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Group B Streptococci (GBS) are B-hemolytic, Gram-positive bacteria that colonize the
lower genital tract of approximately 18% of women worldwide as asymptomatic components of
the gastrointestinal and/or vaginal flora. If established in other host niches, however, GBS are
highly pathogenic. During pregnancy, ascending GBS infection from the vagina to the intrauterine
space is associated with preterm birth, stillbirth, and fetal injury. In addition, vertical transmission
of GBS during birth results in life-threatening neonatal infections, including pneumonia, sepsis,
and meningitis. Notably, invasive GBS infections in non-pregnant adults are on the rise. Novel
strategies to prevent GBS colonization and disease are an urgent global health priority and require

a better understanding of the complex interactions between GBS virulence factors and host



defenses. This dissertation summarizes efforts to uncover fundamental insights into two GBS
virulence factors during infection, namely the surface-associated hemolytic pigment toxin and the
extracellular enzyme hyaluronidase.

Over 100 years ago, GBS isolates of human origin were first described as B-hemolytic,
which was invariantly linked to orange/red pigmentation. In the century that followed, research
uncovered the importance of hemolysis to GBS colonization and disease. Non-hemolytic/non-
pigmented strains were shown to be deficient vaginal colonizers and less able to disseminate into
vulnerable host niches in in vivo models. Moreover, hyper-hemolytic/hyper-pigmented strains
were isolated from people with invasive infections and shown to more readily breach host barriers
in vitro and in vivo. Despite the strong genetic and phenotypic link between hemolysis and
pigment, these factors were thought to be independent. In 2013, the GBS hemolysin and pigment
were shown to be one and the same, initiating a paradigm shift in understanding this virulence
factor.

The GBS hemolytic pigment, also known as granadaene, is a cell-surface-associated
ornithine rhamnolipid consisting of a 12-alkene chain and is dissimilar to many other commonly
studied Gram-positive pore-forming toxins, which are proteinaceous in nature. Here, we describe
the genetic elements sufficient for granadaene production using a heterologous bacterial host
(Lactococcus lactis) and trace the evolutionary origins of this toxin before the divergence of Gram-
positive bacteria. In addition, we show that GBS release granadaene in membrane vesicles (MVs),
which are cytotoxic to host immune cells and promote GBS infection in neonatal mice. Using
organic chemical synthesis for the generation of granadaene analogs, we demonstrate the
importance of the polyene chain length and terminal head groups to hemolytic activity. And lastly,

we identify a non-toxic analog that, unlike granadaene, is well tolerated by cells of the adaptive



immune system and confers protection against infection with hyper-hemolytic GBS. Collectively,
the studies on the GBS hemolytic pigment presented in this dissertation provide novel biosynthetic,
evolutionary, structural, and functional insight into this crucial GBS virulence factor and offer
proof-of-concept for a targeted vaccine approach to attenuate its activity during infection.

Next, we explore the role of another key virulence factor, hyaluronidase, in promoting GBS
dissemination during pregnancy using a non-human primate model. Hyaluronidase, or HyIB, has
endoglycosidase activity, which is correlated to GBS’s invasive potential. Using a pregnant non-
human primate model, we show that a non-pigmented/non-hemolytic GBS strain invaded the
amniotic cavity and induced fetal injury and preterm labor in a HylB-dependent manner. Despite
increased recruitment of neutrophils at the maternal-fetal interface, HylB dampened ROS
production and neutrophil-mediated killing of GBS. Our studies show how this unique bacterial
enzyme enables GBS to circumvent host defenses, leading to the rapid induction of infection of
the amniotic cavity and preterm labor.

Together, the work presented in this dissertation elucidates novel mechanisms of host-GBS
interactions through the study of two key virulence factors, the hemolytic pigment and
hyaluronidase. The findings here offer basic insights that may alleviate challenges associated with

the development of improved therapeutic strategies against GBS.
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Chapter 1. INTRODUCTION

This chapter was adapted from the following article:

Armistead, B., Oler, E., Adams Waldorf, K., Rajagopal, L. (2019). The double life of Group B
Streptococcus: Asymptomatic colonizer and potent pathogen. Journal of Molecular Biology,

doi: 10.1016/j.jmb.2019.01.035.



1.1 EPIDEMIOLOGY OF GROUP B STREPTOCOCCUS COLONIZATION AND DISEASE

Group B Streptococcus (GBS or Streptococcus agalactiae) is a leading cause of neonatal
infectious morbidity and mortality globally. GBS is a B-hemolytic, Gram-positive coccus that
asymptomatically colonizes the lower genital and gastrointestinal tracts but is an invasive pathogen in
other host niches. Fetuses and neonates are especially susceptible to GBS infections, which most
commonly include sepsis, pneumonia, meningitis, and encephalopathy (Fig. 1.1)!. Maternal
colonization with GBS is associated with stillbirth and preterm birth, and thus the sequelae of
prematurity in the neonate (e.g. bronchopulmonary dysplasia)?®. Rarely, GBS causes maternal sepsis®.
Notably, in recent years, the incidence of invasive GBS disease including bloodstream, skin, soft tissue,
and joint infections has increased in non-pregnant adults, particularly among the elderly and persons
with comorbidities®?,

In newborns, the timing of GBS bacteremia or sepsis may be early-onset (within the first week),
which is thought be associated with either an in utero infection or exposure during vaginal delivery.
Alternatively, late-onset GBS disease presents after the first week, but within the first three months.
To date, the only clinical intervention to prevent early-onset disease in neonates is the administration
of intravenous antibiotics to pregnant women during birth, known as intrapartum antibiotic prophylaxis
(IAP). Of note, these measures have had little effect on the incidence of late-onset disease, as exposure
likely occurs postnatally®. Although clinical trials in pregnant and non-pregnant adults have shown
promise®! no FDA approved vaccine exists to date to prevent GBS disease.

As a colonizing microbe, GBS is detected in the gastrointestinal and genital tracts of
approximately 18% of pregnant women globally; rates of colonization range from 1 in 3 pregnant
women in the Caribbean to 1 in 6 women in Southern and Eastern Asia'?. Interestingly, only a small
proportion of people colonized with GBS experience invasive disease, suggesting that host-specific

factors potentially play a role in determining an individual’s susceptibility to invasive disease. The
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most comprehensive systematic review and meta-analysis to date estimated the pooled incidence of
neonatal morbidity and mortality to be 0.49 per 1000 worldwide, which includes GBS-associated
preterm birth, stillbirth, and neonatal GBS infection®. Low- and middle-income countries experience
increased rates of invasive GBS disease in neonates, and this is correlated with the lack of availability
of IAP*°, In countries that have adopted screening protocols for maternal colonization and IAP, the
burden of early-onset GBS disease has diminished dramatically; when data was first collected in the
U.S. in 1997, the rate was 0.7 per 1,000 and in 2016 was 0.22 per 1,000 newborns>¢, However, IAP
appears to have little to no effect on the rate of late-onset disease in newborns or preterm birth and
stillbirth, which are estimated to collectively affect 97,000 to 4 million pregnancies per yeart-31314,
Additionally, the widespread use of IAP has increased concern over antibiotic resistance in GBS; in
regions in which IAP is commonly implemented, macrolide resistance occurs in approximately 15-
32% of GBS isolates'’. As such, the design of novel strategies for the prevention and treatment of GBS

colonization and invasive disease is an urgent global health priority.

1.2 ANINTRODUCTION TO GBS FACTORS DISCUSSED IN THIS DISSERTATION

Through the study of the complex interactions between GBS and host, the development of
improved therapeutics against GBS becomes more within reach. GBS encode hundreds of virulence
factors, and research has revealed many mechanisms by which GBS deploy these factors to overcome
host defenses in the transition from asymptomatic colonizer to invasive pathogen. This dissertation
aims to build on this body of knowledge by offering novel insights into two of the most critical
virulence factors encoded by GBS: the hemolytic pigment (also known as granadaene) and
hyaluronidase. The following subsections are intended as background to what was known about these

virulence factors at the onset of this dissertation research.
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1.2.1  Hemolytic pigment, granadaene

Hemolytic activity in GBS is due to the cell surface-associated*® ornithine rhamnolipid pigment
known as granadaene °, which is produced by the gene products of the cyl operon 22!, Several genes
within the cyl operon have homology to those involved in fatty acid biosynthesis, and the cylE gene,
which encodes an N-acyl transferase, is necessary for pigment production!®2!, Transcription of cyl
genes is negatively regulated by the CovR/S two-component system (TCS), so loss of function in this
TCS results in a hyper-hemolytic/hyper-pigmented phenotype in GBS?2. The hemolytic pigment
contains a polyene chain consisting of 12 double-bonds 1°23, and serves both as a potent cytotoxin %24
and an antioxidant with reactive oxygen species (ROS)-quenching properties 2°. In a murine model of
vaginal colonization, GBS lacking the hemolytic pigment were deficient vaginal colonizers compared
to WT GBS and were associated with amplified neutrophil response in the vagina 2. However, GBS
over-expressing the hemolytic pigment were more readily cleared from the murine vagina 2”8, likely
due to an inflammatory response resulting in an infiltration of neutrophils 2’ and/or mast cell
degranulation 28, The finely tuned expression of the hemolytic pigment in the lower genital tract,
therefore, is essential to GBS survival; GBS must achieve an optimum level of pigment production to
resist ROS but also avoid inflammation and subsequent clearance.

In addition to modulating vaginal colonization, the hemolytic pigment permits GBS
dissemination to host niches outside the vagina and facilitates tissue damage. In a murine model of
vaginal colonization, non-hemolytic GBS were less likely to disseminate or cause fetal injury 2,
suggesting the hemolytic pigment plays a role in GBS’s ability to breach the placental barrier. Indeed,
hyper-hemolytic GBS strains lacking CovR were found to more readily invade amniotic epithelial cells,
cause amniotic epithelial cell barrier disruption, and penetrate the human placenta compared to WT
GBS and non-hemolytic GBS also lacking CovR (GBSAcovRAcyIE) *°. Furthermore, hyper-hemolytic

GBS with CovR/S mutations were isolated from women in preterm labor °, suggesting that some GBS
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isolates have evolved the ability to constitutively over express the hemolytic pigment and that these
are associated with human disease. In a non-human primate (NHP) study of GBS infection during
pregnancy, GBS lacking CovR invaded the amniotic cavity more efficiently than non-hemolytic GBS,
resulting in uterine contractions and inflammation indicative of preterm labor *°. Notably, even though
hyper-hemolytic GBS caused an infiltration of neutrophils to the chorioamniotic (placental)
membranes of NHP and the subsequent release of neutrophils extracellular traps (NETS), hyper-
hemolytic GBS were able to resist killing by NETs *°. Other inflammatory cascades initiated by the
pigment during pregnancy, such as the NLRP3 inflammasome, can likewise result in fetal injury and
preterm birth 24,

Neonates, particularly those born prematurely, are especially susceptible to the toxic effects of
the hemolytic pigment. Many infants acquire early onset GBS by aspirating infected vaginal or
amniotic fluid, resulting in colonization of the lung. Higher expression of the hemolytic pigment
correlates to greater cytotoxicity of the very cells that constitute the mucosal barrier of the lung:
alveolar epithelial cells 3! and capillary endothelial cells ®. Additionally, mutant GBS strains lacking
the cylE gene are less capable of adhering to, invading, and initiating inflammatory cascades in lung
epithelial cells *3. Once GBS breach the lung’s barrier, they deploy several virulence other factors (such
as adhesins and invasins) to disseminate to peripheral organs, resulting in septicemia and neurotropism.
At the blood-brain barrier, the hemolytic pigment facilitates bacterial penetration into the brain and
promotes acute inflammatory responses in microvascular endothelial cells, thus contributing to the
severity of GBS meningitis 3%,

While recent advances have greatly improved understanding of this virulence factor, several
unknowns remain, including its evolutionary origins, the chemical components important for hemolytic
and cytolytic activity, and how GBS release it during infections. The work in this dissertation addresses
these and other remaining questions, including how a novel vaccine targeting the hemolytic pigment

may reduce GBS pathogenicity.
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1.2.2  Hyaluronidase

The GBS hyaluronidase, also known as HylB, is an endoglycosidase that cleaves
glycosaminoglycan chains, such as hyaluronic acid (HA) into disaccharides . HyIB activity has long
been demonstrated to correlate to GBS’s invasive potential. In a 1978 study, increased expression of
HyIB was observed in GBS strains isolated from infected neonates 3%, Similarly, in 1989, the highly
virulent GBS clonal type now known as CC17 was shown to have increased expression of
hyaluronidase compared to strains less often associated with invasive disease in neonates 3%, Even in
a GBS strain that lacks the potent hemolytic pigment toxin, over-expression of HylB confers
hypervirulence **.

GBS mutants lacking HyIB induce more pro-inflammatory cytokines in vitro and in vivo %2, and
a mechanism of HylB-mediated immune suppression was elucidated in a recent study by Kolar, et al
43, HylB’s substrate, HA, is present in almost all human tissues and is important for stability and
structure of the ECM as well as immune surveillance 4**°, Upon sterile or microbial-induced tissue
injury, HA is degraded into multimeric fragments by ROS or host hyaluronidases, which act as damage-
associated molecular patterns (DAMPSs) that bind to pattern recognition receptors such as TLRs on
innate immune cells to initiate a pro-inflammatory response. The HA dimers generated by GBS HyIB
inhibit TLR2 and TLR4 inflammatory pathways by blocking the direct binding of stimulatory HA
fragments and other pathogen-associated molecular patterns (PAMPs) to TLR2 and TLR4 *3, Using a
non-pregnant mouse model of vaginal inoculation, Kolar, et al. established that the immune-
suppressing properties of HylB facilitate vaginal colonization of GBS . In pregnant mice, wild-type
GBS caused increased ascending infection into the uterus, decreased uterine inflammation, and higher
rates of fetal demise compared to HylB-deficient mice *8, indicating suppression of inflammatory

responses in the uterus also facilitates GBS-associated fetal injury.
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The work in this dissertation illuminates how GBS use HylIB to overcome immune defenses at
the placenta, invade the amniotic cavity and fetus and cause preterm labor in a model relevant to human

pregnancy.

1.3 HOST FACTORS THAT MEDIATE GBS DISEASE

Although some host defenses are effective at clearing GBS, others are permissive to or
exploited by GBS, allowing these bacteria to gain a foothold in invasive niches. The following
subsections provide background and context to host responses to GBS that are discussed in the chapters

of this dissertation.

131 Humoral and cellular immunity

The generation of antibodies specific to GBS surface components, such as the capsular
polysaccharide (CPS), plays an important role in GBS’s state as an asymptomatic colonizer or invasive
pathogen. Clinical studies have suggested a correlation between naturally acquired maternal CPS-
specific antibodies and asymptomatic vaginal carriage and/or clearance #%8, and maternal titers of
CPS-specific antibodies >1 ug/mL at birth were associated with a 70% reduction in the risk of early
onset disease in newborns *°. Given the CPS-dependent antibody protection observed in these studies,
the CPS is a frequent target for GBS vaccine candidates, and several multivalent CPS conjugate
vaccines have shown promising safety and immunogenicity outcomes in phase I and Il clinical trials
5056 However, the diversity of GBS CPS types and CPS switching are significant challenges to the
development of broadly efficacious GBS vaccines targeting the CPS 78, Additional studies have
suggested the generation of antibodies specific to other GBS surface components, such as the Sip
protein %°, serine rich repeat protein (Ssrl) &, C5a peptidase (ScpB) 62, alpha-like proteins®®, and

pilus®, confers protection against GBS infection. In addition, work in this dissertation (shown in
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Chapter 3) demonstrates for the first time that antibodies generated against the surface-associated
hemolytic lipid (granadaene) can diminish GBS infection. Although some reports have indicated a role
for CD4+ T cells in GBS clearance®®, more research on the cellular immune response to GBS

infection is warranted.

1.3.2 Immunity at the maternal-fetal interface

The placenta is an organ of maternal and fetal origin that nourishes and protects the fetus from
maternal immune rejection and invasive pathogens. GBS is one of few bacterial pathogens capable of
infecting the placenta, making it a potential site of perinatal acquisition of GBS®’. Several recent studies
examining the immunological dynamics of the placenta during GBS infection have revealed that GBS
disrupt tolerogenic functions of the placenta, which subsequently influences GBS invasion of the
amniotic cavity, GBS-associated fetal injury, and preterm labor. For instance, when in contact with
GBS, placental macrophages secrete release pro-inflammatory mediators and extracellular traps
containing matrix metalloproteases, which may promote the degradation of the placental barrier and
permit intra-amniontic infection or premature rupture of membranes®-7°, Similarly, GBS infection at
the maternal-fetal interface results in the recruitment of neutrophils to the placental membranes,
causing placental inflammation and the release of neutrophil extracellular traps’™"2. While neutrophil
and macrophage responses may promote the clearance of GBS, certain strains have evolved strategies
to evade these cells’ antimicrobial activity’?, and inflammation at the maternal-fetal interface is
associated with fetal injury”®. Novel data regarding this phenomenon are presented in Chapter 5 of this

dissertation.

1.4  DISSERTATION SUMMARY

Overall, GBS remains a significant etiological agent of neonatal and maternal morbidity and

mortality worldwide!3*14 and rates of invasive infections in non-pregnant adults are increasing®®.
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Improved, rationally designed strategies to prevent invasive GBS disease are a pressing global health
need. To accomplish this, a greater understanding of the complex interplay between GBS factors and
host defenses is essential. The work presented in this dissertation aims to add fundamental insights into
two critical GBS virulence factors, the hemolytic pigment (granadaene) and hyaluronidase. Chapter 2
explores the biosynthetic and evolutionary foundations of granadaene through heterologous expression
and phyletic analysis of the cyl genes. In Chapter 3, synthetic analogs of granadaene are utilized to
identify chemical moieties important to hemolytic activity and to generate a granadaene-targeted
vaccine that diminishes GBS infection. Chapter 4 shows that GBS deploy granadaene in membrane
vesicles (MVs), which exacerbate GBS infection in neonatal hosts. Chapter 5 explores the role of GBS
hyaluronidase in evading neutrophils to promote preterm birth and microbial invasion of the amniotic
cavity during pregnancy in a non-human primate model. Finally, in Chapter 6, | provide a summary of
my findings, conclusions, and thoughts on how this work may contribute to strategies aimed at reducing

the burden of invasive GBS disease.
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Figure 1.1. Clinical pathways in maternal Group B Streptococcus (GBS) colonization.

GBS is associated with several perinatal outcomes. In the case of adequate antibiotic prophylaxis, most
mothers and babies are healthy with normal lifespan. Virulent ascending GBS is associated with
significant morbidity and mortality, some of which is not preventable with intrapartum prophylaxis.
With adequate treatment of ascending infection, normal and healthy outcomes may be achieved. Figure

adapted from Lawn, et al, 2017 ™.
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Chapter 2. THE CYL GENES REVEAL THE BIOSYNTHETIC AND
EVOLUTIONARY ORIGINS OF THE GBS
HEMOLYTIC LIPID, GRANADAENE

This chapter is from the following article:

Armistead, B., Whidbey, C., lyer, L.M., Herrero-Foncubierta, P., Quach, P., Haidour, A., Aravind, L.,
Cuerva, J.M., Jaspan, H.B., Rajagopal, L. (2019). The cyl genes reveal the biosynthetic and
evolutionary origins of the Group B Streptococcus hemolytic lipid, Granadaene. Frontiers in

Microbiology. doi: 10.3389/fmicb.2019.03123.
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2.1 ABSTRACT

Group B Streptococcus (GBS) is a f-hemolytic, Gram-positive bacterium that commonly colonizes
the female lower genital tract and is associated with fetal injury, preterm birth, spontaneous abortion,
and neonatal infections. A major factor promoting GBS virulence is the B-hemolysin/cytolysin, which
is cytotoxic to several host cells. We recently showed that the ornithine rhamnolipid pigment,
granadaene, produced by the gene products of the cyl operon, is hemolytic. Here, we demonstrate that
heterologous expression of the GBS cyl operon conferred hemolysis, pigmentation, and cytotoxicity to
Lactococcus lactis, a model non-hemolytic Gram-positive bacterium. Similarly, pigment purified from
L. lactis is hemolytic, cytolytic, and identical in structure to granadaene extracted from GBS, indicating
the cyl operon is sufficient for granadaene production in a heterologous host. Using a systematic survey
of phyletic patterns and contextual associations of the cyl genes, we identify homologues of the cyl
operon in physiologically diverse Gram-positive bacteria and propose undescribed functions of cyl
gene products. Together, these findings bring greater understanding to the biosynthesis and
evolutionary foundations of a key GBS virulence factor and suggest that such potentially toxic lipids

may be encoded by other bacteria.

2.2 INTRODUCTION

Hemolytic activity is a key determinant of colonization and pathogenesis in Group B Streptococcus
(GBS)#4273133347275 - 5 Gram-positive bacterium that resides in the lower genital and/or
gastrointestinal tract of approximately 18% of women and is a major cause of preterm birth and severe
neonatal infections 2121376 Nearly 100 years ago, GBS isolates of human origin were first described
as B-hemolytic "8 which was invariantly linked to a pigmented phenotype 23*17°, Recently, the GBS
hemolysin and pigment were shown to be one and the same ’, initiating a shift in understanding this

virulence factor. The GBS hemolytic pigment, also known as granadaene %, is a cell surface-associated
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18 ornithine rhamnolipid consisting of a 12-alkene chain and is unrelated to other commonly studied
Gram-positive pore-forming toxins, such as lysteriolysin O & or alpha toxin 8, which are proteinaceous
in nature. Many gaps remain in our understanding of granadaene, including the specifics of its
biosynthesis in bacterial cells and reasons why GBS may have evolved to produce this potent toxin.
Such insights would improve our understanding of this critical GBS virulence factor as well that of
other similar, potentially toxic microbial lipids.

The cyl operon (cylX-K) is necessary for hemolytic pigment production in GBS 20:2L7579,
We have previously postulated that enzymes encoded in the cyl operon use acetyl-CoA, malonyl Co-
A, ornithine, and rhamnose as the building blocks for pigment biosynthesis in GBS ™. Here, for the
first time, we show that heterologous expression of the GBS cyl operon is sufficient to confer the
production of functional granadaene in Lactotoccus lactis, a generally recognized as safe (GRAS)

Gram-positive bacterial strain

. Phyletic analysis revealed previously undescribed functional
categories of cyl gene products, indicated that the cyl operon genes are present in a diverse range of
Gram-positive bacteria, and suggested that pigment biosynthesis evolved in free-living bacteria, likely

as a photoprotectant or as a defense mechanism against competing organisms. Collectively, these

findings provide biosynthetic and evolutionary insight into a critical GBS virulence factor.

2.3 RESULTS AND DISCUSSION

2.3.1  Heterologous expression of the GBS cyl operon in Lactococcus lactis confers hemolysis,

pigmentation, and cytotoxicity.

Our recent studies 24727583 have revealed that the hemolytic pigment encoded by the GBS cyl
operon genes is cytotoxic to many eukaryotic cells. Given that GBS colonizes the human host with
other commensal microbes, we wondered whether horizontal gene transfer of this operon would enable
production of the hemolytic lipid pigment to non-hemolytic bacteria. To test this hypothesis, we
expressed the cyl operon genes in a model Gram-positive bacterium, Lactococcus lactis. First, we
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cloned the 12-gene cyl operon (i.e. genes cylX-cylK) into a complementation vector pDC123 8 to
generate the pcylX-K plasmid. Then, we complemented a non-hemolytic/non-pigmented GBS strain
lacking the entire cyl operon (GBSAcyIX-K ") with the pcylX-K plasmid and confirmed that the
plasmid restored hemolysis and pigmentation as observed on blood agar and Granada media
(Supplementary Fig. 2.1). Next, we transformed the pcylX-K plasmid into L. lactis to generate L. lactis
pcylX-K. As a control, L. lactis was transformed with the empty plasmid vector (L. lactis pEmpty).
Like hemolytic GBS, B-hemolysis and pigmentation were observed with L. lactis pcylX-K and not L.
lactis pEmpty (Fig. 2.2a, b). Consistent with previous observations with GBS 7°, plasmids encoding
only cylE (pcylE) or cylABE (pcylABE) were insufficient to confer hemolysis and pigmentation to L.
lactis (Fig. 2.1c, d). Also, the recombinant pcylX-K plasmid did not confer hemolysis to E. coli
(Supplementary Fig. 2.2), which we predict is due to the abundance of rare codons present in the cyl
operon (Supplementary Table 2.1). Together, these results indicate that expression of the cyl operon
is necessary and sufficient for hemolysis and pigmentation in GBS and even in L. lactis.

We next tested if the cyl operon expression by L. lactis conferred neutrophil cytotoxicity. In
GBS, expression of the cyl operon is transcriptionally repressed by the CovR/S two-component system,
and the absence of the repressor CovR results in increased expression of the hemolytic pigment,
granadaene 2238 GBS strains lacking a functional CovR (AcovR) cause significantly greater
cytotoxicity in neutrophils compared to wildtype (WT) GBS and isogenic non-pigmented/non-
hemolytic mutants due to enhanced production of granadaene 2272858 (Fig. 2.1 a,b). Furthermore, GBS
strains lacking CovR have been identified and isolated from women in preterm labor ™ and from
patients with other GBS infectious morbidities 8-°1. We hypothesized that L. lactis pcylX-K, which
lacks transcriptional repressors specific to the cyl operon, would induce neutrophil cytotoxicity similar
to GBSAcoVR. To test this, we exposed primary human neutrophils to L. lactis pcylX-K at a multiplicity
of infection (MOI) of 10 or 100 and measured cytotoxicity by lactate dehydrogenase (LDH) release in

cell supernatants as described 27583, WT GBS or hyper-hemolytic/pigmented GBSACOVR were also
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included for comparison. As controls, we exposed neutrophils to L. lactis pEmpty, non-pigmented/non-
hemolytic GBSAcyIE, and non-pigmented/non-hemolytic GBSAcovRACcYIE. The results, shown in Fig.
1le, demonstrate that the cell death caused by L. lactis pcylX-K was similar to that caused by the hyper-
hemolytic strain GBSAcoVR. Importantly, cytotoxicity in cells exposed to L. lactis pcylX-K was greater
than those exposed to L. lactis pEmpty. These results demonstrate that expression of the cyl operon in

L. lactis is sufficient to confer neutrophil cytotoxicity like hyper-hemolytic/hyper-pigmented GBS.

2.3.2  Pigment isolated from L. lactis pcylX-K is identical to granadaene from GBS.

We next tested if pigment produced by L. lactis pcylX-K was similar in structure to the GBS
pigment, granadaene. Accordingly, we extracted and purified pigment from L. lactis pcylX-K using
methods described with GBS 2324727583 (see Materials and Methods). As a control, we performed the
same extraction and purification procedure on L. lactis pEmpty. In mass spectrometry studies, pigment
purified from L. lactis pcylX-K demonstrated an M+ H ion at m/z 677.3795 (Fig. 2.2a). This exact mass
is associated with an ion formula of C39Hs3N20g (expected mass of 677.3796), which is identical to
that of granadaene from GBS, as described 237>, As expected, no peaks corresponding to the mass of
granadaene were observed in the extract from control L. lactis pEmpty. To gain further insight into the
structure of pigment produced by L. lactis pcylX-K, we performed *H NMR studies (Fig. 2.2b). These
analyses revealed a signal corresponding to a polyene structure (7.20 — 5.5 ppm), as well as signals
corresponding to an ornithine (4.32, 2.77, 1.80, 1.59, and 1.64 ppm) and a rhamnose (4.63, 3.52, 3.43,
3.39, 3.16, 1.09 ppm), which are identical to those described for natural granadaene 2. The ornithine
and rhamnose were also confirmed to be present in L. lactis pcylX-K pigment extract by 1D TOCSY
(total correlation spectroscopy). Notably, none of these structures were present in the NMR analysis of
L. lactis pEmpty extract. Together, these results demonstrate that the nominal formula and the structure
of pigment produced by L. lactis pcylX-K are indistinguishable from those previously assigned to

granadaene (Fig. 2.2b) 275,
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To confirm that pigment purified from L. lactis pcylX-K possessed hemolytic and cytolytic
activity analogous to granadaene, we performed a hemolytic titer assay using the L. lactis pcylX-K
pigment extract 3-7°. The results shown in Fig. 2.2¢ indicate that purified pigment from L. lactis pcylX-
K possessed hemolytic activity similar to that of granadaene "°. Moreover, the ECso (the effective
concentration at which 50% of human red blood cells are lysed) of L. lactis pcylX-K pigment (0.128
UM, 95% CI: 0.108, 0.153) was no different than that of granadaene (0.127 uM, 95% CI: 0.100, 0.162).

Finally, we sought to determine if L. lactis pcylX-K pigment is cytolytic to host cells like
granadaene. Purified granadaene was previously reported to be cytolytic to host cells such as
neutrophils 2. Human neutrophils isolated from fresh adult blood were treated with L. lactis pcylX-K
pigment (0.5 uM) or equivalent amount of control extract from L. lactis pEmpty for 4 hours, as
described 2, and cytotoxicity was measured by LDH release in cell supernatants. As observed
previously with granadaene, L. lactis pcylX-K pigment caused significantly greater cell death than non-
hemolytic control extracts (Fig. 2.2d) "2. Together, these data indicate that purified pigment from L.
lactis pcylX-K possesses hemolytic and cytolytic activity that are no different than granadaene.
Furthermore, our findings confirm that the cyl operon encode proteins sufficient for production of this

ornithine rhamnolipid in a heterologous Gram-positive bacterium.

2.3.3  Phyletic analysis suggests the cyl operon evolved prior to the diversification of Gram-

positive bacteria.

Our heterologous expression experiments suggest a possible advantage for lateral transfer of
cyl genes between various bacteria. To understand the evolutionary origins of the ornithine rhamnolipid
pigment, we conducted a systematic survey of the phyletic patterns and contextual associations of the
cyl genes. We found that cyl genes are present in diverse Gram-positive phyla such as Firmicutes and
Actinobacteria as well as the Thermosporothrix genus in the Chloroflexi phylum. A phylogenetic tree

using the cylE acyl transferase gene, which is universally present in cyl operons, showed that the
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Actinobacterial and Firmicute proteins group within their respective bacterial clades, whereas the
Thermosporothrix cylE groups outside the two principal clades (Fig. 2.3a, Supplementary Fig. 2.3).
The Thermosporothrix operons seem to contain elements of both the Actinobacterial and Firmicute
types of operon, supporting that it has retained features of an ancestral version (Fig. 2.3a,
Supplementary Fig. 2.3). The presence of cyl operons in diverse Firmicutes (spore formers and non-
spore formers) and Actinobacteria, and a largely vertical inheritance of the Firmicute and
Actinobacterial versions, indicates that the pigment biosynthesis genes evolved prior to the
diversification of Gram-positive bacteria.

We identified five functional groups of genes in homologous cyl operons (Table 2.1): 1) those
involved in lipid biosynthesis, 2) ornithine biosynthesis, 3) acyl-lipid transfer to the ornithine, 4) sugar
biosynthesis and transfer, and 5) pigment export. Of these, our data indicate a vertically inherited
orthologous core of seven genes comprising of cylA, cylG, acpC, cylZ, cylE, cylF and cylH. This likely
comprises the most ancient core of the operon. Further, non-orthologous but biochemically
functionally equivalent versions of four genes are observed, which encode the following: 1) CylK
(Streptococcus, Lactococcus, Leuconostoc) and ACP synthase (actinobacteria, Clostridium and
Paenisporosarcina species); 2) CylJ (Streptococci, certain Lactococci and Clostridium species) and
one or two distinct glycosyltransferases (various Firmicutes, Actinobacteria and Chloroflexi) involved
in sugar conjugation; 3) CylD (Streptococci, Leuconostoc and Lactococci) and ACP-S-
malonyltransferase (in various Firmicutes, Chloroflexi and Actinobacteria); and 4) at least three
distinct versions of ABC-transporter permease subunits have been alternatively recruited for pigment
transport (Fig. 2.3b, Table 2.1). Of note, the non-orthologous displacements are supported by change
in operon position of the genes (Supplementary Fig. 2.4). Taken together, this suggests a core of
approximately eleven genes in an ancient operon prior to the divergence of Actinobacteria and
Firmicutes, which encoded proteins belonging to one of the five functional groups involved in pigment

synthesis (Table 2.1).
28



We observe that some cyl genes are exclusive to specific bacterial lineages, suggesting that they
were acquired post-divergence. For instance, genes encoding CylJ and CylD are likely to have
displaced those encoding the ancestral glycosyltransferase and ACP-S-malonyltransferase,
respectively, in certain Streptococci (Fig. 2.3b). These also include rhamnose biosynthesis genes,
which are only seen in Firmicutes and Chloroflexi, as well as ornithine cyclodeaminase (OCD), PLP-
dependent aminotransferases, acyl coA ligase and various redox enzymes, which are only found in
actinobacteria and partly in Chloroflexi. We predict that these genes evolved to increase the availability
of the building blocks for pigment biosynthesis or add diversity to the functional groups on the pigment.
For example, the presence of two glycosyltransferases in various Bacillus species in the cyl operons
(Fig. 2.3a, Supplementary Fig. 2.3) could imply that these species possess a more complex sugar
modification than rhamnose, and this warrants further study. In short, while there is little evidence to
suggest extensive lateral transfer of cyl genes, our data indicate that individual genes were likely lost

or displaced by non-orthologous genes across various species.

2.3.4  The evolution of CylE and CylF conferred critical functions in granadaene biosynthesis to

the cyl operon.

One of the previously unresolved questions was the role of the lipoate-dependent
aminomethyltransferase (CylF), as this is a universally conserved gene encoded by cyl operons. We
predict that this is involved in ornithine biosynthesis. We infer this based on the presence of OCD-
encoding genes in some Actinobacterial cyl operons (Fig. 2.3b, Table 2.1), which suggests in these
organisms and, perhaps more generally in all organisms with the pigment, ornithine is synthesized by
combining proline with ammonia. This provides a role for the aminomethylase CylF as this enzyme
splits amino acids such as glycine to give rise to ammonia °2. Given the need for ammonia in the
ornithine synthesis by the OCD enzyme, we predict that CylF generates ammonia in the local milieu

of the pigment biosynthesis complex, which is then used by OCD to make ornithine. Of the five basic
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components of the cyl operon, the fatty acid biosynthesis genes often appear together in other contexts.
However, the accretion of the acetyltransferase CylE and CylF in an ancient bacterium were perhaps
the key events in the fixation of the cyl genes for pigment biosynthesis.

Given the phyletic patterns, we hypothesize that the ancient cyl operon evolved in free-living
bacteria, where we conceive two possible biological roles that might not be mutually exclusive. First,
the ornithine rhamnolipid might be involved in photoprotection, as with many microbial pigments
%, Second, it might have evolved as a general defense/predation mechanism against competing
organisms in which the pigment disrupts their cell membrane. The latter is supported by the hemolytic
and cytolytic activity of the granadaene pigment in GBS 24727 and cyl-expressing L. lactis (Fig. 2.1,
Fig. 2.2). The presence of an identical or similar hemolytic pigment in a range of Gram-positive
bacteria with cyl genes °"%, as well as our heterologous expression experiments, suggest that
granadaene can potentially function across a physiologically diverse group of organisms if they likely
possess a Gram-positive-type cell wall structure. In fact, a recent study correlated pigmentation with
hemolysis and cyl gene expression in Acidipropionibacterium species that have roles in cheese
production and food preservation %, Accordingly, the hemolytic and cytotoxic properties of other
pigmented, cyl operon-containing microbes found in soil environments or utilized for industrial
application warrant further examination.

These findings broaden our understanding of the biosynthesis and evolutionary history of
granadaene in GBS, along with that of other homologous microbial lipid pigments. Although our
phyletic analyses do not establish horizontal gene transfer of the entire cyl operon, our heterologous
gene expression studies indicate that this remains a formal possibility, particularly in Gram-positive
bacteria. Because GBS cohabitates the human lower genital and gastrointestinal tract with other
commensal bacteria, the possibility of lateral transfer of the cyl operon to otherwise avirulent bacteria

in the human niche should be explored further.
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2.4 MATERIALS AND METHODS

24.1 Ethics statement

Written informed consent for donation of human blood was obtained from patients, per the
Principles in the WMA Declaration of Helsinki and Dept. of Health and Human Services Belmont
Report. The study was approved by the Seattle Children's Research Institute Institutional Review Board

(protocol #11117). Children under the age of 18 were not recruited for donation of human blood.

24.2 Bacterial strains

The GBS strain A909 was used in all studies. A909 is a clinical isolate obtained from an
infected human neonate and is classified as serotype la *°. The AcylE, AcovR, and AcovRAcylE mutants
were derived from A909 as described 38, Cultures of GBS were grown in tryptic soy broth (TSB;
Difco Laboratories) at 37 °C in 5% CO2, and cultures of Escherichia coli MC1016 were grown in
lysogeny broth (LB; Difco Laboratires) at 37 °C. Cultures of Lactococcus lactis were grown in TSB at
30°C in 5% CO2. Culture growth for all bacterial strains was measured at 600nm, and bacterial strains
were washed twice in PBS before being used in experiments. Photographs of bacterial strains on blood
agar (Remel) or Granada medium (Hardy Diagnostics) were captured with an SLR camera (EOS Rebel

XSi 12.2MP; Cannon) with an 18-55 mm zoom lens and processed using Photoshop CC (Adobe).

2.4.3  Heterologous expression of the cyl operon in Lactococcus lactis

The cyl operon was amplified using high fidelity PCR and primer pairs cyl1, cyl2, and cyl3
(IDT, see Supplementary Table 2.2) to obtain three overlapping DNA fragments. The PCR fragments
were ligated to a PCR fragment representing the vector pDC123 (8, referred to in the main text and
hereafter as pEmpty) using Gibson Assembly. The recombinant plasmid, which contained a
chloramphenicol resistance gene, was electroporated into Escherichia coli MC1061 and then isolated
by midiprep (Qiagen). After the presence of the cyl operon within the recombinant plasmid was
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confirmed by PCR amplification, the recombinant plasmid was transformed into electrocompetent
Lactococcus lactis. Upon the addition of the recombinant or empty plasmid, L. lactis was grown in the

presence of 5 pg/mL chloramphenicol (Sigma-Aldrich).

2.4.4  lIsolation and purification of pigment from GBS and L. lactis

Pigment was isolated from wildtype GBS and L. lactis pcylX-K as described, with minor
modifications 2324727583 \jldtype GBS A909 or L. lactis pcylX-K were grown in 500 mL Granada
medium %, and the bacterial pellet was washed twice with HPLC-grade water and twice with DMSO.
Then, the pellet was resuspended in DMSO + 0.1% trifluoroacetic acid (TFA; Sigma-Aldrich) to
extract the pigment. Extractions with DMSO + 0.1% TFA continued until no pigmentation was
observed in the bacterial pellet. The pigment extract was pooled and precipitated overnight with
NH4OH (Scientific Products). The precipitated pellet was washed twice with HPLC-grade water, and
twice with DMSO. Pigment was then extracted using DMSO + 0.1% TFA as above, pooled, and then
column-purified using high pressure liquid chromatography (HPLC, Shimadzu 10A system) with a
Vydac 214TP C4 column (solvent: DMSO + 0.1% TFA, flow rate: 1 mL/min; detection: 489 nm).
Fractions were collected between 10.5 min and 17.5 min of each run (when detection level was >
100,000 uV, see Supplementary Fig. 2.5). Purified fractions were pooled, precipitated with NHsOH
(Scientific Products), washed three times with HPLC-grade water and then twice with DMSO, and
lyophilized to dryness. Lyophilized pigment toxin was stored at -80°C and working pigment toxin
solutions were dissolved in DMSO + 0.1% TFA + 20% starch (DTS), as described ". The purification
and isolation procedure was also performed on corresponding GBS A909AcylE (non-pigmented/non-
hemolytic isogenic mutant of wildtype A909) and L. lactis pEmpty (transformed with empty vector,
non-pigmented/non-hemolytic) as described above. Extract from A909AcylE and L. lactis pEmpty
were used as controls for pigment in all experiments, along with the DTS solvent. For NMR analysis,
purified pigment from L. lactis pcylX-K or control extract from L. lactis pEmpty were resuspended in
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DMSO + 0.1% TFA. H, 3C, 'H-COSY NMR experiments were performed at 298K on a Varian 600
MHz NMR Spectrometer. Residual DMSO-ds was used to calibrate chemical shifts. High resolution
mass spectra (HRMS) of samples dilute in DMSO + 0.1% TFA were recorded on a mass spectrometer

using via ESI.

2.45  Hemolytic assays

Lyophilized pigment toxin or control extracts were dissolved in DTS to a final concentration
of 200 uM and were incubated overnight at room temperature and protected from light before use. To
perform the hemolytic titer, twofold serial dilutions of purified pigment in DTS from A909 WT or L.
lactis pcylX-K were performed in PBS in a final volume of 100 pL. Twofold serial dilutions of control
extracts (from GBSACcYIE or L. lactis pEmpty) in DTS were also performed in PBS as controls. The
samples were incubated with 100 uL of EDTA-treated human red blood cells (0.5% in PBS) in 96-
well plates for 1 hour at 37 °C. Then, the 96-well plate was centrifuged for 4 minutes at 300 x g to
pellet the unlysed red blood cells, and supernatants were transferred to a replica 96-well plate.
Hemoglobin release was measured by recording the absorbance at 420 nm of the supernatants
(Spectramax i3x Plate Reader, Molecular Devices), and percent hemolysis was determined relative to
red blood cells treated with positive control Triton X-100 (0.1%, Sigma-Aldrich) and negative control

PBS only.

2.4.6 Isolation of neutrophils from adult human blood

As described 2, 5-15 mL of human adult blood was collected from independent healthy human
adults into EDTA tubes (BD Bioscience). Immediately following collection, neutrophils were isolated
using a MACSxpress neutrophil isolation kit, per the manufacturer’s instructions (Miltenyi Biotec).
Cells were then pelleted, and any residual red blood cells (RBC) were removed by re-suspending the

cell pellet in RBC lysis solution (0.15nM NH4Cl, 1mM NaHCO3) for 15 minutes at room temperature.
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Following RBC lysis, cells were washed with Roswell Park Memorial Institute 1640 tissue culture
medium containing L-glutamine (Corning; hereafter referred to as RPMI-G). Neutrophil purity in the
prepared cell suspension was assessed by examining the proportion of cells positive for the neutrophil
cell markers CD15 (PerCP/Cy5.5, clone HI98, BD Biosciences) and CD16 (FITC, clone 3G8, BD
Biosciences) by flow cytometry. Briefly, approximately 1 x 108 cells from the neutrophil purification
preparation or 1 x 10° cells from whole blood (following two RBC lysis steps, as described above)
were incubated with Fc receptor block (1:200, BD Biosciences) for 15 minutes at room temperature.
Then, immunofluorescent antibodies were added to the cells at concentrations recommended by the
manufacturer (1:10, CD15-PerCP/Cy5.5; 1:200, CD16-FITC), and cells incubated for 30 minutes at
room temperature. Stained cells were washed twice in FACS (fluorescence-activated cell sorting)
buffer (ImM EDTA, 25mM HEPES, 1% BSA (w/v) in PBS) and were analyzed immediately on an
LSR Il flow cytometer (BD Biosciences). Single-stained flurochrome-reactive AbC beads (Thermo
Fisher) and unstained cells were used for compensation. Data were analyzed using FlowJo v. 10.1

(FlowJo, LLC).

2.4.7  Testing bacterial strains and pigment extracts for neutrophil cytotoxicity

Neutrophils were isolated as described above and were seeded in a U-bottom 96-well plate at
approximately 4 x 10° cells/mL in 90 uL RPMI-G. L. lactis pcylX-K and L. lactis pEmpty were grown
to mid-exponential growth phase (ODsoo = 0.3), washed twice in sterile PBS, and added to neutrophils
at a multiplicity of infection (MOI) of 10 and 100. MOIs were confirmed by dilution plating.
Additionally, pigment in DTS from L. lactis pcylX-K or WT GBS was added to neutrophils at a final
concentration of 0.5 uM. As positive and negative controls for all assays, neutrophils were incubated
in 0.1% Triton X-100 (Sigma Aldrich) or sterile PBS, respectively. After incubating for 4 hours at
37°C, cells were analyzed for cytotoxicity by the presence of cytoplasmic lactate dehydrogenase (LDH)

in cell supernatants using the colorimetric LDH kit (Clontech), per the manufacturer’s instructions.
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Percent cytotoxicity was calculated by normalizing to PBS-treated cells (0% cell death) and Triton X-

100-treated cells (100% cell death), as described 24727,

2.4.8  Phyletic analysis

Phyletic pattern searches were done using the PSI-BLAST program % against a locally
constructed compressed non-redundant database (NR50) of the National Center for Biotechnology
Information (NCBI). Multiple sequence alignments were built using the Kalign program 192,
Contextual information from prokaryotic gene neighborhoods was retrieved by a Perl custom script
that extracts the upstream and downstream genes of the query gene. Phylogenetic analysis was
conducted using an approximately-maximum-likelihood method implemented in the FastTree 2.1

program under default parameters % (http://www.microbesonline.org/fasttree/). Network analysis was

performed using the R language with the igraph package %,

2.4.9  Statistical analysis

A value of p < 0.05 was considered significant. Nonlinear regression analysis was used to
interpolate ECso concentrations. In LDH release assays, an unpaired t test or one-way ANOVA with
Tukey’s posttest was employed as appropriate to analyze differences between treatment groups, unless

otherwise noted. GraphPad Prism (version 7.03) was used to compute all statistical tests.
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2.6 FIGURES AND TABLES
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Figure 2.1. Heterologous expression of the cyl operon in L. lactis resulted in hemolysis and

pigmentation.
Complementation of L. lactis with pcylX-K, but not empty plasmid vector, pEmpty, conferred

hemolysis (a) and pigmentation (b) similar to that observed for hemolytic GBS, including strains that
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lack the transcriptional repressor of the cyl operon, CovR (GBSAcovR). Of note, GBS strains lacking
CylE (i.e. GBSAcyIE, GBSAcoVRACYIE) are neither hemolytic nor pigmented. Complementation of L.
lactis with cylE alone or cylA, cylB, and cylE did not confer hemolysis (c) or pigmentation (d) to L.
lactis. (e) L. lactis pcylX-K, L. lactis pEmpty, GBS WT, GBSAcylE, GBSAcoVR, or GBSAcCoVRAcyIE
were incubated with human neutrophils for 4 hours at an MOI of 10 and 100, and neutrophil death was
measured by LDH release into cell supernatants relative to Triton X-100 and PBS-only controls. Mean
and standard error from three independent experiments performed in triplicate are shown. One-way
ANOVA with Tukey’s post-test was performed. **** indicates p < 0.0001, and ns indicates not

significant, or p > 0.05.
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Figure 2.2. Pigment extracted and purified from L. lactis pcylX-K is identical to granadaene extracted
from WT GBS.

(a) High resolution mass spectrometry was performed on pigment extracted from L. lactis pcylX-K and
demonstrated an M+ H ion at m/z 677.3795, which is associated with an ion formula of C3sHs3N20g
(expected mass of 677.3796). (b) *H NMR analyses on L. lactis pcylX-K pigment revealed a signal
corresponding to a polyene structure (7.20 — 5.5 ppm), as well as signals corresponding to an ornithine
(4.32, 2.77, 1.80, 1.59, and 1.64 ppm) and a rhamnose (4.63, 3.52, 3.43, 3.39, 3.16, 1.09 ppm). (c)
HPLC-purified pigment from L. lactis pcylX-K or WT GBS in DMSO + trifluoroacetic acid + starch
(DTS) was added to human erythrocytes in twofold serial dilutions starting from 2.5 to 0.0024 uM for
1 hour. As controls, equivalent amounts of extracts from L. lactis pEmpty and from non-
pigmented/hemolytic GBSAcylE were tested. Mean and standard error from three independent
experiments performed in triplicate are shown. The ECsp for L. lactis pcylX-K pigment (0.128 uM, 95%
Cl: 0.108, 0.153) is no different than that of WT GBS pigment/granadaene (0.127 uM, 95% CI: 0.100,
0.162). (d) Primary human neutrophils were incubated with 0.5 uM purified pigment from L. lactis

pcylX-K for 4 hours at 37°C. As a control, neutrophils were treated with an equivalent amount of L.
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lactis pEmpty extract. Neutrophil death was measured by LDH release into cell supernatants relative
to Triton X-100 and PBS-only controls. Mean and standard error from three independent experiments

performed in triplicate are shown. An unpaired t test was performed, and p = 0.0013.
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Figure 2.3. Phyletic analysis suggests the cyl operon evolved prior to the diversification of Gram-
positive bacteria.

(a) A phylogenetic tree of the CylE protein is shown. Clades with strong bootstrap support were
collapsed into filled triangles for convenience (see Supplementary Fig. 3 for full tree). Firmicute and
Actinobacterial branches are colored blue and red respectively. (b) Representative cyl operons derived
from the phylogenetic tree in (a) are shown. Genes are shown as boxed arrows, with the arrow head
pointing to the 3° gene. Operons are labeled using the accession number of the cylE gene in the operon.
Proteins are denoted using their species names followed by their Genbank accession number or gene

names.
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Table 2.1. Genes in cyl operons encode proteins that fall into one of five functional categories.

Although orthologs of all genes present in the GBS cyl operon are not present in other cyl operons,
non-orthologous, functionally equivalent proteins are encoded. A biosynthetic pathway for GBS
pigment was previously proposed . Briefly, CylX-generated malonyl-CoA units are linked to the acyl
carrier protein (ACP) by CyID. The fatty-acid like pathway is initiated through the action of Cyll,
which joins the malonyl-CoA to an initial fatty acid-ACP complex. The fatty acid intermediate is
reduced by CylG and CylZ, creating an alkene. Cyll then utilizes the alkene as a substrate and adds
another keto group, which is reduced further, resulting in another alkene on the unsaturated fatty acid
chain. The elongation/reduction cycle repeats until the polyene chain contains twelve alkenes.
Meanwhile, CylF cleaves amino acids such as glycine to generate ammonia, which can then be utilized
by ornithine cyclodeaminase (OCD) or another functionally similar enzyme to generate ornithine. CylE
replaces ACP with ornithine in the full-length polyene chain, and CylJ links the terminal glycosyl
group to the polyene chain in the final step of pigment biosynthesis. The pigment is then transported

to the bacterial cell surface via the CylA/B ABC transporter.

Functional Gene product Putative function Orthologs Non-orthologous,
category in GBS cyl (reference) conserved in all cyl | functionally equivalent
operon operons? gene products in other
cyl operons
Lipid CylX Generates malonyl- Yes
biosynthesis CoA units
CylK Phosphopantetheinyl No ACP synthase
transferase, involved in
ACP synthesis
ACP Acyl carrier protein 2 Yes
CylD Conjugates ACP to No ACP-s-
malonyl-CoA units ?° malonyltransferase
CylH/I Forms initial fatty Yes
acid-ACP complex and
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adds new keto groups
to elongate unsaturated
fatty acid chain 21"

CylG

Reduces keto group
added by CylH/I to
hydroxyl 207

Yes

Cylz

Further reduces keto
group to alkene

Yes

Ornithine
biosynthesis

CylF

Generates ammonia for
ornithine biosynthesis
(this study)

Yes

Acetyltransferase

CylE

Replaces ornithine
with ACP group on
unsaturated fatty acid
75

Yes

Sugar
biosynthesis and
conjugation

CylJ

Attaches glycosyl
group to unsaturated
fatty acid 1%

No

glycosyltransferase,
WhsX
glucosyltransferase

Pigment export

CylA

Transport of pigment
to cell surface; ATP
binding domain 20106

Yes

CyIB (ABC
permease 2)

Transport of pigment
to cell surface;
transmembrane

domain 20106

No

ABC permeasel, ABC
permease3
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Chapter 3. LIPID ANALOGS REVEAL FEATURES CRITICAL FOR
HEMOLYSIS AND DIMINISH GRANADAENE-
MEDIATED GROUP B STREPTOCOCCUS
INFECTION

This chapter is from the following article:

Armistead, B., Herrero-Foncubierta, P., Coleman, M., Quach, P., Whidbey, C., Justica, J., Tapia,
Casares, R., Millan, A., R., Haidour, A., Rodriguez Granger, J., Santana-Ufret, V., Vornhagen, J.,
Merillat, S., Adams Waldorf, K., Cuerva, J.M., Rajagopal, L. (2020). Lipid analogs reveal features
critical for hemolysis and diminish granadaene mediated Group B Streptococcus infection. Nature

Communications, doi: 10.1038/s41467-020-15282-0.
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3.1 ABSTRACT

Although certain microbial lipids are toxins, the structural features important for cytotoxicity
remain unknown. Increased functional understanding is essential for developing therapeutics against
toxic microbial lipids. Group B Streptococci (GBS) are bacteria associated with preterm births,
stillbirths, and severe infections in neonates and adults. GBS produce a pigmented, cytotoxic lipid,
known as granadaene. Despite its importance to all manifestations of GBS disease, studies towards
understanding granadaene’s toxic activity are hindered by its instability and insolubility in purified
form. Here, we report the synthesis and screening of lipid derivatives inspired by granadaene, which
reveal features central to toxin function, namely the polyene chain length. Furthermore, we show that
vaccination with a non-toxic synthetic analog confers the production of antibodies that inhibit
granadaene-mediated hemolysis ex vivo and diminish GBS infection in vivo. This work provides unique
structural and functional insight into granadaene and a strategy to mitigate GBS infection, which will

be relevant to other toxic lipids encoded by human pathogens.

3.2 INTRODUCTION

Microbial lipids with hemolytic or cytotoxic activity have been reported from several human
bacterial pathogens, including mycolactone from Mycobacterium ulcerans'®’1% rhamnolipids from
Pseudomonas aeruginosa®®%, commendamide from Bacteroides spp.t*!, and the pigmented ornithine
rhamnopolyene (granadaene) from Group B Streptococcus (GBS)?*7. However, structure-activity
studies demonstrating the features important for cytotoxicity are lacking, hindering the development
of therapies or vaccines targeting these compounds. GBS is a B-hemolytic Gram-positive bacterium
frequently associated with preterm birth and severe neonatal infections®*3112, Although clinical trials
involving maternal vaccination of a trivalent capsular polysaccharide based CRM197 conjugate was
shown to provide serotype-specific antibody!® and a six-valent vaccine is being explored*!, no FDA

approved vaccine exists to date for GBS prevention. In recent years, the incidence of invasive GBS
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disease including bloodstream, skin, soft tissue, and joint infections has increased in non-pregnant
adults, particularly among the elderly and persons with comorbidities®’. These trends, along with
concerns regarding the emergence of antibiotic resistant GBS strains, has increased the urgency of
novel preventive and curative treatments!3114,

Granadaene produced by GBS confers pigmentation?? and hemolytic activity?*’® and is a major
contributor to all manifestations of GBS disease, making it an attractive therapeutic target. Hemolytic
and hyper-hemolytic GBS strains have been isolated from patients with GBS infections, including
women in preterm labor and adults with invasive infections® >80, Furthermore, non-hemolytic GBS
strains are typically virulence-attenuated, and hyper-hemolytic GBS strains exhibit increased virulence
in various models of infection, including sepsis, meningitis, and preterm birth?°3472758 "|n addition,
we showed that purified granadaene isolated from GBS is hemolytic and cytotoxic to innate immune
cells, including mast cells, macrophages, and neutrophils?*727>8  Despite these advances, the
structural features responsible for hemolysis and cytotoxicity are unknown.

A major barrier for elucidating the functions of GBS ornithine rhamnopolyene is its limited
solubility and instability in its purified form, which is typical for compounds containing long polyene
chains'®. Here, we use chemical synthesis to overcome these challenges associated with studying
polyenic compounds. Through the synthesis of analogs of granadaene, we demonstrate how the
polyene chain length and polar head groups influence hemolytic activity. Further, we identify a non-
toxic analog which, unlike granadaene, is tolerated by cells of the adaptive immune system and
diminished granadaene-mediated GBS infection when incorporated into a vaccine formulation.
Together, these data advance our chemical, molecular, and biological understanding of a key GBS
virulence factor whose mechanism has eluded us thus far. Moreover, our findings provide proof-of-

concept for a promising therapeutic strategy to mitigate the effects of this lipid toxin during infection.
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3.3 RESULTS

331 Polyene chain length is critical for hemolysis

To understand components necessary for granadaene-mediated hemolysis and cytolysis, we
identified target compounds for synthesis that contained chemical features analogous to those in
granadaene (Fig. 1a) and were sufficiently soluble and stable in vitro. We focused on three relevant
moieties: the polyene chain, the terminal amino acid, and the rhamnose. The chemical structure of each
target compound that was synthesized is listed in Table 3.1. The synthetic compounds were designed
to contain a varying number of alkene bonds, ranging from one to nine, denoted in the compound
names by “P” and then the number of alkenes in the polyene chain (e.g. P9). The rhamnose group found
in granadaene (Fig. 3.1a) was replaced with hydrophobic tert-Butyldimethylsilyl (TBS) protecting
group (denoted by “p”) in some target compounds, namely pP7X, pP7, pP9, and pPl, to ensure
reasonable solubility of these derivatives during the synthetic sequence and subsequent biological tests.
One compound, R-P4, was sufficiently stable, which enabled us to include a terminal rhamnose moiety
without compromising solubility. In other compounds, such as P7 and P9, a hydroxyl group was
included to test the effect of a hydrophilic head group. Because the L-ornithine residue at the terminus
of granadaene was previously observed to lactamize in several synthetic reaction conditions*®, which
could confound interpretation of the biological assays, it was replaced with a simpler L-alanine residue
in all synthetic compounds except pP7X, which contained a carboxyl group instead; this compound
was synthesized to test the effect of the terminal amino acid on hemolytic activity. Each of the target
compounds was fully characterized (Materials and Methods and Supplementary Materials) and

analyzed by mass spectrometry and *H and 3C NMR (see Supplementary Materials).

To examine if analogs had hemolytic activity, we first examined their ability to lyse red blood
cells on red blood agar plates and then quantitatively examined them for lysis of red blood cells using
methods described”. While pP1, R-P4, and P7 showed no hemolytic activity (Supplementary Fig. 3.1),
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hemolysis was observed in pP7X, pP7, pP9, and P9 (Fig. 3.1b-e), which indicates that the length of the
polyene chain facilitates hemolysis. In addition, these results suggest that the protecting group is
important for the activity of compounds with shorter polyene chains. Except for P9, no statistically
significant difference in hemolysis was observed between compounds resuspended in DTS versus
DMSO, indicating that starch, which is used to stabilize purified granadaene solutions’, may be
important to stabilize longer polyene chains that are unprotected. Of note, no hemolysis was observed
in red blood cells treated with DTS or DMSO alone (Supplementary Fig. 3.1). Collectively, these
findings emphasize the importance of the length of the polyene chain to GBS hemolysis (Fig. 3.2),

thus, for the first time, providing insight into the chemical features key to granadaene activity.

3.3.2  Granadaene is cytotoxic to CD4+ T cells and B cells

In addition to lysis of red blood cells, we have described the cytotoxic activity of granadaene
to various innate immune cells, including mast cells, neutrophils, and macrophages®*’>7>8, To date,
the effect of granadaene on adaptive immune cells has not been described but is critical to determine
for vaccine strategies. Furthermore, antibodies specific to this toxin have not been identified. As a few
studies have reported that GBS can activate CD4+ T cells®>%, we explored the effect of granadaene on

adaptive immune cells.

First, primary CD4+ T cells or B cells isolated from the blood of healthy adult humans were
incubated with GBS that were either hyper-hemolytic (NCTC10/84, serotype V) or non-hemolytic
(NCTC10/84AcylE; the non-hemolytic strain lacks the cylE gene, which is necessary for granadaene
production®') at a multiplicity of infection (MOI) of 10 for 1 hour. We noted that the hyper-hemolytic
strains induced cell death at a significantly greater rate compared to cells treated with non-hemolytic
GBS (Fig. 3.3a). These findings indicate that adaptive immune cells are susceptible to death by hyper-
hemolytic GBS strains. Of note, only minimal cytotoxicity (<10%) was observed with modestly

hemolytic GBS strains (A909, serotype la; and COH1, serotype IIl), similar to our previous
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observations with innate immune cells®*"283, Next, to explore the mechanism and kinetics of cell death,
we measured propidium iodide (P1) uptake and Annexin V (AV) staining in both cell types at 0 minutes,
15 minutes, and 30 minutes following incubation with hyper-hemolytic GBS at an MOI of 10 using
flow cytometry. Briefly, Pl is a membrane impermeable fluorescent stain that binds nucleic acid,
indicating cell membrane damage. Fluorescently-labeled AV marks phosphatidylserine, which is
present on the surface of cell membranes during apoptosis or is exposed as a result of membrane

rupturett’

. We found that at 0 minutes, most cells were negative for both Pl and AV, but after just 15
minutes of incubation, a proportion of each cell type were positive for Pl and AV, and by 30 minutes,
more cells became positive for both Pl and AV (Fig. 3.3b). The rapid phenotypic shift of PI-/AV- to
PI+/AV+ suggests that CD4+ T cells and B cells underwent a lytic form of cell death, rather than
apoptosis®®. Notably, cells remained PI-/AV- after 30 minutes of treatment with non-hemolytic GBS
(Supplementary Fig. 3.3). When CD4+ T cells were imaged using scanning electron microscopy
(SEM) after exposure to hyper-hemolytic GBS, non-hemolytic GBS, or PBS, striking changes in cell

surface morphology were observed in cells treated with hyper-hemolytic GBS, but not with cells

exposed to non-hemolytic GBS or saline controls (PBS) (Fig. 3.3c).

To determine if granadaene alone was sufficient for induction of these cytolytic effects, the
above assays were performed with purified granadaene (0.5 uM), equivalent amount of extract from
non-hemolytic GBS (GBSAcyIE extract), or solvent (DTS) alone. Similar to our observations with live
bacteria, significantly greater cell death was observed when CD4+ T cells and B cells were exposed to
granadaene compared to the controls (GBSACcYIE extract or DTS) (Fig. 3.3d), and these cells also
rapidly switched to PI+/AV+ (Fig. 3.3e) while the vast majority of controls remained PI-/AV-
(Supplementary Fig. 3.2). Further, SEM revealed that CD4+ T cells treated with granadaene exhibited

morphological changes on the cell surface unlike cells treated with GBSAcyYIE extract or DTS (Fig.
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3.3f). Together, these findings demonstrate that granadaene and hyper-hemolytic GBS strains are

cytotoxic to cells of the adaptive immune system.

3.3.3  Synthetic analog R-P4 is not toxic to T cells and B cells

Our results above indicate that granadaene is likely to be a poor candidate for incorporation
into a vaccine for prevention of GBS infection. We reasoned that a non-toxic synthetic analog of the
GBS ornithine rhamnopolyene may be better suited in a vaccine formulation. Because R-P4 was non-
hemolytic and contains structural components most like granadaene of all the synthesized analogs (i.e.
terminal rhamnose, polyene chain, and terminal amino acid), we tested its cytotoxicity to CD4+ T cells
and B cells. We found that primary human CD4+ T cells or B cells exposed to R-P4 (20 uM) for 1
hour showed minimal cell death (Fig. 3.4a). Next, we determined whether CD4+ T cells and B cells
could respond to activation stimuli in the presence of R-P4. To this end, primary human CD4+ T cells
were stimulated with PMA and aCD3¢, and primary human B cells were stimulated with aCD40 and
IL-4. Cells were then treated with PBS, R-P4 (20 uM), or purified granadaene (5 uM). After 48 hours,
cells were stained for the canonical activation marker CD69*'°, resuspended in DAPI as a viability
stain, and analyzed by flow cytometry (see gating strategy in Supplementary Fig. 3.3). Compared to
unstimulated controls treated with PBS, stimulated CD4+ T cells and B cells exposed to R-P4 up-
regulated CD69 (Fig. 3.4b, ¢). Furthermore, CD69 expression in stimulated cells exposed to R-P4 was
no different than stimulated cells exposed to PBS (Fig. 4b, c). Of note, less than 10% of cells treated
with granadaene were viable (DAPI-) (Supplementary Fig. 3.3), so this group was excluded from the
CD69 analysis in both cell types. However, the proportion of DAPI- cells was no different among other
treatment groups in either cell type (Supplementary Fig. 3.3). Collectively, these results indicate that

CD4+ T cells and B cells survive and respond to activating stimuli when exposed to R-P4.
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3.3.4  Vaccination with R-P4 analog diminished GBS infection

Next, we hypothesized that vaccination with R-P4 may generate an immune response that
counteracts the effects of granadaene during systemic GBS infection. Given that hyper-hemolytic GBS
cause lethal infection in adult mice3®, we used the adult systemic model of GBS infection to test if R-
P4 could diminish infection with a hyper-hemolytic strain. To this end, mice were immunized (I.P.)
with an emulsion of R-P4 (10 uM in PBS) and Freund’s adjuvant (see Materials and Methods) and
boosted 14 days later with the same dose. On day 21 after initial vaccination, mice were euthanized for
plasma collection or were challenged (1.P.) with the hyper-hemolytic GBS strain NCTC10/84 (Fig.

3.5a). As controls, mice were injected with adjuvant alone on the same vaccination schedule.

Immunoblots revealed that plasma from mice vaccinated with R-P4 contained more 1gG bound
to purified granadaene compared to adjuvant-only controls (Fig. 3.5b). Furthermore, plasma from
analog-vaccinated mice inhibited granadaene-mediated hemolysis in contrast to plasma from adjuvant-
only controls (Fig. 3.5¢, n = 10/group). The amount of granadaene-bound IgG detected in plasma
significantly correlated with inhibition of granadaene hemolysis (Supplementary Fig. 3.4), suggesting
that granadaene-reactive 1gG partially neutralizes toxin function. At 24 hours post-bacterial challenge
mice were euthanized, and GBS CFU were enumerated in the spleen, lung, brain, and blood.
Significantly fewer CFU were recovered from the tissues and blood of analog-vaccinated mice
compared to adjuvant-only control mice (n = 24/group) (Fig. 3.5d), indicating that immunization with
R-P4 limited bacterial dissemination. Together, these data demonstrate for the first time that
vaccination with a non-toxic granadaene analog generates granadaene-specific antibodies with

neutralizing properties and protects against infection with hyper-hemolytic GBS.
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3.4 DISCUSSION

Microbial lipids produced by several human pathogens, including mycolactone from
Mycobacterium ulcerans®”1%, rhamnolipids from Pseudomonas aeruginosal®®!® commendamide
from Bacteroides spp.!'!, and granadaene from GBS?*7°, contribute to pathogenesis by killing host
cells. Yet structure-function studies demonstrating the underpinnings of cytotoxicity in such
compounds are lacking, and no strategies exist to attenuate toxin activity during infection. Here, we
use chemical synthesis to understand the characteristics important for hemolytic activity in the
ornithine rhamnopolyene produced by GBS. Furthermore, we provide proof-of-concept for a vaccine

that mitigates the effect of this lipid toxin during infection.

Our studies indicate that the polyene chain length is a key factor in the ability of granadaene to
lyse red blood cells. We show that lipids with one or four alkenes (pP1 and R-P4) are not hemolytic
despite having a terminal amino acid and protecting group (Supplementary Fig. 3.1). Similarly,
polyenes containing seven double bonds were non-hemolytic (P7) unless the terminal polar group was
replaced with a hydrophobic group such as TBS (pP7X, pP7). In contrast, lipids with nine alkenes (P9,
pP9) were hemolytic, with or without the TBS protecting group (Fig. 3.1). Interestingly, a much greater
concentration of each hemolytic analog was required for activity (62.5 to 250 uM, Fig. 3.1) compared
to that previously observed for granadaene (0.1 to 1 uM)™. We predict that this may be due to the
length of the polyene chains; the predicted length of granadaene (> 32 A) is longer when compared to
the length of each analog (< 24 A, Table 3.1). Our data suggest that granadaene’s hydrophobic polyene
moiety can span the thickness of the target cell’s plasma membrane (30-40 A)?4120-122 wjith the terminal
ornithine and rhamnose serving as hydrophilic polar head groups that allow for stable insertion. The
ability of the polyene moiety of pP7X, pP7, P9, and pP9 to span the plasma membrane partially, but

not entirely, could explain the observed attenuated hemolytic activity relative to granadaene.
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Additionally, calculated partition coefficients for more active lipids are in agreement with a dynamic

and favorable lipophilic interaction with lipidic cellular domains (Table 3.1)'%,

The observation that P7, which is similar in length to pP7, is non-hemolytic (Supplementary
Fig. 3.1) suggests an additional role for the terminal head groups in hemolytic activity. It is plausible
that the terminal, hydrophilic hydroxyl group in P7 being imbedded within the highly hydrophobic
lipid bilayer destabilizes the seven-alkene analog, whereas the hydrophobic TBS protecting group in
pP7 allows for stable insertion into the cell’s lipid bilayer. Our finding that P9, which does not have a
TBS group but a terminal hydroxyl group, is hemolytic (Fig. 3.1e) suggests that a longer polyene chain
(i.e. nine alkenes versus seven alkenes) stabilizes insertion of the polyene into the cell membrane. A
limitation of our work is the present inability to synthesize compounds with polyene chains containing
more than nine alkenes due to rapid denaturation during synthesis. Synthesis of analogs with longer
polyenes, such as those with twelve alkenes like granadaene, will be essential in confirming the model

we propose (Fig. 3.2).

Recently, microbial lipids have gained appreciation for their importance as antigens in the host
response against bacterial infections'?*. Here, we show that granadaene Kills cells of the adaptive
immune system, including CD4+ T cells and B cells (Fig. 3.3). Death in these cells was marked by cell
membrane permeability and damage, as indicated by rapid PI/AV positivity and SEM imaging. Our
new findings with adaptive immune cells could at least partially explain why antibodies specific to
granadaene never been isolated from infected patients or produced in the laboratory; the cytotoxic
effect of the GBS ornithine rhamnopolyene to the very cells involved in antibody production inhibit
their function. As such, granadaene is likely a poor candidate to serve as an antigen in a GBS vaccine

formulation.

We hypothesized that a non-toxic analog with structural similarities to granadaene, namely the

rhamnose, polyene chain, and amino acid, may serve as an antigen that would prompt an immune
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response with cross-reactivity to granadaene during GBS infection. We show that compound R-P4 is
non-toxic to CD4+ T cells and B cells and that these cells can respond to activating stimuli when
exposed to R-P4 (Fig. 3.4). Thus, we selected R-P4 as the immunizing agent for our vaccination studies.
We found that plasma from mice vaccinated and boosted with R-P4 contained class-switched
antibodies that bound specifically to granadaene (Fig. 3.5b). In addition, plasma from R-P4-vaccinated
mice inhibited hemolytic activity of granadaene ex vivo more than plasma from control only mice (Fig.
3.5¢). Moreover, the amount of granadaene-bound 1gG in plasma significantly correlated with
granadaene inhibition (Supplementary Fig. 3.4). These findings suggest that vaccination with R-P4
generates granadaene-specific antibodies, which have toxin-neutralizing properties. The anti-virulence
factor effect of R-P4 vaccination was further supported by results from infected mice; analog-
vaccinated mice infected with hyper-hemolytic GBS experienced less bacteremia and bacterial
dissemination to peripheral organs, including the spleen, lungs, and brain compared to adjuvant-only
control mice (Fig. 3.5¢). Because granadaene has been shown to promote GBS transmigration of the
lung and blood brain barriers®34, our results suggest that vaccination with R-P4 limited GBS virulence
by counteracting the pathogenic effects of this toxin. We hypothesize that the high degree of structural
similarity between R-P4 and granadaene allowed for the production of antibodies with affinity for
granadaene that dampened the activity of this toxin during GBS infection. Additional data on the
dynamics of the humoral and cell-mediated response during immunization and the course of infection
will lend greater insight into the mechanisms of protection conferred by this vaccine formulation and

will inform the design of other vaccines that incorporate lipid antigens.

In conclusion, our findings with synthetic analogs reveal the structural components of
granadaene that are important for host cell lysis. Additionally, we overcome granadaene-mediated
cytotoxicity of T cells and B cells by creating a vaccine using a non-toxic granadaene analog, which

prompted the generation of granadaene-binding antibodies and reduced the harmful effects of this toxin
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during GBS infection. Collectively, these studies provide proof-of-concept for a novel strategy to
counteract a cytotoxic microbial polyene that is critical to pathogenesis. These findings have broad
application to understanding the biological activity of similar microbial lipid toxins and the

development of targeted therapeutics against them.

3.5 MATERIALS AND METHODS
351 Ethics statement

Written informed patient consent for donation of human blood was obtained with approval from
the Seattle Children's Research Institute Institutional Review Board (protocol #11117) per the
Principles in the WMA Declaration of Helsinki and Dept. of Health and Human Services Belmont
Report. Children under the age of 18 were not recruited for donation of human blood.

All animal experiments were approved by the Seattle Children's Research Institutional Animal
Care and Use Committee (protocol IACUC00036) and performed in strict accordance with the
recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes

of Health (8th Edition).

352 Chemicals

Dimethyl sulfoxide (DMSO, Fisher Scientific), trifluoroacetic acid (TFA, Thermo Fisher
Scientific), and Difco soluble starch (BD) were used to make DMSO + TFA (0.01%) + starch (DTS).
All reagents used in the synthesis of granadaene analogs were purchased from standard chemical

suppliers and used without further purification.

3.5.3 Bacterial strains

The wild-type (WT) GBS strains used in this study are A909 (serotype la) and NCTC10/84

(serotype V); these strains are clinical isolates obtained from infected newborns!?. Isogenic non-
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hemolytic AcylE mutants derived from A909 and NCTC10/84 have been previously described? and
were used as hon-hemolytic controls.

Cultures of GBS were grown in tryptic soy broth (TSB; Difco Laboratories) at 37 °C in 5%
CO:s,. Culture growth for all bacterial strains was measured at 600 nm, and bacterial strains were washed
twice in PBS before being used in experiments. Photographs of bacterial strains on blood agar (Remel)
or Granada medium (Hardy Diagnostics) were captured with an SLR camera (EOS Rebel XSi 12.2MP;

Cannon) with an 18-55 mm zoom lens and processed using Photoshop CC (Adobe).

3.5.4  Isolation and purification of granadaene from GBS

Granadaene was isolated from wildtype GBS A909 as described in Chapter 2 and in previous
articles®">1%6, Briefly, 500 mL cultures of wildtype GBS A909 cultures were grown in Granada
medium, and granadaene was extracted from the bacterial pellet using DMSO + 0.1% trifluoroacetic
acid (TFA; Sigma-Aldrich). The extract was column-purified using high pressure liquid
chromatography (HPLC) with a Vydac 214TP C4 column. Purified fractions were pooled, precipitated
with NH4OH (Scientific Products), washed twice with HPLC-grade water and then twice with DMSO,
and lyophilized to dryness. Lyophilized granadaene was stored at -80 °C, and working granadaene
solutions were dissolved in DMSO + 0.1% TFA + 20% starch (DTS), as previously described™. The
purification and isolation procedure were also performed on GBS A909AcylE (non-pigmented/non-
hemolytic isogenic mutant of wildtype A909). Extract from A909AcylE was used as a control for
granadaene in all experiments, along with the DTS solvent. *H NMR spectrum of purified samples was

used as the criterion of purity and identity.

3.5.5  Synthesis of granadaene analogs

The entire procedure for the synthesis of granadaene analogs is in Appendix B.
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General information. The synthetic approach was based on an iterative sequence of Horner-

Wadsworth-Emmons olefination reactions. Although many other olefination reactions are known, this
sequence was chosen for its preference toward E stereoisomers, which is desirable for synthesis of the
target compounds. The complexity of the analysis of naturally occurring granadaene precluded an exact
analysis of the stereochemistry of the polyene chain, which was postulated to be E. The stereochemical
purity in such a long polyene is compromised and therefore many diastereoisomers could contribute to
the hemolytic activity. Given this, we produced a mixture of diastereoisomers composed by the all E-
diastereocisomer and minor amounts of other Z-containing diastereoisomers, thus more precisely
mimicking natural granadaene.

Tetrahydrofuran (THF) was freshly distilled from Na. CH2Cl> was freshly distilled from P20s.
Thin layer chromatography (TLC) was performed on aluminum-backed plates coated with silica gel
60 (230-240 mesh) with F2s4 indicator. The spots were visualized with UV light (254 nm). All
chromatography purifications were performed with silica gel 60 (40-60 um). NMR spectra were
measured at room temperature. *H NMR spectra were recorded at 400, 500 and 600 MHz. Chemical
shifts are reported in ppm using residual solvent peak as reference (CHCl3: 6 = 7.26 ppm, CH3OH: 6 =
3.31 ppm, DMSO: § = 2.50 ppm). 13C NMR spectra were recorded at 100, 125 and 150 MHz using
broadband proton decoupling, and chemical shifts are reported in ppm using residual solvent peaks as
reference (CHCls: 6 = 77.16 ppm, CH3OH: 6 = 49.0 ppm, DMSO: & = 39.51 ppm). Carbon
multiplicities were assigned by DEPT techniques. High resolution mass spectra (HRMS) were recorded
on a mass spectrometer using El at 70 eV. Racemic ethyl 3-hydroxybutanoate was used in the synthesis
of all granadaene derivatives, except for R-P4 owing to the presence of the p-rhamnose subunit, which
can generate different diastereoisomers. In this case, (3R)- ethyl 3-hydroxybutanoate was used as
starting material. The known compound ethyl 3-((tertbutyldimethylsilyl)oxy)butanoate was isolated as

pure sample and showed NMR spectra matching those of previously reported*?’.
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General procedure for Horner-Wadsworth-Emmonds reaction (GP-1). A mixture of the

corresponding phosphonate (2.5 mmol), and NaH (2.5 mmol, 60% purity) in THF (15 mL) was stirred
at 0 °C for 10 minutes. Then, the corresponding aldehyde (1 mmol) was added dropwise for 10 minutes,
and the new mixture was stirred at room temperature for 0.5-1.5 h. Then, saturated aqueous NH4Cl was
added, and THF was removed under reduced pressure. The residue was solved in EtOAc, and the
mixture was washed with saturated aqueous NH4Cl and brine, dried over anhydrous Na>SO4, and the
solvent was removed. Products were purified by flash chromatography on silica gel (EtOAc/Hexane
mixtures) and characterized by spectroscopic techniques.

General procedure for DIBAL-H reduction of esters to alcohols (GP-2). To a solution of the

corresponding ester (1 mmol) in THF (5 mL), DIBAL-H (2.5 mmol, 1 M in THF) was added, and the
mixture was stirred at 0 °C for 1-2 h. Then, the reaction was quenched with H>O, diluted with EtOAc,
and washed with 10% solution of HCI and brine. The mixture was dried over anhydrous Na>SO4 and
the solvent removed. Products were purified by flash chromatography on silica gel (EtOAc/Hexane
mixtures) and characterized by spectroscopic techniques.

General procedure for oxidation with Dess-Martin periodinane (GP-3). To a solution of the

corresponding alcohol (1 mmol) in CH.Cl> (15 mL) at 0°C, Dess-Martin periodinane (DMP) (1.5
mmol) was added, and the mixture was stirred at room temperature for 1-2 h. Then, the solvent was
removed, and EtOAc was added. The organic layer was washed with a 1:1 solution of saturated
NaHCOs and 10% Na»S»0s3, dried over anhydrous Na>SO4, and the solvent removed. Products were
purified by flash chromatography on silica gel (EtOAc/Hexane mixtures) and characterized by

spectroscopic techniques.

General procedure for basic deprotection of esters (GP-4). To a solution of the corresponding

ester (1 mmol) in wet MeOH (30 mL), a 2 M solution of KOH in MeOH (8-12 mmol) was added, and

the mixture was stirred at room temperature for 4-6 h. Then, a few drops of water were added, and the
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mixture was neutralized by addition of amberlyst 15 (110 mg, previously washed with CH2Cl> and
MeOH). Products were purified by flash chromatography on silica gel (CH2Cl2/MeOH) and

characterized by spectroscopic techniques.

3.5.6  Modeling granadaene and synthetic compounds and predicting lengths of polyene chains

All compounds were drawn in ChemDraw software (Perkin Elmer). Structures underwent
energy minimization in Chem3D software (Perkin Elmer) and were visualized as .mol files in Mercury
software (The Cambridge Crystallographic Data Centre). Here, the distance between the first carbon
to the last carbon of the last double bond in the polyene chain was measured to calculate the length of

the polyene chain for each compound.

3.5.7  Hemolytic assays

Synthetic analogs of granadaene (table 1) were resuspended in DTS or DMSO to achieve a
concentration of 0.02 M. To test for hemolysis, 3-5 uL of synthetic analogs were spotted onto a Red
blood agar plate (TSA plate containing 5% sheep’s blood, Remel). After allowing the spots to dry for
about 10 minutes at room temperature, the blood agar plates incubated overnight at 37 °C in 5% COo,
as described” Blood agar plates were placed on a light box, and photographs were captured with the
digital SLR camera described above and processed using Photoshop CC (Adobe). Synthetic analogs
were co-incubated with human red blood cells in PBS in a final volume of 100 pL at 250 puM, 125 pyM
and 62.5 uM for 1 hour at 37 °C. As described previously’®, hemoglobin release in cell supernatants
was measured, and percent hemolysis relative to Triton X-100 (0.1%)-treated positive controls and

PBS-treated negative controls was calculated.

3.5.8 Isolation of CD4+ T cells and B cells from human adult blood

Approximately 15 mL of blood was collected from healthy human adults into EDTA tubes (BD

Biosciences). Immediately following collection, CD4+ cells or B cells were isolated from the blood

59



using the appropriate RosetteSep Enrichment Cocktail (StemCell) along with SepMate tubes
(StemcCell), per manufacturer instructions. Cells were then pelleted, and any residual red blood cells
(RBC) were removed by re-suspending the cell pellet in RBC lysis solution (150 mM NH4CI, 1 mM
NaHCO:3) for 15 minutes at room temperature. Following RBC lysis, cells were washed with Roswell
Park Memorial Institute 1640 tissue culture medium containing L-glutamine (Corning; hereafter
referred to as RPMI-G). Cell purity was assessed by examining the proportion of cells positive for the
appropriate markers using flow cytometry. Briefly, approximately 1 x 10° cells from the purification
preparation or 1 x 10° cells from whole blood (following two RBC lysis steps, as described above)
were incubated with Fc receptor block (1:200, BD Biosciences) for 15 minutes at room temperature.
Then, immunofluorescent antibodies were added to the cells and cells incubated for 30 minutes at room
temperature. B cell preparations were stained with CD19-PerCP/Cy5.5 (3:100, BioLegend); CD4+ T
cell preparations were stained with CD3-FITC (1:10, BD Biosciences), CD4-V450 (1:10, BD
Biosciences) and CD8-PerCP/Cy5.5 (1:10, BD Biosciences). Stained cells were washed twice in FACS
(fluorescence-activated cell sorting) buffer (1L mM EDTA, 25 mM HEPES, 1% BSA (w/v) in PBS) and
were analyzed immediately on an LSR Il flow cytometer (BD Biosciences). Single-stained
fluorochrom-reactive AbC beads (Thermo Fisher) and unstained cells were used for compensation.

Data were analyzed using FlowJo v. 10.1 (FlowJo, LLC).

3.5.9  Testing bacterial strains, granadaene, and synthetic analogs for cytotoxicity

T cells and B cells were isolated as described above. T cells or B cells were seeded at 2.5 x 10°
cells/well in 90 uL RPMI-G. Hyper-hemolytic GBS (WT NCTC10/84) and non-hemolytic GBS
(NCTC10/84AcylE) were grown to mid-exponential growth phase (ODsoo = 0.3), washed twice in
sterile PBS, and added to cells at a multiplicity of infection (MOI) of 10. MOlIs were confirmed by
dilution plating. Additionally, granadaene in DTS from WT GBS was added to cells at a final

concentration of 0.5 uM, and R-P4 was added to cells at a final concentration of 20 uM. As positive
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and negative controls for all assays, cells were incubated in 0.1% Triton X-100 (Sigma Aldrich) or
sterile PBS, respectively. After 1 hour incubation at 37 °C, cells were analyzed for cytotoxicity by the
presence of cytoplasmic lactate dehydrogenase (LDH) in cell supernatants using the colorimetric LDH
kit (Clontech), per the manufacturer’s instructions. Percent cytotoxicity was calculated by normalizing
to PBS-treated cells (0% cell death) and Triton X-100-treated cells (100% cell death), as

described?+7275,

3.5.10 Uptake of propidium iodide (PI) and annexin V (AV)

PI uptake and AV staining were measured concurrently, as previously described’2. Briefly, T
cells and B cells were isolated as described above and were washed in PBS and resuspended in AV
binding buffer (10 mM HEPES, 140 mM NaCl, 2.5 mM CacCl; in PBS) at a concentration of
approximately 3.33 x10° cells/mL. Cells were then incubated with AV-Alexa Fluor 488 (1:20,
Invitrogen) and Pl (12.5 pg/mL, Life Technologies) for 15 minutes at room temperature, protected
from light. Cells were then diluted by a factor of 5 in AV binding buffer into FACS tubes (BD
Biosciences) and treated with hyper-hemolytic GBS or non-hemolytic GBS at an MOI of 10 or
granadaene (0.5 uM) or an equivalent volume of GBSAcYIE extract. Pl uptake and AV staining were
measured using an LSR |1 flow cytometer (BD Biosciences) immediately following inoculation (0 min
time point) and various times after inoculation (15, 30 min). Gates for PI positive (Pl+) and AV positive

(AV+) cells were determined using unstained and single-stained controls.

3.5.11 Scanning electron microscopy

Cells were washed in PBS and resuspended in one volume of 2 Karnovsky’s fixative (2%
paraformaldehyde, 2.5% glutaraldehyde, 2.5 mM CaCl; in 0.1 M Cacodylate buffer, pH 7.2). Then,
the cells were centrifuged and resuspended in 1.4 mL % Karnovsky’s fixative and allowed to incubate

overnight at 4 °C. Samples were prepared for scanning electron microscopy as described
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previously’>">83 Images were obtained using a Sigma 500 variable pressure Field Emission Scanning

Electron Microscope (FESEM) operating with Smart SEM (version 5.09).

3.5.12 Stimulation of CD4+ T cells and B cells

Primary human CD4+ T cells and B cells were isolated from the blood of healthy human adults,
as described above. Cells were seeded at approximately 1 x 10° cells/mL in RPMI-G on a TC-treated
96-well plate (180 uL/well). CD4+ T cells were stimulated with immobilized anti-human CD3¢ (0.5
ng, BD Biosciences) and PMA (10 ng/mL, Sigma), as previously described3®3!, B cells were
stimulated with human IL-4 (20 ng/mL, Sigma) and anti-human CD40 monoclonal antibody (5 ng/mL,
Enzo, clone mAb 89), as previously described'®2, Immediately following stimulation, cells were treated
with either PBS or R-P4 (20 uM) in technical triplicate. As controls, a group of CD4+ T cells and B
cells received no stimulus and no treatment (designated as “PBS (unstimulated)”). After incubating for
48 hours at 37 °C, cells were treated with human Fc block (1:200, BD Biosciences), stained with anti-
CD69-PE/Cy7 (10 uL/test, BD Biosciences, clone FN50), washed, and resuspended in DAPI (0.5 uM,
Thermo). Cells were run on an LSR Il flow cytometer (BD Biosciences). Unstained cells, single-
stained DAPI+ cells, and single-stained PE/Cy7+ beads were used as compensation controls. Data were
analyzed in FlowJo software, and gates for DAPI- and CD69+ events were determined using
fluorescence minus one or unstained controls. For the gating strategy used to calculate percent CD69+

cells of single cells, see Supplementary Fig. 3.3.

3.5.13 Vaccination

The first vaccine emulsion was prepared by mixing Complete Freund’s Adjuvant (CFA,
Invivogen) and R-P4 (20 uM dissolved in sterile PBS) at a ratio of 1:1. For the first vaccination, 100
uL of the emulsion was injected (I.P.) into male (n = 12) and female (n = 12) C57BL6/J mice (obtained

from Jackson Laboratories). Fourteen days after initial vaccination, mice were injected with 100 pL. of
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freshly prepared vaccine emulsion in Incomplete Freund’s Adjuvant (IFA, Invivogen). Adjuvant-only
emulsions were made by mixing the appropriate adjuvant in sterile PBS at a ratio of 1:1. Adjuvant-
only control mice were injected (I.P.) in male (n = 12) and female (n =12) mice on the same schedule

as analog-vaccinated mice.

3.5.14 Immunoblots

Blood was collected from 10 vaccinated mice and 10 adjuvant-only control C57BL6/J mice via
cardiac puncture 21 days after initial vaccination. Blood was centrifuged at 3,000 x g for 15 minutes at
4 °C, and unpelleted plasma was collected and stored at -80 °C.

Granadaene (dissolved in DMSO + 0.1% trifluoroacetic acid) was diluted to 25 uM in PBS and
was pipetted (4 uL) onto pre-cut squares of Immoblion-FL PVDF membrane (Sigma Aldrich). After
drying for approximately 1 hour, membranes were treated with Odyssey blocking buffer in PBS (LI-
COR) for 1 hour while shaking at room temperature. Blocking buffer was removed, and each
membrane was probed with an aliquot of plasma from an analog-vaccinated or adjuvant-only mouse
diluted 1:250 in buffer solution (1:1 Odyssey blocking buffer and PBS with 0.02% Tween 20). After
shaking overnight at 4 °C, membranes were washed three times in wash solution (TBS + 0.02% Tween
20), and then probed with Alexa Fluor 680 goat anti-mouse 1gG (Invitrogen) (1:2,500 in buffer
solution). Membranes incubated with secondary antibody for 45 minutes at room temperature,
protected from light. Then, membranes were washed three times in wash solution and twice in PBS
and imaged using the LI-COR Odyssey Infrared Imaging System. Signal intensity of each spot was

determined using Image J software.

3.5.15 Granadaene ex vivo inhibition assay

Diluted plasma (1:1000) from analog-vaccinated mice or adjuvant-control mice (n = 10/group)

were pre-incubated with purified granadaene (0.3 pM in DTS) for 1 hour at room temperature. The
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samples were then incubated with 100 puL of EDTA-treated human red blood cells (1% in PBS) for 1
hour at 37 °C. As described previously”, hemoglobin release in cell supernatants was measured using
the SpectraMax i3x plate reader (absorbance at 420 nm), and percent hemolysis relative to Triton X-
100 (0.1%)/granadaene-treated positive controls (100% hemolysis) and PBS-treated negative controls

(0% hemolysis) was calculated.

3.5.16 Murine model of GBS infection

Twenty-one days after initial vaccination, analog-vaccinated (n = 24) and adjuvant-only mice
(n = 24) were injected (1.P.) with approximately 1 x 108 CFU of GBS strain NCTC10/84 suspended in
sterile PBS (100 pL injected). At 24 hours, all mice were euthanized. Blood was collected via cardiac
puncture into heparin tubes (BD). Organs (brain, lung, and spleen) were collected in 1 mL sterile PBS
and homogenized. GBS CFU in the blood and each organ was determined by dilution plating on tryptic

soy agar (Difco Laboratories).

3.5.17 Statistical analysis

A value of p < 0.05 was considered significant. Non-significant p values are denoted as “ns” in
figures. For in vitro assays, an unpaired, two-tailed Student’s t test or one-way ANOV A with Tukey’s
posttest was employed as appropriate to analyze differences between treatment groups, unless
otherwise noted. All in vitro experiments were performed three times (unless otherwise noted) in
technical triplicate. The correlation between IgG signal intensity and granadaene inhibition was
analyzed using a Pearson correlation test. Differences in CFU in blood and peripheral organs of
vaccinated and unvaccinated mice were determined using Mann-Whitney test, as Gaussian distribution
was not assumed in these datasets. GraphPad Prism (version 7.03) was used to compute all statistical

tests.
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3.7 FIGURES AND TABLES
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Figure 3.1. The polyene chain length is important for hemolytic activity.

d @ R .
A
HO N” CO,H
9 H
P9
ns
ns
100-
100-
© o 8
2 80 250, 2
§ e g e B 2s0uM
s B0 3 125um 3 I 25
2 a4 . [ 625m £ 407 .
8 ‘ 3 [ s2.5m
g ¢ M.
0 0
DTS

(a) Granadaene contains a terminal rhamnose, a polyene chain consisting of twelve alkene bonds, and
a terminal ornithine. (b-e) Synthetic analogs of granadaene (structures shown) were resuspended in

DTS (DMSO + trifluroacetic acid (TFA, 0.1%) + starch (20%)) or DMSO. The analogs were co-
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incubated with human red blood cells at 250 uM, 125 uM, and 62.5 uM for 1 hour at 37 °C, and
hemoglobin release in cell supernatants was quantified to determine percent hemolysis relative to
Triton X-100 (0.1%)-treated positive controls and PBS-treated negative controls. Mean and standard
error from three independent experiments are shown. Differences in percent hemolysis between DTS
and DMSO were analyzed at each concentration using a two-way ANOVA with Tukey’s multiple
comparisons test. Except for P9 (p = 0.0044 at 250 uM; p = 0.0395 at 125 uM), there was no significant
difference in percent hemolysis between solvents. Additionally, 5 pL of each synthetic analog at 0.02
M concentration was spotted onto red blood agar plates and allowed to incubate at 37 °C overnight.

The hemolytic effect of each compound on red blood agar is shown.
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Figure 3.2. Proposed role of polyenes and polar head groups for granadaene-mediated hemolysis and
cytolysis.

The polyene chain of granadaene spans the length of the target cell’s lipid bilayer and the two polar
head groups, rhamnose and ornithine, allow for stable insertion of the GBS ornithine rhamnopolyene
into the cell membrane, leading to membrane disruption and hemolysis or cytolysis. Shorter polyenes
such as those containing seven double bonds are hemolytic only when one polar end is replaced with
a hydrophobic group (e.g. TBS), as in pP7, in which the molecule stably inserts in the membrane due
to the compatibility between the hydrophobic lipid bilayer and the TBS group. However, if both polar
ends are maintained in compounds with shorter polyenes, as in P7 or R-P4, no hemolytic activity is
observed because stable insertion into the cell membrane is not favored. Once the polyene chain
reaches a sufficient length, as in P9, some hemolytic activity is observed even when both polar head
groups are maintained. Together, this suggests that the length of the polyene chain and polar head

groups found in granadaene are key to stable membrane disruption of host cells.
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Figure 3.3. Granadaene is cytolytic to T cells and B cells.

(a) Primary human CD4+ T cells and B cells were incubated with either hyper-hemolytic GBS (HH

GBS) or non-hemolytic GBS (NH GBS) at an MOI of 10 for 1 hour at 37 °C, and cytotoxicity was

measured by the release of LDH into the cell supernatant relative to 100% lysis (Triton X-100 (0.1%))

and 0% lysis (PBS) controls. Mean and standard error from three independent experiments are shown.

An unpaired t test was used to compare groups. CD4+ T cells: p = 0.0075, B cells: p = 0.0005. (b) PI
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uptake and Annexin V staining were measured using flow cytometry in each cell type following
incubation with hyper-hemolytic GBS at an MOI of 10 at the indicated time points. (c) CD4+ T cells
were imaged using SEM following incubation with PBS, non-hemolytic GBS, or hyper-hemolytic GBS
(MOI = 10) for 1 hour. Scale bars are 1 pm. (d) Primary human CD4+ T cells and B cells were co-
incubated with purified granadaene (0.5 pM), equivalent amount of extract from non-hemolytic GBS
(GBSAcylE extract), or solvent (DTS), and cell death was measured by LDH release in cell
supernatants, as above. Mean and standard error from three independent experiments are shown.
Groups were compared with one-way ANOVA with Tukey’s post-test. CD4+ T cells: granadaene vs.
AcylE extract: p = 0.0002, granadaene vs. DTS: p = 0.0002, AcylE extract vs. DTS: p =0.9928. B cells:
granadaene vs. AcylE extract: p = 0.0020, granadaene vs. DTS: p=0.0032, AcylE extract vs. DTS: p =
0.8513. (e) PI uptake and Annexin V staining were measured using flow cytometry in each cell type
following incubation with purified granadaene (0.5 uM) at the indicated time points. (f) CD4+ T cells
were imaged using SEM following incubation with DTS, GBSACcYIE extract, or granadaene (0.5 puM)

for 1 hour. Scale bars are 1 um.
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Figure 3.4. R-P4 is non-toxic to T cells and B cells.

(a) Primary human CD4+ T cells (left) and B cells (right) were incubated with R-P4 (20 uM) or
granadaene (0.5 uM) for 1 hour at 37 °C, and cytotoxicity was measured by LDH release into cell
supernatant relative to 100% lysis (Triton X-100 (0.1%)) and 0% lysis (PBS) controls. Mean and
standard error from three independent experiments are shown. Groups were compared with an unpaired
t test. CD4+ T cells: p = 0.0024, B cells: p = 0.0084. (b) Primary human CD4+ T cells were treated
with PMA (10 ng/mL) and anti-CD3¢ (100 pg/mL) (stimulated) or media alone (unstimulated). Then,
cells were treated with either PBS or R-P4 (20 uM) and incubated at 37 °C for 48 hours. Cells were
stained for CD69, resuspended in DAPI (0.5 uM), and analyzed by flow cytometry. Percent CD69+ of

DAPI- cells from three independent experiments are represented with mean and standard error.
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Treatment groups were compared using one-way ANOVA with Tukey’s post-test. PBS (unstimulated)
vs. PBS (stimulated): p < 0.0001, PBS (unstimulated) vs. R-P4 (stimulated): p < 0.0001, PBS
(stimulated) vs. R-P4 (stimulated): p = 0.8151. (c) Primary human B cells were treated with IL-4 (20
ng/mL) and anti-CD40 (5 pg/mL) (stimulated) or media alone (unstimulated). Then, cells were treated
with either PBS or R-P4 (20 uM) and incubated at 37 °C for 48 hours. Cells were stained for CD69,
resuspended in DAPI (0.5 uM), and analyzed by flow cytometry. Percent CD69+ of DAPI- cells from
three independent experiments are represented with mean and standard error. Treatment groups were
compared using one-way ANOVA with Tukey’s post-test. PBS (unstimulated) vs. PBS (stimulated): p
= 0.0091, PBS (unstimulated) vs. R-P4 (stimulated): p = 0.0453, PBS (stimulated) vs. R-P4

(stimulated): p = 0.3893.
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Figure 3.5. Vaccination with a non-toxic synthetic analog diminished GBS infection.

(a) Mice were vaccinated with an emulsion of R-P4 (10 uM in PBS) in complete Freund’s adjuvant
and were boosted 14 days after initial vaccination using R-P4 in incomplete Freund’s adjuvant (see
methods). At 21 days, vaccinated mice were euthanized for blood/plasma collection or were challenged
(1.P.) with approximately 1 x 108 CFU of hyper-hemolytic GBS strain NCTC10/84. As controls, mice
receiving adjuvant only were tested in parallel with the same schedule. (b) Approximately 4 puL solvent
or purified granadaene (25 uM) was spotted on PVDF membranes, which were then blocked and
probed with plasma from analog-vaccinated or adjuvant-only mice (n = 10/group). Subsequently, the
membranes were probed with secondary goat anti-mouse 1gG (Alexa Fluor 680) and analyzed on the
Odyssey LI-COR Imaging System. Four representative spots from each group are shown. Signal
intensity of each spot was determined using Image J software, and an unpaired t test was used to
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compare signal intensity between groups (p = 0.0020). Mean and standard error are shown. (c) Plasma
(diluted 1:1000) from analog-vaccinated mice or adjuvant-only only mice (n = 10/group) was pre-
incubated with purified granadaene (0.3 uM) for 1 hour and then incubated with human red blood cells
for 1 hour. Percent inhibition of granadaene hemolysis was calculated (see Materials and Methods),
and an unpaired t test was used to compare hemolysis inhibition by R-P4 plasma vs. control plasma (p
= 0.0004). Mean and standard error are shown. (d) GBS CFU recovered from the blood, spleen, lung,
and brain of mice 24 hours post-infection were compared using the Mann-Whitney test. Blood: p =

0.0025, Spleen: p =0.0001, Lung: p =0.0010, Brain: p = 0.0002.
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Table 3.1. The chemical structures, estimated polyene chain lengths, and calculated logarithm of the

partition coefficient between n-octanol and water (cLogP) of synthetic analogs and granadaene are

shown.
Length of
Compound name Structure polyene cLogP
chain (A)

IR 243
pP1 TBSOJ\/\)k con 363

Ho;é, 0.52
R-P4 10.8
W J\COQH
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Chapter 4. HEMOLYTIC MEMBRANE VESICLES OF GROUP B
STREPTOCOCCUS PROMOTE INFECTION

This chapter is from the following article:

Armistead, B., Quach, P., Snyder, J.M., Santana-Ufret, V., Rajagopal, L. Hemolytic membrane

vesicles of Group B Streptococcus promote infection. In preparation.
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4.1 ABSTRACT

Group B Streptococci (GBS) are B-hemolytic, Gram-positive bacteria that are frequently
associated with fetal injury, preterm birth, spontaneous abortion, and neonatal infections. A key factor
promoting GBS virulence is the B-hemolysin/cytolysin, a pigmented ornithine rhamnolipid (also
known as granadaene) associated with the bacterial surface. A previous study indicated that GBS
produce small, spherical, bilayered structures known as membrane vesicles (MVs), which contain
virulence-associated proteins. Here, we show that purified MVs obtained from hemolytic GBS are
pigmented and are hemolytic, even after protease treatment and in the absence of exogenous stabilizers,
indicating that the hemolytic pigment is functionally active in MVs. Additionally, MVs from hemolytic
GBS induced significantly greater cell death of neutrophils, T cells, and B cells compared to MVs from
isogenic non-hemolytic GBS, which implicates MVs as a potential mechanism for hemolysin/pigment-
mediated virulence. Finally, hemolytic MVs reduced oxidative killing of GBS and aggravated
morbidity and mortality of neonatal mice infected with GBS. Collectively, these studies reveal a novel
mechanism by which GBS deploy a crucial virulence factor during infection to promote bacterial

dissemination and pathogenesis.
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4.2 INTRODUCTION

Annually, at least 4 million preterm births or stillbirths and over 300,000 neonatal infections
are attributable to Group B Streptococcus (GBS or Streptococcus agalactiae), a -hemolytic, Gram
positive bacterium that commonly colonizes the female lower genital tract 3133, Typically, GBS is
transmitted to the fetus via ascending infection, in which the bacteria traffic from the lower genital
tract into the amniotic cavity, greatly increasing the risk of preterm birth, fetal injury, and stillbirth. In
addition, neonates can acquire GBS through the aspiration of infected vaginal fluids during birth,
leading to severe infections including pneumonia, meningitis, or sepsis. A major determinant
promoting invasive GBS infection is the B-hemolysin/cytolysin, a pigmented ornithine rhamnolipid
also known as granadaene. Several studies have shown that granadaene facilitates GBS dissemination
by weakening host barriers at the maternal-fetal interface’?’, lung®3, and brain® %, In addition, the
hemolytic pigment is cytotoxic to several host immune cells, including macrophages?*, neutrophils’?,

mast cells®, T cells, and B cells (see Chapter 3).

Hemolytic activity of GBS is associated with the bacterial cell surface, and previous studies
have shown that direct contact between GBS and red blood cells (RBCs) is required for hemolysis'®
and that GBS membrane fragments are pigmented**. Beyond this, little experimental evidence exists
on whether or how granadaene may be released from the bacterial cell. A recent study demonstrated
that GBS produce membrane vesicles (MVs), which are small spherical buds originating from the
bacterial cell membrane!®. GBS MVs were found to contain several GBS surface-associated virulence
proteins, including hyaluronidase and metalloproteases, and intra-amniotic injection caused weakening
of choriodecidual membranes and fetal injury in mice®®. In other pathogens, MVs have been shown to
act as vehicles for toxins and effector molecules, delivering these factors to host cell targetst33136.137,
Here, we hypothesize that GBS deploy granadaene via the release of MVs, which exacerbates GBS

infection. We show that MVs isolated from hemolytic GBS are pigmented, hemolytic, and cytotoxic
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and aggravate morbidity and mortality in neonatal mice infected with non-hemolytic GBS.
Collectively, these findings reveal a novel mechanism of granadaene delivery during GBS infection

and further elucidates the function of this key virulence factor.

4.3 RESULTS

4.3.1 GBS hemolytic pigment, granadaene, is released in membrane vesicles.

To test the hypothesis that GBS hemolytic pigment associates with MVs, we isolated MVs from
GBS strains that overexpress the hemolytic pigment, namely GBSA909AcovR (lacks the hemolysin
repressor CovR/S) and its isogenic non-hemolytic strain GBSAcovRAcyIE. Of note, hyper-hemolytic
GBS strains, including those containing mutations in the covR/S two component system have been
isolated from women in preterm labor”™ as well from patients with other manifestations of GBS
infections 8. Using SEM, we first confirmed that these GBS strains (AcOvR and AcovRAcyIE)
produce MVs; these are seen as spherical structures proximal to and arising from GBS (Fig. 4.1 a,
Supplementary Fig. 4.1 a, b), similar to those previously identified as MVs!®. Ultracentrifugation of
MVs from GBSA909AcovR vyielded a small pellet that was red/orange in color, unlike MVs from
GBSAcovRAcylE, indicating the presence of pigment in the MVs (Fig. 4.1 b, Supplementary Fig. 4.1
a). MV pellets were resuspended in PBS, homogenously dispersed by sonication, and then analyzed
for hemolysis by spotting on red blood agar. As shown in Fig. 4.1 ¢, MVs from hyper-hemolytic GBS
were indeed hemolytic, whereas MVs from non-hemolytic GBS were not. Similar results were also
observed with wild-type hyper-hemolytic GBS strains such as NCTC10/84.

We then examined whether MVs from hemolytic GBS are cytolytic to host immune cells
similar to live bacteria and purified granadaene. To this end, MVs from hyper-hemolytic GBSAcovR
(HH GBS MVs) or non-hemolytic GBSAcovRAcylE (NH GBS MVs) were co-incubated with primary
human neutrophils, CD4+ T cells, CD8+ T cells, or B cells, and cell death was measured by quantifying

lactate dehydrogenase (LDH) release in cell supernatants. The results shown in Fig. 4.1 c indicate that
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MVs from hyper-hemolytic GBS caused significantly greater cell death in all cell types compared to
MVs from isogenic, non-hemolytic GBS. Collectively, these data demonstrate, for the first time, that
GBS pigment is released from the bacterial cell surface with MVs, which induce hemolysis and
cytolysis to host cells.

Next, we wondered whether the release of granadaene in MVs was dependent on a GBS-
specific factor. To test this, we utilized the strain L. lactis pcylX-K, a Gram-positive bacterium which
heterologously expresses granadaene, and the non-hemolytic/non-pigmented control strain L. lactis
pEmpty (see Chapter 2, Fig. 2.1, 2.2). After isolating MVs from these strains as above, we noted that
MVs from L. lactis pcylX-K were pigmented and hemolytic on red blood agar (Fig. 4.2, Supplementary
Fig. 4.1 ¢), while MVs from L. lactis pEmpty were neither pigmented nor hemolytic (Supplementary
Fig. 4.1 c). Together, these findings demonstrate that granadaene is released in membrane vesicles

from Gram-positive bacteria and its association with MVs did not require any GBS-specific factor.

4.3.2  Hemolytic activity of MVs containing granadaene is independent of proteins

To confirm that protein or peptides do not contribute to the hemolytic activity observed in MVs,
we tested hemolysis of MVs in the presence of proteinase K (PK). HH GBS MVs and L. lactis pcylX-
K were subjected to proteinase K (PK, 0.25 mg/mL) treatment for 1 hour at 37°C. As a control, the
activity of the PK used in these studies was verified by incubating it (at 0.25 mg/mL) with 100ug BSA.
All samples were analyzed for protein content by resolving on a 12% SDS-PAGE followed by SYPRO
Ruby staining. The data shown in Fig. 4.2 a confirm that proteins present in the MVs are susceptible
to degradation by PK. Next, we resuspended HH GBS MVs and L. lactis pcylX-K with PK (PK, 0.25
mg/mL) and spotted onto a red blood agar plate or mixed with human RBCs. NH GBS MVs and L.
lactis pEmpty were also included. We observed that treatment with PK did not diminish the hemolytic

activity in MVs isolated from hyper-hemolytic GBS or L. lactis pcylX-K (Fig. 4.2 b, ¢). Taken together,
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these data indicate that hemolytic activity observed with MVs did not require any MV-associated

proteins.

4.3.3  Hemolytic MVs prevent oxidative killing of GBS

Next, we asked whether hemolytic MVs protect GBS against antimicrobial host defenses
encountered during infection, such as reactive oxygen species (ROS) that are often produced by host
cells such as macrophages and neutrophils. Based on previous observations that the hemolytic pigment
of GBS has antioxidant properties?®, and MVs from Helicobacter pylori promote bacterial survival
against ROS'®, we hypothesized that MVs derived from hyper-hemolytic GBS may protect GBS
against oxidative killing. To test this hypothesis, we treated non-hemolytic GBS (GBSAcovRAcyIE)
with H>O; that was pre-incubated with either HH GBS MVs or NH GBS MVs. As controls, GBS was
exposed to H20 alone (i.e. without MVs) or PBS only. After 1 hour, we quenched residual ROS with
catalase and then enumerated surviving CFU. We observed that significantly more GBS survived H20:
that had been pretreated with HH MVs when compared to NH MV (Fig. 4.3 a). These findings show
that hemolytic pigment in membrane vesicles can quench ROS and thus dampen killing of GBS by

H.02, a major constituent of the oxidative burst response®®°,

4.3.4  Hemolytic MVs exacerbate GBS pathogenesis in neonatal mice

Since our in vitro data indicated that hemolytic MVs promote GBS survival against ROS, we
hypothesized that hemolytic MVs contribute to GBS pathogenesis in vivo. To this end, neonatal mice
between 12-36 hours of age were inoculated (1.P.) with either a) HH MVs alone, b) HH MVs in the
presence of non-hemolytic GBS, c) non-hemolytic GBS alone, or d) control saline. The mice were
observed for morbidity and mortality symptoms for up to 7 days post-inoculation. The results in Fig.
4.3 b show that neonatal mice inoculated with HH MVs alone did not succumb to the challenge.

However, the presence of HH MVs aggravated morbidity and mortality of neonatal mice treated with
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non-hemolytic GBS when compared to mice inoculated with non-hemolytic GBS alone (Fig. 4.3 b).
Histological examination of H & E stained sections was performed on the lungs from one mouse of
each group obtained 24 hours post-inoculation. These analyses indicated that the neonatal lung from
the mouse inoculated with HH MVs + non-hemolytic GBS had a few clusters of small basophilic
structures reminiscent of bacteria, which was not observed in the other groups. Additionally, there was
mild eosinophilic acellular material within the alveoli (consistent with fibrin) in the lungs of the
neonate from the above group, which was generally minimal to absent in the lungs of neonates from
the other groups (Fig. 4.3 c). These findings show that while MVs from hyper-hemolytic GBS alone
were insufficient to induce morbidity and mortality in the neonatal host, they reduced survival and
exacerbated lung injury in neonates infected with non-hemolytic GBS. Notably, simultaneous isolation
of hemolytic and non-hemolytic GBS from human cases has been reported®°140 including in
neonates'?, Together, these data indicate that hemolytic GBS MVs can exacerbate GBS pathogenesis

and neonatal morbidity and mortality.

4.4  DISCUSSION

Group B Streptococci remain a leading etiological agent of infection in human newborns and
are associated with preterm birth, stillbirth, and neonatal sepsis 231317:112.141-148 ' A major barrier to the
development of new prevention strategies is the lack of understanding of virulence factors important
for GBS pathogenesis. In this work, we add biochemical insight into a critical GBS virulence factor,
the hemolytic pigment, and show how GBS may package and deploy this toxin to overcome host
defenses and promote infection.

In 2013, Whidbey et al. showed that the GBS pigment (granadaene) is hemolytic in the presence
of starch, demonstrating that the pigment and B-hemolysin of GBS were one in the same’®. While this
work represented a major advance in our understanding of GBS pathogenesis, the requirement for
starch in purified pigment for hemolytic activity remained a mystery, as GBS does not produce starch
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per se and yet are hemolytic. In the present study, we observed that membrane vesicles (MVs) isolated
from hemolytic GBS or L. lactis expressing the GBS cyl genes*?® are hemolytic and cytolytic, even
when MV-associated proteins are degraded by proteinase K (Fig. 4.1, 4.2). These findings demonstrate
that exogenous, high-molecular-weight stabilizers such as starch are not essential for hemolysis and
cytolysis when the pigment is associated with the bacterial membrane or membrane components. In
addition, these data show that proteinaceous components of the bacterial membrane are also themselves
not necessary for hemolytic activity, suggesting that positioning within the membrane may itself
provide sufficient stabilization for pigment activity.

Our findings in MVs support previous data indicating that the hemolytic pigment is localized
to the bacterial surface'®'3* and reveal a novel mechanism by which GBS may release this toxin from
the bacterial cell. Previous work showed that virulence-associated proteins such as extracellular matrix-
degrading enzymes are packaged in GBS MVs and likely contribute to premature rupture of
membranes, fetal injury, and preterm birth!®. Although our findings in the neonatal mouse model
suggest that hemolytic MVs themselves may not be pathogenic, our in vitro and in vivo findings show
that the hemolytic pigment in MVs promotes GBS survival and pathogenesis, even for an attenuated,
non-hemolytic strain (Fig. 4.3).

Recently, MVs have gained appreciation for their ability to promote bacterial survival by
interfering with host defenses. For instance, Staphylococcus aureus MVs promoted bacterial survival
by via neutrophil cytotoxicity**°, MVs from Streptococcus pneumoniae inhibited opsonophagocytic
killing by sequestering complement components'#®, and catalase-containing MVs from Helicobacter
pylori decreased ROS-mediated killing'®. Our data indicate that similar to H. pylori, MVs from GBS
facilitate bacterial survival from oxidative killing, although protection is dependent on the presence of
the hemolytic pigment in MVs (Fig. 4.3 ). Itis likely that release of hemolytic MVs by GBS quenches
ROS produced by the recruited macrophages or neutrophils, thereby attenuating host defenses and

promoting GBS dissemination.
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In summary, we identify a heretofore undescribed mechanism of pigment toxin-mediated
virulence during GBS infection. Our results imply that GBS releases the hemolytic pigment via MVs,
which quench microbicidal oxidants and enable bacteria to survive and disseminate. As ROS
production by neutrophils is critical to clearance of GBS by the host?>®72 our findings provide new
insight into how GBS overcomes hostile host environments and also lay a foundation for future studies

examining the role of GBS MVs in immune evasion.

45 MATERIALS AND METHODS

45.1 Ethics statement

Written informed patient consent for donation of human blood was obtained with approval from
the Seattle Children's Research Institute Institutional Review Board (protocol #11117) per the
Principles in the WMA Declaration of Helsinki and Dept. of Health and Human Services Belmont
Report. Children under the age of 18 were not recruited for donation of human blood.

All animal experiments were approved by the Seattle Children's Research Institutional Animal
Care and Use Committee (protocol IACUC00036) and performed in strict accordance with the
recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes

of Health (8th Edition).

45.2 Bacterial strains

GBSAcovR and GBSAcovRAcylE were derived from the wild-type strain A909, as
described®>®°, A909 is a clinical isolate obtained from an infected human neonate and is classified as
serotype 1a%. All GBS liquid cultures were grown in tryptic soy broth (TSB, Difco Laboratories) at 37
°C, 5% COx. L. lactis pcylX-K and L. lactis pEmpty were generated as described?®, and were grown

in TSB at 37 °C, 5% CO> with 5 pg/mL chloramphenicol (Sigma-Aldrich).
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453 Isolation of MVs from GBS and L. lactis

Membrane vesicles (MVs) were isolated from GBS using methods previously described °,
with slight modification. Cultures (15 mL) of GBSAcovR, GBSAcovRACcYIE, L. lactis pcylX-K, and L.
lactis pEmpty were grown to stationary phase (ODsoonm Of 1). Each turbid culture was centrifuged at
12,000 x g for 30 minutes at 4 °C. The supernatants were collected and passed through a 0.22 pm
syringe-driven filter (EMD Millipore) to remove residual bacterial cells. Then, the filtrate was added
to a 10 kDa Amicon Ultra-15 filter device (EMD Millipore), which was centrifuged at 4,000 x g for 15
minutes. The concentrated solute was recovered, and the MVs were pelleted by ultracentrifugation
(150,000 x g for 3 hours at 4 °C). Most of the supernatant was removed without disturbing the pellet.
The pellets containing MV’s were resuspended in sterile PBS and were normalized among all strains

to 5 mg/mL.

45.4  Scanning electron microscopy of MVs

Bacteria were centrifuged, washed twice with PBS, and resuspended in one volume of %
Karnovsky’s fixative (2% paraformaldehyde, 2.5% glutaraldehyde, 2.5mM CaCl2 in 0.1M Cacodylate
buffer, pH 7.2 1%). Then, the bacterial cells were centrifuged and resuspended in 1.4 mL % Karnovsky’s
fixative and allowed to incubate overnight at 4°C. At the Fred Hutchinson Cancer Research Center
Electron Microscopy Core, samples were prepared for scanning electron microscopy as described
previously’>783151 " 1mages were obtained using a Sigma 500 variable pressure Field Emission

Scanning Electron Microscope (FESEM) operating with Smart SEM (version 5.09).

455  Verification of proteinase K activity

Proteinase K (PK, Gene Choice) was resuspended in proteinase K buffer (20 nM Tris, pH 8.0,
1 mM CacCly) at a concentration of 2.5 mg/mL. Then, 1.5 uL PK (2.5 mg/mL) or 1.5 uL PBS was added

to a 13.5 pL aliquot of 100 ug BSA in PBS or to a 13.5 uL resuspension of MVs from GBSACOVR in
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PBS. As a control, 1.5 pL (2.5 mg/mL) PK was resuspended in PBS. Each resuspension was incubated
for 1 hour at 37 °C. To analyze for the presence of PK, each resuspension was analyzed by 12% SDS-

PAGE followed by SYPRO Ruby staining.

45.6  Testing MVs for hemolysis

Onablood agar TSA plate, 10 uL of MV resuspension was sonicated (10 min) and then spotted
and allowed to dry for approximately 10 minutes. The plate was incubated at 37 °C in 5% CO;
overnight, and then analyzed for a zone of hemolysis. To test the effect of PK on MV hemolysis, 13.5
ML sonicated MV resuspension was mixed with 1.5 pL of PK (2.5 mg/mL, final concentration = 0.25
mg/mL) or PBS. Then, 10 pL was spotted and allowed to dry for approximately 10 minutes. The plate
was incubated at 37 °C in 5% COz overnight, and then analyzed for hemolysis. As described above,
plates were placed on a light box, and photographs were captured with the digital SLR camera
described above and processed using Photoshop CC (Adobe).

To quantify hemolytic activity of MVs, a hemolytic assay was performed as described
previously with purified pigment/control extracts'®. Briefly, human red blood cells in PBS were co-
incubated with 10 uL sonicated MV resuspensions (5 mg/mL) from GBSAcovR (or non-hemolytic
control MVs) in the presence of PK (0.25 mg/mL) or PBS for 1 hour at 37 °C. Hemoglobin release in
cell supernatants was measured, and percent hemolysis was determined relative to Triton X-100

(0.1%)-treated positive controls and PBS-treated negative controls.

45.7  Testing MVs for cytotoxicity

Primary human neutrophils, CD4+ T cells, CD8+ T cells, and B cells were isolated as described
above. Neutrophils were seeded into 96-well plates at 2.5 x10° cells/well in 90 uL. RPMI-G, and T and
B cells were seeded at 2.5 x 10° cells/well in 90 uL RPMI-G. MVs (10 pL, 5 mg/mL) isolated from

GBSAcovR and GBSAcovRAcylE were added to seeded cells and allowed to incubate at 37°C
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(neutrophils = 3 hrs, T cells and B cells = 1 hr). As positive and negative controls, neutrophils were
incubated in 0.1% Triton X-100 (Sigma Aldrich) or sterile PBS, respectively. Cells were analyzed for
cytotoxicity by the presence of cytoplasmic lactate dehydrogenase (LDH) in cell supernatants using
the colorimetric LDH kit (Clontech), per the manufacturer’s instructions. Percent cytotoxicity was
calculated by normalizing to PBS-treated cells (0% cell death) and Triton X-100-treated cells (100%

cell death), as previously described 24727,

4.5.8 Oxidative killing assay

MVs isolated from GBSAcovR or GBSAcovRAcylE were resuspended in sterile PBS at 5
mg/mL, 1.23 mg of each MV type was co-incubated with 0.06% H20- (Sigma Aldrich) for 45 minutes
while rocking (500 pL total volume). PBS (no MVs) + 0.06% H20, and PBS-only (no MVs, no H20,)
conditions were included as positive and negative controls, respectively. Meanwhile, GBSAcovRAcylE
overnight cultures were sub-cultured in TSB, grown to mid-log phase (ODsoo 0.3), washed twice in
sterile PBS, and normalized to approximately 2 x10® CFU/mL in PBS. Then, approximately 1x108
CFU (500 pL) was added to the pre-incubated MVs (and controls), bringing the final H20-
concentration to 0.03%, as previously described for oxidative killing assays with GBS?. The mixtures
incubated at 37 °C, 5% CO- for 1 hour, and then 1000 units of catalase (from bovine liver, Sigma-
Aldrich) were added to each reaction condition to quench remaining H2O- (as previously described?®),

and surviving CFU were enumerated by dilution plating onto TSA.

459 Murine model of neonatal MV and GBS inoculation

Neonatal C57BL/6J mice between 12-36 hours of age were pooled and randomly assigned to
dams. Each group of neonates was then designated as an experimental group (hyper-hemolytic MVs +
non-hemolytic GBS, n = 6; PBS + non-hemolytic GBS, n = 6; hyper-hemolytic MVs + PBS, n = 5; or

PBS + PBS, n = 7). According to the assigned experimental group, neonates were injected (I.P.) with
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50 pL hyper-hemolytic MVs (5 mg/mL from GBSAcovR) or PBS and 10 puL non-hemolytic GBS
(GBSAcoVvRACcyIE, 108 CFU/mL) or PBS and returned to their assigned dam. Neonates were monitored
twice daily for 7 days for signs of morbidity and mortality. Moribund neonates were euthanized. At 24
hours post-inoculation, one randomly selected neonate from each experimental group was euthanized
via decapitation and the lungs were harvested, stored in 10% buffered formalin (Fisher Scientific),
paraffin embedded, sectioned at 4-5 pum, stained for hematoxylin and eosin (H&E), and analyzed for
histology by J.M.S who was blinded to group assignment. Lack of formalin inflation (difficult in this
neonatal age) complicated critical assessment of the interstitium. Mice euthanized for the purpose of
histological analysis were censored from the survival analysis. Images of lungs were acquired from
glass slides scanned in bright field with a 20X objective using a Nanozoomer Digital Pathology slide
scanner (Hamamatsu; Bridgewater, New Jersey) and plated in Adobe Photoshop Elements. Image
brightness was adjusted using levels (white balance), with manipulations applied to the entire image,

and a scale bar placed.

45.10 Statistical analysis

A p value < 0.05 was considered significant. Unless otherwise noted, an unpaired t test or one-
way ANOVA with Tukey’s post-test was used to compare groups in in vitro assays. Survival data was
plotted on a Kaplan-Meier curve, and the log-rank test was used to determine differences in survival

between groups. GraphPad Prism (version 7.03) was used to compute all statistical tests.
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4.7 FIGURES AND TABLES
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Figure 4.1. Membrane vesicles isolated from hemolytic GBS are hemolytic and cytolytic.

(a) Hyper-hemolytic GBS (GBSAcovR) were centrifuged, fixed, and analyzed by SEM. Arrowheads

indicate MVs, which are seen as spherical structures emerging from the surface of bacterial cells. (b)
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MVs from hyper-hemolytic GBS (HH GBS, GBSAcovR) or non-hemolytic GBS (NH GBS,
GBSAcovRAcylE) were resuspended in PBS, sonicated, and 10 uL was spotted onto red blood agar.
Purified GBS pigment and equivalent amount of GBSACcYIE extract in DTS at various dilutions were
spotted (10 pL) for comparison. (c) Primary human neutrophils, CD4+ T cells, CD8+ T cells, or B
cells were incubated with MVs from hyper-hemolytic GBS or non-hemolytic GBS (final concentration
= 0.5 mg/mL), and cell death was measured by LDH release into the supernatant relative to Triton X-
100 (0.1%)- and PBS-treated controls. Mean and SEM are shown from three experiments performed
in technical triplicate. Groups were compared with unpaired, two-tailed Student’s t test. Neutrophils:

p =0.0042, CD4+ T cells: p = 0.0005, CD8+ T cells: p <0.0001, B cells: p <0.0001.

91



a GBS L. Jactis GBS L. lactis
AcovR peylX-K AcovR peylX-K
MVs MVs MVvs MVs BSA BSA  PBS
¥ + + + + + + GBSAcovRAcylE MVs +
ladder  pgs  pps PK PK PBS PK PK GBSAcovR MVs + / pssy

kDa PBS \

GBSAcovR MVs +
PK y = ¢

GBSAcovRAcylE MVs +
PK

75
L. lactis pcyIX-KMVs + ___— \L. lactis pgan;ty MVs +

) {
i /
\\‘ 4
L. lactis peylX-K MVs + /-!\’ j L. lactis p?:(\pty MVs +
P ———

25

c B GBsAcovR MVs B ¢ Cactis poyix-K MVs
B cBSAcovRACyIEMYS B ¢ Lactis pEmpty MVs
ns ns
50_ L KXXX BD_ ns
" 40 KXXX 9 50-
2 2 40
= £
5 1 30
I
£ 204 = 20-
3 3
5 S 10-
a 104 o
0-
D_
+PK +buffer +PK +buffer

Figure 4.2. MVs are hemolytic after treatment with protease.

(a) Proteins in MVs isolated from GBS and L. lactis pcylX- K were subjected to proteinase K (PK)
treatment by incubating GBSAcovR MVs or L. lactis pcylX-K MVs with PK (0.25 mg/mL) or
equivalent volume of PBS for 1 hour at 37 °C. The activity of PK was confirmed by incubating BSA
(100 pg) with PK (0.25 mg/mL) for 1 hour at 37 °C. Samples were analyzed for protein content by
resolving on a 12% SDS-PAGE followed by SYPRO Ruby staining. (b) MVs from GBSACOVR,
GBSAcovRAcyIE, L. lactis pcylX-K, or L. lactis pEmpty were treated with proteinase K (PK, final

concentration 0.25 mg/mL) or an equivalent volume of PBS for 1 hour at 37°C, and 10 pL of each was
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spotted on blood agar. (¢) MVs from GBSAcovR, GBSAcovRACcYIE, L. lactis pcylX-K, or L. lactis
pEmpty were mixed with human erythrocytes in the presence of PBS or PK (0.25 mg/mL) for 1 hour,
and percent hemolysis was determined relative to Triton X-100 (0.1%)-treated positive controls. One-
way ANOVA with Tukey’s post-test was used. Mean and SEM from three experiments performed in
triplicate are shown. * indicates p < 0.05, *** indicates p < 0.001, **** indicates p < 0.0001, ns

indicates not significant, or p > 0.05.
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Figure 4.3. Hemolytic MVs dampen oxidative killing and exacerbate GBS pathogenesis in neonatal

mice.
(@ MVs were isolated from hyper-hemolytic (HH) GBSAcovR or non-hemolytic (NH)

GBSAcovRAcoVR were pre-incubated with 0.06% H20- for 45 min and then incubated with NH GBS
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at 37 °C for 1 hour. Following incubation, remaining H202 was quenched with 1,000 units of catalase,
and surviving CFU were enumerated by dilution plating onto TSA. A group consisting of no MVs +
H>02 and no MVs + no H.O were included as positive and negative controls, respectively. Treatment
groups were compared using a Kruskal-Wallis test with multiple comparisons corrected for false
discovery. HH GBS MVs + H202 vs. no MVs + H202: p = 0.0170; HH GBS MVs + H202 vs. NH GBS
MVs + H202: p = 0.0395. NH GBS MVs + H202 vs. no MVs + H202: p > 0.9999; HH GBS MVs +
H20:2 vs. PBS only: p = 0.0822; NH GBS MVs + H20: vs. PBS only: p = 0.0032; no MVs + H20; +
PBS: p = 0.0015. Line at median. (b) Kaplain-Meier plot depicts survival of neonatal mice inoculated
with MVs alone or GBS strains alone or GBS strains with MVs, as indicated. Survival between groups
was compared using the log-rank test. (c) Lungs from neonatal mice in each treatment group were
harvested at 24 hours post-treatment, fixed, sectioned, and stained for H & E. Arrow represents
aggregate of small basophilic circular structures (consistent with bacteria), and asterisk indicates

eosinophilic material within the alveoli (fibrin). Scale bar is 50 pm.
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Chapter 5. HYALURONIDASE OF GROUP B STREPTOCOCCUS
ATTENUATES NEUTROPHIL FUNCTION AND
PROMOTES INVASION OF THE AMNIOTIC
CAVITY, FETAL BACTEREMIA, AND PRETERM
LABOR

This chapter is from the following article:

Coleman, M.*, Armistead, B.*, Orvis, A., Quach, P., Brokaw, A., Gendrin, C., Ogle, J., Merillat, S.,
Dacanay, M., Wu, T-Y, Munson, J., Baldessari, A., Vornhagen, J., Furuta, A., Nguyen, S.,
Adams Waldorf, K.M., Rajagopal, L. Hyaluronidase of Group B Streptococcus attenuates
neutrophil function and promotes invasion of the amniotic cavity, cervical ripening, and

preterm labor. In preparation.

* These authors contributed equally to this work.
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5.1 ABSTRACT

Invasive bacterial infections during pregnancy are a major risk factor for preterm birth, stillbirth
and fetal injury. Group B Streptococci (GBS) are gram-positive bacteria that commonly reside as
commensal organisms in the vagina but infect the amniotic fluid and induce preterm birth or stillbirth.
A better understanding of how GBS virulence factors evade host defenses leading to adverse pregnancy
outcomes is necessary for the development of preventive strategies. Using a unique chronically
catheterized nonhuman primate model that closely emulates human pregnancy and informs temporal
events surrounding amniotic cavity invasion and preterm labor, we show that the GBS hyaluronidase
(HylB) significantly promotes microbial invasion of the amniotic cavity, fetal bacteremia, and preterm
labor. Although delayed cytokine responses were observed in animals inoculated with the HylB-
proficient strain, increased prostaglandin levels in these animals likely promoted cervical ripening and
preterm labor in these animals. Furthermore, we show that HyIB promotes GBS resistance to neutrophil
killing and dampens ROS production. Collectively, our studies demonstrate how a bacterial enzyme
enables GBS to blunt host defenses to cause microbial invasion of the amniotic cavity, fetal bacteremia,

and preterm labor.
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5.2 INTRODUCTION

Globally, invasive bacterial infections are a leading cause of stillbirths and preterm births >
154 Group B Streptococci (GBS) or Streptococcus agalactiae are p-hemolytic, gram-positive bacteria
that commonly exist as commensal organisms in the recto-vaginal tract of healthy adult women.
However, GBS can be transmitted to neonates during birth or ascend into the uterus during pregnancy,
resulting in fetal injury, stillbirth, preterm birth, or early neonatal infection *1%>1%5, Some countries
have implemented protocols to screen women for GBS colonization in the third trimester of pregnancy
and to subsequently administer antibiotics to GBS-positive women during labor and delivery (known
as intrapartum antibiotic prophylaxis). Although these measures have decreased the incidence of
neonatal GBS disease in the first week of life 11215 they fail to prevent adverse pregnancy outcomes
that occur prior to labor and delivery that result in preterm births or stillbirths 112157-15° Recent reports
have indicated that by conservative estimates, approximately 147,000 stillbirths and 3.5 million
preterm births each year are attributed to GBS infections 3. A better understanding of how GBS evades
host defenses during ascending infection is pivotal for the development of improved preventive
therapies.

Host factors important for responses to microbial infection include hyaluronan (HA). HA is a
major constituent of the host extracellular matrix and exists as a high-molecular weight
glucosaminoglycan polymer that assists in cell migration, cell-cell signaling and responses to injury
and infection %181 During infection or injury, high molecular weight HA (HMW-HA\) is degraded by
host hyaluronidases or reactive oxygen species (ROS) to low molecular weight HA (LMW-HA,
comprising HA tetramers or pentamers) which are pro-inflammatory in nature and mediate cytokine
responses through signaling via Toll-like receptors (TLRs), such as TLR-2 and TLR-4 162163
Interestingly, certain bacterial pathogens including GBS also secrete a hyaluronidase enzyme 2164,

The GBS hyaluronidase (HyIB, encoded by the hylB gene) was identified in 1950 as an exolytic
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enzyme % that breaks down HA to HA disaccharides *°. Recently, GBS HylB-generated HA
disaccharides were shown to block TLR-2 and TLR-4 signaling in macrophages and dampen cytokine
responses®. Subsequently, we observed that clinical GBS isolates associated with preterm labor or
neonatal infections exhibit increased hyaluronidase activity when compared to commensal GBS
isolates obtained from rectovaginal swabs of healthy women %6, We also noted that GBS hyaluronidase
dampened uterine immune responses and promoted ascending infection and preterm birth in pregnant
mouse models of GBS infection“®.

However, the pregnant mouse and other lower mammalian models of pregnancy exhibit
dissimilarities to many aspects of human pregnancy including differences in reproductive anatomy,
placentation, mechanism of onset of labor and sensitivity to pathogens. In contrast, the closest animal
model for studies related to human pregnancy is the pregnant non-human primate (NHP) 166-169,
Similarities of NHP to humans include reproductive anatomy, type and structure of placenta
(hemomonochorial), number of fetuses (singleton), long gestational period (160-170 days), initiation
of labor (hormonal control of parturition), sensitivity to pathogens, and the developmental timeline of
the fetal lung and brain 1631, In the chronically catheterized pregnant NHP model 73 we inoculate
bacteria at the choriodecidual space, which is between the uterine muscle and the placental membranes,
where bacteria first encounter the maternal-fetal interface during ascending infection from the lower
genital tract 73153,

Previous studies using the above NHP model revealed that hyper-hemolytic and hyper-
pigmented GBS (lacking the hemolysin transcriptional repressor CovRk, GBSAcovR) invaded the
amniotic cavity and induced preterm labor in a hemolysin-dependent manner *°. Here, we used a non-
hemolytic GBS strain (Serotype V, GB37) that exhibits increased hyaluronidase activity ** to address
how hyaluronidase expression (in the absence of hemolytic activity) may affect immune evasion, fetal
injury and preterm labor. Our studies reveal that pregnant NHP inoculated with GB37 exhibited rapid

MIAC and preterm labor in contrast to animals inoculated with the isogenic GB37AhyIB (lacking
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hyaluronidase expression). Although MIAC correlated with increased neutrophil recruitment to the
choriodecidual space, the ability of hylauronidase to dampen neutrophil ROS production and increase
GBS resistance to neutrophil Killing likely enabled MIAC and fetal bacteremia. Infection with
hyaluronidase-proficient GBS was also associated with increased prostaglandin levels that likely
promoted cervical ripening. Collectively, our studies reveal that a secreted bacterial hyaluronidase can

impact multiple host pathways to promote GBS MIAC and preterm labor.

5.3 RESULTS

5.3.1  HylB promotes adverse pregnancy outcomes in a choriodecidual model of GBS infection

To elucidate how hyaluronidase promotes GBS infection during pregnancy, we used a
chronically catheterized nonhuman primate (Macaca nemistrina) model that closely emulates human
pregnancy and defines temporal events during MIAC and preterm labor’?. Ten animals received
choriodecidual inoculations of 1-3 x 102 colony forming units (CFU) of either hyaluronidase-proficient
wild-type GBS (strain GB37, n = 5) or an isogenic hyaluronidase-deficient GBS (strain GB37AhyIB,
n = 5). Notably, neither the wild-type GB37 nor the mutant strain exhibit hemolysis/pigmentation.
Controls included NHP that received saline (n = 6 total; n = 4 described previously’3). Preterm labor
and/or microbial invasion of the amniotic cavity (MIAC) (Table 1) were the primary outcomes of our
study, as either of these events induces adverse pregnancy outcomes. In GBS-inoculated animals,
Cesarean section was performed at the onset of preterm labor (defined as progressive cervical dilation
associated with increased uterine activity (hourly contraction area >10,000 mmHg*sec/hr)) or at three
days post-GBS inoculation if preterm labor did not occur, as described previously?.

We found that GB37 induced preterm labor in 4/5 (80%) animals compared to 1/5 (20%)
animals inoculated with hyaluronidase-deficient strain GB37AhyIB or 0/7 (0%) saline controls (Table
5.1, Fig. 5.1). Further, all GB37-inoculated animals (5/5, 100%) experienced microbial invasion of the

amniotic cavity in contrast to 1/5 animals (20%) inoculated with GB37AhyIB and 0/7 (0%) saline
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controls (Table 5.1, Fig. 5.1). The phenotype of the bacterial colonies recovered from the animals was
similar to the inoculum strain in all cases. In the GB37 group, GBS CFU was recovered from the
amniotic fluid (AF) as early as 6 hours post-inoculation in two animals (GB37 #1 and GB37 #2), which
was followed by preterm labor at 26 and 41 hours post-inoculation, respectively (Fig. 5.1,
Supplementary Fig. 5.1). GBS was recovered from the AF at 12 hours post-inoculation in GB37 #3
and GB37 #4. At 48 hours post-inoculation, the AF of GB37 #3 was significantly turbid due to MIAC,
although contractions exceeding 10,000 mmHg*sec/hr and cervical dilation did not occur at this time.
To avoid in utero fetal death due to sepsis, we proceeded with Cesarean section prior to the defined
study endpoint (preterm labor) at 49 hours post-inoculation for this animal. In GB37 #5, although GBS
was not detected in the AF until 48 hours post-inoculation, infection and contractions progressed
rapidly after this point, and the NHP was close to delivering the fetus at 70 hours post-inoculation
(early on day 3 post-inoculation). In the GB37AhyIB group, only one animal exhibited preterm labor
and MIAC (GB37AhyIB #5), wherein GBS was detected in the AF at 24 hours post-inoculation and
the animal experienced preterm labor within 70 hours of inoculation (Fig. 5.1, Supplementary Fig. 5.1).
The remaining four animals in this group did not exhibit MIAC, preterm labor, or other adverse
outcomes, similar to saline controls (Fig. 5.1, Supplementary Fig. 5.1). Collectively, our results
indicate that choriodecidual inoculation of a GBS strain with elevated hyaluronidase activity was
significantly associated with adverse pregnancy outcomes when compared to inoculation with the
isogenic hyaluronidase-deficient GBS strain or saline controls (p = 0.0214 GB37 vs. GB37AhyIB; p =

0.0005 GB37 vs. saline).

53.2 MIAC coincided with fetal bacteremia and inflammation despite low levels of pro-

inflammatory cytokines in the amniotic fluid

All cases of MIAC coincided with fetal bacteremia, and GBS CFU (ranging from 103-108

CFU/g) were recovered from several fetal organs, including the brain (Fig. 5.2 a). Of note, consistently
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more bacteria were recovered from the fetal lung when compared to the other fetal organs (Fig. 5.2 a),
similar to our previous observations with a hyper-hemolytic strain of GBS’

To determine the inflammatory milieu that can be associated with either the progression or
clearance of GBS infection in the various groups, we measured cytokine levels in the AF during the
course of the experiment. In the GB37 group, we noted that for three animals that experienced preterm
labor within 48 hours post-inoculation (GB37 #1, GB37 #2, GB37 #4), AF levels IL-1p, IL-6, IL-8,
and TNF-o remained relatively low (< 2,000 pg/mL) after the onset of MIAC (Fig. 5.1, Supplementary
Fig. 5.1); this cytokine profile sharply contrasts to our prior studies using a hyper-hemolytic pigmented
GBS strain (GBSAcovR), wherein AF levels of IL-1p, IL-6, IL-8, and TNF-a increased immediately
before MIAC was detected’?. In the other two animals that experienced preterm labor after 48 hours
post-GBS inoculation (GB37 #3, GB37 #5), a spike in levels of IL-1 B (3,000-6,000 pg/mL), IL-6
(3,500-8,000 pg/mL), and IL-8 (1,500-8,000 pg/mL) occurred between 24 and 48 hours after MIAC
was detected. In contrast, for the GB37AhyIB group, the levels of IL-1p, IL-6, IL-8, and TNF-a
remained low (< 2,000 pg/mL) and were comparable to the saline-inoculated animals throughout the
experiment (Fig. 5.1, Supplementary Fig. 5.1), with the exception of GB37AhylB #5, which
experienced MIAC and preterm labor. Notably, there was no statistical difference in the peak AF
cytokine levels among all treatment groups (Table 5.1). In addition, compared to our previously
published GBSAcovR-inoculated animals’?, the GB37 group had significantly lower peak AF levels of
IL-6 (p = 0.0090) and IL-8 (p = 0.0163). These results suggest that increased AF cytokines are not
necessarily a predictive signature of preterm labor, particularly during infection with
immunosuppressive hyaluronidase-expressing GBS strains.

We also measured cytokines in fetal tissues and plasma at the study endpoint (Fig. 5.2 b, Table
5.1). As fetal tissue lysates were not obtained from historical saline animals (n = 4) reported

previously’?, only saline animals performed in the current study (n = 2) were included in these analyses.
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Overall, the GB37-infected fetuses exhibited increased IL-1p in the lung (p = 0.0536); IL-6 in the lung
(p = 0.0242), spleen (p = 0.0678), and kidney (p = 0.0536); IL-8 in the lung (p = 0.0530); and TNF-a
in the lung (p = 0.0536) when compared to GB37AhyIB (with the highest cytokines observed in
GB37AhylIB #5, which had MIAC and preterm labor). Higher levels of the following cytokines were
also observed in GB37- versus saline-treated animals: IL-1p in the kidney (p = 0.0852); IL-6 in the
spleen (p = 0.0726), liver (p = 0.0353), and plasma (p = 0.0490) ; IL-8 in the lung (p = 0.0383) and
spleen (p = 0.0305); and TNF-a in the liver (p = 0.0418). The significant increase in proinflammatory
cytokines in the fetal lung wherein higher bacterial burden was also detected suggests that immune
suppression due to HylB may be more evident in the immunotolerant placental tissues rather than fetal
tissues.

Haemotoxylin and eosin (H&E) staining of neonatal lungs supported these findings. Lungs
from the GB37 group showed minimal (GB37 #4) and moderate to severe (GB37 #1, #2, #3, and #5)
neutrophilic deep alveolar pneumonia with intracellular and extracellular bacteria and abundant
aspirated material and fibrin (Supplementary Fig. 5.2). In contrast, H&E staining of the GB37AhyIB
group showed overall minimal neutrophilic inflammation in the fetal lung. The only animal with MIAC
in this group, GB37AhyIB #5, exhibited moderate and mixed cell-type inflammation and aspirated
bacteria within the lung (Supplementary Fig. 5.2). Collectively, these analyses reveal that
choriodecidual inoculation of hyaluronidase-expressing GBS resulted in increased cytokines and
inflammation in fetal tissues compared to choriodecidual inoculation with GBS lacking hyaluronidase.
This immune response may, in part, be driven by pathogen-associated molecular patterns (PAMPS)

associated with bacterial invasion of the fetal tissues.
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5.3.3  HylB-expressing GBS induced greater infiltration of phagocytes to the maternal-fetal

interface

To gain insight into the nature of the immune cells present at the maternal-fetal interface, we
performed flow cytometry on various samples obtained at the experimental endpoint. Of note, while
saline controls performed as a part of the current study (n = 2) are included, historical saline controls
(n =4) were not included in these analyses, as similar samples were not available and/or such analyses
were not previously performed. At Cesarean section, biopsies were obtained from the placental
membranes (the chorionic villi and the choriodecidual membranes at the inoculation site) and the uterus
(upper uterus, mid-uterus, and lower uterus adjacent to the inoculation site) (Fig. 5.3 a). Maternal and
fetal blood (from the umbilical cord) were also collected. Placental and uterine tissues were processed
to obtain single cells, and then treated with one of four fluorescent antibody panels (Supplementary
Table 5.1) designed to screen for various immune cell types, including monocytes, neutrophils, mast
cells, DCs, NK cells, T cells, and B cells. Stained single cells were analyzed by flow cytometry, and
specific immune cell populations were determined by gating on size, single cells, and known
phenotypic markers for each cell type (see materials and methods). Because only two saline controls
were included, we examined the data for statistical differences between the GB37 and GB37AhylIB
groups.

These analyses revealed a trend for elevated levels of neutrophils (CD44+/CD66+) in the mid-
and upper uterine segments, choriodecidual membranes (inoculation site) and maternal blood of GB37-
treated NHP compared to GB37AhyIB or saline controls (p < 0.1, Fig 5.3 b). No differences in
neutrophil frequency was seen in the chorionic villi, lower uterus, or fetal blood between the GBS
treatment groups. Notably, a trend towards increased monocytes (CD45+/CD14+) was also seen in the

upper and mid-uterine segments of GB37 animals compared to GB37AhyIB or saline controls. Elevated
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levels of CD8+ T cells (CD3+/CD4-/CD8+) were also seen in the chorionic villi and choriodecidual
membranes of GB37-inoculated animals compared to GB37AhyIB-inoculated animals.

We also examined the placental membranes by H&E staining to assess inflammation and tissue
injury. Placentas from the GB37 group exhibited moderate to severe predominantly neutrophilic
inflammation with areas of edema, mild regional hemorrhage, and fibrinous necrosis (Supplementary
Fig. 5.3). Conversely, placental sections from the GB37AhyIB group had minimal to mild neutrophilic
and mixed cell-type inflammation, except for GB37AhylB #5, which had moderate to severe
neutrophilic inflammation (Supplementary Fig. 5.3). Collectively, our flow cytometry and placental
histology results indicate that levels of neutrophils and possibly monocytes are increased in the

reproductive tissues of animals inoculated with GB37 versus GB37AhyIB and saline controls.

5.3.4  Digital spatial profiling of the placenta revealed minimal immune signatures to GBS
hyaluronidase

To obtain greater spatial resolution of the cellular events and signaling cascades at the maternal-
fetal interface, we analyzed placental membranes from each animal (including n = 2 historical salines)
using the GeoMx Digital Spatial Profiling (DSP) platform (NanoString Technologies) (Fig. 5.4 a).
Briefly, formalin fixed paraffin embedded (FFPE) sections of choriodecidual membranes from animals
inoculated with GB37 (n = 5), GB37AhyIB (n = 5), or saline (n = 4; n = 2 from current study, n = 2
historical controls) were incubated with primary antibodies reactive to pan cytokeratin (Pan-CK,
green), fibroblast activation protein (FAP, yellow), and GBS (red) to visualize the overall tissue
architecture and bacterial invasion by fluorescence microscopy. Next, regions of interest (ROISs)
comprising the decidua, chorion, and amnion in each animal were selected (Fig 5.4 b), and 62 antibody
probes coupled to photocleavable oligonucleotide tags were hybridized and serially photocleaved
within each ROI and then collected and quantified. Counts were mapped to tissue location to yield a
spatially-resolved profile of analyte abundance, which is represented in Fig. 5.4 c.
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Intriguingly, while GBS was detected in the decidua of all GB37-treated animals and only one
GB37AhylB animal (GB37AhylB #5) (Supplementary Fig. 5.1), no significant differences in
inflammation-associated analytes (e.g. CD45, CD68, CD34, CD40L, STING, TGF-B1, CD86, CD56)
were detected between the GBS groups in any tissue type (amnion, chorion, decidua) (Fig. 5.1,
Supplementary Fig. 5.4). Conversely, some markers associated with inflammation were significantly
lower in GB37 animals compared to saline controls, including the macrophage marker CD14 in the
decidua and amnion and T cell co-stimulatory molecule CD86 in decidua, chorion, and amnion (Fig.
5.4 ¢, Supplementary Fig. 5.5). These data indicate that even in tissues sites where GB37 were detected
by fluorescent microscopy (Fig. 5.4 b), some inflammatory markers were dampened relative to
baseline. However, a nearly 9-fold significant increase in Ki67 and a significant decrease in the cell
cycle regulatory protein PTEN in the decidua of GB37-inoculated animals compared to saline controls
suggest that pathology-associated cell proliferation may have occurred at these infected tissue sites!’®
172 Together, DSP showed no indication that choriodecidual inoculation with GB37 induced a pro-

inflammatory phenotype in the amnion, chorion, or decidua.

5.3.5  HylB promotes resistance to antimicrobial effects of neutrophils

Given our observations of increased neutrophil recruitment in the choriodecidual membranes
and uterus of GB37-infected animals (Fig. 5.3), yet minimal pro-inflammatory events in the placenta
(Fig. 5.4 c¢), we asked whether GBS hyaluronidase plays a role in dampening neutrophil defenses,
which are critical in protecting the host against GBS infection’?173, We previously observed that hyper-
hemolytic strains of GBS circumvented the neutrophil response, in part, by inducing neutrophil cell
death’. To test whether hyaluronidase-expressing GBS killed neutrophils more readily than GBS
lacking hyaluronidase, we isolated primary human neutrophils from fresh adult human blood and

exposed them to strains GB37 and GB37AhyIB at a multiplicity of infection (MOI) of 100, 10, and 1
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for 4 hours and measured cytotoxicity by the release of lactate dehydrogenase (LDH), as described %,
No significant differences in cell death were observed between neutrophils treated with the two strains
at MOI 100, 10, and 1, and minimal cell death (< 0.02%) was observed relative to Triton X 100-treated
positive controls and PBS-treated negative controls (Fig. 5.5 a).

Next, we asked whether hyaluronidase may enable GBS to resist the microbicidal activity of
neutrophils. To this end, we compared the survival of GB37, GB37AhyIB, and GB37AcpsE (lacks
capsule, enhancing susceptibility to neutrophil killing’?) in the presence of purified human neutrophils.
We found significantly less neutrophil killing of GB37 compared to GB37AhyIB or GB37AcpsE (Fig.
5.5 b), indicating that hyaluronidase enables GBS to subvert this critical host defense.

To understand the mechanisms by which HylB may facilitate GBS resistance to neutrophil
killing, we measured the production of reactive oxygen species (ROS) in neutrophils in the presence
of hyaluronidase proficient or deficient GBS. The production of ROS is critical for the microbicidal
action of neutrophils™. To measure ROS production, we pretreated human neutrophils with
dihydrorhodamine 123 (DHR), which converts to fluorescent monohydrorhodamine (MHR) in the

presence of ROS. Neutrophils pretreated with DHR were exposed to GB37, GB37AhylIB, or
GB37AcpsE, and MHR fluorescence was measured after 60 minutes by flow cytometry. Increased
ROS-positive cells were noted in neutrophils exposed to GB37ahylB and GB37AcpsE compared to
GB37 (Fig. 5.5 ¢), demonstrating that HylIB may have blunted the ability of neutrophils to generate
ROS.

Because HylB has been shown to degrade HA into dimers that inhibit TLR-2/4 pro-
inflammatory signaling in murine macrophages*}, we wondered whether HylB-mediated TLR-2/4
interference could explain the differences in neutrophil ROS production induced by GB37 and

GB37AhyIB. To test this, we grew GB37 and GB37AhyIB to stationary phase and incubated filtered

supernatants from each strain with HA for 18 hours to allow for enzymatic digestion of HA into
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disaccharides, as described*. Next, we pre-treated human neutrophils with 10 ug/mL anti-TLR-2
antibody (Invivogen) and 10 pug/mL anti-TLR-4 antibody (Invivogen) or vehicle control. Neutrophils
were then pre-treated with DHR as above, exposed to the digested HA solutions from each strain for
60 minutes, and then analyzed for ROS production by flow cytometry. Greater ROS-positive events
were seen in neutrophils treated with GB37AhyIB-HA digests compared to neutrophils treated with
GB37-HA digests (Fig. 5.5 d), suggesting that HylB dampens neutrophil activation. Among
neutrophils treated with GB37AhyIB-HA digest, we observed significantly less ROS production in
neutrophils treated with anti-TLR-2 and anti-TLR-4 antibodies compared to those without TLR
inhibitors. These data show that pro-inflammatory HA fragments promote ROS production in
neutrophils that is, in part, mediated via TLR-2/4 signaling. Taken together, our data are the first to
demonstrate that HylB promotes GBS resistance to neutrophils, leading to adverse pregnancy

outcomes.

5.4 DISCUSSION

A complete understanding of the mechanisms that GBS use to subvert host defenses in its
transition from asymptomatic colonizer to invasive pathogen is essential for the development of
improved treatment and prevention strategies for GBS-associated preterm birth, stillbirth, fetal injury
and neonatal infection. We previously showed that hyaluronidase (HylB) activity was greater in GBS
strains isolated from cases of preterm birth and neonatal infection compared to commensal isolates*®
and that HylIB facilitated ascending GBS infection in mice®®. Here, we utilize a chronically catheterized
pregnant NHP model, which more closely emulates human pregnancy than lower animal models!©6-16°,

to elucidate how HylB influences uterine responses and immune mechanisms throughout the course of
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infection, starting from the time of inoculation until labor. Our data indicate that HyIB is a crucial
virulence factor that enables GBS to rapidly invade the amniotic cavity and cause preterm labor.

During infection, host hyaluronidases promote immune surveillance by cleaving HA fragments
into pro-inflammatory multimers that interact with pattern recognition receptors (PRRs) such as TLR-
2 and TLR-4 on macrophages, dendritic cells, and endothelial cells!®3175-177 Recently, it was shown
that GBS evades HA-mediated immune activation by secreting their own hyaluronidase, HyIB, which
degrades HA into non-stimulatory disaccharide fragments that interfered with TLR-2/4 signaling in
murine macrophages*. These results were supported by our recent studies in mice, which indicated
that vaginal GBS inoculation with a HylB-proficient strain dampened expression of pro-inflammatory
cytokines such as TNF-a and IL-6 in the uterus, leading to ascending infection®®. Similarly, levels of
TNF-a, IL-8, and IL-6 were lower in immortalized endometrial cells infected with WT GBS compared
to GBSAhyIB*®,

Given these data and that intraamniotic inflammation is associated with preterm labor’®, we
hypothesized that choriodecidual inoculation of pregnant NHP with GB37, a non-pigmented/non-
hemolytic clinical isolate of GBS with high HyIB activity, would result in immune suppression leading
to MIAC, fetal sepsis, and stillbirth rather than preterm labor per se. Surprisingly, we found MIAC and
a potential stillbirth without preterm labor in only one NHP in the GB37 group (GB37 #3), whereas
the other four GB37-infected animals experienced MIAC and preterm labor (Table 5.1, Fig. 5.1,
Supplementary Fig. 5.1). In contrast, only one NHP inoculated with GB37AhyIB experienced MIAC
and preterm labor (GB37AhyIB #5), while the other four showed minimal differences in contraction
patters and neutrophil infiltration from saline controls (Fig. 5.1, Supplementary Fig. 5.1). Notably,
GB37AhylB #5 exhibited a strong nocturnal pattern of contractions prior to GBS inoculation compared

to other animals (Supplementary Fig. 5.1), which could indicate that this animal had a lower threshold

for labor and was unable to contain bacterial trafficking. Nevertheless, clear differences in pregnancy
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outcomes in GB37-treated animals versus the GB37AhyIB group and the saline controls were observed.
Intriguingly, however, minimal differences in peak AF cytokines (Table 5.1) and inflammatory
placental immune signaling cascades (Fig. 5.4) were detected among the groups. These results are in
stark contrast to our previous findings following choriodecidual inoculation with a hyper-
hemolytic/hyper-pigmented GBS strain in a pregnant NHP, which showed significantly higher levels
of IL-6 and IL-8 in the AF and up-regulation of inflammation-associated genes in the placenta
compared to NHP inoculated with a non-hemolytic strain and saline controls’?. The two studies also
differ in fetal outcomes; MIAC and systemic fetal inflammation was observed in only three of five
(60%) of NHP inoculated with the pro-inflammatory, hyper-hemolytic GBS strain in contrast to all
five (100%) of the GB37-inoculated animals.

Our observation that GB37 readily invaded the amniotic cavity despite greater recruitment of
neutrophils to the choriodecidual membranes and some uterine segments (Fig. 5.3) suggested that GBS
may use HyIB to overcome antimicrobial action of neutrophils or other infiltrating immune cells at the
maternal-fetal interface. Indeed, our in vitro data showed that GB37 dampened ROS generation and
promoted resistance to neutrophil killing, at least in part by interfering with TLR-2/4 signaling (Fig.
5.5). Notably, the HylB-mediated mechanism of neutrophil evasion is distinct from that conferred by
the hemolytic pigment, which induces neutrophil necrosis and decreases GBS’s susceptibility to
neutrophil extracellular traps (NETs)’2. These findings indicate that GBS promote pathogenesis by
evading neutrophils via multiple distinct mechanisms.

One limitation to our study is our inability to observe the cellular events at the placenta and
uterus immediately after inoculation if preterm labor does not occur. Accordingly, it is possible that
we did not capture events that may lend greater insight into the kinetics of HylB-mediated immune

suppression. For instance, as GB37AhyIB lacks the ability to degrade HA into anti-inflammatory

dimers*®, choriodecidual inoculation of GB37AhyIB may have induced rapid recruitment of neutrophils
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via controlled inflammation, resulting in swift clearance of this strain before MIAC could occur (in all
animals except GB37AhyIB #5). This idea is supported by our previous findings in an intraperitoneal
murine model of infection, in which we observed greater neutrophil recruitment to the peritoneal fluid
of GB37AhylB-inoculated mice at 2 hours post-infection and less bacterial dissemination at 48 hours
post-infection compared to GB37-inoculated mice*'. In the present study, bacterial clearance and
resolution of inflammation at the choriodecidua in four out of five GB37AhylIB-treated NHP could
explain the lower neutrophil frequencies at the choriodecidual membranes and uterine segments
between the GBS groups at the experimental endpoint. A time-controlled experiment in the NHP
pregnancy model would lend greater insight into the differences in neutrophil recruitment and
inflammatory events immediately following choriodecidual infection with GB37 or GB37AhyIB.

Given the in vivo and in vitro data obtained in this study, we propose that GBS use HyIB to
dampen pro-inflammatory cascades and microbicidal activity of first-line innate immune defenses such
as neutrophils, thereby promoting bacterial replication and invasion of the amniotic cavity and fetus.
We hypothesize that once bacteria have invaded the fetal niche, other pro-inflammatory, surface-
associated bacterial factors (e.g. capsular polysaccharides!’®, surface immunogenic protein'®?, pilus®l)
overcome the immune-dampening effects of GBS HylB-digested HA fragments, triggering host PRRs
and resulting in systemic fetal inflammation. Our previous studies show that the GBS hemolytic
pigment toxin causes rapid inflammation in the AF and placental membrane disruption?*>, which
leads to preterm birth but clearance of GBS in some cases’. In contrast, our results in this study indicate
that GBS use HylB to suppress inflammatory responses to facilitate bacterial replication and
dissemination into the amniotic cavity and fetus.

A remaining conundrum is why GB37 inoculation resulted in preterm birth in four of five
animals despite immunosuppressive activity of this strain. One possibility is that although pro-

inflammatory responses in the amniotic fluid and placenta were dampened, the systemic inflammatory
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response in GB37-inoculated fetuses may have triggered parturition in these animals. Notably, peak
levels of IL-6 in the fetal blood were higher in the GB37 group (1,049 pg/mL) compared to the
GB37AhyIB group (3.64 pg/mL) and saline controls (3.64 pg/mL) (Table 5.1), and fetal inflammatory
response syndrome (plasma IL-6 > 11 pg/mL), is associated with preterm labor regardless of the
inflammatory state of the amniotic fluid!®, Thus, inflammatory events in the fetus may have played a
role in the early onset of labor in GB37 animals. It is also possible that GBS HylIB interfered with other
host HA-mediated pathways in addition to immune surveillance mechanisms. Several host
hyaluronidases have functions in maintaining healthy pregnancy, such as supporting the structural
development of the placenta'®!84 or signaling the onset of labor through cervical ripening'®-%7. In
fact, intracervical administration of exogenous hyaluronidase is a method to induce labor in
humans*18, Moreover, increased prostaglandin levels in the GB37 group (Table 5.1) indicate that
cervical ripening may have occurred in these animals'®. In short, the high frequency of preterm birth
we observed in this study may have been facilitated by fetal inflammatory response syndrome,
disruption of HA homeostasis at critical sites at the maternal-fetal-interface, and/or heretofore
unidentified mechanisms involved in parturition. Further research on the effect of HylB on these and
other host pathways during choriodecidual GBS infection is critical to understanding the multifaceted
etiologies of GBS-associated preterm labor.

Together, the work in this chapter establishes HylB as a potent virulence factor that allows GBS
to circumvent neutrophil responses, invade the amniotic cavity, and cause fetal bacteremia and preterm
labor in an animal model that closely resembles human pregnancy. Accordingly, these results point to
HyIB as a potential therapeutic target for invasive GBS disease during pregnancy. Interestingly, several
known hyaluronidase inhibitors exist and have been proposed as therapeutics for other HA-mediated
pathology, including sexually transmitted infections®®®?, venom wounds®?'% and cancer!®41%,
Identification of a HylB-specific inhibitor could lead to new treatments for GBS and have far-reaching

impacts on maternal and neonatal health worldwide.
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5.5 MATERIALS AND METHODS

551  Study design

NHP animals: A sample size of n = 5 was predefined (prior to beginning of study) to provide
an estimated 80% power in achieving statistically significant results in comparisons among and
between animals in each treatment group (ANOVA with alpha level of 0.025). Two-sided unpaired

tests were used in the final analyses.

Rationale and design of study: The objective of this study was to determine if expression of
hyaluronidase by GBS promoted GBS invasion of the amniotic fluid and fetus and/or preterm labor
(PTL). Ten animals received choriodecidual inoculations of 1-3 x 108 colony forming units (CFU) of
either hyaluronidase-expressing GBS (GB37) or an isogenic hyaluronidase deficient strain
(GB37AhyIB). The results from each treatment group were compared to one another and to saline
controls (n = 6), four of which were previously described 3. The primary outcomes of this study are
shown in Table 1. Of note, the primary outcome, denoted as “adverse outcome,” was a composite of

preterm labor and/or MIAC, as both are poor outcomes of pregnancy.

55.2 Ethics statement

Written informed patient consent for donation of human blood was obtained with approval from
the Seattle Children's Research Institute Institutional Review Board (protocol #11117) per the
Principles in the WMA Declaration of Helsinki and Dept. of Health and Human Services Belmont

Report. Children under the age of 18 were not recruited for donation of human blood.

Written informed patient consent for donation of human maternal blood and cord blood was

obtained with approval from the University of Washington Institutional Review Board (protocol #
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34004) per the Principles in the WMA Declaration of Helsinki and Dept. of Health and Human Services

Belmont Report.

All animal experiments were carried out in strict accordance with the recommendations in the
Guide for the Care and Use of Laboratory animals of the National Research Council and the Weatherall
report, “The use of non-human primates in research.” The protocol was approved by the University of
Washington Institutional Animal Care and Use Committee (Permit number: 4165-01). All surgery was

performed under general anesthesia and all efforts were made to minimize pain and distress.

55.3 Chemicals

Unless indicated otherwise, all chemicals were purchased from Sigma-Aldrich.

55.4 Bacterial strains

GBS strains used in the non-human primate (NHP) model were derived from strain GB37
(serotype V, multilocus sequence type-1), which was isolated from the blood of a septic human neonate
with early onset disease in '°’. This strain is neither hemolytic nor pigmented ', but exhibits increased
hyaluronidase activity compared to other GBS clinical isolates *!. The isogenic strain GB37AhyIB lacks
hyaluronidase and was described previously *'. The isogenic strain GB37AcpsE was derived from wild-
type GB37 using methods described previously **!* . Briefly, approximately 1.0-kb of DNA flanking
either side of the cpsE gene was PCR amplified using GB37 genomic DNA as template and the primers
(for 1KB upstream: 5’-ATTTAAAGATACCCCCAATACAAGAGCCCCTTACTTCC-3’ and 5’-
GGGGCTCTTGTATTGGGGGTATCTTTAAATACTG3 for 1KB downstream: 5’-
AAAGGATCCAATCCAAAAATGTCTCAAAAATTAG-3' and 5’-
AAAAAGCTTTCCTCCTATTAACAAATACS). The region encoding kanamycin resistance was
PCR amplified from the plasmid pClv2 200 using primers (5°-

CAAATTTTCATTATACTAAAACAATTCATCCAG-3’ and 5’-
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GGATGAATTGTTTTAGTATAATGAAAATTTGTCTGG-3) . All PCR fragments were ligated
using the Gibson Assembly cloning kit (New England Biolabs) into the linearized temperature-
sensitive vector pHY304 21, The resulting plasmid was then electroporated into electrocompetent
GB37, and selection for the double crossover mutant with an allelic replacement of cpskE with the gene
conferring kanamycin resistance was performed as previously described .

Cultures of GBS were grown in tryptic soy broth (TSB) or tryptic soy agar (TSA, Difco
Laboratories) at 37 °C with 5% CO». For inoculations in the NHP model, GBS strains were grown to
mid-log phase (ODgoo = 0.27), and 1 x 108 CFU in 1mL sterile PBS was inoculated into the
choriodecidual space, as described below and previously 273, Similarly, for in vitro studies, GBS
strains were grown to mid-log phase (ODsoo = 0.27), washed, and resuspended in sterile PBS prior to

infection unless otherwise noted.

5.5.5  Chronically catheterized NHP model

As described 72, pregnant pigtail macaques (Macaca nemestrina) were time-mated and fetal age
was determined using early ultrasound. Animals were provided drinking water at all times and were
fed commercial monkey chow, supplemented daily with fruits and vegetables. Temperature in animal
quarters was maintained between 72 °F and 82 °F. Each animal was conditioned to a nylon jacket/tether
system for several weeks before surgery, which allowed for free movement within the cage while

protecting the catheters.

Between days 116 and 125 of pregnancy (term = 172 days), NHP were catheterized by
laparotomic surgical implantation into the maternal femoral vein, amniotic cavity, and choriodecidual
interface in the lower uterine segment (i.e., between the uterine muscle and fetal membranes, external
to amniotic cavity) as described 273202, Choriodecidual and amniotic fluid catheters were made of
polyvinyl tubing, and maternal artery and vein catheters were made of silicone tubing. Fetal ECG

electrodes and a maternal temperature probe (AD Instruments) were also implanted. Post-operative
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analgesia was provided via a fentanyl patch applied one day prior to surgery, in addition to post-

operative indomethacin or ketoprofen as described %73,

Following surgery, each animal was placed in the jacket and tether with the catheters/electrodes
tracked through the tether system. Cefazolin and either terbutaline sulfate or atosiban (0.12 mg/kg/hr)
were administered intravenously to reduce postoperative infection risk and uterine activity. Cefazolin,
terbutaline, or atosiban were stopped at least 72 hours prior to experimental start (97% of drugs
eliminated) and represented approximately a 7- to 10-day period of postoperative terbutaline
administration. To allow for recovery, experiments began approximately two weeks after

catheterization surgery (equivalent to approximately 30 to 31 weeks human gestation).

The experiment was initiated when a catheterized pregnant NHP received one of two
experimental treatments: choriodecidual inoculation of either GBS strain GB37 (n = 5) or the isogenic
strain GB37AhyIB (n = 5, does not produce hyaluronidase). Two chronically catheterized NHP that
were inoculated with sterile saline were also included, along with five saline controls performed in

previous studies 3293,

AF and maternal blood were collected for culture, cytokine, and prostaglandin analysis during
each experiment. Intra-amniotic pressure was continuously recorded, digitized, and analyzed as
described 7273, The integrated area under the curve for intrauterine pressure was used as a measure of
uterine activity and reported as the hourly contraction area (HCA; mmHg*sec/hr) over 24 hours.
Preterm labor was defined as progressive cervical dilation associated with increased uterine activity
(hourly contraction area >10,000 mmHg*sec/hr). Cesarean section was performed at the following
experimental endpoints to allow for tissue collection: 1) preterm labor, 2) three days post-GBS
inoculation if preterm labor did not occur, or 3) seven days post-saline inoculation 73204, After Cesarean

section, fetuses were euthanized by barbiturate overdose (1-2mL, 390 mg/mL, Beuthanasia-D Special,
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Schering-Plough Health Corp.), followed by exsanguination and fetal necropsy ">2%. Complete gross

and histopathologic examinations were performed.

AF (~4 mL) and maternal blood (~3 mL, in EDTA tubes, BD Biosciences) were sampled before
(at -24 and -0.25 hours) and after inoculation (0.75, +6, +12, +24 hours and then every 12 hours until
Cesarean section for fetal necropsy). To quantify bacterial invasion of the amniotic cavity, AF (200
uL) from each sampling was serially diluted by a factor of 10, and dilutions were plated on TSA,
incubated overnight at 37 °C, 5% CO2, and GBS CFU were enumerated. For cytokine and
prostaglandin (PG) analysis, samples of AF and material blood were centrifuged for 5 min at 300 x g
immediately after collection, and indomethacin (0.3 mM) was added to supernatants to halt PG

metabolism prior to freezing at -80 °C.

Fetal blood was obtained during Cesarean section, and fetal tissues were obtained and weighed
during necropsy. To analyze bacterial dissemination into fetal organs, fetal tissues were homogenized
in sterile PBS on ice using a hand-held tissue homogenizer (Tissue Tearor, Biospec Products, Inc.) in
10 to 30 second pulses until the samples were completely homogenous. Subsequently, 10-fold serial
dilutions were plated on TSA and incubated overnight at 37 °C, 5% CO., and GBS CFU were
enumerated, as described 2°4. To analyze fetal inflammatory cytokines, fetal organ homogenates were
diluted 1:1 in lysis buffer (150 mM NaCl, 15 mM Tris, 1 mM MgCl2, 1 mM CaCl2, 1% Triton X-100,
supplemented with cOmplete, Mini, EDTA-free protease inhibitor cocktail (Roche)) and incubated
overnight at 4 °C. Then, lysates were centrifuged at 600 x g for 5 min at 4 °C, and supernatants were
analyzed immediately or stored at -80 °C for later analysis. Cytokine (IL-1, TNF-a, IL-6, and IL-8)
levels were determined using ProcartaPlex cytokine kits (ThermoFisher), per manufacturer
instructions. Prostaglandin E2 (PGE2) and prostaglandin F2-alpha (PGF2a) were determined using

commercially available ELISA kits (Cayman Chemical), per manufacturer instructions.
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5.5.6 Placental and fetal lung histology

A board-certified veterinary pathologist (A.B.) was blinded to the experimental groups and
performed histopathologic examination of the fetal and placental tissues. H&E-stained, full-thickness
paraffin sections (placental disc, umbilical cord, fetal membrane roll) were examined from each case
to exclude inflammation, necrosis, fetal vascular thrombosis, or other histopathological findings.
Chorioamnionitis was diagnosed by the presence of a neutrophilic infiltrate at the chorion-decidua
junction (mild) or amniochorion junction (moderate or severe). For histologic examination of the fetal
lung, two to three randomly selected fixed fetal lung tissues were embedded in paraffin and sections
stained with hematoxylin and eosin (H&E). Regions of interest within each tissue were outlined
corresponding to the amnion, chorion and decidua within the chorioamniotic membranes and alveoli

within the fetal lung.

5.5.7  Flow cytometry of placental tissues, uterine tissues, maternal blood, and fetal blood

Intact placental segments, including chorioamniotic membranes and chorionic villi (CV), as
well as biopsies from the myometrium (lower uterus, mid-uterus, and upper uterus) were obtained
during Cesarean section and stored in RPMI 1640 with L-glutamine (Corning, hereafter referred to as
RPMI-g) on ice for approximately 30 min prior to tissue processing. Maternal and fetal blood (approx.
1 mL) were also collected during Cesarean section and stored in 1X red blood cell (RBC) lysis buffer

(150 mM NH4CI, 0.1 mM NaHCOs, 1.27 mM EDTA in distilled, deionized H20O) on ice.

Placental and uterine tissues were washed twice with PBS, then weighed. Digestion buffer (20
mM HEPES, 30 mM NaHCOs, 150 pg/mL DNase | (Roche), 1 mg/mL hyaluronidase from bovine
testes, 10 mg/mL BSA, 0.75 mg/mL Collagenase A (Roche), 100 pg/mL streptomycin, 100 U/mL
penicillin in RPMI-g) was added to each tissue at 10 mL/g tissue, and then each tissue was minced to

approximately 1 cm?, transferred to a 50 mL conical tube, and incubated at 37 °C for 1 hour while
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shaking at 300 rpm. During the incubation, blood samples were washed 3 to 5 times in 1X RBC lysis
buffer (until RBCs were visibly absent from cell pellets), resuspended in RPMI-g supplemented with
10% heat-inactivated fetal bovine serum (Gibco) and 5% penicillin/streptomycin (hereafter referred to
as RPMI-g + FBS + p/s) and stored at 4 °C. Following digestion, macerated placental and uterine
tissues were washed once (300 x g, 5 minutes), resuspended in RPMI-g + FBS + p/s, and then
progressively passed through a 280 um metal sieve and a 40 um nylon screen. Single cells were pelleted
and resuspended in RPMI-g + FBS + p/s. Cell suspensions from all tissues and blood were counted
using a TC20 cell counter (BioRad), diluted to approximately 1.5 x 107 cells/mL in RPMI-g + FBS +

p/s, and stored at 4 °C overnight.

Cell suspensions were transferred to wells of a 96-well plate (approximately 3 x 10° cells/well),
washed once with FACS buffer (300 x g, 5 minutes), and then incubated in 100 uL human Fc block
(1:200, BD Biosciences) for 15 min at room temperature. Cells were then resuspended in 100 uL of
the appropriate extracellular panel (Supplementary Table 1) and incubated for 15 to 25 minutes at room
temperature, protected from light. Cells were washed twice in FACS buffer, then resuspended in 200
uL fixation/permeabilization working solution from the Intracellular Fixation & Permeabilization
Buffer Set (eBioscience). After incubating for 30 minutes at room temperature, protected from light,
cells were washed twice in fixation/permeabilization buffer (Fixation & Permeabilization Buffer Set,
eBioscience) and then resuspended in 100 puL of the appropriate intracellular panel (Supplementary
Table 2). Cells stained for 30-35 minutes at room temperature, protected from light, and were washed
twice in fixation/permeabilization buffer, resuspended in 100 uLL FACS buffer, and aliquoted into
FACS tubes containing 700 uL. FACS buffer. Cells were analyzed for intracellular and extracellular
markers using an LSRII flow cytometer (BD Biosciences), and unstained cells and single-stained
compensation beads (BD Biosciences) were used for compensation. Data were analyzed using FlowJo

software version 10.1 (FlowJo).
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5.5.8 Digital Spatial Profiling

GeoMx Digital Spatial Profiling (DSP) was performed at NanoString Technologies in Seattle,
WA, USA. Formalin fixed paraffin embedded (FFPE) placental sections from animals from each group
were incubated with fluorescent probes and a multiplex cocktail of primary antibodies with
photocleavable oligonucleotides (i.e. the validated DSP human-immune oncology protein panel,
NanoString Technologies). The fluorescent markers included anti-pan cytokeratin-Alexa Fluor 488
(Pan-CK, clone AE1/AE3, Novusbio), anti-fibroblast activation protein-Alexa-Fluor 594 (FAP, clone
SP325, Abcam), SYTO 83 for nuclei visualization (ThermoFisher), and anti-GBS-Alexa Fluor 647
(clone ab53584, Abcam). Sections were magnified to 20X, and regions of interest (ROIs) comprising
the decidua, chorion, and amnion from each animal were selected based on tissue morphology (Fig.
5.4 b). Each ROI was then exposed to UV illumination with a double digital mirror device (DDMD)
molecule, which cleaved the DNA oligos into the aqueous layer above the tissue slice. The oligos in
the eluent were collected via microcapillary aspiration and transferred to an individual well of a
microtiter plate. Oligos were then hybridized to nCounter optical barcodes (NanoString Technologies)
to permit ex situ digital counting of each analyte. Briefly, hybridization of oligos to optical barcodes
were performed at 65 °C in a thermocycler. Following hybridization, samples were processed using
the nCounter Prep Station and Digital Analyzer. Data were normalized to technical controls and area.

To generate signal-to-noise ratios, data were calculated relative to isotype controls.

55.9 Isolation of neutrophils from adult human blood

As described’?, 5-15 mL of human adult blood was collected independently from healthy
human adults into EDTA tubes (BD Biosciences). Immediately following collection, neutrophils were
isolated using a MACSxpress neutrophil isolation kit, per the manufacturer’s instructions (Miltenyi
Biotec). Cells were then pelleted, and any residual red blood cells (RBC) were removed by re-

suspending the cell pellet in RBC lysis buffer for 15 minutes at room temperature. After RBC lysis,
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cells were washed with RPMI-G. Neutrophil purity in the prepared cell suspension was assessed by
examining the proportion of cells positive for the neutrophil cell markers CD15 (PerCP/Cy5.5, clone
HI198, BD Biosciences) and CD16 (FITC, clone 3G8, BD Biosciences) by flow cytometry. Briefly,
approximately 1 x 10° cells from the neutrophil purification preparation or 1 x 108 cells from whole
blood (following two RBC lysis steps, as described above) were incubated with human Fc block (1:200,
BD Biosciences) for 15 minutes at room temperature. Then, immunofluorescent antibodies were added
to the cells at concentrations recommended by the manufacturer (1:10, CD15-PerCP/Cy5.5; 1:200,
CD16-FITC), and cells incubated for 30 minutes at room temperature. Stained cells were washed twice
in FACS buffer and were analyzed immediately on an LSR |1 flow cytometer (BD Biosciences). Single-
stained flurochrome-reactive AbC beads and unstained cells were used for compensation. Data were

analyzed using FlowJo v. 10.1 (FlowJo, LLC).

5.5.10 Neutrophil cell death assay

Neutrophils were isolated from fresh human blood as described above and washed with RPMI-
g. Neutrophils were seeded in a 96-well plate at approximately 1 x 10° cells/well in 100 uL RPMI-g,
and then exposed to GB37 or GB37AhyIB at MOI 100, 10, or 1 for 4 hours at 37 °C. Cell death was
measured by the release of the cytoplasmic enzyme lactate dehydrogenase (LDH) into cell supernatants
using the LDH Assay Kit (Takara) per manufacturer instructions. Percent cell death was calculated
relative to 0.1% Triton X-100-treated positive controls (100% cell death) and PBS-treated negative

controls (0% cell death).

5.5.11 Neutrophil killing assay

As above, neutrophils were isolated from fresh human blood and washed with RPMI-g. Then,
approximately 1 x 108 neutrophils were incubated with GB37, GB37AhyIB, or capsule-deficient

GB37AcpsE at MOI 1 in RPMI for 1 hour at 37 °C as described’>?%, Triton X-100 (0.1%) was added
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to lyse neutrophils and release intracellular bacteria and total bacteria (intracellular and extracellular)
were enumerated by serial dilution plating on TSA. Percent killing was calculated as the number of
CFU recovered in the presence of neutrophils over the number of CFU recovered in the absence of

neutrophils (x 100).

5.5.12 Measurement of ROS production by neutrophils

Neutrophils were isolated as described above, resuspended in HBSS at 1 x 10° cells/mL and
pre-incubated with 84 uM dihydrorhodamine 123 (DHR in 0.28% DMSOQO) at 37 °C for 20 minutes, as
described’®. Approximately 5 x 10° pre-treated neutrophils were exposed to GB37, GB37AhyIB, or
GB37AcpsE (MOI 100) for 60 minutes, and the fluorescence intensity of cells (which measures DHR

oxidation by ROS to fluorescent MHR) was measured immediately by flow cytometry using an LSR
Il (BD Biosciences). Data are representative of 2 experiments with neutrophils obtained from

independent donors and were analyzed using FlowJo v. 10.1 (FlowJo, LLC).

5.5.13 Measurement of TLR2-/4 signaling on ROS production by neutrophils

Neutrophils were isolated as above, resuspended to 1 x 107 cells/mL in HBSS, and treated with
10 pg/mL anti-human-TLR-2 antibody (maba2-htlr2, Invivogen) and 10 pg/mL anti-human-TLR-4
antibody (mabg-htlr4, Invivogen) in HBSS or equal volume of HBSS for 15 minutes at room
temperature. Then, neutrophils were diluted to 1 x 10° cells/mL in HBSS and treated with 84 pM
dihydrorhodamine 123 (DHR) at 37 °C for 20 minutes as above. Then, approximately 5 x 10°
neutrophils were exposed to GB37 or GB37AhyIB for 60 minutes, the fluorescence intensity of cells

was measured by flow cytometry as above (LSR Il, BD Biosciences), and data were analyzed using

FlowJo v. 10.1 (FlowJo, LLC).
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5.5.14 Statistical analyses

For in vivo studies (NHP experiments) the primary study outcomes were compared using
Barnard’s test. Changes in peak AF cytokines and prostaglandins were compared using an analysis of
one-way ANOVA with Bonferroni’s correction. These analyses were performed using Intercooled
STATA 8.2 for Windows (StatCorp) or SciStatCalc. CFU in fetal tissues were compared using the
Mann-Whitney test, as normal distribution was not assumed in these samples. Similarly, cytokine
levels in fetal tissues were not assumed to have equal distribution and were thus compared using test
Kruskal-Wallis test with Dunn’s multiple comparison test. Welch’s test was used to compare immune
cell populations detected by flow cytometry in GB37 vs. GB37AhyIB animals. A mixed linear model
controlling for false discovery rate was used to compare differences in DSP analyte abundance among
GB37, GB37AhyIB, and saline. In all cases, results were considered significantly different if p < 0.05.
However, because of the limited number of samples per group in NHP experiments, we also report
trends (i.e. p values between 0.05 and 0.100) as described previously for NHP experiments2%, For in
vitro experiments with greater than two comparison groups, Kruskal-Wallis test or one-way ANOVA
was performed with Dunn’s or Tukey’s post-test, respectively, and as indicated in figure legends. For
in vitro experiments with two comparison groups, a student’s t test was performed. All statistical tests
were unpaired and two-sided. These analyses were performed using GraphPad Prism version 6.0

(GraphPad Software, www.graphpad.com).
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Figure 5.1. GBS HylB promotes MIAC and preterm labor.
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Chronically catheterized pregnant pigtail macaques (Macaca nemestrina) received choriodecidual
inoculations a GBS train that over-produces HylB (GB37, n = 5), an isogenic GBS strain lacking HyIB
(GB37AhylIB, n =5), or saline (n = 6) at 118 to 125 days gestation (term, 172 days). Hourly contraction
area (HCA,; vertical gray lines), cytokines (IL-1pB, IL-6, IL-8, and TNF-a), prostaglandins (PGE; and
PGF»), and GBS CFU from the AF are shown from representative animals that received GB37 (a),

GB37AahyIB (b), or saline (c).
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Figure 5.2. MIAC coincided with fetal bacteremia and systemic fetal inflammation.

At Cesarean section, fetal tissues were harvested from chronically catheterized pregnant NHP that

received a choriodecidual inoculation of saline, GB37, or GB37AhyIB. (a) The number of GBS CFU
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obtained from various fetal tissues is shown. Note that GBS was recovered from all fetal tissues of all
animals that experienced MIAC and preterm birth, including all (5/5) GB37-inoculated animals and
one of five GB37AhyIB-inoculated animals (GB37AhyIB #5). Differences in CFU between treatment
groups were analyzed using the Mann-Whitney test. * indicates p < 0.05, and ** indicates p < 0.01.
(b) Lysates from fetal tissues were examined by Luminex to evaluate differences in levels of fetal
cytokines. A Kruskal-Wallis test with Dunn’s multiple comparisons test was performed. * indicates p

<0.05.
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At Cesarean section, biopsies from the uterus and placenta as well as maternal and fetal blood were
obtained. (a) A schematic depicting the biopsy sites is shown. (b) Samples were processed into single-

Figure 5.3. GB37-inoculated NHP experienced enhanced infiltration of CD8+ T cells and

phagocytes to the maternal-fetal interface.



cell suspensions, stained, and analyzed by flow cytometry for various immune cell markers (indicated
in the figure). A Welch’s test was used to inspect for differences in immune cell populations between

GB37- and GB37AhylIB-treated animals at each site.
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Figure 5.4. Digital Spatial Profiling (DSP) of placental tissues revealed minimal immune signatures
to GBS hyaluronidase.

(a) The workflow for the DSP platform allows for spatial resolution of immunological pathways in the
placenta. First, formalin fixed paraffin embedded placental sections are treated with fluorescent

antibodies so that tissue architecture and bacterial invasion can be visualized. Then, sections are treated
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with a panel of 62 oligo-conjugated antibodies reactive to immunological markers. Slides are imaged,
and regions of interest (ROIs) are selected. At each ROI, UV light is used to cleave the antibody-
conjugated oligos, which are then aspirated, dispensed into a 96-well plate format, hybridized, and then
quantified. (b) A representative placental section from a GB37-treated NHP (GB37 #2) is shown. We
treated each placental section with fluorescent anti-pan cytokeratin (Pan CK, green), anti-fibronectin
attachment protein (FAP, yellow), anti-GBS (red), and DAPI (blue) and then identified the decidua,
chorion, and amnion within each section as distinct ROIs. Each discrete ROI (i.e. chorion, amnion, and
decidua) was analyzed for analyte abundance. (c) Heatmaps showing analyte abundance (normalized
by signal-to-noise ratio) in the decidua, chorion, and amnion of each animal in the GB37 group (n =

5), GB37AhyIB group (n = 5), and saline group (n = 4) are shown.
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Figure 5.5. GBS HylB evades neutrophil killing independently of cell death by interfering with TLR-
2/4 signaling.

(a) Primary human neutrophils were isolated from fresh blood, exposed to GB37 or GB37AhyIB at
MOiIs 100, 10, or 1 for 4 hours, and then examined by LDH release. Percent live cells was calculated
relative to Triton X-100-treated positive controls (0% live cells) and PBS-treated negative controls

(100% live cells). An unpaired t test was used to examine differences between treatment groups at each
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MOI. (b) GB37, GB37AhylB, or GB37AcpsE (more sensitive to neutrophil killing’?) were exposed to
primary human neutrophils isolated from fresh blood (MOI 1) for 4 hours in the absence of serum.
Percent killing was calculated as the number of CFU recovered after incubation with neutrophils out
of the number of the number CFU recovered after incubation without neutrophils (x 100). Differences
among groups were determined by one-way ANOVA. (c) Primary human neutrophils were isolated as
above, pre-treated with dihydrorhodamine 123 (DHR), and then exposed to GB37, GB37AhyIB, or
GB37AcpsE (MOI 100). The conversion of DHR to fluorescent MHR indicates ROS production in
cells and was measured by flow cytometry at 60 minutes post-infection. Differences among treatment
groups were determined by one-way ANOVA. (d) Filtered supernatants of stationary phase GB37 or
GB37AhyIB liquid cultures were incubated with HA for 18 hours to allow for enzymatic digestion of
HA. Meanwhile, primary human neutrophils were pre-treated with 0 pg/mL anti-TLR-2 antibody
(Invivogen) plus 10 pg/mL anti-TLR-4 antibody (Invivogen) or vehicle control. Neutrophils were
treated with DHR, and then exposed to the digested HA solutions from each strain for 60 minutes. As
above, ROS production in cells was measured by detecting fluorescent MHR via flow cytometry.
Differences in MHR positive cells among treatment groups were determined by one-way ANOVA. *
indicates p <0.05, ** indicates p < 0.01, *** indicates p < 0.001, **** indicates p < 0.0001, ns indicates

p = 0.05.
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Table 5.1. Summary of pregnancy outcomes, cytokines, and prostaglandins in pregnant NHPs.
The primary outcomes are shown as number (%) and were compared among groups using Barnard’s
test. AF cytokines and prostaglandins and fetal plasma cytokines are expressed as mean peak (SEM)
in pg/mL. Hourly contraction area (HCA) is expressed in mmH?* sec/hr. Cytokines (IL-1p, TNF-a, IL-
6, and IL-8) and prostaglandins (PGe2 and PGrz,) were compared using one-way ANOVA with
Bonferroni’s correction. Statistical analyses were conducted using Intercooled STATA 8.2 for

Windows 2000 (StataCorp) or SciStatCalc, and p values < 0.05 are listed in bold. NS indicates p >

0.100.
Saline GB37 GB37AhylB | P value P value P value
(n=6) (n=5) (n=5) Saline vs. GB37 vs. Saline vs.
GB37 GB37AhyIB GBS
GB37AhyIB
Primary and composite outcomes
Adverse 0(0%) | 5(100%) 1 (20%) 0.0009 0.0214 NS
outcome®
Preterm 0 (0%) 4 (80%) 1 (20%) 0.0117 0.1094 NS
labor®
MIAC and 0(0%) | 5(100%) 1 (20%) 0.0009 0.0214 NS
Fetal
bacteremia
Peak contractions, amniotic fluid cytokines, and prostaglandins
Hourly
1326.7 5606.0 3087.4
contraction 0.0370 NS NS
(506.58) | (1165.1) (1050.0)
area
31.61 1754.8 597.65
IL-1P 0.086 NS NS
(20.59) (1112.7) (583.42)
26.13 574.58 97.58
TNF-a 0.070 NS NS
(11.44) (285.82) (39.43)
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7091.1 2827.8 2404.1
IL-6 NS NS NS
(2642.2) | (1331.3) (1356.5)
888.07 2120.5 1629.7
IL-8 NS NS NS
(321.53) | (1383.3) (1498.2)
509.83 1160.9 289.23
PGE> NS NS NS
(247.84) | (647.40) (116.69)
424.31 1808.1 164.93
PGF2q NS 0.077 NS
(169.64) | (887.27) (45.91)
Fetal cytokines*
0.80 2.152 1.128
IL-1B NS NS NS
(0.60) (0.8584) (0.8645)
2.268
TNF- o 0.01 (0.0) | 0.01(0.0) 0.035 NS 0.035
(1.127)
3.639 1049.6 44.74
IL-6 0.049 NS NS
(1.852) (722.10) (41.58)
574.06 2648.8 2576.2
IL-8 NS NS NS
(314.04) | (1674.1) (1551.3)
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Chapter 6. CONCLUSIONS AND FINAL THOUGHTS

6.1 SUMMARY OF FINDINGS

The work in this dissertation addresses several key questions regarding two GBS virulence
factors, namely the hemolytic pigment (granadaene) and the secreted hyaluronidase (HyIB). The results
detailed in the chapters provide new insight into the complex mechanisms by which GBS utilizes these
virulence factors for its survival and pathogenesis. These findings also have relevance to the
development of targeted treatment strategies to prevent invasive GBS disease.

Hemolytic activity was first described in GBS over a century ago’”’8, yet the molecular identity
of this major virulence factor was only discovered in 20137. While recent research into the
mechanisms of granadaene-mediated virulence have enhanced our understanding of GBS
disease?*"27>8 several outstanding questions remained regarding its biosynthetic and evolutionary
origins, the chemical moieties important for activity, and how GBS deploys granadaene during
infection. In Chapter 2, we show that introduction of the cyl genes necessary for granadaene production
in GBS are sufficient for toxin production in a non-hemolytic Gram-positive bacterium, Lactococcus
lactis. Further, through phylogenetic analysis of the cyl genes, we propose novel roles for cyl gene
products in granadaene biosynthesis and conclude that similar, potentially toxic lipid toxins may be
encoded by other Gram-positive bacteria. In Chapter 3, we overcome challenges associated with
studying the basis of granadaene’s toxic activity through the synthesis of granadaene-inspired analogs,
which revealed that the polyene chain length is central to hemolysis. In addition, we demonstrate that
incorporation of a non-toxic granadaene analog into a vaccine formulation is a viable strategy for
diminishing the effects of granadaene during GBS infection. Finally, in Chapter 4, we show that

hemolytic GBS release membrane vesicles containing granadaene; these hemolytic MVs quench
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reactive oxygen species and promote bacterial survival and dissemination. Together, these chapters
offer new insight into the hemolytic pigment toxin produced by GBS and provide the basis for future
studies centered on optimizing a vaccine to mitigate its pathogenic effects.

Hyaluronan (HA) is a major constituent of the mammalian extracellular matrix, and several
HA-cleaving enzymes, known as hyaluronidases, are secreted by the host to assist in critical cellular
functions, including cell migration, cell-to-cell signaling, and immune surveillance'®®6!, Many
pathogenic Gram-positive bacteria secrete their own hyaluronidases, which likely interfere with host
HA homeostasis to cause disease'®*. Previous reports have shown that GBS hyaluronidase (HylB)
cleaves host HA into dimers, which block TLR-2/4 signaling and diminish the inflammatory response
to GBS*. In addition, studies in pregnant mice indicated that HylB-mediated immune suppression
facilitates ascending GBS infection and fetal demise*®. In Chapter 5, we utilize a highly relevant non-
human primate (NHP) model of pregnancy to demonstrate that GBS HylB modulates immune
responses at the maternal-fetal interface to induce bacterial invasion of the amniotic cavity, fetal
bacteremia, and preterm labor. Our use of a non-hemolytic GBS strain that exhibits increased
hyaluronidase activity*! establishes HyIB as a critical virulence factor during pregnancy, independently
of granadaene activity. This is pertinent to clinical infection, as some GBS strains associated with
invasive disease are non-hemolytic. Accordingly, our results point to HyIB as a potential therapeutic
target to prevent intrauterine infection of GBS and associated fetal bacteremia and preterm labor.

Collectively, this dissertation offers insight into two functionally distinct virulence factors that
each subvert host processes to promote GBS survival and disease. Additional discussions of future

research on each of these factors are presented below.

6.2 NEXT STEPS FOR RESEARCH ON THE HEMOLYTIC PIGMENT, GRANADAENE

Our findings in Chapter 2 suggest that granadaene can potentially function across a
physiologically diverse group of organisms if they possess a Gram-positive-type cell wall structure.

138



Furthermore, our phyletic analyses revealed that the ancient cyl operon likely evolved in free-living
bacteria, and a range of Gram-positive bacteria may produce granadaene or heretofore undescribed
granadaene-like hemolytic/cytolytic toxins. A recent report linked cyl gene expression with granadaene
production and hemolysis in several Acidipropionibacterium species used for industrial applications,
including cheese production, probiotics, and food preservation®. Together with our data in Chapter 2,
these findings raise concerns that cyl-encoded toxins could pose a potential consumer health risk.
Further studies examining presence and nature of polyenic lipid toxins produced by bacteria encoding
the cyl gene cluster, particularly those of industrial importance, are warranted.

The discovery of a granadaene-targeted, lipid analog-based vaccine in Chapter 3 presents an
exciting opportunity for further research into the mechanisms of immunoprotection conferred by this
and other amphiphilic antigens. We observed that vaccination with the R-P4 analog resulted in the
production of IgG that bound to granadaene and inhibited hemolytic activity ex vivo, indicating that
vaccination induced a protective antibody response. Whether the vaccine induced the production of
other granadaene-binding antibody isotypes or prompted antibody-independent effector functions
remains to be studied. In addition, discovering which moieties of R-P4 are immunogenic and
identifying the binding epitope of granadaene-specific antibodies will be crucial to vaccine
optimization. Notably, it is unknown whether humans naturally acquire granadaene-specific antibodies
following colonization and clearance of GBS. Protective effects of naturally acquired antibodies
specific to the GBS capsular polysaccharide are well described*’-*® and have informed the design of
capsular-based GBS vaccines for human clinical trials®*3, Thus, the identification and characterization
of granadaene-specific antibodies acquired during colonization and/or infection in humans may reveal
key information for vaccine design. Finally, testing and optimizing the safety and efficacy of the analog
vaccine in other relevant modes of GBS infection, including ascending infection, intrauterine infection,

and neonatal infection, is essential.
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Our results in Chapter 4 indicate that hemolytic MVs facilitate bacterial dissemination in
neonatal mice. While this model is highly relevant to GBS infection in early life, questions remain
regarding the role of hemolytic MVs in disrupting pregnancy. Our previous studies have shown that
production of granadaene by GBS facilitates placental membrane disruption and neutrophil evasion at
the maternal-fetal interface, which promotes microbial invasion of the amniotic cavity and fetal
injury?*’27_ Furthermore, reports of sterile intraamniotic inflammation in humans?®” may indicate that
pathogenic bacteria deliver pro-inflammatory toxins to the maternal-fetal interface prior to ascending
infection. Further research assessing the effect of hemolytic MVs on placental membrane disruption,
bacterial invasion of the amniotic cavity, fetal injury, and preterm birth will be key to understanding

the role of hemolytic MVs in GBS-associated adverse pregnancy outcomes.

6.3 NEXT STEPS FOR GBS HYALURONIDASE RESEARCH

In Chapter 5, we propose that choriodecidual inoculation with the hyaluronidase-deficient GBS
strain prompted rapid recruitment of neutrophils, controlled inflammation, and bacterial clearance,
resulting in normal, term pregnancy in 4/5 animals. We postulate this because unlike the wild-type
strain, GBS lacking hyaluronidase are unable to cleave HA into dimers that block immune surveillance
mechanisms, namely TLR-2 and TLR-4*. Yet because our study design prevented us from examining
the placental immune milieu in the short time following choriodecidual inoculation with this strain if
preterm labor did not occur, we cannot definitively conclude that early pro-inflammatory events in
these tissues resulted in bacterial clearance. Time-controlled studies in the NHP model, in which the
placental tissues are examined soon after infection using methods described in Chapter 5, will further
illuminate the immunological events at the maternal-fetal interface that result in bacterial clearance or
alternatively permit microbial invasion of the amniotic cavity.

Another significant area of interest is the role of TLR-2 and TLR-4 in HylB-mediated immune
evasion during in vivo infection. Although in vitro studies clearly demonstrate that HyIB degrades HA
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into disaccharides that block TLR-2/4 signaling (Chapter 5)*3, immune surveillance mechanisms in in
vivo systems are complex and may exhibit functional redundancy. Experiments in pregnant mouse
models lacking these host cell receptors will be critical to understanding the whether HylB modulates
the immune system exclusively through these two receptors, or if other mechanisms of immune evasion
are at play.

Aside from hindering host immune surveillance mechanisms, it is possible that other effects of
HyIB contributed to the profound differences in pregnancy outcomes we observed between NHP
inoculated with wild-type and hyaluronidase-deficient GBS. For instance, degradation of HA within

the placental membranes could disrupt vasculature and barrier integrity?®®

, potentially facilitating
bacterial transmigration into the amniotic cavity. In addition, host regulation of hyaluronic acid levels
in the cervix is essential to cervical ripening, a process that allows cervical distention necessary for
successful vaginal delivery'®-187 HA disruption in the cervix and preterm birth has been reported
following HSV-2 infection?®, and cervical HA regulation during preterm labor is thought to be distinct
from that occurring at term?%°, Although it is unknown whether HyIB contributes to GBS-associated
preterm birth by inducing cervical ripening, we observed increased prostaglandin levels in NHP
infected with the hyaluronidase-proficient GBS strain, indicating that premature cervical ripening may
have occurred in these animals'®. Further study into the effects of HylB on tissue integrity in the
placenta and cervix may provide further insight into the multifaceted etiologies of GBS intrauterine
infection and associated preterm birth.

Finally, our findings in Chapter 5 show that GBS HyIB is a potent virulence factor and a
potential drug target. Several hyaluronidase inhibitors exist and have been proposed as therapeutics for
HA-mediated conditions in humans, including cancer*®*%, wound healing®®?®3, and even sexually
transmitted infections'®%!%L, Little attention has been paid to identifying a HylB-specific inhibitor, but

this could be accomplished via high-throughput in vitro screening of candidate compounds, including

known hyaluronidase inhibitors.
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6.4 FINAL THOUGHTS ON REDUCING THE GLOBAL BURDEN OF GBS DISEASE

Group B Streptococcus remains a leading cause of preterm labor, stillbirth, fetal injury, and
neonatal infection throughout the world across all income groups. Despite the successes of screening
programs and intrapartum antibiotic prophylaxis in preventing GBS disease in the first week of life,
these protocols fail to capture and stop late-onset disease and adverse events prior to 37 weeks
gestation, including ascending infection, stillbirth, fetal injury, and preterm labor. Thus, improved
prevention and treatment strategies are an urgent global health priority. The work in this dissertation
attempts to make a step toward this goal. Although the journey ahead is long, continued collaboration
among scientists, health care workers, community stakeholders, for-profit and non-profit

organizations, and government agencies can lead to the eradication of GBS as a human pathogen.
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APPENDIX A

SUPPLEMENTARY FIGURES AND TABLES: CHAPTER 2

a
GBSAcyIX-K GBSAcyIX-K
pEmpty pcylX-K
b
GBSAcyIX-K | GBSAcyIX-K
pEmpty peylX-K

Supplementary Figure 2.1.
Complementation of the non-pigmented/non-hemolytic GBS strain lacking the cyl operon (GBSAcylX-
K(8)) with the pcylX-K plasmid, but not the empty plasmid vector (pEmpty), restored hemolysis and

pigmentation, as observed on red blood agar (a) and Granada agar (b).
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E. coli MC1061 pcyIX-K

Supplementary Figure 2.2.

Introduction of pcylX-K into E. coli MC1061 did not confer hemolysis.
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Supplementary Figure 2.3.

The complete phylogenetic tree of the CylE protein. Clades with strong bootstrap support were collapsed into the filled triangles seen in Fig. 3.
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Supplementary Figure 2.4.
The operon network of cyl genes. Genes linked in operons are connected by arrows with the
arrow-head pointing to the adjacent 3’ gene. Node size and edge thickness are scaled based on

the number of occurrences.
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Supplementary Figure 2.5.

Representative chromatogram during HPLC purification of GBS pigment, granadaene. Fractions
were collected from 10.5 minutes and 17.5 minutes of each HPLC run (represented by the shaded

area) for samples from pigmented or nonpigmented GBS and L. lactis.
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Supplementary Table 2.1.

Rare codons are abundant in the GBS cyl operon. The sequence of each gene in the cyl operon was

analyzed using

http://people.mbi.ucla.edu/sumchan/caltor.html. The frequency of each rare codon is listed.

the

rare codon sequence

analysis

Gene

Rare codons

Frequency

cylX

Arginine (CGG, AGG)

Glycine (GGA, GGG)

Isoleucine (AUA)

Leucine (CUA)

Threonine (ACG)

cylD

Arginine (AGG, AGA)

Glycine (GGA, GGG)

Isoleucine (AUA)

Leucine (CUA)

cylG

Arginine (AGG, AGA)

Glycine (GGA, GGG)

Isoleucine (AUA)

Leucine (CUA)

Threonine (ACG)

acpC

Arginine (AGA)

Glycine (GGA, GGG)

Isoleucine (AUA)

Leucine (CUA)

Threonine (ACG)

cylz

Arginine (AGA)

Glycine (GGA)

Isoleucine (AUA)

Leucine (CUA)

Proline (CCC)

cylA

Arginine (CGA, AGG, AGA)

Glycine (GGA)

Isoleucine (AUA)

Leucine (CUA)

Threonine (ACG)

cylB

Arginine (CGA, CGG, AGG,
AGA)

Glycine (GGA, GGG)

Isoleucine (AUA)

Leucine (CUA)

Threonine (ACG)

cylE

Arginine (CGA, CGG, AGG, AGA)

N[N wN| & [Do|do|lo|RIvwikiRiR~aN RN Ao RolwolalsN NN o~
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http://people.mbi.ucla.edu/sumchan/caltor.html

Glycine (GGA, GGG)

Isoleucine (AUA)

Leucine (CUA)

Proline (CCC)

Threonine (ACG)

cylF

Arginine (AGG, AGA)

Glycine (GGA, GGG)

Isoleucine (AUA)

Leucine (CUA)

Proline (CCC)

Threonine (ACG)

RlRlwwloNwwlolR|~
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Supplementary Table 2.2.

The primers listed above were used to amplify the GBS cyl operon for ligation into the multiple
cloning site of the pDC123 (pEmpty) plasmid vector using Gibson Assembly. All primers were

obtained from Sigma Aldrich.

Name Sequence Tm (°C)
5’ _
cYll_Wd | -5 TAGGAGGAAACAAGGAAGAAGGTGATAATATGGGACG | 791
cyll rev | 5 — AAATAGTTAAATAATCCATAGCTGAATACTCTAGC 63.7
cyl2_fwd | 5’ - CTATGGATTATTTAACTATTTTAGGGATCGTTTC 65.6
cyl2_rev | 5" — TTCCAGAAGAATAGGGCTGACATGCCAT 73.8
cyl3_fwd | 5’ - TCAGCCCTATTCTTCTGGAAAAGGAATCAATTTG 745
cyl3_rev | 5" — CTTCATTTTGTTATTTACCAGTAGGAACAACATGTTGCG | 747
pDC_fwd | 5 - TGGTAAATAACAAAATGAAGAAAAAG 60.2
pDC rev | 5’ - TTCCTTGTTTCCTCCTAGC 585
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APPENDIX B

SUPPLEMENTARY FIGURES AND TABLES: CHAPTER 3

a
R-P4
l o I L
DMSO DMSO
£ P7 d Solvents only
- 1N
DTS DMSO

Supplementary Figure 3.1. Synthetic compounds pP1, R-P4, P7, and the solvents DMSO and
DTS are not hemolytic.

(a-c) Each compound was resuspended in either DTS or DMSO at 0.02 M, and 5 pL was spotted
onto red blood agar and incubated at 37 °C overnight. (d) 5 pL of the solvent (DTS or DMSO)

was spotted onto red blood agar and incubated at 37 °C overnight.
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Supplementary Figure 3.2. Non-hemolytic GBS and its extract do not induce cell lysis.
Pl uptake and Annexin V staining were measured using flow cytometry in CD4+ T cells and B
cells following incubation with (a) non-hemolytic GBS at an MOI of 10 or with (b) GBSAcylE

extract at the indicated time points.
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Supplementary Figure 3.3. Gating strategy for CD4+ T cell and B cell activation experiments.

(a) The sequential gating strategy for CD4+ T cell and B cell activation experiments is shown (left
to right) with example data from the PBS (stimulated) group in a CD4+ T cell experiment. Light
scatter was used to include events based on size, then singlets. Then, live (DAPI-) events were
analyzed for CD69. DAPI and CD69 gates were defined using fluorescence minus one or unstained
controls. (b) Differences in the percent of DAPI- cells among each treatment group in CD4+ T cell
experiments were determined using one-way ANOV A with Tukey’s post-test. PBS (unstimulated)
vs. PBS (stimulated): p = 0.9978, PBS (unstimulated) vs. R-P4 (stimulated): p = 0.0861, PBS
(unstimulated) vs. granadaene: p = 0.0001, PBS (stimulated) vs. R-P4 (stimulated): p = 0.0669,
PBS (stimulated) vs. granadaene (stimulated): p = 0.0001, R-P4 (stimulated) vs. granadaene: p =

0.0022. (c) Differences in the percent of DAPI- cells among each treatment group in B cell
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experiments were determined using one-way ANOV A with Tukey’s post-test. PBS (unstimulated)
vs. PBS (stimulated): p = 0.9986, PBS (unstimulated) vs. R-P4 (stimulated): p = 0.8612, PBS
(unstimulated) vs. granadaene: p = 0.0009, PBS (stimulated) vs. R-P4 (stimulated): p = 0.9210,
PBS (stimulated) vs. granadaene (stimulated): p = 0.0011, R-P4 (stimulated) vs. granadaene: p =

0.0021.
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Supplementary Fig. 3.4. The amount of granadaene-bound IgG in mouse plasma is correlated
with inhibition of granadaene activity ex vivo.

Immunoblots and inhibition of granadaene hemolysis using plasma samples from analog-
vaccinated and adjuvant-only mice are shown in Fig. 3.5 b and c. A correlation analysis on these

data was performed using the Pearson’s correlation test (p = 0.0040).
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CHEMICAL SYNTHESIS OF GRANADAENE ANALOGS

Synthesis of L-alanine derivative 3

O
O (0] O
B
~ A Br._JL Py P(OEt); P A
H,N” >Cco,Me ———— > N“>co,Me ———— = EtO” N”>co,Me
Et;N H 86% OEt H
1 CH,Cl, 2 3

51%

Scheme 1. Preparation of L-alanine derivative 3.

Synthesis of a-bromoamide 2: To a solution of L-alanine (1) (1.2 g, 8.6 mmol) in CH.Cl, (50 mL),
EtsN (2.61 g, 25.8 mmol), and bromoacetyl chloride (2.03 g, 12.9 mmol) were added at 0 °C. The
mixture was stirred at room temperature for 2 h. Then, EtOAc was added and the mixture was
washed with 10% aqueous HCI solution, sat. ag. NaHCOg, and brine. The organic layer was dried
over anhyd. Na>SOs, and the solvent removed. The residue was purified by flash chromatography
(EtOAc/Hexane 3:7) to yield bromoamide 2 (0.99 g, 51%). Its *H and 3C NMR spectra matched
with those previously described!?,

Preparation of phosphonate 3: To a sample of bromoamide 2 (0.99 g, 4.4 mmol), P(OEt)s (0.81 g,

4.9 mmol) was added, and the mixture was stirred at 100 °C for 12 h. Phosphonate 3 was obtained
without further purification (1.05 g, 86%). Brown oil. 'H NMR (400 MHz, CDCl3) § 7.22 (d, J =
7.3 Hz, 1H), 4.56 (quint, J = 7.2 Hz, 1H), 4.21-4.10 (m, 4H), 3.73 (s, 3H), 2.87 (d, 2Ju.p = 20.7
Hz, 2H), 1.41 (d, J = 7.2 Hz, 3H), 1.33 (td, *Jsv=7.1; 3Jnp = 1.6 Hz, 6H). 1°C NMR (101 MHz,
CDCls) § 172.9 (C), 163.7 (d, 2Jc.p = 3.9 Hz, C), 62.9 (d, 2Jc-p = 6.1 Hz, CH>), 62.8 (d, 2Jc-p = 6.2
Hz, CHy), 52.4 (CHs), 48.4 (CH), 35.1 (d, YJc-p = 130.9 Hz, CH,), 18.0 (CHs3), 16.3 (d, *Jc-p = 6.0
Hz, CHs). 3P NMR (202 MHz, CDCls) § 22.25. HRMS (ESI): [M+Na]* calcd. C1o0H20NPOsNa:

304.0920, found: 304.0928.
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Svynthesis of pP1

CO,Et
HOJ\/ 2
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Scheme 2. Preparation of pP1.

7

o o
B L
EtO 'Qj\ﬁ CO,Me

DIBAL-H J\/ OEt
CHO
Et,0 TBSO NaH
6 THF
97% 35%

S L
- N
MeOH/H,0  TBSO N "COH
85% pP1

Preparation of aldehyde 6: To a solution of ester 5 (500 mg, 2.00 mmol) in Et2O (2 mL), DIBAL-

H (2.2 mL, 2.2 mmol, 1M in THF) was added, and the mixture was stirred at -78 °C for 40 min.

Then, the reaction was quenched with H20O, diluted with EtOAc, and washed with 10% aqueous

HCI solution, and brine. The mixture was dried over anhyd. Na;SO4 and the solvent removed. The

residue was purified by flash chromatography (EtOAc/Hexane 1:9) to yield 6 (400 mg, 97%). Its

'H and *C NMR spectra matched with those previously described?’.

Synthesis of ester 7. According to GP-1, ester 7 was synthesized from aldehyde 6, with a 35%

yield. (EtOAc/Hexane 6:4). Colorless oil; *H NMR (500 MHz, CDCls) § 6.82 (dt, J = 15.2, 7.5

Hz, 1H), 6.15-6.04 (m, 1H), 5.83 (d, J = 15.3 Hz, 1H), 4.68 (quint, J = 7.2, 1H), 3.95-3.87 (m,

1H), 3.75 (s, 3H), 2.39-2.22 (m, 2H), 1.43 (d, J = 7.1 Hz, 3H), 1.15 (d, J = 6.0 Hz, 3H), 0.87 (s,

9H), 0.04 (s, 6H); 3C NMR (125 MHz, CDCls) § 173.8 (C), 165.2 (C), 142.2 (CH), 125.3 (CH),

67.8 (CH), 52.6 (CH3), 48.1 (CH), 42.6 (CH2), 26.0 (CH3), 23.8 (CH3), 18.7 (CH3), 18.2 (C), —

4.42 (CHs), —4.44 (CHs): HRMS (ESI): [M+H]* calcd. C1sH32NO4Si: 330.2095, found: 330.2087.
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Deprotection of compound 7: According to GP-4, acid pP1 was synthesized from compound 7,

with a 85% yield. (MeOH/CHCl; 1:9). Light brown oil; *H NMR (500 MHz, CDClz) § 9.49 (bs,
1H), 6.82 (dt, J = 15.2, 7.5 Hz, 1H), 6.57-6.36 (M, 1H), 5.82 (d, J = 15.3 Hz, 1H), 4.73-4.51 (m,
1H), 3.95-3.86 (m, 1H), 2.38-2.21 (m, 2H), 1.46 (d, J = 7.1 Hz, 3H), 1.13 (d, J = 6.1 Hz, 3H),
0.86 (s, 9H), 0.03 (s, 3H), 0.02 (s, 3H). 13C NMR (126 MHz, CDCls) § 175.9 (C), 166.2 (C), 143.1
(CH), 124.9 (CH), 67.8 (CH), 48.5 (CH), 42.6 (CH2), 26.0 (CH3), 23.8 (CH3), 18.3 (CH3), 18.2
(C), —4.4 (CH3), 4.6 (CH3). HRMS (ESI): [M+H]* calcd. CisH3oNO4Si: 316.1938, found:

316.1933. Solubility: CH2Cl,, CHCIl3 and DMSO among others.

Synthesis of R-P4

O\
P /2 OEt

F\ - -
Et0o OEt o : DIBAL-H : DMP
- ) CO,Et - 1BSO N on
!Flal; TBSO 9 3 THF 3 CH,Cl,
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Scheme 3. Preparation of R-P4.

Synthesis of ester (9R)-8: According to GP-1, ester (9R)-8 was synthesized from aldehyde (3R)-

6, with a 75% yield. Colorless oil; [a]?°p = + 2.6 (¢ = 0.01, CHCls). Its *H and **C NMR spectra

matched with previously described!?8211,

Reduction of ester (9R)-8 with DIBAL-H: According to GP-2, alcohol (9R)-9 was prepared from

ester (9R)-8, with a 97% yield (EtOAc/Hexane 1.5:8.5). Light yellow oil; [a]?*p = +5.6 (¢ = 0.01,
CHCl5).

The mixture of isomers were separated by prep-HPLC ((EtOAc/Hexane 2:8)) and each isomer was
isolated and characterized by *H- and 3C-NMR. Signals were assigned using 2D-NMR spectra.

10 Major E,E,E-isomer, 'H NMR (500 MHz, CDClz3) § 6.27

: 7 5 3 1

| :
%?io BB N0 (ddt, J=15.2, 102, 14 Hz, 1H, 3-CH), 6.20 (dd, J = 14.8,

10.2 Hz, 1H, 4-CH), 6.13 (dd, J = 14.9, 10.4 Hz, 1H, 5-CH), 6.07 (ddt, J = 15.0, 10.2, 1.4 Hz, 1H,
6-CH), 5.82 (dt, J = 15.2, 6.0 Hz, 1H, 2-CH), 5.71 (dt, J = 15.0, 7.5 Hz, 1H, 7-CH), 4.19 (t, J =
5.2 Hz, 2H, 1-CHz), 3.83 (h, J = 6.0 Hz, 1H, 9-CH), 2.29-2.15 (m, 2H, 8-CHz), 1.13 (d, J = 6.1
Hz, 3H, 10-CHs), 0.88 (s, 9H, OSi(CH3)2C(CHz)s), 0.04 (s, 3H, OSi(CHs)2C(CHs)3), 0.03 (s, 3H,
0Si(CHs)2C(CHa)s). °C NMR (126 MHz, CDCl3)  133.7 (4-CH), 132.5 (7-CH), 132.3 (6-CH),
132.0 (3-CH), 131.4 (2-CH), 130.0 (5-CH), 68.7 (9-CH), 63.7 (1-CH), 43.3 (8-CH), 26.0 (CHs,
OSi(CHs)2.C(CHg)s), 23.7 (10-CHs), 183 (C, OSi(CH:):C(CHs)s), -44 (CHs,
0Si(CH3):C(CH)s), —4.5 (CH3, OSi(CHz)2C(CHz)s). HRMS (ESI): [M]* calcd. CigHaoOsSi:

282.2015, found: 282.2026.
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10 Minor E,Z,E-isomer, *H NMR (500 MHz, CDCls) § 6.71 (dd,

| <
%\?iow J=15.3,10.6 Hz, 1H, 3-CH), 6.51 (dd, J = 15.1, 11.4 Hz, 1H,
3

E\Lz 6-CH), 5.98 (t, J=10.9 Hz, 1H, 5-CH), 5.91 (t, J = 11.0 Hz, 1H,
1

o 4-CH), 5.84 (dt, J = 15.0, 5.9 Hz, 1H, 2-CH), 5.74 (dt, J = 15.0,
7.5 Hz, 1H, 7-CH), 4.24 (t, J = 5.2 Hz, 2H, 1-CH3), 3.85 (h, J = 6.1 Hz, 1H, 9-CH), 2.37-2.19 (m,
2H, 8-CHy), 1.14 (d, J = 6.1 Hz, 3H, 10-CH3), 0.88 (s, 9H, OSi(CH3).C(CHs)3), 0.04 (s, 3H,
OSi(CH3)2C(CHs3)3), 0.04 (s, 3H, OSi(CHz3)2C(CHz3)3). Carbon was assigned from the HSQC
(quaternary carbon is not shown): C NMR (126 MHz, CDCls): 6 133.3 (7-CH), 132.5 (2-CH),
130.4 (5-CH), 127.6 (6-CH), 126.9 (3-CH), 126.8 (4-CH), 68.5 (9-CH), 63.5 (1-CHy), 43.4 (8-
CH>), 25.9 (CHs, OSi(CH3)2C(CHa)s3), 23.6 (10-CHs), —4.5 (CHs, OSi(CHs)2C(CHz3)s3).

Minor Z,E,E-isomer H NMR (500 MHz, CDClz) & 6.49 (dd, J =
14.8,11.2 Hz, 1H, 5-CH), 6.31 (ddt, J = 15.1, 10.9, 1.8 Hz, 1H, 3-

CH), 6.21 (dd, J = 15.0, 11.0 Hz, 1H, 4-CH), 6.09 (t, J = 10.3 Hz,

1H, 6-CH), 5.85 (dt, J = 15.3, 5.9 Hz, 1H, 2-CH), 5.51 (dt, J = 10.7,
5.9 Hz, 1H, 7-CH), 4.20 (t, J = 6.0 Hz, 2H, 1-CHy), 3.85 (h, J = 6.0 Hz, 1H, 9-CH), 2.33 (m, 2H,
8-CHy), 1.14 (d, J = 6.1 Hz, 3H, 10-CHs), 0.88 (s, 9H, OSi(CH3)2C(CH3)s), 0.05 (s, 3H,
OSi(CH3)2C(CHs3)3), 0.04 (s, 3H, OSi(CHz3)2C(CHzs)3). Carbon was assigned from the HSQC
(quaternary carbon is not shown): C NMR (126 MHz, CDCls): § 132.1 (4-CH), 132.0 (3-CH),
131.9 (2-CH), 129.9 (6-CH), 129.6 (7-CH), 129.2 (5-CH), 68.6 (9-CH), 63.5 (1-CHs), 38.1 (8-

CH>), 26.0 (CHs, OSi(CH3)2C(CHa)s3), 23.6 (10-CH3), —4.5 (CHs, OSi(CHs)2C(CHz3)s3).

Preparation of aldehyde (9R)-10: According to GP-3, aldehyde (9R)-10 was synthesized from

alcohol (9R)-9, with a 64% yield (EtOAc/Hexane 0.5:9.5). Deep yellow oil; [a]®p = +9.1 (¢ =
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0.01, CHCls); E,E,E-isomer: *H NMR (400 MHz, CDCl3) § 9.55 (d, J = 7.9 Hz, 1H), 7.12 (dd, J
=15.3, 11.1 Hz, 1H), 6.65 (dd, J = 14.9, 10.6 Hz, 1H), 6.36 (dd, J = 14.9, 11.1 Hz, 1H), 6.24-6.10
(m, 2H), 6.03 (dt, J = 15.0, 7.4 Hz, 1H), 3.89 (h, J = 6.1 Hz, 1H), 2.32-2.26 (m, 2H), 1.15 (d, J =
6.1 Hz, 3H), 0.88 (s, 9H), 0.05 (s, 3H), 0.04 (s, 3H). 13C NMR (101 MHz, CDCl3) § 193.7 (CH),
152.4 (CH), 143.1 (CH), 139.0 (CH), 131.9 (CH), 131.0 (CH), 128.3 (CH), 68.4 (CH), 43.5 (CH2),
26.0 (CHa), 23.9 (CHs), 18.3 (C), -4.3 (CHa), -4.6 (CHs). HRMS (ESI): [M+Na]* calcd.

C16H2802SiNa: 303.1750, found: 303.1752.

Synthesis of ester (10R)-11: According to GP-1, ester (10R)-11 was synthesized from aldehyde
(9R)-10 with a 90% yield (EtOAc/Hexane 2:8). The major isomer was isolated by prep-HPLC
(EtOAc/Hexane 2:8). Light brown oil; [a]?°p = +2.1 (¢ = 0.01, CHCls); E,E,E,E isomer: 'H NMR
(500 MHz, CDCls) § 7.27 (dd, J = 14.9, 11.3 Hz, 1H), 6.55 (dd, J = 14.8, 11.0 Hz, 1H), 6.36 (dd,
J=14.9, 10.7 Hz, 1H), 6.27 (dd, J = 14.8, 11.3 Hz, 1H), 6.19 (dd, J = 14.9, 11.0 Hz, 1H), 6.12
(dd, J = 15.1, 10.7 Hz, 1H), 6.02 (d, J = 7.5 Hz, 1H), 5.85 (d, J = 14.9 Hz, 1H), 5.83-5.78 (m, 1H),
4.70 (quint, J = 7.2 Hz, 1H), 3.85 (h, J = 6.0 Hz, 1H), 3.76 (s, 3H), 2.30-2.18 (m, 2H), 1.44 (d, J
= 7.1 Hz, 3H), 1.13 (d, J = 6.1 Hz, 3H), 0.88 (s, 9H), 0.04 (s, 3H), 0.03 (s, 3H). 3C NMR (126
MHz, CDCls) & 173.8 (C), 165.6 (C), 141.8 (CH), 140.4 (CH), 137.0 (CH), 134.7 (CH), 132.4
(CH), 130.3 (CH), 129.4 (CH), 122.3 (CH), 68.6 (CH), 52.7 (CH3), 48.2 (CH), 43.5 (CH>), 26.0
(CHs), 23.8 (CH3), 18.9 (CH3), 18.3 (C), —4.4 (CH3), —4.5 (CH3). HRMS (ESI): [M+Na]"* calcd.

C22H37NO4SiNa: 430.2384, found: 430.2399.

Preparation of alcohol (10R)-12: To a solution of ester (10R)-11 (292 mg, 0.717 mmol) in MeOH

(2 mL), amberlyst 15(H) was added (up to pH 5), and the mixture was stirred at room temperature
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for 90 min. Then, the residue was purified by flash chromatography (MeOH/CHCI; 1:9) to yield
(10R)-12 (110 mg, 52%). Light yellow oil; [a]*®p = 5.3 (c = 0.09, CHCls); The major isomer (all-
E) was isolated by prep-HPLC (EtOAc/CHCl, 7:3): *H NMR (500 MHz, CDCls) § 7.27 (dd, J =
14.9, 11.3 Hz, 1H), 6.54 (dd, J = 14.8, 11.0 Hz, 1H), 6.37 (dd, J = 15.0, 10.5 Hz, 1H), 6.29 (dd, J
=14.8,11.4 Hz, 1H), 6.26-6.17 (m, 2H), 6.04 (d, J = 7.4 Hz, 1H), 5.87 (d, J = 15.1 Hz, 1H), 5.84—
5.79 (m, 1H), 4.70 (quint, J = 7.2 Hz, 1H), 3.88 (h, J = 6.4 Hz, 1H), 3.76 (s, 3H), 2.36-2.22 (m,
2H), 1.44 (d, J = 7.2 Hz, 3H), 1.21 (d, J = 6.2 Hz, 3H). $3C NMR (126 MHz, CDCls) 5 173.8 (C),
165.6 (C), 141.7 (CH), 140.1 (CH), 136.4 (CH), 133.5 (CH), 133.1 (CH), 131.0 (CH), 129.9 (CH),
122.6 (CH), 67.5 (CH), 52.7 (CHs3), 48.3 (CH), 43.0 (CH2), 23.1 (CH3), 18.9 (CH3). HRMS (ESI):

[M+Na]* calcd. C16H23NO4sNa: 316.1519, found: 316.1507.

Synthesis of rhamnose derivative (10R)-14: To a solution of alcohol 12 (114 mg, 0.389 mmol) and

Hg(CN)2 (98 mg, 0.39 mmol) in dry CH3CN (2 mL), bromorhamnose 13 (206 mg, 0.585 mmol)
was added in three portions during 3 h, and the mixture was stirred for additional 4 h. Then, the
solvent was removed. The residue was solved in AcOEt and washed with 1M solution of KBr,
saturated solution of NaHCOz and water. The organic layer was dried (anhyd Na>SOs) and the
solvent was removed. The residue was submitted to flash chromatography (EtOAc/Hexane 3:7) to
yield ester (10R)-14 (52 mg, 24%). Brown oil; [a]®p -36.6 (c = 0.01, CHCl5); E,E,E,E isomer: H
NMR (500 MHz, CDCls) 6 7.26 (dd, J = 14.9, 11.3 Hz, 1H), 6.54 (dd, J = 14.4, 11.2 Hz, 1H),
6.40-6.14 (m, 4H), 6.05 (d, J = 7.4 Hz, 1H), 5.87 (d, J = 14.9 Hz, 1H), 5.79 (dt, J = 15.4, 7.6 Hz,
1H), 5.27 (dd, J = 10.2, 3.6 Hz, 1H), 5.17 (bs, 1H), 5.04 (t, J = 10.2 Hz, 1H), 4.83 (d, J = 1.8 Hz,
1H), 4.75-4.65 (quint, J = 7.2 Hz, 1H), 4.02-3.86 (m, 1H), 3.83-3.78 (M, 1H), 3.76 (s, 3H), 2.44—

2.36 (m, 1H), 2.34-2.27 (m, 1H), 2.14 (s, 3H), 2.01 (s, 3H), 1.98 (s, 3H), 1.44 (d, J = 7.2 Hz, 3H),
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1.17 (d, J = 6.3 Hz, 3H), 1.15 (d, J = 6.2 Hz, 3H). 3C NMR (126 MHz, CDCl3) § 173.7 (C), 170.2
(C), 170.0 (C), 165.4 (C), 141.5 (CH), 140.0 (CH), 136.3 (CH), 133.1 (CH), 132.9 (CH), 130.7
(CH), 129.6 (CH), 122.4 (CH), 95.1 (CH, “Jc.u = 170 Hz), 72.8 (CH), 71.1 (CH), 70.5 (CH), 69.2
(CH), 66.5 (CH), 52.5 (CH3), 48.1 (CH), 40.4 (CH,), 20.9 (CH3), 20.8 (CHs), 20.7 (CH3), 18.9
(CH3), 18.7 (CH3), 17.3 (CHs). HRMS (ESI): [M+H]* calcd C2sHaoNO11: 566.2595, found:
566.2607.

Coupling constant values (3Ju-n and Jc.n) of the anomeric proton matched with those previously

described for other a-rhamnopyranosyl derivatives 12%:212-214,

Preparation of R-P4: To a solution of ester (10R)-14 (27 mg, 0.05 mmol) in MeOH (1 mL), KOH

2M aqueous solution (0.29 mL, 0.57 mmol) was added and the mixture was stirred for 5 h. Then,
washed amberlyst was added until pH 5, the mixture was submitted to flash chromatography
(MeOH/CH:Cl, 1:1) to yield R-P4 (15 mg, 76%). Light brown oil; [0]®p=—16.4 (c = 0.04, CHCl3);
Mixture of isomers. Data of major isomer are given: *H NMR (500 MHz, CDsOD) & 7.18 (dd, J
=15.1,11.0 Hz, 1H), 6.59 (dd, J = 14.8, 10.9 Hz, 1H), 6.44-6.32 (m, 2H), 6.27 (dd, J = 14.9, 10.9
Hz, 1H), 6.21 (dd, J = 15.2, 10.6 Hz, 1H), 6.07 (d, J = 14.8 Hz, 1H), 5.86 (dt, J = 14.8, 7.2 Hz,
1H), 4.34 (g, J = 7.6 Hz, 1H), 3.83 (m, 1H), 3.74 (bs, 1H), 3.68-3.61 (m, 2H), 3.37 (t, J = 9.5 Hz,
2H), 2.45-2.28 (m, 2H), 1.38 (d, J = 7.1 Hz, 3H), 1.23 (d, J = 6.4 Hz, 3H), 1.15 (d, J = 6.1 Hz,
3H). 3C NMR (126 MHz, CDsOD) § 179.4 (C), 168.0 (C), 141.7 (CH), 140.9 (CH), 137.6 (CH),
134.3 (CH), 134.0 (CH), 131.9 (CH), 131.1 (CH), 124.5 (CH), 99.3 (CH), 74.0 (CH), 73.4 (CH),
72.84 (CH), 72.4 (CH), 70.1 (CH), 51.6 (CH), 42.9 (CH2), 19.19 (CH3), 19.17 (CHs), 17.9 (CH).
HRMS (ESI): [M+Na]" calcd. Co1H3:NOsNa: 448.1941, found: 448.1932. Solubility: MeOH,

DMSO.
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Scheme 4. Preparation of pP7X, pP7 and P7.

Preparation of ester 15: According to GP-1, polyene ester 15 was synthesized from racemic

aldehyde 10, with a 77% vyield (EtOAc/Hexane 1:9). Yellow oil; all-E isomer: *H NMR (500
MHz, CDCl3) & 7.31 (dd, J = 15.3, 11.0 Hz, 1H), 6.59 (dd, J = 14.8, 11.0 Hz, 1H), 6.44 (dd, J =
14.9, 10.7 Hz, 1H), 6.40-6.23 (m, 5H), 6.19 (dd, J = 14.7, 10.6 Hz, 1H), 6.18-6.05 (m, 1H), 5.85
(d, J = 15.2 Hz, 1H), 5.76 (dt, J = 15.1, 7.6 Hz, 1H), 4.20 (g, J = 7.1 Hz, 2H), 3.89-3.77 (m, 1H),
2.29-2.14 (m, 2H), 1.29 (t, J = 7.2 Hz, 3H), 1.12 (d, J = 6.2 Hz, 3H), 0.88 (s, 9H), 0.04 (s, 3H),
0.03 (s, 3H). 3C NMR (126 MHz, CDCls) & 167.3 (C), 144.5 (CH), 140.9 (CH), 137.5 (CH),
136.0 (CH), 135.1 (CH), 133.4 (CH), 132.7 (CH), 132.0 (CH), 131.6 (CH), 131.0 (CH), 129.9
(CH), 120.5 (CH), 68.7 (CH), 60.4 (CH>), 43.5 (CH2), 26.0 (CH3), 23.8 (CH3), 18.3 (C), 14.5
(CHs), —4.4 (CH3), 4.6 (CH3). HRMS (ESI): [M+Na]"* calcd. C24H3s03SiNa: 425.2482, found:

425.2486.
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Reduction of ester 15 with DIBAL-H: According to GP-2, alcohol 16 was prepared from ester 15,

with a 99% vyield (EtOAc/Hexane 3:7). Yellow oil; Mixture of isomers. Data of major isomer are
given. 'H NMR (400 MHz, CDCl3) § 6.85-6.62 (m, 1H), 6.41-6.16 (m, 7H), 6.13-5.92 (m, 2H),
5.94-5.80 (M, 1H), 5.79-5.59 (M, 1H), 4.27-4.18 (bs, 2H), 3.93-3.79 (m, 1H), 2.33-2.17 (m, 2H),
1.15 (d, J = 6.2 Hz, 3H), 0.90 (s, 9H), 0.06 (s, 3H), 0.06 (s, 3H).13C NMR (101 MHz, CDCl3) &
133.8 (CH), 133.7 (CH), 133.6 (CH), 133.5 (CH), 132.7 (CH), 132.5 (CH), 132.4 (CH), 132.3
(CH), 132.2 (CH), 131.9 (CH), 131.7 (CH), 131.2 (CH), 68.6 (CH), 63.4 (CH>), 43.3 (CH>), 25.9
(CHs), 23.6 (C), 18.2 (CHg3), —4.5 (CHs), —4.7 (CHs). Due to the instability of this compound, a

good mass spectrum could not be obtained.

Synthesis of aldehyde 17: According to GP-3, aldehyde 17 was synthesized from alcohol 16, with

a 72% yield (EtOAc/Hexane 0.5:9.5). Yellow oil; all-E isomer: *H NMR (500 MHz, CDCls) §
9.56 (d, J = 8.0, 1H), 7.14 (dd, J = 15.1, 11.3 Hz, 1H), 6.71 (dd, J = 14.7, 11.2 Hz, 1H), 6.52 (dd,
J=14.7,11.0 Hz, 1H), 6.50-6.39 (m, 2H), 6.38-6.35 (M, 1H), 6.34-6.26 (M, 2H), 6.21 (dd, J =
14.9, 10.8 Hz, 1H), 6.17-6.10 (m, 2H), 5.79 (dt, J = 15.1, 7.6 Hz, 1H), 3.85 (dt, J = 12.0, 5.9 Hz,
1H), 2.31-2.21 (m, 2H), 1.13 (d, J = 6.1 Hz, 3H), 0.88 (s, 9H), 0.04 (s, 3H), 0.03 (s, 3H). 3C NMR
(126 MHz, CDCls) § 193.6 (CH), 152.0 (CH), 143.0 (CH), 139.2 (CH), 137.1 (CH), 135.8 (CH),
134.0 (CH), 132.7 (CH), 131.8 (CH), 131.3 (CH), 130.87 (CH), 129.7 (CH), 68.7 (CH), 43.5
(CHy), 26.0 (CH3), 23.8 (CH3), 18.3 (C), —4.4 (CH3), —4.6 (CH3). HRMS (ESI): [M+Na]* calcd.

C22H340,SiNa: 381.2220, found 381.2229.
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Preparation of derivative pP7X: According to GP-1, a polyene ester precursor was synthesized

from aldehyde 17, with a 99% vyield (EtOAc/Hexane 0.5:9.5). Deep yellow oil; all-E isomer
isolated by prep-HPLC (EtOAc/Hexane 1:9): *H NMR (500 MHz, CDClz) & 7.35 (dd, J = 15.3,
11.5 Hz, 1H), 6.63 (dd, J = 14.8, 11.2 Hz, 1H), 6.48 (dd, J = 14.7, 11.1 Hz, 1H), 6.43-6.21 (m,
8H), 6.14 (dd, J = 15.0, 10.3 Hz, 1H), 5.89 (d, J = 15.2 Hz, 1H), 5.77 (dt, J = 15.1, 7.6 Hz, 1H),
3.86 (h, J = 6.3 Hz, 1H), 3.77 (s, 3H), 2.3-2.22 (m, 2H), 1.15 (d, J = 6.0 Hz, 3H), 0.91 (s, 9H),
0.07 (s, 3H), 0.06 (s, 3H). 13C NMR (126 MHz, CDCls) § 167.6 (C), 144.7 (CH), 141.0 (CH),
137.6 (CH), 136.0 (CH), 135.1 (CH), 134.5 (CH), 133.0 (CH), 132.6 (CH), 132.2 (CH), 132.2
(CH), 131.7 (CH), 131.1 (CH), 129.8 (CH), 119.9 (CH), 68.6 (CH), 51.5 (CH3), 43.3 (CH>), 25.9
(CHs), 23.6 (CH3), 18.2 (C), —4.5 (CH3), 4.7 (CH3). HRMS (ESI): [M+H]" calcd. C2sHz3903Si:
415.2663, found 415.2671. According to GP-4 (using 24 mL of THF), this ester intermediate was
transformed into pP7X, with a 45% vyield. Preparative TLC (MeOH/CH.CI; 1:9). Prep-HPLC
(EtOAc/Hexane 3:7). Light yellow oil; 'H NMR (500 MHz, CDCls) § 7.40 (dd, J = 15.1, 11.4
Hz, 1H), 6.65 (t, J = 13.1 Hz, 1H), 6.56-6.19 (m, 9H), 6.11 (t, J = 11.7 Hz, 1H), 5.87 (d, J = 15.0
Hz, 1H), 3.89-3.81 (m, 1H), 2.35-2.18 (m, 2H), 1.15 (d, J = 6.1 Hz, 3H), 0.88 (s, 9H), 0.04 (s,
3H), 0.04 (s, 3H). 13C NMR (126 MHz, CDCls) § 170.5 (C), 146.6 (CH), 141.9 (CH), 138.2 (CH),
136.2 (CH), 135.3 (CH), 133.1 (CH), 132.8 (CH), 132.6 (CH), 132.1 (CH), 131.7 (CH), 131.0
(CH), 130.2 (CH), 129.5 (CH), 118.9 (CH), 68.6 (CH), 43.3 (CH2), 25.9 (CH3), 23.6 (CH3), 18.1
(C), —4.6 (CH3), 4.7 (CH3); HRMS (ESI): [M—H]" calcd. C24H3503Si: 399.2355, found 399.2361.

Solubility: CH2Clz, CHCIz and DMSO among others.

Synthesis of ester 18: According to GP-1, polyene ester 18 was synthesized from aldehyde 17,

with a 93% vyield (EtOAc/Hexane 3:7). Prep-HPLC (EtOAc/Hexane 1:1). Light orange oil; *H
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NMR (500 MHz, CDCls) & 7.31 (dd, J = 15.3, 11.5 Hz, 1H), 6.69-6.52 (m, 2H), 6.50-6.39 (m,
2H), 6.39-6.27 (M, 6H), 6.13-6.08 (m, 1H), 6.01 (dd, J = 16.3, 10.9 Hz, 1H), 5.90 (d, J = 14.9 Hz,
1H), 4.72 (quint, J = 7.2 Hz, 1H), 3.93-3.83 (m, 1H), 3.79 (s, 3H), 2.44-2.23 (m, 2H), 1.47 (d, J
= 7.1 Hz, 3H), 1.16 (d, J = 6.1 Hz, 3H), 0.90 (s, 9H), 0.07 (s, 3H), 0.06 (s, 3H). 3C NMR (126
MHz, CDCls) 173.7 (C), 165.5 (C), 141.5 (CH), 140.1 (CH), 136.8 (CH), 135.5 (CH), 133.7 (CH),
133.0 (CH), 132.8 (CH), 132.1 (CH), 130.9 (CH), 130.0 (CH), 129.9 (CH), 127.9 (CH), 127.7
(CH), 122.5 (CH), 68.5 (CH), 52.5 (CH3), 48.1 (CH), 43.4 (CH), 25.9 (CHz), 23.7 (CHs), 18.7
(CHs), 18.2 (C), -4.5 (CHs), -4.7 (CHs). HRMS (ESI): [M+Na]" calcd. CasHasNO4SiNa:

508.2853, found 508.28609.

Preparation of pP7: According to GP-4 (using 12 mL of THF), pP7 was synthesized from 18, with

a 48% yield (MeOH/CH.Cl; 3:7). Prep-HPLC (EtOAc/Hexane 8:2). Deep orange oil. *H NMR
(500 MHz, CDsOD) & 7.24 (dd, J = 15.0, 11.4 Hz, 1H), 6.67 (dd, J = 14.7, 10.8 Hz, 1H), 6.52 (dd,
J =14.8,10.3 Hz, 1H), 6.47-6.34 (m, 7H), 6.31-6.22 (m, 1H), 6.19-6.12 (m, 1H), 6.09 (d, J =
14.9 Hz, 1H), 5.77 (dt, J = 15.2, 7.6 Hz, 1H), 4.49 (bs, 1H), 4.00-3.86 (m, 1H), 2.25 (dd, J = 7.7,
5.8 Hz, 2H), 1.44 (d, J = 7.1 Hz, 3H), 1.15 (d, J = 6.0 Hz, 3H), 0.91 (s, 9H), 0.08 (s, 3H), 0.07 (s,
3H). 23C NMR (126 MHz, CDsOD) & 174.7 (C), 167.2 (C), 140.96 (CH), 140.94 (CH), 140.0
(CH), 136.8 (CH), 135.4 (CH), 134.5 (CH), 133.9 (CH), 132.8 (CH), 132.33 (CH), 132.28 (CH),
132.0 (CH), 131.8 (CH), 131.2 (CH), 129.9 (CH), 68.61 (CH), 42.93 (CH>), 24.95 (CHs) , 22.66
(CHs), 17.55 (C), 16.40 (CHg), -5.77 (CHa), -5.91 (CHz).One CH was not observed. HRMS (ESI):

[M+Na]" calcd. C27H4104NSiNa: 494.2697, found 494.2706. Solubility: MeOH, DMSO.
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Synthesis of P7: According to GP-4 (using 12 mL of THF, and adding non-washed Amberlyst),

P7 was synthesized from 18, with a 23% vyield. . Preparative TLC (EtOAc/Hexane 8:2). Yellow
oil. 'H NMR (500 MHz, CD30OD) 6 7.24 (dd, J = 14.7, 11.4 Hz, 1H), 6.67 (dd, J = 14.7, 11.1 Hz,
1H), 6.58-6.25 (m, 10H), 6.18 (t, J = 11.2 Hz, 1H), 6.08 (d, J = 14.9 Hz, 1H), 4.54-4.42 (m, 1H),
3.87-3.77 (m, 1H), 2.46-2.22 (m, 2H), 1.44 (d, J = 7.3 Hz, 3H), 1.19 (d, J = 6.2 Hz, 3H). HRMS
(ESI): [M-H]* calcd. C21H2604N: 356.1867, found 356.1866. Owing to the unusual physical
properties of this kind of compounds in terms of solubility, a clear >*C NMR could not be obtained
even using long acquisition times. HSQC 2D-NMR experiment has been carried out and attached

to the ESI. Solubility: MeOH (partially), DMSO (0.02 M, fully soluble).
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Scheme 5. Synthesis of pP9 and P9.

Synthesis of ester 19: According to GP-1, polyene ester 19 was synthesized from aldehyde 17,

with a 99% vyield (EtOAc/Hexane 1:9). Deep orange oil; Mixture of isomers. Data of major isomer
are given *H NMR (500 MHz, CDCls) § 7.35 (dd, J = 15.4, 11.5 Hz, 1H), 6.63 (dd, J = 14.7, 11.1
Hz, 1H), 6.53-6.44 (m, 1H), 6.44-6.20 (m, 10H), 6.13 (dd, J = 15.0, 10.1 Hz, 1H), 5.89 (dd, J =
15.2, 3.2 Hz, 1H), 5.76 (dt, J = 15.0, 7.5 Hz, 1H), 4.23 (g, J = 7.1 Hz, 2H), 3.86 (h, J = 6.3 Hz,
1H), 2.33-2.18 (m, 2H), 1.32 (t, J = 7.1 Hz, 3H), 1.15 (d, J = 6.1 Hz, 3H), 0.90 (s, 9H), 0.07 (s,
3H), 0.06 (s, 3H). 23C NMR (125 MHz, CDCls) § 167.6 (C), 144.7 (CH), 141.0 (CH), 137.6 (CH),
136.0 (CH), 135.1 (CH), 134.6 (CH), 134.2 (CH), 132.8 (CH), 132.7 (CH), 132.5 (CH), 132.4

(CH), 131.8 (CH), 131.2 (CH), 129.9 (CH), 120.0 (CH), 68.6 (CH), 60.3 (CH,), 51.5 (CHs3), 43.4
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(CHz), 25.9 (CH3), 18.2 (C), 14.3 (CHs), —4.5 (CH3), —4.7 (CHs). HRMS (ESI) m/z calcd for

C28H1203SiNa [M+Na]* 477.2795, found 477.2790.

Reduction of ester 19 with DIBAL-H: According to GP-2, alcohol 20 was prepared from ester 19.

This compound is highly unstable, and it was immediately used in the next step.

Synthesis of aldehyde 21: According to GP-3, aldehyde 21 was synthesized from alcohol 20, with

a 47% vyield (2 steps) (EtOAc/Hexane 1:9). Orange-red oil; Data of the major isomer (all-E-21) is
given: H NMR (500 MHz, CDCls) § 9.58 (d, J = 8.0 Hz, 1H), 7.16 (dd, J = 15.1, 11.3 Hz, 1H),
6.74 (dd, J = 14.7, 11.3 Hz, 1H), 6.56 (dd, J = 14.7, 11.1 Hz, 1H), 6.50-6.09 (m, 12H), 5.77 (dt, J
=15.1, 7.6 Hz, 1H), 3.86 (h, J = 6.1 Hz, 1H), 2.33-2.20 (m, 2H), 1.15 (d, J = 6.1 Hz, 3H), 0.90 (s,
9H), 0.07 (s, 3H), 0.06 (s, 3H).13C NMR (126 MHz, CDCl3) § 193.5 (C), 151.9 (CH), 142.9 (CH),
139.2 (CH), 137.1 (CH), 135.9 (CH),135.1 (CH), 134.6 (CH), 133.2 (CH), 132.8 (CH), 132.5
(CH), 132.4 (CH), 132.3 (CH), 131.6 (CH), 131.2 (CH), 130.9 (CH), 129.9 (CH), 68.7 (CH), 43.5
(CH>), 26.0 (CH3), 23.8 (CHs), 18.3 (C), 4.4 (CHs), 4.5 (CHs). HRMS (EI): [M]* calcd.

CasH3302Si: 410.2641, found 410.2648.

Preparation of amide 22: According to GP-1, polyene amide 22 was synthesized from aldehyde

21, with an 80% yield (EtOAc/Hexane 3.5:6.5). Orange-red oil; all-E isomer: 'H NMR (500 MHz,
CDCls) § 7.28 (dd, J = 14.9, 11.5 Hz, 1H), 6.63-6.50 (m, 2H), 6.50-6.16 (m, 10H), 6.16-6.05 (m,
3H), 5.88 (d, J = 14.9 Hz, 1H), 5.81-5.67 (m, 1H), 4.70 (quint, J = 7.2 Hz, 1H), 3.91-3.79 (m,
1H), 3.76 (s, 3H), 2.34-2.14 (m, 2H), 1.44 (d, J = 7.1 Hz, 3H), 1.14 (d, J = 6.2 Hz, 3H), 0.88 (s,

9H), 0.05 (s, 3H), 0.04 (s, 3H). 3C NMR (101 MHz, CDCl3) & 173.7 (C), 165.4 (C), 141.5 (CH),
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140.1 (CH), 136.9 (CH), 135.6 (CH), 134.8 (CH), 134.3 (CH), 134.1 (CH), 133.9 (CH), 133.0
(CH), 132.8 (CH), 132.7 (CH), 132.5 (CH), 132.1 (CH), 131.2 (CH), 130.0 (CH), 129.2 (CH),
127.9 (CH), 122.5 (CH), 68.6 (CH), 52.5 (CH3), 48.1 (CH), 43.3 (CH), 25.9 (CHz), 23.7 (CHa),
18.7 (CHa). 18.1 (C), -4.5 (CH3), -4.7 (CHs); HRMS (APCI) m/z calcd for Ca2HagNO4Si [M+H]*

538.3347, found 538.3351.

Saponification of amide 22 with KOH/MeOH: According to GP-4 (using 12 mL of THF), pP9

was synthesized from 22, with a 19% yield (MeOH/CH,ClI, 4:6). Orange-red oil; *H NMR (500
MHz, DMSO-ds+0.1% TFA-d) 6 8.34 (d, J =7.5Hz, 1H), 7.09 (dd, J = 14.9, 11.3 Hz, 1H), 6.75—
6.64 (m, 1H), 6.61-6.22 (m, 14H), 6.18-6.06 (m, 2H), 4.31-4.23 (m, 1H), 3.91-3.81 (m, 1H),
2.25-2.12 (m, 2H), 1.28 (d, J = 7.4 Hz, 6H), 0.83 (s, 9H), —0.05 (s, 6H). HRMS (ESI): [M-H]*
calcd. C31HasNO4Si: 522.3045, found 522.3050. Owing to the unusual physical properties of this
kind of compounds in terms of solubility, a clear *C NMR could not be obtained even using long

acquisition times. Solubility: DMSO +0.1% TFA (0.02 M, fully soluble)

Synthesis of P9: According to GP-4 (using 12 mL of THF, and adding non-washed Amberlyst),

P9 was synthesized from 22, with a 13% yield (MeOH/CHCl; 7:3). Deep orange oil; *H NMR
(600 MHz, CDsOD) § 7.32-7.08 (m, 1H), 6.91-5.89 (m, 16H), 5.82-5.69 (m, 1H), 4.41-4.28 (m,
1H), 2.39-2.11 (m, 2H), 1.25 (bs, 3H), 0.85 (bs, 3H); Owing to the unusual physical properties of
this kind of compound in terms of solubility, a clear *C NMR could not be obtained in any solvent
even using long acquisition times. HRMS (ESI): [M-H]" calcd. C2sH30NO4: 408.2180, found

408.2198. Solubility: DMSO +0.1% TFA (0.02 M)
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1H and *C NMR FOR NEW COMPOUNDS
IH NMR 3 (400 MHz, CDCl5)
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31p NMR 3 (202 MHz, CDCls)
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IH NMR 7 (500 MHz, CDCls)
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IH NMR pP1 (500 MHz, CDCls)
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'H NMR 9 major isomer (E,E,E-isomer) (500 MHz, CDCls)
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'H NMR 9 minor isomer (E,Z,E-isomer) (500 MHz, CDCls)
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'H NMR 9 minor isomer (Z,E,E-isomer) (500 MHz, CDCls)
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'H NMR 10 E,E,E-isomer (400 MHz, CDCls)
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'H NMR 11 E,E,E,E-isomer (500 MHz, CDCls)
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'H NMR 12 E,E,E,E-isomer (500 MHz, CDCls)
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'H NMR 14 E,E,E,E-isomer (500 MHz, CDCls)
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'H NMR R-P4 vaccine isomer (500 MHz, Methanol-da)
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'H NMR all-E 15 (500 MHz, CDCls)
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IH NMR 16 (400 MHz, CDCls)
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'H NMR all-E 17 (500 MHz, CDCls)
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13C NMR (126 MHz, CDCls) all-E isomer
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'H NMR pP7X (500 MHz, Methanol-das)
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IH NMR 18 (500 MHz, CDCls)
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IH NMR pP7 (500 MHz, Methanol-da)
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'H NMR P7 (500 MHz, Methanol-da)
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'H NMR all-E 19 (500 MHz, CDCls)
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IH NMR 21 (500 MHz, CDCls)
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'H NMR pP9 (500 MHz, Methanol-ds)
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IH NMR pP9 (500 MHz, DMSO-ds + 0.1% TFA-d)
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'H NMR P9 (400 MHz, Methanol-da)
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APPENDIX C

SUPPLEMENTARY FIGURE: CHAPTER 4

Supplementary Fig. 4.1. Membrane vesicles (MVs) are produced by non-hemolytic GBS and L.
lactis.

(a) Scanning electron micrograph (SEM, left) shows that non-hemolytic (NH) GBS strain
GBSAcovRAcylE produces MVs that emerge from the bacterial surface. No pigmentation is
observed in the MV pellet following ultracentrifugation (right). (b) SEM of GBS MVs without
bacteria show small, spherical structures. (c) MV pellets from L. lactis pcylX-K are pigmented

following centrifugation, while pellets from L. lactis pDC123 do not have pigmentation.
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APPENDIX D

SUPPLEMENTARY FIGURES AND TABLES: CHAPTER 5
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Supplementary Fig. 5.1. Uterine contractions, AF cytokines, prostaglandins, and bacterial CFU
from choriodecidual inoculations of GB37, GB37AhylB, or saline in chronically catheterized

pregnant NHP.
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Supplementary Fig. 5.2. H&E staining of NHP fetal lung sections
Representative H&E stained sections from NHP in each group are shown, including Saline #3

(a), GB37AhyIB # 2 (b), and GB37 #1 (c), and GB37 #2 (d).
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Supplementary Fig. 5.3. H&E staining of NHP placental sections
Representative H&E stained sections from NHP in each group are shown, including Saline #3

(), GB37AhylIB # 2 (b), and GB37 #1 (c), and GB37 #2 (d).
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Supplementary Fig. 5.4. DSP analyte fold change: GB37AhyIB vs. GB37

Analyte abundance in distinct placental regions from GB37AhyIB-inoculated NHP and saline-

treated NHP were obtained by Digital Spatial Profiling (Nanostring Technologies). Fold changes
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in analyte abundance (GB37AhylB over GB37) were log2 transformed and analyzed by a linear

mixed model in R version 3.6.2. Significance tests were controlled for false discovery rate.
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Supplementary Fig. 5.5. DSP analyte fold change: GB37 vs. saline.

GB37 vs. Saline
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Log, fold change

Analyte abundance in distinct placental regions from GB37-inoculated NHP and saline-treated

NHP were obtained by Digital Spatial Profiling (Nanostring Technologies). Fold changes in

analyte abundance (GB37 over saline) were log2 transformed and analyzed by a linear mixed
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model in R version 3.6.2. Significance tests were controlled for false discovery rate. White asterisk

indicates p < 0.05.
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Supplementary Fig. 5.6. DSP analyte fold change: GB37AhyIB vs. saline.

GB37AhyIB vs. Saline

Chorion

Log, fold change

Analyte abundance in distinct placental regions from GB37AhylIB-inoculated NHP and saline-

treated NHP were obtained by Digital Spatial Profiling (Nanostring Technologies). Fold changes

in analyte abundance (GB37AhyIB over saline) were log2 transformed and analyzed by a linear
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mixed model in R version 3.6.2. Significance tests were controlled for false discovery rate. White

asterisk indicates p < 0.05.

222



Supplementary Table 5.1. Extracellular flow cytometry panel used on maternal and fetal blood,

uterine segments, chorionic villi, and choriodecidual membranes

Extracellular flow cytometry panels

Panel 1 Marker Clone Color Manufacturer (cat Dilution
#)
CD3 SP34 AF700 BD (357917) 1.7
CD4 L200 FITC BD (550628) 1.7
CD8 SK1 APC-Cy7 | BiolLegend (344714) 1:10
Marker Clone Color Manufacturer (cat Dilution
#)
CD45 D085- AF700 BD (561288) 1:10
1283
CD20 L27 PE BD (346595) 1.5
CD209 | DCN46 | PerCP/Cy5.5 BD (558263) 1.5
HLA-DR L243 FITC BD (347363) 1:5
Panel 3 Marker Clone Color Manufacturer (cat Dilution
#)
CD45 D085- AF700 BD (561288) 1:10
1283
CD14 M5E2 BVv421 BD (565283) 1:5
CD11lc | S-HCL-3 PE BD (347637) 1:5
CD66abce Tet2 FITC Miltenyi Biotec 1.5
(130-093-132)
Panel 4 Marker Clone Color Manufacturer (cat Dilution
#)
NK cells, mast CD45 D085- AF700 BD (561288) 1:10
cells 1283
CD49d 9F10 BVv421 BD (565277) 1:20
NKG2a | REA110 PE Miltenyi Biotec 1:10

(130-098-814)
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Supplementary Table 5.2. Intracellular flow cytometry panel used on maternal and fetal blood,

uterine segments, chorionic villi, and choriodecidual membranes

Intracellular flow cytometry panels

Panel 1 Marker Clone Color Manufacturer | Dilution
(cat #)
T cells IL-4 MP4-25D2 APC BD (554486) 1:20
IL-17 eBio64DEC17 | PerCP/Cy5.5 | Invitrogen 1:10
(45-7179-42)
IFN-g B27 PE/Cy7 BD (557643) 1:20
Ki67 B56 Bv421 BD (562899) 1:20
FoxP3 206D PE BioLegend 1:10
(320108)
Panel 2 Marker Clone Color Manufacturer | Dilution
(cat #)
B cells, DCs IL-4 MP4-25D2 APC BD (554486) 1:20
Ki67 B56 BVv421 BD (562899) 1:20
Panel 3 Marker Clone Color Manufacturer | Dilution
(cat #)
macrophages, Granzyme GB12 APC Invitrogen 1:20
neutrophils B (MHGBO05)
Panel 4 Marker Clone Color Manufacturer | Dilution
(cat #)
NK cells, mast Granzyme GB12 APC Invitrogen 1:20
cells B (MHGBO05)
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