2018. Euro Surveill.
24:1900118.

. Chen, M. Y., A. McNulty, A. Avery, D. Whiley, S. N. Tabrizi, D. Hardy,

A. F. Das, A. Nenninger, C. K. Fairley, J. S. Hocking, et al; Solitaire-U Team.
2019. Solithromycin versus ceftriaxone plus azithromycin for the treatment
of uncomplicated genital gonorrhoea (SOLITAIRE-U): a randomised phase 3
non-inferiority trial. Lancet Infect. Dis. 19: 833-842.

. Lewis, D. A. 2019. New treatment options for Neisseria gonorrhoeae in the era

of emerging antimicrobial resistance. Sex. Health 16: 449-456.

. Taylor, S. N., J. Marrazzo, B. E. Batteiger, E. W. Hook, III, A. C. Sefia, J. Long,

M. R. Wierzbicki, H. Kwak, S. M. Johnson, K. Lawrence, and J. Mueller. 2018.
Single-dose zoliflodacin (ETX0914) for treatment of urogenital gonorrhea.
N. Engl. J. Med. 379: 1835-1845.

. Scangarella-Oman, N. E., M. Hossain, P. B. Dixon, K. Ingraham, S. Min,

C. A. Tiffany, C. R. Perry, A. Raychaudhuri, E. F. Dumont, J. Huang, et al. 2018.
Microbiological analysis from a phase 2 randomized study in adults evaluating
single oral doses of gepotidacin in the treatment of uncomplicated urogenital
gonorrhea caused by Neisseria gonorrhoeae. Antimicrob. Agents Chemother.
62: 01221-18.

. World Health Organization. 2012. Global Action Plan to Control the Spread

and Impact of Antimicrobial Resistance in Neisseria gonorrhoeae. World
Health Organization (WHO), Department of Reproductive Health and Research,
Geneva, Switzerland.

Ram, S., J. Shaughnessy, R. B. de Oliveira, L. A. Lewis, S. Gulati, and
P. A. Rice. 2017. Gonococcal lipooligosaccharide sialylation: virulence factor
and target for novel immunotherapeutics. Pathog. Dis. 75: ftx049.

Ram, S., J. Shaughnessy, R. B. DeOliveira, L. A. Lewis, S. Gulati, and
P. A. Rice. 2016. Utilizing complement evasion strategies to design complement-
based antibacterial immunotherapeutics: lessons from the pathogenic Neisseriae.
Immunobiology 221: 1110-1123.

Nairn, C. A., J. A. Cole, P. V. Patel, N. J. Parsons, J. E. Fox, and H. Smith. 1988.
Cytidine 5'-monophospho-N-acetylneuraminic acid or a related compound is the
low Mr factor from human red blood cells which induces gonococcal resistance
to killing by human serum. J. Gen. Microbiol. 134: 3295-3306.

Parsons, N. J., J. P. Emond, M. Goldner, J. Bramley, H. Crooke, J. A. Cole, and
H. Smith. 1996. Lactate enhancement of sialylation of gonococcal lipopoly-
saccharide and of induction of serum resistance by CMP-NANA is not due to
direct activation of the sialyltransferase: metabolic events are involved. Microb.
Pathog. 21: 193-204.

Smith, H., J. A. Cole, and N. J. Parsons. 1992. The sialylation of gonococcal
lipopolysaccharide by host factors: a major impact on pathogenicity. FEMS
Microbiol. Lett. 100: 287-292.

Wu, H., W. M. Shafer, and A. E. Jerse. 2012. Relative importance of LOS sia-
lylation and the MtrC-MtrD-MtE active efflux pump in gonococcal evasion of
host innate defenses. In XVIIIth International Pathogenic Neisseria Conference,
M. Frosch, U. Vogel, and T. Rudel, eds. Wuerzburg, Germany, p. 364.

Greiner, L. L., J. L. Edwards, J. Shao, C. Rabinak, D. Entz, and M. A. Apicella.
2005. Biofilm Formation by Neisseria gonorrhoeae. Infect. Immun. 73: 1964-1970.
Schneider, H., A. S. Cross, R. A. Kuschner, D. N. Taylor, J. C. Sadoff,
J. W. Boslego, and C. D. Deal. 1995. Experimental human gonococcal ure-
thritis: 250 Neisseria gonorrhoeae MS11mkC are infective. J. Infect. Dis. 172:
180-185.

Schneider, H., J. M. Griffiss, J. W. Boslego, P. J. Hitchcock, K. M. Zahos, and
M. A. Apicella. 1991. Expression of paragloboside-like lipooligosaccharides
may be a necessary component of gonococcal pathogenesis in men. J. Exp. Med.
174: 1601-1605.

Wu, H., and A. E. Jerse. 2006. Alpha-2,3-sialyltransferase enhances Neisseria
gonorrhoeae survival during experimental murine genital tract infection. Infect.
Immun. 74: 4094-4103.

Lewis, L. A., S. Gulati, E. Burrowes, B. Zheng, S. Ram, and P. A. Rice. 2015.
a-2,3-sialyltransferase expression level impacts the kinetics of lipooligosaccharide
sialylation, complement resistance, and the ability of Neisseria gonorrhoeae to
colonize the murine genital tract. MBio 6: €02465-14.

Gulati, S., I. C. Schoenhofen, D. M. Whitfield, A. D. Cox, J. Li, E. St Michael,
E. V. Vinogradov, J. Stupak, B. Zheng, M. Ohnishi, et al. 2015. Utilizing CMP-sialic

32.

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

SI.

52.

54.

CMP-NONULOSONATES AGAINST GONORRHEA

acid analogs to unravel Neisseria gonorrhoeae lipooligosaccharide-mediated com-
plement resistance and design novel therapeutics. PLoS Pathog. 11: e1005290.
Schneider, H., J. M. Griffiss, G. D. Williams, and G. B. Pier. 1982. Immuno-
logical basis of serum resistance of Neisseria gonorrhoeae. J. Gen. Microbiol.
128: 13-22.

. Song, W., L. Ma, R. Chen, and D. C. Stein. 2000. Role of lipooligosaccharide in

Opa-independent invasion of Neisseria gonorrhoeae into human epithelial cells.
J. Exp. Med. 191: 949-960.

Yang, Q. L., and E. C. Gotschlich. 1996. Variation of gonococcal lip-
ooligosaccharide structure is due to alterations in poly-G tracts in Igt genes
encoding glycosyl transferases. J. Exp. Med. 183: 323-327.

Exley, R. M., H. Wu, J. Shaw, M. C. Schneider, H. Smith, A. E. Jerse, and
C. M. Tang. 2007. Lactate acquisition promotes successful colonization of the
murine genital tract by Neisseria gonorrhoeae. Infect. Immun. 75: 1318-1324.
Gose, S., D. Nguyen, D. Lowenberg, M. Samuel, H. Bauer, and M. Pandori.
2013. Neisseria gonorrhoeae and extended-spectrum cephalosporins in Cal-
ifornia: surveillance and molecular detection of mosaic penA. BMC Infect. Dis.
13: 570.

Chakraborti, S., L. A. Lewis, A. D. Cox, F. St Michael, J. Li, P. A. Rice, and
S. Ram. 2016. Phase-variable heptose 1 glycan extensions modulate efficacy of
2C7 vaccine antibody directed against Neisseria gonorrhoeae lipooligosaccharide.
J. Immunol. 196: 4576-4586.

Gulati, S., A. Cox, L. A. Lewis, F. S. Michael, J. Li, R. Boden, S. Ram, and
P. A. Rice. 2005. Enhanced factor H binding to sialylated Gonococci is restricted
to the sialylated lacto-N-neotetraose lipooligosaccharide species: implications
for serum resistance and evidence for a bifunctional lipooligosaccharide sialyl-
transferase in Gonococci. [Published erratum appears in 2006 Infect. Immun.
74: 2503.] Infect. Immun. 73: 7390-7397.

Li, Y., H. Yu, H. Cao, K. Lau, S. Muthana, V. K. Tiwari, B. Son, and X. Chen.
2008. Pasteurella multocida sialic acid aldolase: a promising biocatalyst. Appl.
Microbiol. Biotechnol. 79: 963-970.

Khedri, Z., Y. Li, S. Muthana, M. M. Muthana, C. W. Hsiao, H. Yu, and X. Chen.
2014. Chemoenzymatic synthesis of sialosides containing C7-modified sialic
acids and their application in sialidase substrate specificity studies. Carbohydr.
Res. 389: 100-111.

Yamasaki, R., W. Nasholds, H. Schneider, and M. A. Apicella. 1991. Epitope
expression and partial structural characterization of F62 lipooligosaccharide
(LOS) of Neisseria gonorrhoeae: 1IgM monoclonal antibodies (3F11 and 1-1-M)
recognize non-reducing termini of the LOS components. Mol. Immunol. 28:
1233-1242.

Diaz, S. L., V. Padler-Karavani, D. Ghaderi, N. Hurtado-Ziola, H. Yu, X. Chen,
E. C. Brinkman-Van der Linden, A. Varki, and N. M. Varki. 2009. Sensitive and
specific detection of the non-human sialic Acid N-glycolylneuraminic acid in
human tissues and biotherapeutic products. PLoS One 4: e4241.

Schoenhofen, I. C., N. M. Young, and M. Gilbert. 2017. Biosynthesis of legio-
naminic acid and its incorporation into glycoconjugates. Methods Enzymol. 597:
187-207.

Gulati, S., S. Agarwal, S. Vasudhev, P. A. Rice, and S. Ram. 2012. Properdin is
critical for antibody-dependent bactericidal activity against Neisseria gonorrhoeae
that recruit C4b-binding protein. J. Immunol. 188: 3416-3425.

McQuillen, D. P, S. Gulati, and P. A. Rice. 1994. Complement-mediated bac-
terial killing assays. Methods Enzymol. 236: 137-147.

Chandrasekharan, K., J. H. Yoon, Y. Xu, S. deVries, M. Camboni, P. M. Janssen,
A. Varki, and P. T. Martin. 2010. A human-specific deletion in mouse Cmah
increases disease severity in the mdx model of Duchenne muscular dystrophy.
Sci. Transl. Med. 2: 42ra54.

Ermert, D., J. Shaughnessy, T. Joeris, J. Kaplan, C. J. Pang, E. A. Kurt-Jones,
P. A. Rice, S. Ram, and A. M. Blom. 2015. Virulence of group A Streptococci is
enhanced by human complement inhibitors. PLoS Pathog. 11: €1005043.
Jerse, A. E., H. Wu, M. Packiam, R. A. Vonck, A. A. Begum, and L. E. Garvin.
2011. Estradiol-treated female mice as surrogate hosts for Neisseria gonorrhoeae
genital tract infections. Front. Microbiol. 2: 107.

Gulati, S., B. Zheng, G. W. Reed, X. Su, A. D. Cox, F. St Michael, J. Stupak,
L. A. Lewis, S. Ram, and P. A. Rice. 2013. Immunization against a saccharide
epitope accelerates clearance of experimental gonococcal infection. PLoS
Pathog. 9: €1003559.

Watson, D. C., W. W. Wakarchuk, S. Leclerc, M. J. Schur, 1. C. Schoenhofen,
N. M. Young, and M. Gilbert. 2015. Sialyltransferases with enhanced legiona-
minic acid transferase activity for the preparation of analogs of sialoglyco-
conjugates. Glycobiology 25: 767-773.

Watson, D. C., S. Leclerc, W. W. Wakarchuk, and N. M. Young. 2011. Enzy-
matic synthesis and properties of glycoconjugates with legionaminic acid as a
replacement for neuraminic acid. Glycobiology 21: 99-108.

Ketterer, M. R., P. A. Rice, S. Gulati, S. Kiel, L. Byerly, J. D. Fortenberry,
D. E. Soper, and M. A. Apicella. 2016. Desialylation of Neisseria gonorrhoeae
lipooligosaccharide by cervicovaginal microbiome sialidases: the potential for
enhancing infectivity in men. J. Infect. Dis. 214: 1621-1628.

. Inoue, S., K. Kitajima, and Y. Inoue. 1996. Identification of 2-keto-3-deoxy-D-

glycero--galactonononic acid (KDN, deaminoneuraminic acid) residues in
mammalian tissues and human lung carcinoma cells. Chemical evidence of
the occurrence of KDN glycoconjugates in mammals. J. Biol. Chem. 271:
24341-24344.

Inoue, S., S. L. Lin, T. Chang, S. H. Wu, C. W. Yao, T. Y. Chu, F. A. Troy, II, and
Y. Inoue. 1998. Identification of free deaminated sialic acid (2-keto-3-deoxy-D-
glycero-D-galacto-nononic acid) in human red blood cells and its elevated ex-
pression in fetal cord red blood cells and ovarian cancer cells. J. Biol. Chem.
273: 27199-27204.

220z ‘6T AInC uo |punod say (BN youeld NG| 11S1D T /B0 jounuwiwi [:mmmy/:diy wouy papeojumoq


http://www.jimmunol.org/

The Journal of Immunology

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Apicella, M. A., R. E. Mandrell, M. Shero, M. E. Wilson, J. M. Griffiss,
G. F. Brooks, C. Lammel, J. F. Breen, and P. A. Rice. 1990. Modification by
sialic acid of Neisseria gonorrhoeae lipooligosaccharide epitope expression in
human urethral exudates: an immunoelectron microscopic analysis. J. Infect.
Dis. 162: 506-512.

Parsons, N. J., P. V. Patel, E. L. Tan, J. R. C. Andrade, C. A. Nairn, M. Goldner,
J. A. Cole, and H. Smith. 1988. Cytidine 5'-monophospho-N-acetyl neuraminic
acid and a low molecular weight factor from human blood cells induce lipo-
polysaccharide alteration in gonococci when conferring resistance to killing by
human serum. Microb. Pathog. 5: 303-309.

Smith, H., N. J. Parsons, and J. A. Cole. 1995. Sialylation of neisserial
lipopolysaccharide: a major influence on pathogenicity. Microb. Pathog. 19:
365-377.

Ram, S., A. K. Sharma, S. D. Simpson, S. Gulati, D. P. McQuillen,
M. K. Pangburn, and P. A. Rice. 1998. A novel sialic acid binding site on factor
H mediates serum resistance of sialylated Neisseria gonorrhoeae. J. Exp. Med.
187: 743-752.

Miller, E. A., D. E. Beasley, R. R. Dunn, and E. A. Archie. 2016. Lactobacilli
dominance and vaginal pH: why is the human vaginal microbiome unique?
Front. Microbiol. 7: 1936.

Banda, K., C. J. Gregg, R. Chow, N. M. Varki, and A. Varki. 2012. Metabolism
of vertebrate amino sugars with N-glycolyl groups: mechanisms underlying
gastrointestinal incorporation of the non-human sialic acid xeno-autoantigen
N-glycolylneuraminic acid. J. Biol. Chem. 287: 28852-28864.

Pham, T., C. J. Gregg, F. Karp, R. Chow, V. Padler-Karavani, H. Cao, X. Chen,
J. L. Witztum, N. M. Varki, and A. Varki. 2009. Evidence for a novel human-
specific xeno-auto-antibody response against vascular endothelium. Blood 114:
5225-5235.

Verheijen, F. W., E. Verbeek, N. Aula, C. E. Beerens, A. C. Havelaar, M. Joosse,
L. Peltonen, P. Aula, H. Galjaard, P. J. van der Spek, and G. M. Mancini. 1999. A
new gene, encoding an anion transporter, is mutated in sialic acid storage dis-
eases. Nat. Genet. 23: 462-465.

Nguyen, D. H., P. Tangvoranuntakul, and A. Varki. 2005. Effects of natural
human antibodies against a nonhuman sialic acid that metabolically incorporates
into activated and malignant immune cells. J. Immunol. 175: 228-236.
Padler-Karavani, V., H. Yu, H. Cao, H. Chokhawala, F. Karp, N. Varki,
X. Chen, and A. Varki. 2008. Diversity in specificity, abundance, and com-
position of anti-Neu5Gc antibodies in normal humans: potential implications
for disease. Glycobiology 18: 818-830.

Chou, H. H., T. Hayakawa, S. Diaz, M. Krings, E. Indriati, M. Leakey, S. Paabo,
Y. Satta, N. Takahata, and A. Varki. 2002. Inactivation of CMP-N-acetylneuraminic
acid hydroxylase occurred prior to brain expansion during human evolution. Proc.
Natl. Acad. Sci. USA 99: 11736-11741.

Buchlis, G., P. Odorizzi, P. C. Soto, O. M. Pearce, D. J. Hui, M. S. Jordan,
A. Varki, E. J. Wherry, and K. A. High. 2013. Enhanced T cell function in a
mouse model of human glycosylation. J. Immunol. 191: 228-237.

Hedlund, M., P. Tangvoranuntakul, H. Takematsu, J. M. Long, G. D. Housley,
Y. Kozutsumi, A. Suzuki, A. Wynshaw-Boris, A. F. Ryan, R. L. Gallo, et al.
2007. N-glycolylneuraminic acid deficiency in mice: implications for human
biology and evolution. Mol. Cell. Biol. 27: 4340-4346.

Samraj, A. N., H. Léubli, N. Varki, and A. Varki. 2014. Involvement of a non-
human sialic acid in human cancer. Front. Oncol. 4: 33.

Ngampasutadol, J., S. Ram, A. M. Blom, H. Jarva, A. E. Jerse, E. Lien, J. Goguen,
S. Gulati, and P. A. Rice. 2005. Human C4b-binding protein selectively interacts
with Neisseria gonorrhoeae and results in species-specific infection. Proc. Natl.
Acad. Sci. USA 102: 17142-17147.

Ngampasutadol, J., S. Ram, S. Gulati, S. Agarwal, C. Li, A. Visintin, B. Monks,
G. Madico, and P. A. Rice. 2008. Human factor H interacts selectively with
Neisseria gonorrhoeae and results in species-specific complement evasion.
J. Immunol. 180: 3426-3435.

Lin, L. Y, B. Rakic, C. P. Chiu, E. Lameignere, W. W. Wakarchuk,
S. G. Withers, and N. C. Strynadka. 2011. Structure and mechanism of the
lipooligosaccharide sialyltransferase from Neisseria meningitidis. J. Biol. Chem.
286: 37237-37248.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

3295

Fearon, D. T. 1978. Regulation by membrane sialic acid of betal H-dependent
decay-dissociation of amplification C3 convertase of the alternative complement
pathway. Proc. Natl. Acad. Sci. USA 75: 1971-1975.

Michalek, M. T., C. Mold, and E. G. Bremer. 1988. Inhibition of the alternative
pathway of human complement by structural analogues of sialic acid. J. Immunol.
140: 1588-1594.

Blaum, B. S., J. P. Hannan, A. P. Herbert, D. Kavanagh, D. Uhrin, and T. Stehle.
2015. Structural basis for sialic acid-mediated self-recognition by complement
factor H. Nat. Chem. Biol. 11: 77-82.

Kajander, T., M. J. Lehtinen, S. Hyvirinen, A. Bhattacharjee, E. Leung,
D. E. Isenman, S. Meri, A. Goldman, and T. S. Jokiranta. 2011. Dual interaction
of factor H with C3d and glycosaminoglycans in host-nonhost discrimination by
complement. Proc. Natl. Acad. Sci. USA 108: 2897-2902.

Elkins, C., N. H. Carbonetti, V. A. Varela, D. Stirewalt, D. G. Klapper, and
P. F. Sparling. 1992. Antibodies to N-terminal peptides of gonococcal porin
are bactericidal when gonococcal lipopolysaccharide is not sialylated. Mol.
Microbiol. 6: 2617-2628.

Crocker, P. R., J. C. Paulson, and A. Varki. 2007. Siglecs and their roles in the
immune system. Nat. Rev. Immunol. 7: 255-266.

Jones, C., M. Virji, and P. R. Crocker. 2003. Recognition of sialylated menin-
gococcal lipopolysaccharide by siglecs expressed on myeloid cells leads to en-
hanced bacterial uptake. Mol. Microbiol. 49: 1213-1225.

Landig, C. S., A. Hazel, B. P. Kellman, J. J. Fong, F. Schwarz, S. Agarwal,
N. Varki, P. Massari, N. E. Lewis, S. Ram, and A. Varki. 2019. Evolution of the
exclusively human pathogen Neisseria gonorrhoeae: human-specific engage-
ment of immunoregulatory Siglecs. Evol. Appl. 12: 337-349.

Cohen, L. 1969. Influence of pH on vaginal discharges. Br. J. Vener. Dis. 45:
241-247.

Lang, W. R. 1955. Vaginal acidity and pH; a review. Obstet. Gynecol. Surv. 10:
546-560.

Glaze, P. A., D. C. Watson, N. M. Young, and M. E. Tanner. 2008. Biosynthesis
of CMP-N,N’-diacetyllegionaminic acid from UDP-N,N’-diacetylbacillosamine
in Legionella pneumophila. Biochemistry 47: 3272-3282.

Zebian, N., A. Merkx-Jacques, P. P. Pittock, S. Houle, C. M. Dozois,
G. A. Lajoie, and C. Creuzenet. 2016. Comprehensive analysis of flagellin
glycosylation in Campylobacter jejuni NCTC 11168 reveals incorporation of
legionaminic acid and its importance for host colonization. Glycobiology 26:
386-397.

Schoenhofen, I. C., E. Vinogradov, D. M. Whitfield, J. R. Brisson, and
S. M. Logan. 2009. The CMP-legionaminic acid pathway in Campylobacter:
biosynthesis involving novel GDP-linked precursors. Glycobiology 19: 715-725.
Kenyon, J. J., A. M. Marzaioli, C. De Castro, and R. M. Hall. 2015. 5,7-
di-N-acetyl-acinetaminic acid: a novel non-2-ulosonic acid found in the capsule
of an Acinetobacter baumannii isolate. Glycobiology 25: 644—-654.

Shashkov, A. S.,J. J. Kenyon, S. N. Senchenkova, M. M. Shneider, A. V. Popova,
N. P. Arbatsky, K. A. Miroshnikov, N. V. Volozhantsev, R. M. Hall, and
Y. A. Khnirel. 2016. Acinetobacter baumannii K27 and K44 capsular polysac-
charides have the same K unit but different structures due to the presence of
distinct wzy genes in otherwise closely related K gene clusters. Glycobiology 26:
501-508.

Filatov, A. V., M. Wang, W. Wang, A. V. Perepelov, A. S. Shashkov, L. Wang,
and Y. A. Knirel. 2014. Structure and genetics of the O-antigen of Enterobacter
cloacae C6285 containing di-N-acetyllegionaminic acid. Carbohydr. Res. 392:
21-24.

MacLean, L. L., E. Vinogradov, F. Pagotto, and M. B. Perry. 2011. Character-
ization of the lipopolysaccharide O-antigen of Cronobacter turicensis HPB3287
as a polysaccharide containing a 5,7-diacetamido-3,5,7,9-tetradeoxy-D-glycero-
D-galacto-non-2-ulosonic acid (legionaminic acid) residue. Carbohydr. Res. 346:
2589-2594.

Matthies, S., P. Stallforth, and P. H. Seeberger. 2015. Total synthesis of legio-
naminic acid as basis for serological studies. J. Am. Chem. Soc. 137: 2848-2851.
Hassan, M. I, B. R. Lundgren, M. Chaumun, D. M. Whitfield, B. Clark,
I. C. Schoenhofen, and C. N. Boddy. 2016. Total biosynthesis of legionaminic acid,
a bacterial sialic acid analogue. Angew. Chem. Int. Ed. Engl. 55: 12018-12021.

220z ‘6T AInC uo |punod say (BN youeld NG| 11S1D T /B0 jounuwiwi [:mmmy/:diy wouy papeojumoq


http://www.jimmunol.org/

A CMP-O COOH B

CMP-NulOs CMP-NeuSAc
““_“-
CMP-NeuSAc NH-Acetyl
CMP-Neu5Gc OH NH-Glycolyl OH OH OH
CMP-Neu5,9Ac, OH NH-Acetyl OH OH O-Acetyl
CMP-Neu5AcON, OH NH-Acetyl OH OH N5
CMP-Leg5,7Ac, OH NH-Acetyl NH-Acetyl OH H
CMP-Neu4,5Ac, O-Acetyl NH-Acetyl OH OH OH
CMP-Kdn OH OH OH OH OH
CMP-Kdn7N, OH CH N; OH CH

Fig. S1. Structures of the CMP-nonulosonate (CMP-NulO) analogs used in this study.
A General chemical structure, and B 2Cs chair chemical structure of CMP-
nonulosonates used with reference to CMP-Neu5Ac. All NulO sugars have the same
stereochemistry (D-glycero-D-galacto configuration). CMP-NulOs used as
benchmarks/reference of for follow-up studies (from previous work) are shown in dark
shading, whereas CMP-NulOs newly investigated in this study are shown in light
shading. For reference, the nine carbon atoms of the NulOs are numbered in A, and
the NulO structural moieties further investigated here are highlighted in red.
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Fig. S2. Comparison of the duration and burden of gonococcal infection in saline-
treated wild-type (WT) and Cmah™~ mice. The top row shows data with N. gonorrhoeae
strain F62 (n=10 mice in WT group and n=9 in the Cmah™" group), while the bottom row
shows data with N. gonorrhoeae H041 (n=10 mice in WT and Cmah~~ groups). The left
hand column shows times to clearance (Kaplan-Meier curves; comparisons made with
Mantel-Cox log-rank test), the middle column shows logio CFU versus time
(comparisons made by two-way ANOVA and Sidak’s multiple comparsions test; **,
P<0.01; **** P<0.0001) and the right hand column Area Under Curve analysis

(comparisons made by Mann-Whitney’s non-parametric test).
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Fig. S3. Efficacy of CMP-Leg5,7Ac: in wild-type mice. The top row shows data with N.
gonorrhoeae strain F62 (n=10 mice in the saline and CMP-Leg5,7Ac2 groups), while the
bottom row shows data with N. gonorrhoeae H041 (n=10 mice in the saline and CMP-
Leg5,7Ac2 groups). The left hand column shows times to clearance (Kaplan-Meier
curves; comparisons made with Mantel-Cox log-rank test), the middle column shows
log1o CFU versus time (comparisons made by two-way ANOVA and Sidak’s multiple
comparsions test; *, P<0.05; **, P<0.01; ****, P<0.0001) and the right hand column Area

Under curve analysis (comparisons made by Mann-Whitney’s non-parametric test).



Table S1. NMR chemical shifts 5 (ppm) for CMP-3-deoxy-D-glycero-D-galacto-nonulosonic acid
(CMP-Kdn).

H3ax 1.61

H3eq 2.44 C3 42.1
H4 4.03 C4 69.7
H5 3.60 C5 711
H6 4.09 C6 74.1
H7 3.75 C7 69.7
H8 3.94 C8 70.9
H9 3.67; 3.92 C9 64.3




Table S2. NMR chemical shifts & (ppm) for CMP-3,7-dideoxy-7-azido-D-glycero-D-galacto-
nonulosonic acid (CMP-Kdn7N3).

H3ax 1.67

H3eq 2.48 C3 42.0
H4 4.03 C4 69.7
H5 3.61 C5 72.2
H6 4.20 C6 73.8
H7 3.82 C7 62.3
H8 4.06 C8 69.7
H9 3.77;, 3.94 C9 64.1




Table S3. MS data for CMP-3-deoxy-D-glycero-D-galacto-nonulosonic acid (CMP-Kdn) and

CMP-3,7-dideoxy-7-azido-D-glycero-D-galacto-nonulosonic acid (CMP-Kdn7Ns).

Compound Observed Calculated Formula Comments
m/z mass (M)
CMP-Kdn 572.4 573.4 C1gH28016N3P [M-HT
CMP-Kdn7N3 597.1 598.4 C1gH27015N6P [M-HT




