Accepted Manuscript -
P P Nitric
xide
Cephalosporin-NO-donor prodrug PYRRO-C3D shows f3-lactam-mediated activity
against Streptococcus pneumoniae biofilms
Raymond N. Allan, Michael J. Kelso, Ardeshir Rineh, Nageshwar R. Yepuri, Martin DROGEN SULF
Feelisch, Odel Soren, Sanjita Brito-Mutunayagam, Rami J. Salib, Paul Stoodley,

Stuart C. Clarke, Jeremy S. Webb, Luanne Hall-Stoodley, Saul N. Faust
PIl: S1089-8603(16)30288-9

DOI: 10.1016/j.niox.2017.02.006

Reference: YNIOX 1645

To appearin:  Nitric Oxide

Received Date: 29 December 2016
Revised Date: 6 February 2017
Accepted Date: 16 February 2017

Please cite this article as: R.N. Allan, M.J. Kelso, A. Rineh, N.R. Yepuri, M. Feelisch, O. Soren, S.
Brito-Mutunayagam, R.J. Salib, P. Stoodley, S.C. Clarke, J.S. Webb, L. Hall-Stoodley, S.N. Faust,
Cephalosporin-NO-donor prodrug PYRRO-C3D shows -lactam-mediated activity against Streptococcus
pneumoniae biofilms, Nitric Oxide (2017), doi: 10.1016/j.niox.2017.02.006.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


http://dx.doi.org/10.1016/j.niox.2017.02.006

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Cephalosporin-NO-donor prodrug PYRRO-C3D shows g-lactam-mediated activity

against Streptococcus pneumoniae biofilms

Raymond N. AllaA®, Michael J. Kels§ Ardeshir Rinef Nageshwar R. YepuiriMartin
FeeliscAh® Odel Soref) Sanjita Brito-MutunayagafnRami J. Salib®’ Paul StoodI€¥f,

Stuart C. Clark®® Jeremy S. Welll5, Luanne Hall-StoodI&f & Saul N. Faudt%

®Clinical and Experimental Sciences, Faculty of Math and Institute for Life Sciences,
University of Southampton, Southampton, UK

Southampton NIHR Wellcome Trust Clinical Researability, University Hospital
Southampton NHS Foundation Trust, Southampton, UK

“lllawarra Health and Medical Research Institutehdt of Chemistry, University of
Wollongong, Wollongong, NSW, Australia

dSouthampton NIHR Respiratory Biomedical Research, Umiversity Hospital
Southampton NHS Foundation Trust, Southampton, UK

®Biological Sciences and Institute for Life Scienddsiversity of Southampton,
Southampton, UK

'University Hospital Southampton NHS Foundation Tr8®uthampton, UK
9Department of Microbial Infection and Immunity, Genfor Microbial Interface Biology,

College of Medicine, The Ohio State University, @uabus, Ohio, USA

#Address correspondence to Saul Faust, s.faust@aotok

E.mail addresses:

Raymond N. Allan (r.allan@soton.ac.uk)



26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

Michael J. Kelso (mkelso@uow.edu.au)

Ardeshir Rineh (arineh@uow.edu.au)

Nageshwar R. Yepuri (nageshwar.yepuri@ansto.gov.au)
Martin Feelisch (M.Feelisch@soton.ac.uk)

Odel Soren (0s3cl4@soton.ac.uk)

Sanijita Brito-Mutunayagam (sbm1gl0@soton.ac.uk)
Rami J. Salib (Rami.Salib@uhs.nhs.uk)

Paul Stoodley (Paul.Stoodley@osumc.edu)

Stuart C. Clarke (S.C.Clarke@soton.ac.uk)

Jeremy S. Webb (J.S.Webb@soton.ac.uk)

Luanne Hall-Stoodley (Luanne.Hall-Stoodley@osuma)ed

Saul N. Faust (s.faust@soton.ac.uk)



51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

Abstract

Bacterial biofilms show high tolerance towards laiotics and are a significant problem in
clinical settings where they are a primary causehobnic infections. Novel therapeutic
strategies are needed to improve anti-biofilm afficand support reduction in antibiotic use.
Treatment with exogenous nitric oxide (NO) has b&®mwn to modulate bacterial signaling
and metabolic processes that render biofilms maseeptible to antibiotics. We previously
reported on cephalosporin-3’-diazeniumdiolates (€38 NO-donor prodrugs designed to
selectively deliver NO to bacterial infection sifelowing reaction with-lactamases. With
structures based on cephalosporins, C3Ds coufatjncipal, also be triggered to release NO
following B-lactam cleavage mediated by transpeptidases/fentinding proteins (PBPS),
the antibacterial target of cephalosporin antibstiTranspeptidase-reactive C3Ds could
potentially show both NO-mediated anti-biofilm pespes and intrinsicitlactam-mediated)
antibacterial effects. This dual-activity conceatsnexplored usingireptococcus

pneumoniae, a species that lacigslactamases but relies on transpeptidases fomeell-
synthesis. Treatment with PYRRO-C3D (a represer@dIi3D containing the
diazeniumdiolate NO donor PYRRO-NO) was found gm#icantly reduce viability of
planktonic and biofilm pneumococci, demonstratingttC3Ds can elicit direct,
cephalosporin-like antibacterial activity in thesahce of-lactamases. While NO release
from PYRRO-C3D in the presence of pneumococci veediened, the anti-pneumococcal
action of the compound was shown to arise excliysivem thep-lactam component and not
through NO-mediated effects. The compound showadasi potency to amoxicillin against
S pneumoniae biofilms and greater efficacy than azithromyciightighting the potential of

C3Ds as new agents for treating pneumococcal iofext
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Graphical Abstract

Cephalosporin-3'-diazeniumdiolate (C3D) Ph H
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reduced
viability

Highlights
« PYRRO-C3D demonstrates direct antibacterial agtiagainst pneumococcal
biofilms
* NO release is mediated through interaction with@kin-binding proteins

» C3Ds are effective against bacteria lacking theactyp for f-lactamase production
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1. Introduction

Bacterial biofilms are widely acknowledged as an#igant problem in chronic
clinical infections due to their increased antilwablerance compared to planktonic (free-
living) bacteria and their propensity to acquiréiraicrobial resistance (AMR). These diverse
bacterial communities have evolved multiple mecsisi that contribute to tolerance.
Adaptive responses, including increased expressdiefflux pumps ang-lactamases, along
with restricted diffusion of antibiotics throughethiofilm matrix, all confer tolerance.
However, it is the presence of metabolically dorhwaails that potentially plays the major
role[1; 2; 3]. Nutrient gradients within biofilmsu result in a proportion of the bacterial
population adopting a metabolically dormant stateating ‘persister’ cells that are highly
tolerant towards antibiotics targeting bacteri@vgth and reproduction. Biofilm formation
has also been implicated in the development obm®ed resistance through heightened
mutation frequency and horizontal gene transfef{Bivel therapeutic strategies that
overcome antimicrobial tolerance responses, limvetbpment of AMR and reduce reliance
upon conventional antibiotics are needed to crefiéetive new treatments for biofilm-
mediated chronic infections.

Nitric oxide (NO) is an ubiquitous signaling molézacross eukaryotic and
prokaryotic systems. The presence of low conceaatratof exogenous NO has been shown
to modulate a range of functions in several baaitepecies, such as toxin biosynthesis and
protection from oxidative stress[4; 5]. Low NO centrations also play an important role in
bacterial biofilm biology, where they have beenvshdo signal a dispersal response in a
broad range of species, includiRgeudomonas aeruginosa, Staphyl ococcus aureus and
Escherichia coli[6]. In Streptococcus pneumoniae, NO treatment of established biofilms was
recently shown to influence metabolism and trarestat activity, modulating both towards

levels observed in the planktonic phenotype[7]. SHO as adjunctive therapy in
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combination with conventional antibiotics has tleaserged as a possible anti-biofilm
strategy because the NO-mediated transition frafilini to planktonic states renders
bacterial cells more susceptible to antibiotic timeents[7; 8; 9].

Whilst effective in signaling biofilm dispersal apticiting other anti-biofilm
response vitro, clinical implementation of adjunctive NO therapith antibiotics in
infectious diseases presents several challengeNan gaseous form could only be used
for a limited range of infections (e.g. body sudand bronchopulmonary infections); (b) use
of NO donor compounds that spontaneously releasenNfQueous solution (e.g. sodium
nitroprusside, SNP) for internal infections woulégent significant toxicity risks due to
systemic exposure of the host to NO[10]; and (&ettgping NO-donor/antibiotic
combinations is difficult due to divergent pharmiaoetics and other drug properties of the
two molecules. In addition, the lack of specifidibyvards bacteria and its short half-life
make NO treatment of biofilm infections challend®lg To address these issues, we are
investigating cephalosporin-3’-diazeniumdiolate3@€) as novel, biofilm-activated NO-
donor prodrugs.

C3Ds contain a stabilized diazeniumdiolate NO-ddih#®DNOate) attached at the 3'-
position of early generation cephalosporins ancevdessigned to selectively deliver NO to
biofilm infection sites following3-lactam ring cleavage mediated by bacteltdctamases.
It was envisaged that the compounds could be ustargeted NO carriers in combination
with conventional antibiotics to treat chronficlactamase expressing, biofilm infections
(Figure 1)[11; 12]. We have previously reported R¥RRO-C3D increases the sensitivity
of non-typeablddaemophilus influenzae biofilms to treatment with azithromycin, a respens
that was dependent on NO-release followrigctamase cleavage[13]. It is conceivable,
however, that liberation of NO from C3Ds might alsotriggered by reaction with

transpeptidases/penicillin-binding proteins (PBPE)| the molecular target of clinical
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cephalosporin antibiotics, since the mechanisifirlattam hydrolysis (and ensuing
elimination of the NONOate) b§-lactamases and transpeptidases would be ide(ficpire
1). In addition to releasing NO and triggering @nafilm responses (including dispersion in
some species), reaction of transpeptidases witf-thetam of C3Ds should, in principle,
also produce direct antibacterial effects. Duaivégtof this type would support thorough
exploration of C3Ds in a range of infectious dige@slications as “all-in-one” anti-biofilm

cephalosporins that don’t require co-administergtaotics (Figure 1).

Cephalosporin-3'-diazeniumdiolate (C3D) Ph H
HH H N S
Ph NG Z S o@ ﬁ-Lac o ;Z\:KS o (I)
[ or PBP + O_ -N HN
(0] N /6\ ~N. 0] N SN @ — 2NO +
IEASSO el — S N'® NQ
) o P e
plac = 5P oK orPBP 570K~ PYRRO-NO
or PBP
PYRRO-C3D (t12 = 2 sec)
|
* NO-mediated anti-biofilm effects * NO-mediated anti-biofilm effects
* Direct antibacterial activity from * No direct antibacterial activity from
cephalosporin p3-lactam cephalosporin -lactam
* Co-administered antibiotic NOT * Co-administered antibiotic REQUIRED
REQUIRED to treat biofilm infections to treat biofilm infections
Reaction with PBPs Reaction with (3-lactamases

Figure 1: Mechanism of NO release from cephalosporin-3’-eliazmdiolates (C3Ds, e.g.

PYRRO-C3D) and proposed effects arising from reactvith PBPs versus-lactamases.

S pneumoniae is a Gram-positive opportunistic pathogen andcthesative agent of
various invasive infections, such as meningitis pnéumonia, as well as localized mucosal
infections (e.g. sinusitis and otitis media). Désjtroduction of pneumococcal conjugate
vaccines, the clinical incidence of pneumococcitisanedia has stayed largely unchanged
due to serotype replacement, and otitis media mereaprimary cause of antibiotic
prescription in children[14; 15; 16; 17; 1§.pneumoniae is also a nor-lactamase-

producing organism that uses transpeptidases/RBiRs iconstruction of its cell wall[19].
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Treatment with high concentrations of NO has bdews to produce antibacterial effects on
pneumococci when presentiasitro biofilms, on the surfaces of adenoid tissue sasgie
vivo, and in the lungs of mice that develop pneumaoillawing intranasal infection[7; 20].
We considere&. pneumoniae an excellent bacterial model to test whether asrsgmtative
C3D (i.e. PYRRO-C3D Ksalt, Figure 1) could show dirggtlactam-mediated antibacterial
activity (through reaction with PBPs) and NO-meelibanti-biofilm effects without
confounding effects frorfi-lactamases. This dual-activity concept was expldrne

measuring the direct antibacterial effects of PYRE&ED on planktonic and biofilr.
pneumoniae, and probing whether the observed responses wedeated by PBP inactivation

and/or NO.

2. Material and Methods

2.1 Bacterial strainsand growth conditions.

A S pneumoniae serotype 14 (ST124) clinical isolate[21] and aoBgye 2 strain (D39)
containing the plasmid pMV158GFP[22] were usedhis study. Strains were subcultured
from frozen stocks onto Columbia blood agar (CBRtegs (Oxoid; PB0122), as described
previously[21]. Briefly, cultures were incubated3at°’C/5% CQ and colonies re-suspended

in fresh Brain Heart Infusion (BHI) broth (OxoidM1135) for use in experiments.

2.2 Invitro planktonic experiments.

Flat-bottomed 96-well culture plates (Fisher Sdfentwere inoculated with 1.0 x 10
bacteria per well (mid-exponential planktonic ctéts) grown in BHI. Stock solutions of
PYRRO-C3D, DEA/NO[7], and cephaloram (all 10 mMdimethyl sulfoxide, DMSO) were
diluted in BHI and added to wells at final concatibns ranging from 9 nM 90uM.

Equivalent BHI volumes with1% DMSO were added iacgl of treatments for untreated
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controls. Equivalent concentrations of PYRRO-C3EAINO and cephaloram alone (i.e. in
the absence of bacteria) were used to controldokground absorbances. Cultures were
incubated at 37C/5% CQ and the minimum inhibitory concentration (MIC) aisted by
measuring the absorbance (&) after 18 hours (EZ Read 400 spectrophotometer,

Biochrom) (n=3).

2.3 In vitro biofilm experiments.

Mid-exponential planktonic cultures grown in BHI rgeused to inoculate individual wells of
untreated polystyrene 6-well plates (1 £ &6lls per well) (Corning Incorporated, Costar).
Wells were supplemented with fresh BHI diluted @ith distilled HO and the cultures
incubated at 37C/5% CQ under static conditions for 48 h. Spent media regtaced with
warm, freshly diluted 1:5 BHI after 24 h. All assayere performed using 2 technical
replicates of 2 biological replicates (n=4). Ptiorcompound treatment, media was removed
and the biofilms washed twice with 1:5 diluted BRYRRO-C3D, DEA/NO and

cephaloram stock solutions (10 mM in DMSO) wereeatith wells at final concentrations
ranging from JuM17to 100uM in 1:5 diluted BHI. Equivalent DMSO concentratgo(l %)
were maintained for each treatment, including watée controls. Carboxy-PTIO potassium
salt (cPTIO), clavulanic acid and penicillinasd &gma; C221, P3494 and P0389
respectively) were added at final concentrations0fM, 250 ug/mL and 0.01 UIL,
respectively. For antibiotic co-treatment experitseamoxicillin and azithromycin (both
Sigma, A8523 and PZ0007 respectively) were addédaltconcentrations of 300g/mL

and 1 mg/mL, respectively. BHI diluted 1:5 withtiled water and containing an equivalent
concentration of DMSO to the treatment solutior¥é)Was included as an untreated control.
Biofilms were incubated at 3€/5% CQ for 2 hours, after which the treatments/media were

removed and the remaining biofilms rinsed twicenwilit5 diluted BHI. Biofilms were then
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resuspended in Hank’s balanced salt solution (HB&Spreviously described[23]. In brief,
biofilms were scraped and vortexed and the reswgaehiofilms and supernatants diluted in
HBSS, spot-plated onto CBA plates and incubate878€/5% CQ for 18 hours before
enumerating colony-forming units (CFUs). Biofilnobmass was measured as previously

described[7].

2.4 M easurements of nitric oxiderelease.

NO release from PYRRO-C3D was measured using arNS@robe (World Precision
Instruments) as per manufacturer’s instructionsgdantify the amount of NO released from
PYRRO-C3D in the absence of bacterial cells, HBS$ 7.4) was maintained at 37 + 66
with stirring in a septum-sealed acrylic chambet baseline NO levels were monitored over
5 min. PYRRO-C3D (10Q@M) was then added and the NO signal recorded foimbbefore
adding 10 units oBacillus cereus penicillinase (Sigma; P0389) and monitoring NCelevior

a further 120 min. To measure release of NO frolRR®-C3D in the presence of
pneumococcal cells, the ISO-NO probe was submergedhe media and positioned directly
above 48 h serotype 14 biofilms (grown as descrdima/e). NO concentrations were
monitored over the ensuing 10 minutes to confirmnendogenous NO production, before

adding 10uM PYRRO-C3D and recording the NO signal for a fartd0 minutes.

2.5 Confocal Laser Scanning Microscopy (CLSM).

Mid-exponential planktonic cultures of serotypetrais D39 (containing the plasmid
pMV158GFP) were grown in BHI and used to inocuBiemm untreated glass bottom
CELLview cell culture dishes (Greiner Bio One). Tdishes were supplemented with fresh
1:5 diluted BHI and biofilms grown under static diions at 37°C/5% CQ for 48 h,

replacing spent media with fresh 1:5 diluted BHbglemented with 2 % maltose at 24 h (to

10



237  inducegfp expression). Biofilms were then treated with 180 PYRRO-C3D or 10QuM

238 DEA/NO in 1:5 diluted BHI + 2 % maltose, or 1:5u#d BHI + 2 % maltose (untreated
239  control), at 37C/5% CQ for 2 h. Treatments/media were removed and thairgny

240  biofilms rinsed twice with HBSS and stained witlopidium iodide according to

241  manufacturer’s instructions (ThermoFisher Scietiti#t3566). Stained biofilms were

242  examined immediately using a Leica SP8 CLSM witrented stand under a 63x oll

243  immersion lens, performing sequential scanning .6t sections. Thefp fluorescence
244  intensity threshold was set to that of planktomieymococci to remove background

245  extracellular DNA staining. Images were analyzeidgiseica LCS Software.

246

247 2.6 Statistical analyses.

248  Statistical analyses of vitro planktonic and biofilm data were performed usiogn

249  parametric Mann-Whitney t-tests. Comparative deported as p<0.05 were considered
250 statistically different.

251

252 3. Results

253 3.1 PYRRO-C3D treatment reduces viability of planktonic and biofilm S. pneumoniae.
254 NO release from PYRRO-C3D was examined first ingiresence of A-lactamase
255  (penicillinase) using the NO probe. PYRRO-C3D (180 showed low-level release of NO
256  over 5 minutes after being added to HBBB 7.4) at 37 °C. Subsequent addition of 10 units
257  of penicillinase caused a rapid spike of NO, reagla peak concentration of 450 nM within
258 5 min, which was followed by a steady decline d¥é, confirming that PYRRO-C3D

259  efficiently releases NO followinf-lactam ring cleavage (Figure 2a).

260

11
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Figure 2: Release of NO from PYRRO-C3D. a) NO release from PYRRO-C3D (10M)
was monitored following addition to HBSBH 7.4) at 37 °C. After 5 mins, 10 units of
penicillinase were added, leading to release offftd® PYRRO-C3Db) 48 h serotype 14
biofilms showed no detectable endogenous NO sidwlition of 100uM PYRRO-C3D to

the biofilm triggered release of NO.

NO measurements on untreated 48 h serotype 14 moaacal biofilms showed no
detectable endogenous NO signal (Figure 2b). Tresttavith 100uM PYRRO-C3D
produced a peak of NO release (~100 nM) after &itas) which was followed by a steady
signal corresponding to ~45 nM NO. Detection of H@ signal in the presence of nfin-
lactamase producing pneumoniae was consistent with PYRRO-C3D undergoing reaction
with transpeptidases/PBPs to liberate PYRRO-NO (@)l

Treatment of planktonic cultures with a range WRIRO-C3D concentrations (9 ni
90 uM) identified the MIC as 900 nM, confirming thaieteompound shows potent

antibacterial activity against planktoricpneumoniae cells (Figure 3a). Equivalent

12
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concentrations of cephaloram, the cephalosporibiatit closest in structure to PYRRO-
C3D whilst lacking an NO donor, showed identicahaty (MIC = 900 nM). Treatment with
equivalent concentrations of the diazeniumdiolatsed spontaneous NO donor DEA/NO,
however, showed no effect on planktonic growth I&xively, these findings are consistent
with PYRRO-C3D eliciting anti-pneumococcal effetitsough reaction of its cephalosporin
B-lactam with PBPs and that, although NO is releds®d the compound during this

process, it does not contribute directly to thebatterial effect.

a) -e- DEANO -a- Cephaloram -3- PYRRO-C3D b) Il DEANO Cephaloram [ PYRRO-C3D
0.4+
0 \
2 - —]
© 0,34 S \ \
[a) ~ \ :
o c N N
= L - 5 N N
[0} - \\, N \
2 0.2 N S \ \
g \'x 2 \ N
£ AN © \ \
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T e & o RN
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<& <&
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Figure 3: Effects of DEA/NO, cephaloram and PYRRO-C3D on the viability of in vitro

S. pneumoniae planktonic cellsand biofilms. a) PlanktonicS pneumoniae serotype 14
(ST124) cultures were treated with DEA/NO, cephatoior PYRRO-C3D for 18 hours and
absorbance (Of5 was measured to determine the minimum inhibitamycentrationb) 48
h serotype 14 biofilms were treated with DEA/NOplealoram or PYRRO-C3D for 2 hours

before measuring cell viability in the remainingfilim population. *p<0.05.

A range of PYRRO-C3D concentrations (10 nM - 100) were tested next against
mature (48 hourn vitro S. pneumoniae biofilms. A two hour treatment time was
investigated based on previous studies that dematedti) the response of pneumococcal

biofilms to exogenous NO[7], and ii) the antimicialkeffect of PYRRO-C3D on non-

13



297  typeableH. influenzae biofilms[13] following 2 hour treatments. The trewnt time was also
298 chosen based on the NO release profile of PYRRO-@B&reby little measurable NO was
299 remaining after 2 hours following activation (Figu2a). Biofilms were assessed for

300 pneumococcal viability by CFU enumeration showedcentration-dependent response to
301 PYRRO-C3D, culminating in a 3-log reduction in hiiwf CFUs at 10QuM (p=0.014) (Figure
302 3b). As seen in the planktonic phenotype, cephaiahowed identical activity to PYRRO-
303 C3D (3-log reduction in biofilm CFUs at 1Q®/4, p=0.029) and DEA/NO showed no effect
304 below 100uM (p=0.49). A 4-log reduction was also observe@klJs grown from the

305 supernatant surrounding PYRRO-C3D (100) treated cells, compared to untreated controls
306 (p=0.029, data not shown).

307 CLSM imaging and biomass measurements of 48 hatitrbs formed by a GFP-

308 expressing serotype 2 strain (D39) showed no chemigmximum biofilm height (p=0.57) or
309 total biomass (p=0.989) following treatment witther 100uM DEA/NO or PYRRO-C3D
310 (Figure 4a & b), demonstrating that neither compbtriggers an NO-mediated dispersal
311 response in pneumococcus. While this is in cohtoathe robust dispersal responses seen
312 following C3D treatment oP. aeruginosa biofilms and NO treatment of biofilms from other
313 bacteria[8; 9], it is consistent with our recerguks showing that NO modulates metabolic
314  activity but not dispersal i8. pneumoniae biofilms[7]. Similar to the CFU data, treatment
315 with DEA/NO showed no effect on biofilm viabilityhereas a significant reduction in

316 biofilm viability was observed following PYRRO-C3ieatment (Figure 4c, - e).

317
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Figure 4: Effects of PYRRO-C3D on S. pneumoniae serotype 2 (D39) in vitro biofilms.
Established 48 h D39 biofilms expressing GFP wezatéd with 10M PYRRO-C3D or
DEA/NO for 2 hours and imaged using confocal micopgy. Biofilms were counterstained
with propidium iodide to distinguish dead cellsrfr@sFP-expressing viable cells (green).
Treatment with DEA/NO and PYRRO-C3D had no effetethera) maximum biofilm
height, orb) biofilm biomass compared to untreated controlealment with PYRRO-C3D,

and not DEA/NO, reduced the number of viable bécieresent within the biofilnfc-e).

3.2 Activity of PYRRO-C3D against pneumococcal biofilmsisexclusively mediated
through the cephalosporin g-lactam.

Having established that 1001 PYRRO-C3D was effective in reducing
pneumococcal viability in biofilms (Figure 3), theatment was repeated in the presence of
the p-lactamase inhibitor clavulanic acid (25@.mL™). No change in the response to

PYRRO-C3D was observed (p=0.929) (Fig. 5a), configrthatp-lactamases were playing

15
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no part in the compound’s activity. Treatment affibns with 100uM PYRRO-C3D was

next repeated in the presence of the NO-scaveJdCc Addition of 50uM cPTIO, which
showed no effect on its own, did not change theiacof PYRRO-C3D (p=0.829, Fig. 5b),
confirming that the NO being released from PYRR@@&s having no effect. The effect of
PYRRO-C3D orfS pneumoniae viability was then assessed in the presence af 0/0L
penicillinase, the sanfelactamase shown to cleave fiiactam of PYRRO-C3D and
liberate NO (Figure 2). Addition of penicillinasigsificantly reduced the activity of
PYRRO-C3D (p=0.0286, Fig. 5c). Together these getaide compelling evidence that
PYRRO-C3D produces direct activity against biofpimeumococci via reaction of its
cephalosporifi-lactam with transpeptidases/PBPs only, and thagesyuent release of NO

from the compound produces no measurable effecetwiability.
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Figure5: Response of S. pneumoniae ser otype 14 (ST 124) in vitro biofilms to PYRRO-
C3D treatment in the presence of clavulanic acid, cPTIO and penicillinase. 48 hS
pneumoniae biofilms were treated with 10@M PYRRO-C3D for 2 h in the presencea)f

250 ug/mL clavulanic acidb) 50uM cPTIO andc) 0.01 unit{lL penicillinase. Pneumococcal

viability in biofilms following treatment was assesl by CFU enumeration. #f.05.
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3.3 PYRRO-C3D shows similar activity to amoxicillin and is mor e active than
azithromycin against pneumococcal biofilms.

The anti-biofilm activity of PYRRO-C3D was next cpared to amoxicillin and
azithromycin, two antibiotics commonly prescribed the treatment db pneumoniae
infections. Established pneumococcal serotype t¥sarotype 2 biofilms were treated for 2
hours with 10uM PYRRO-C3D, supra-MIC concentrations of amoxini{BOOug/mL) or
azithromycin (1 mg/mL), and bacterial viability wassessed by CFU enumeration. PYRRO-
C3D and amoxicillin both produced 3-log reductiamsiability against serotype 14 and 2-
log reductions against serotype 2 (Fig. 6a & bgatment with azithromycin, a nghlactam
(macrolide) antibiotic, showed no significant etieon serotype 14 (p=0.582) or serotype 2

(p=0.829) viability.

a) Serotype 14 (ST124) b) Serotype 2 (D39)
**k% *
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Figure 6: Comparison of the antibacterial activities of PYRRO-C3D, amoxicillin and
azithromycin against S. pneumoniae serotype 14 (ST 124) and serotype 2 (D39) in vitro

biofilms. Established 48 k) serotype 14 ank) serotype 2 biofilms were treated with 100
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uM PYRRO-C3D, 30Qug/mL amoxicillin or 1 mg/mL azithromycin for 2 haand assessed

for pneumococcal viability by CFU enumeration<€p05; ***p<0.001.

4. Discussion

Previous studies showed that low levels of NO wekeased from our prototype C3D
(DEA-CP) in the presence of n@ialactamase producing. coli cell extracts[11] and it was
postulated that the NO release resulted from @act the compound with PBPs, the
enzymes responsible for cross-linking peptidoglyciaains during bacterial cell wall
synthesis. It is well known that cephalosporins atigerp-lactam antibiotics elicit
antibacterial effects by covalently binding to Hwive sites of PBPs in a process that also
results inB-lactam ring cleavage[24]. This led us to speeutaat reactions between PBPs
and C3Ds might elicit a diredt;lactam-mediated antibacterial effect and in trecpss
liberate the NONOate (and NO) (Fig. 1). Since aidfilm effects of NO are now well
documented, we postulated that NO released froms@8Ibwing reaction with PBPs might
confer additional anti-biofilm activity.

We tested this dual-activity hypothesis using fdactamase producing
pneumoniae strains that express five high molecular weighPBPBla, 1b, 2a, 2b and 2x) and
one low molecular weight PBP3[19]. The absencg-laictamases ensured that NO released
from the compound must arise from an alternativelmagism, most likely PBP-mediatfe
lactam cleavage. The representative C3D selectatidostudy was PYRRO-C3D, a close
structural analogue of DEA-CP that carries PYRROMN@= 2 secs) as the NONOate
instead of DEA/NOt{,, = 2 min)[25]. PYRRO-C3D was chosen for its fa$t€ release,
which we believe would be important for C3D uiseivo since diffusion of an expelled
NONOate away from infection sites (before releasirgNO cargo) would reduce

effectiveness and raise NO-mediated safety concerns
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The ability of PYRRO-C3D to release NO followifigactam cleavage was
confirmed first by treating the compound with pélitase and directly observing NO.
Release of NO from PYRRO-C3D in the presencg& pheumoniae cells lackings-
lactamase was demonstrated, consistent Sipneumoniae PBPs hydrolysing the
compound’'g3-lactam and triggering release of NO. PYRRO-C3D thas shown to reduce
viability of both planktonic and biofilns. pneumoniae, confirming that the compound shows
direct antibacterial activity against this bactariurhe level of activity was consistent with
the known tendency of biofilms to be less suscéptit antimicrobial treatments than their
planktonic counterparts[26; 27; 28], since treathweth 900 nM PYRRO-C3D completely
inhibited planktonic growth, whereas a significeaduction in biofilm viability (3-log)
required more than 100-fold higher concentrations.

B-lactamases were confirmed as playing no role iRR®-C3D'’s activity since no
difference was seen in the presence ofitlectamase inhibitor clavulanic acid. Absence of
antibacterial activity when planktonic and biofibultures were treated with the spontaneous
NO-donor DEA/NO provided evidence that the effeft® YRRO-C3D against
pneumococcus are exclusively due to its cephal@aspdactam core and are not NO
mediated. We further observed that the cephalaspouivalent of PYRRO-C3D lacking a
NONOate (i.e. cephaloram) showed identical actitot{?YRRO-C3D, and that addition of
the NO-scavenger cPTIO failed to change PYRRO-C&ivity. Moreover, PYRRO-C3D
significantly reduced (4-log) the number of viaplanktonic bacteria remaining in the
surrounding media, likely due to the direct antibaal effect of PYRRO-C3D. Confocal
imaging and measurements of biomass showed trgignisicant reduction in biofilm
maximum height or biomass occurred following PYRRGD treatment, but there was a
significant reduction in the number of viable baiet@emaining within biofilms, validating

the reduction in CFUs. These findings together weresistent with PYRRO-C3D acting
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directly as a cephalosporin-lilgelactam antibiotic, a notion further supported tsyreduced
activity in the presence of penicillinase.

Finally, the antibacterial activity of PYRRO-C3Dwards pneumococcal biofilms
was compared with that of antibiotics commonly usetieat pneumococcal infections. We
found that PYRRO-C3D possessed similar antibadteffi@acy to amoxicillin against both
serotype 2 and 14 biofilms, which is perhaps ngbrgsing given that the compounds are
structurally and functionally very similar, with thotargeting PBP-mediated cell wall
synthesis. PYRRO-C3D was found to be much moretfethan azithromycin, an
antibiotic that targets protein biosynthesis.

The findings presented here are consistent witlrexegnt study, which showed that
high concentrations of NO (1 mM) are needed tatediactericidal effects or enhance
antibiotic efficacy against four different serotgp® pneumococcah vitro biofilms[7]. The
current study demonstrated that PYRRO-C3D at 10Qipéates maximum NO
concentrations of ~450 nM and 100 nM upon contattt penicillinase and pneumococcal
cells, respectively. It therefore seems likely tAR’fRRO-C3D does not release sufficient NO
when activated by PBPs to modulate pneumococcélrimetabolism towards the
planktonic phenotypan vitro. This may, however, not be the case in the upgspiratory
tract, for example, where the constitutive relezfsdO by host cells could have an
augmentative effect, as observed in our recenysideire an anti-pneumococcal response to
100 uM NO was seen on host adenoid tissue[7].

In summary, this study demonstrated that a reptasee C3D (PYRRO-C3D)
releases NO and shows direct antibacterial efegasst planktonic and biofilm forms of
non{-lactamase producing pneumoniae. The activity was confirmed to arise exclusively
from B-lactam mediated reactions withpneumoniae PBPs, with no measurable contribution

coming from the released NO. In the treatment @upnococcal biofilms, PYRRO-C3D was
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found to be equally as effective as amoxicillin amore effective than azithromycin when

used alone.

5. Conclusions

Introduction of a diazeniumdiolate at the cephabtosp3’-position was shown for the
first time to be structurally compatible with bindito the molecular target fflactam
antibiotics, PBPs. Medicinal chemistry tuning of ttephalosporin aminoacyl! side chain and
diazeniumdiolate portions may identify C3Ds withARBiediated activity against other
species, and perhaps even broad-spectrum aciivitjle the study did not demonstrate that
PYRRO-C3D produces combined NO dhtactam based anti-biofilm effects agaiSst
pneumoniae, it is possible that such dual-effects might be olesg with C3Ds in other
species and with other analogues. Nidiactamase producing bacteria that undergo NO-

mediated biofilm dispersion would be of particulaerest for future study.
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Highlights
* PYRRO-C3D demonstrates direct antibacterial activity against pneumococcal
biofilms
* NO release is mediated through interaction with penicillin-binding proteins
» (C3Dsare effective against bacteria lacking the capacity for p-lactamase

production



