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ABSTRACT

MECHANISMS OF IFNy AND CEFTAZIDIME INTERACTION

FOR SYNERGISTIC KILLING OFBURKHOLDERIA

Burkholderia pseudomallel is a Gram negative, facultative intracellular pakn which
infects both phagocytes and non-phagocytes anesaevere acute infections in humans and
animals. Due to its inherent resistance to maagsas of antibiotics, new therapies are needed
which can supplement or substitute for conventitregltments in order to combat this emerging
infectious disease. We have previously shownitttatferon-gamma (IFNJ can interact with
the conventionally administered antibiotic, ceftiie, to synergistically control intracellular
bacteria burden ddurkholderia infected macrophages. The goal of the studiesepted here
was to determine the mechanism by which K-ahd ceftazidime exert their synergistic effect.

After investigating several potential mediatorsromuno-antimicrobial synergy, we
showed that IFN¢stimulation of macrophages led to increased géioeraf reactive oxygen
species (ROS), which led us to hypothesize that{fNluced ROS may interact with
ceftazidime to control intracellular bacterial bend We next found that ROS scavenging
antioxidants such as N-acetylcysteine (NAC) andiced glutathione (GSH) were capable of
reversing the IFN+and ceftazidime synergistic effect, while the Ri@&4cing drug buthionine
sulfoximine (BSO) could not only potentiate the exgy, but could completely substitute for
IFN-y to synergize with ceftazidime and control intrader bacterial burden. These results
were consistent with a ROS interaction with ceffame. We further showed that IFN-

prevented vacuolar escape and actin polymerizagidinding which was recapitulated with



BSO. Taken together, these results suggestedéenatration of IFN¢induced ROS responses
synergized with ceftazidime to enhance controhtrfaicellular bacterial burden. IFNinduced
ROS was also responsible for preventing vacuoleaies and therefore may have limited
intracellular replication and spread of infection.

In the second half of our study we identified #meh investigated the separate and
compartmentalized contributions of IFNand ceftazidime to the overall synergistic effédte
determined that ceftazidime alone controlled exitatar killing in our macrophage infection
model while IFNy alone controlled the killing dBurkholderia in the intracellular compartment.
We confirmed a role for IFN-induced ROS responses to kill intracellular baatend control
intracellular replication, though we also concluldat other IFNy-dependent and ROS-
independent pathways are at play. Overall we ssiggaew model to describe the dynamics of
the classically used macrophage infection modeé sgest that both intracellular and
extracellular control of bacteria is required floe overall synergistic effect we see with
combination of IFNy and ceftazidime. Together our studies have impbas for the use of
IFN-y, or other ROS-inducing drugs, as non-specifickaotic potentiating agents for enhanced

clearance of bacterial pathogens.
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CHAPTER 1: LITERATURE REVIEW

BURKHOLDERIA AND MELIOIDOSIS
Epidemiology of melioidosis

B. pseudomallei is an aerobic, Gram negative bacillus, isolatedhfsoil and water in the
environment (1, 2). It causes the emerging infetidisease called melioidosis, which is highly
endemic in northern Australia and Thailand, lesteemic in areas throughout southeast Asia,
and appears sporadically in Central and South Araexs well as Africa (3-5) (see Figure 1.1).
In northeast Thailand, melioidosis is the thirddieg cause of death due to infectious disease,

after human immunodeficiency virus and tubercul@s)s

Bl Highly endemic disease ® ' — MR
| Endemic disease

Sporadic and possibly
endemic disease

@ Cluster of endemic disease

Figure 1.1: Distribution of melioidosis around theworld Melioidosis is highly endemic in
Thailand and northern Australia. Other areas deemc disease include southeast Asia with
sporadic disease in parts of Africa as well as @&anhd South America (4).

Incidence rates greatly depend on geographicatimt. For example, Northeast

Thailand has reported incidence of 4.4-21/100,80®) while Northern Australia has reported



incidence of 19.6-102.4/100,000 (7-9), with similagidence rates in Taiwan (10) and Malaysia
(11). The incidence in Thailand seems to be irgnga as one study showed evidence of
increased incidence rates from 8/100,000 in the 8@0 to 21.3/100,000 in the year 2006 (5).
The variability of seasons also greatly impactsdecce rates. For example, highest incidence
rates occur after monsoonal rains (2-4, 6, 7, 20138). In the abnormally rainy 2009-2010
season in northern Australia, incidence rose e of 50.2/100,000 with incidence in
indigenous populations as high as 102.4/100,0Q00{®) until that season, the average incidence
rate over the past 20 years had been 19.6/1008)00 (

At the present time, inhalation, ingestion, anctpg&aneous inoculation are considered
the three major routes of acquisition, though ttegprtional relevance of each is still
speculative (2, 13, 14). In cases where inoculatias reasonably recalled as percutaneous
contact with muddy soil or water, clinical lesiomere usually not discovered at the inoculation
site, but in fact disseminated far from it (7). €Bl types of percutaneous infection followed by
dissemination seems to be the most common routeotlation, especially for rice farmers who
have high exposure to muddy water and soil (2,G3ses like these make it challenging to
definitively identify the exact route of inoculatio However, a 12-year study by Currie and
colleagues suggests that inoculation through thalation route may be increased during the
rainy season due to monsoonal wind and rain (12).

Several risk factors are associated with cotima®©f melioidosis. These include
diabetes mellitus, chronic renal disease, chronimpnary disease, heavy alcohol use, and other
immune-compromised individuals (3, 4, 6-9, 12)créased susceptibility of type 2 diabetes
mice toB. pseudomallei infection has been linked to decreased macropfuangion, particularly

the ability to contain and kill intracellul&urkholderia (15). Age does not seem to be a major



risk-factor sinceB. pseudomallei can infect persons of all ages, however the aeeir#gcted

individual is usually between 40-60 years old (Z,40, 11).

Clinical manifestations, diagnosis, and treatmentfor melioidosis

The incubation period for melioidosis is typically21 days (7) though latent infections
have surfaced decades after geographic exposuyré{L6Melioidosis can present as acute, sub-
acute, or chronic infection. The most common pregen of melioidosis is respiratory
pneumonia with other clinical manifestations inehgdsepsis, abscess formation in skin or soft
tissue, suppurative parotitis, peritonitis, artbrigenito-urinary infection, encephalomyelitisdan
others (3, 7, 13, 18, 19).

Melioidosis can sometimes be confused with tuldesssiin areas whei®. pseudomallel
is not endemic (20, 21). Unfortunately a wronggdiasis can be fatal since acute melioidosis
can cause death within a few days. Therefore coared rapid diagnosis of melioidosis is
extremely importantB. pseudomallei is not considered normal microbial flora and thereo
evidence of asymptomatic carriers, therefore auoedpositive specimen from an individual
leads to a definitive clinical diagnosis of meliogis (13, 22). Diagnosis through culture,
however, has its limitations because infected iildials may still culture negative féx
pseudomallei (13, 23). Polymerase chain reaction (PCR) is feetjy used to confirm the
identity of positive-cultures, though this methedmperfect as well, due to probe targets that
cross-react with other non-viruleBurkholderia species (13). Although th& pseudomallei
antigen in blood samples usually falls below tinatliof detection of most immunofluorescent
assays, Chantraitita and colleagues have showstdradard culture of blood samples prior to

immunofluorescence greatly increases sensitivityspecificity of their detection system (23).
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A reagent consisting of monoclonal antibody agatgiseudomallei exopolysaccharide and
fluorescent secondary antibody was added to blatidres on a slide and viewed by microscopy
to detect fluorescence. Their methods remarkaidlgndbsed melioidosis with a 97.4%
sensitivity and 100% specificity (23).

B. pseudomallei is intrinsically resistant to penicillin, ampiarll macrolides,
aminoglycosides, rifamycins, polymyxin, and firsldasecond generation cephalosporins (2, 4,
21). Chromosomally encoded, putative, resistaeceg inB. pseudomallei account for all
resistance to antibiotics and among others, enfmdseveraB-lactamases and ten multidrug
efflux pumps (24). Aside from inherent antibiotésistanceB. pseudomallei has also been
shown to be resistant to innate immunity host-de#srand antimicrobial peptides (AMPS) (25,
26). Tandhavanant and colleagues foundBhpseudomallei was resistant to 200 pg/ml of
lysozyme and 3 mg/ml of lactoferrin (25). In ortedy, B. pseudomallei was shown to be
resistant to both human neutrophil peptide-1 anddrubeta-defensin-2, an antimicrobial
peptide of epithelial cells, at concentrations @ Jug/ml (25). On the other haril,
pseudomallei was shown to be susceptible to the antimicrolegtide LL-37 at concentrations
of 6.25 uM (25).

Due to the inherent antibiotic resistancd3opseudomallei, the first line antibiotic of
choice to treat melioidosis is typically ceftazigimThe current suggested antibiotic course for
treatment of melioidosis includes a two-week minimintravenous administration of
ceftazidime or meropenem, followed by oral eradgocatherapy with trimethoprim and
sulfamethoxazole for an additional three months8(24). However, even with antibiotic
therapy, overall mortality rates have been repdoetdveen 20%-50%, dependent on

geographical and seasonal variability (5, 7, 10,2Ir}. Furthermore, greater than 10% of



patients can face recurrent infection, with arodbéb of recurrent infections due to relapse
versus reinfection (19, 27, 28). Poor adherendkda@ntibiotic regimen is a major risk factor for

relapse (19, 27).

Similarities and differences betweemB. pseudomallei and B. thailandensis

B. thailandensis E264 is an environmental isolate from Thailand \Wwhi@s once
classified as a strain & pseudomallei due to their similarities, but was eventually asslified
based on several key differences identified betvikerspecies (29-31B. pseudomallei andB.
thailandensis have a similar ability to replicate and survivaacellularly, and the mammalian
cell response to both bacteria appears to be simil@&gards to induction of cytokine response,
costimulatory molecule expression, and differerdgrabias towards a Thl cell population (32).
FurthermoreB. thailandensis andB. pseudomallei are morphologically and antigenically
similar, and although they only differ in geneteggence by 15 nucleotidds, pseudomallei is
considered highly virulent whilB. thailandensis is considered to be less virulent (2, 30, 31). In
fact, B. thailandensis is considered to be at least tines less virulent thaB. pseudomallei (29,
30). For example, while clinical isolaBe pseudomallei 1026b has been shown to kill Syrian
golden hamsters with less than 12 colony formindgsUi€FU), the 50% lethal dose (k§) of B.
thailandensis E264 was 1.8 x POCFU (29). In mice, the Linoculum forB. pseudomallei
was found to be 182 CFU in BALB/c mice versus acbl CFU/mouse foB. thailandensis
(30).

Differences in virulence betweé&h thailandensis andB. pseudomallei may depend on
any number of small differences between the twaigms. For instancB, thailandensis

secretions show proteolytic and siderophore agtigimilar toB. pseudomallei 1026b, but also
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shows lipase and lecithinase activities and are @bassimilate L-arabinose (29, 3®.
thailandensis also lacks th®. pseudomallel T3SS-1, though the exact role of T3SS-1 in
virulence is still unknown (2, 33).

Another key difference between these Burkholderia species may be their abilities to
inflict damage on eukaryotic cells. Early studsé®w that supernatants Bf thailandensis
E264, which contained secretion products as wedbaaserial antigens, were more cytotoxic to
HelLa cells over a 48 hr period than supernatanta B. pseudomallei 1026b (29).B.
pseudomallei, however, appear to inflict more damage tBathailandensis when bacteria exert
their virulence from within infected macrophagé&espichayawattana found condensed and
fragmented nuclei in 43% of macrophages aftergusburs of infection with viruler.
pseudomallei, but just 23% of cells infected with less viruleatabinose-assimilating
Burkholderia (34).

B. pseudomallei andB. thailandensis may also differ in structure and components oif the
lipopolysaccharide (LPS) and capsular polysacckd@PS) (35, 36). The lipid A moiety Bf
pseudomallei but notB. thailandensis is modified with 4-amino-4-deoxy-arabinose (3%his
modification may be a mechanism of immune systeasiew through resistance to cationic
antimicrobial peptides (35)B. pseudomallel andB. thailandensis also differ in CPS. Four
putative CPS biosynthesis and export operons heee lgentified irB. pseudomallei. The type
| capsular polysaccharide, mannoheptose, assoaciatied. pseudomallei but notB.
thailandensis, has been shown to inhibit C3b complement depwsdnd inhibit phagocytosis by
polymorphonuclear leukocytes (37). On the otherdh#he type Ill CPS operon, identifiedBn

pseudomallei as well adB. thailandensis, was shown to be unnecessary for virulence inrey



hamster model of melioidosis, but was suggest@dmiribute to the organisms’ abilities to live
in the environment (36).

Due to its high infectivity, high associated métyarates, and high level of inherent
resistance to antibioticB, pseudomallei is classified as a potential bio-threat agenthegy t
Centers for Disease Control and Prevention (CD@)taining mosB. pseudomallel research to
biosafety level 3 (BSL-3) facilities (2)B. thailandensis, on the other hand, is considered a BSL-
2 organism and is frequently used as a model osgafor in vitro pathogenesis studies of

melioidosis (38).

Intracellular lifestyle of Burkholderia

Burkholderia is a facultative intracellular organism which gafect and survive within
professional and non-professional phagocytes dsaswe&lon-phagocytes (2, 26, 34, 39). In fact,
intracellular replication rates &. pseudomallel can be similar to growth in liquid broth (34).
The progressive steps associated Bithkholderia intracellular lifestyle are well known (Figure
1.2). Within minute®urkholderia subverts host microfilaments to facilitate itsemmalization
into membrane-bound vacuoles or phagosomes (40M4thin 2 hoursBurkholderia typically
lyses the vacuole membrane to escape into the legtopwvhere it replicates, though some
replication can begin in the vacuole (26, 40, 4.,,46). In the cytoplasiurkholderia
polymerizes host cell actin and protrudes from memés to spread from cell to cell (47, 48).
Induction of host cell fusion and formation of niltcleated giant cells (MNGCSs) is also
thought to be a major mechanism of cell-to-celkespir(43).

MNGC formation is a rapid pathology that can depeh infected macrophages within

6-8 hours time (49, 50). Furthermore, MNGC formiatis a clinically relevant histopathology
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that occus in human melioidosis as wi(51). These MNGC were shown to contain la
numbers of intracellulaB. pseudomallel in the lung, kidney, and spleen (5Iirect cel-to-cell
spread through actin polymerization and meme protrusions, or induction of cell fusion, le:
to formation of MNGCs with a correlation betweetracellular bacterial burden and the rate

MNGC formation (34, 43).
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Figure 1.2: Intracellular lifestyle of Burkholderia. Upon contact with host ceBurkholderia
is taken up into phagosomes. It escapes intoyttoplasm by lysing the phagolysosor
membrane. Once in the cytoplasBurkholderia can replicate, polymerize actin, and induce
fusionleading to the formation of MNGC formation. Figunedified from(38).

BimA is a bacterial protein, located at the polBurkholderia where actin nucleatio
takes place (52)BimA subverts host cell actfor use byB. pseudomallei and is necessary fi
actin polymerization and actimasecmotility (52). French et. afound that Bir-A mediated
actin polymerization and membrane protrusions weteessential for spread B. thailandensis
from cell-tocell, and suggested that induction of host celldinwasthe primary mechanism «

intercellular spreatbr this speces (43). Regardless of the mechaniBarkholderia cell-to-cell
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spread is aimed at minimizing exposure to extratallenvironments which may contain
antibiotics and antibodies (2, 34, 48).

Several virulence factors are known to be requioedhe intracellular survival of
Burkholderia. B. pseudomallei contains three, type three secretion systems (J&8&$bin
particular, T3SS gene cluster 3 (T3SS-3) is knowwplay an important role in virulence (2, 53).
Known as théBurkholderia secretion apparatus (bsa), T3SS-3 is activated iaftial contact
with macrophages (54). Furthermore, it is knowmtmlulate intracellular survival and is
essential for escape of endocytic vacuoles (43, B3tudy by Stevens and colleagues suggests
thatB. pseudomallei is capable of escaping the vacuole before phagedgsosome fusion
events take place owing to observations of rarecadization between wild-typB.
pseudomallei and lysosome-associated membrane glycoproteidMR-1), a lysosomal marker
which is enriched in phagolysosomes (53). On therchand. pseudomallei which contained
mutations to thésa locus were almost exclusively colocalized with LAMRnd were
contained within membrane-bound vesicles, signgiarfailure to escape the vacuole and
demonstrating the importance of T3SS-3 for vacestmape (53). Burtnick et. al. further
evaluated the vacuolar escapdsd mutants and found that thesere capable of vacuolar
escape, although escape was significantly delayéitb 12 hours (55). She also found that
triple T3SS mutants also exhibited this delayedueéar escape phenotype, suggesting that
T3SSs may enable rapid escape but are not esdentalrkholderia degradation of vacuole
membranes and escape into the cytoplasm (55).T388-3 ofB. pseudomallei likely displays
virulence due to secretion of effector protein®tigh the secretion system apparatus into host

cytoplasm. Suparak and colleagues further invattja T3SS-3 effector protein. They found



that BipB, a translocator protein of the T3SS-3ypl a role in MNGC formation and apoptosis
of host cells (49).

B. pseudomallei also encodes six, type six secretion systems (J@® T6SS-1is
another putative virulence factor that may playamant roles in the intracellular lifestyle of
Burkholderia. T6SS-1 gene cluster transcription is dependemternalization by host cells and
similar to T3SS-3 is important for intracellulaogrth, and MNGC formation (54, 57, 58).
Burtnick et. al. showed th&tcpl mutants lacking hemolysin co-regulated proteingH¢a
critical component of the T6SS apparatus as wedl secreted immunogenic protein, showed
decreased growth rates in RAW 264.7 macrophage®las decreased cytotoxicity and an
inability to form MNGCs (57).Hcpl mutants were also less virulent in a Syrian hamste
challenge model, again suggesting a role for T638tie virulence oB. pseudomalle (57).
Burtnick et. al. similarly showed that T6SS-1 wasralence factor irB. mallei, a closely
related species @&. pseudomallei. They showed that T6SSwias required for actin tail
polymerization and MNGC formation (59). BurtnickdaBrett found that T6SS-1 gene
expression, as measured by Hcpl production, weatinety regulated by the divalent cations
iron and zinc for bottB. mallel andB. pseudomallei, but notB. thailandensis (60). This finding
is consistent with increased T6SS-1 expressiomgt @nvironments such as phagosomes or
phagolysosomes which often contain limited nuts€bD). T6SS-5 has also been implemented
in MNGC formation and virulence due to VgrG-5, aSI5 effector protein (50).

Eventually, intracellulaB. pseudomallei replicates to such numbers inside cells that it
ruptures the macrophage, releasing bacteria backhe extracellular space to re-infect healthy
cells (40). The entire progression of intracelutdection can be so rapid that certain clinical

isolates oB. pseudomallel can invade, escape vacuoles, replicate and ruptaceophages all
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within 120 minutes (40). Other studies have coméd rapid cell destruction froB

pseudomallei infection and found thd. pseudomallei could cause severe cytotoxicity to
cultures of in vitro macrophages---up to 20-60% destruction by 24 hours post-infection (45,
61, 62).

Aside from cell damage through cytotoxicity or tune, B. pseudomallel has been shown
to induce apoptotic-like appearance in macrophagel as condensed and fragmented nuclei,
positive phosphatidylserine staining, and DNA beggk(34). In one study, condensed and
fragmented nuclei were seen in 43% of macrophafgessjast 6 hours of infection witB.
pseudomallei (34).

However, since the time of that publication, stis#a have significantly advanced their
awareness of programmed cell death beyond the siagaptosis-necrosis paradigm and have
characterized the nuances of the several difféypeis of programmed cell death. Apoptosis is
characterized as a caspase-3 and caspase-7 depamtieinflammatory mode of cell death with
orderly dismantling and compartmentalization ofudal contents (42, 63-65). On the other
hand, pyroptosis is defined as a caspase-1 depgmidemflammatory programmed cell death
that results in pore formation in the plasma membéi@nd release of intracellular contents (42,
63-65).

Armed with new awareness of the different kindpraigrammed cell death, others have
more recently describeslurkholderia-induced macrophage cell death as pyroptosis dtleeto
proinflammatory nature of the programmed cell deather than apoptosis which is typically
anti-inflammatory (42, 63). For example, Sun aaleagues found thd&. pseudomallel
induced caspase-1 dependent cell death in macrephegusing a release of proinflammatory

cytokines IL-B and IL-18 into extracellular milieu (42). T3SS¥@s found to be necessary for
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the rapid killing of macrophages which suggested T8SS-3 effector proteins may be
responsible for induction of cell death (42). Siso postulated that rapid killing of
macrophages bB. pseudomallel was ironically a mechanism to evade death itseffert of Kill
or be killed situation (42). Studies by Miao dt.c@nfirmed a role for caspase-1 dependent
pyroptosis irB. thailandensis infection but unlike Sun, proposed pyroptosis &ssh defense
mechanism to eliminate intracellulBurkholderia rather than &acterial defense to avoid killing
by macrophages (63). Breitbach et. al. also sugdd¢bat caspase-1 dependent macrophage
death is dost survival adaptation to limit the intracellular hecfor bacterial replication (66).
They found that caspase-1 was actually essentighéoresistance of C57BL/6 miceBo
pseudomallei infection since caspase’Imice showed rapid mortality and increased badteria

burden compared to wild type mice (66).

HOST RESPONSE TOBURKHOLDERIA
Immune response taBurkholderia infection

There are several lines of evidence which sugges$B. pseudomallel, in many ways,
fails to activate a strong immune response in n@@ges.B. pseudomallei stimulation of
macrophages fails to induce inducible nitric oxsgathase (iINOS), a key enzyme and
antimicrobial mediator of macrophages that produnig& oxide (NO), a reactive nitrogen
species (RNS) (67, 68). Utaisincharoen also oleseavl0x weaker activation of RAW 264.7
macrophage cells as well as slower kinetics of @sgion of INOS and tumor necrosis factor
alpha (TNFe) due to stimulation wittB. pseudomallel compared withHEscherichia coli or

Salmonella typhi (69).
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The properties 0B. pseudomallei LPS and CPS may account for its failure to sugfthy
activate the antimicrobial properties of macroplsa@®, 37). Matsuura and colleagues found
that the LPS oB. pseudomallel was 100x less pyrogenic, 30x less toxic, and avi€xker
stimulant of macrophage activation thgaimonella abortus typhi (70). They proposed that the
longer-chain fatty acids of the lipid A structureB pseudomallel may account for these
differences (70). A different study showed tha @rantigenic polysaccharide moietyBf
pseudomallei was accountable for a lack of activation due terfierence with Toll-like receptor
(TLR) signaling and specifically the MyD88-indepemd pathway, which is responsible for
INOS expression (68). Although several types ofltfave been identified B. pseudomallei,
each with distinct antigens, no association has fmend between LPS serotype and clinical
presentation or outcome of disease (71). Furtiueliess will be required to determine the
specific role of LPS types in the pathogenesis elioidosis (71). In summary, the immune
response t®. pseudomallel may be less robust than other Gram negative patisog some
aspects, however a properly functioning immuneesygs still the host’s best hope for
resistance t®. pseudomallel and several cell types and cytokines in particilave been shown
to be protective.

Macrophages are one such cell type that are eglstEmtcontrol of acutd. pseudomallel
infection, as intravenous delivery of liposomaldronate, a macrophage depleting drug, resulted
in greatly increased mortality rates in both C57@ahd BALB/c mice (72). In another study,
by Haque et. al., macrophages were found to plagnportant role in acute phase infection
presumably through production of IL-12 and IL-1&adynes which are important inducers of

IFN-y, and are themselves essential for resistance (73).
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Neutrophils are another cell type which play aseesial role in control oB.
pseudomallei infection (74-77). Neutrophils were rapidly reited to the site of infection and
were the predominant cell type associated Bithseudomallel in mouse lung tissue at 36 hours
post-aerosol infection (76). Easton et. al. atamfl that activated neutrophils were critical for
resistance t®&. pseudomallei infection, even though their role was most impatrttarting a few
days after challenge (74). Woodman et. al stuthedole of complement and serum
opsonization on uptake and killing Béirkholderia in neutrophils. They first found that badBh
pseudomallei andB. thailandensis were extremely resistant to complement-mediattichdyi
alone (75). However, complement-opsonized bacteei@ required for the NADPH oxidase-
mediated respiratory burst from neutrophils andssghbent intracellular killing ddurkholderia,
suggesting an important role for complement aflgi7a).

B cells are known to have a minor and non-esdawl&in resistance to acute
melioidosis. Haque et. al. showed that uMT miceictv lack B cells, had equal mortality rates
to B. pseudomallei infection compared to wild-type mice, suggestingt B cells are not required
for protection againd®. pseudomallel (73). However, some studies have suggested toatl B
antibody responseay offer some protection against melioidosis (78, 7Ajditionally, sero-
positivity increases with age for children in na&dst Thailand, and as many as 75% of children
have been exposed Bo pseudomallel by the age of 4 (22). As it turns out this seosipvity
may not have much of a protective effect. Immuystesn memory t@urkholderia from a
previous exposure may be inadequate to protectithdéils against re-infection since one study
showed that 25% of recurrent melioidosis cases teneght to be re-infection rather than

relapse (28).
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T cells are another cell type that play an impdrtale in melioidosis and seem to have a
biphasic role in controlling resistanceBarkholderia (73). Early in melioidosis T cells produce
the critically important cytokine IFN:- More information regarding the specific roleTotells
as major producers of IFiNean be found in the section on the role of -M-B. pseudomallei
infection (below). In the later stages of infeatid cells are important for adaptive immunity.

A study be Haque et. al. showed tBapseudomallei primes antigen-specific CD4nd CDS T
cells however only mice depleted of CDZ cells, before and throughouBapseudomallei
challenge model had greater mortality rates thamrobmice (73). Mice depleted of CDF

cells did not have significantly different mortglitates compared to control mice, although the
mean survival time was lower (73). Taken togettiese results suggest that T cells, but

particularly CD4 T cells play an important role in adaptive immymitiring melioidosis.

Mouse models of melioidosis

In regards to in vivo models &t pseudomallel infection, C57BL/6 mice are considered
approximately 100 fold more resistant to the paftéidy susceptible BALB/c strain, which can
be killed with as few as 4 CFU (41, 80-82). Retgssl of their differences, both strains are
valuable tools to study pathogenesis of melioidoBIALB/c mice are a better model for acute
melioidosis because they mimic several aspectsimian disease such as elevated {Fahd
rapidly increasing bacteremia for several days feefi@ath (81). Additionally, a correlation
between increased IFNand increased bacterial burden and severity ebdis has been
identified in both BALB/c mice as well as patiemtgh melioidosis (82, 83). On the other hand,
C57BL/6 mice may serve as a model for chronic disesance they are able to survive for weeks

after infection but still carry heavy bacteria lsad liver and spleen (81). Furthermore, studying
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C57BL/6 mice can provide insight into their resmta mechanisms and may help identify new
drug targets or therapies to treat melioidosist éxample, we know that a rapid and effective
innate response contributes to C57BL/6 resistamoe £57BL/6 mice can rapidly clear an

infection that would kill BALB/c mice (41, 81).

The role of IFN-y in bacterial pathogenesis

IFN-y is a cytokine secreted mainly by T cells and radtkitler (NK) cells, which serves
as one of the two essential activation signalsrfacrophages (84-86). Macrophages activated
by IFN-y increase their antibacterial properties in seweggls (84, 87). They increase
expression of NADPH phagocyte oxidase subunitg téstrict nutrients such as iron and
tryptophan from the phagosome while enriching fapper, and they are primed for NO
production (84, 85, 87). Furthermore, IFNind IFNy + LPS stimulated macrophages showed
continuous phagosome-lysosome fusion events foo Gp10 hours after stimulation, which led
to great concentrations of lysosomal constituanthé phagolysosome (88).

Through activation of macrophages, IFNas been shown to increase microbicidal
activity against many intracellular pathogens, titothe roles of IFN+are diverse (89). During
S typhimurium infection of macrophages, IFNreduces iron uptake, increases iron efflux, and
increases expression of the siderophore and amtbat peptide lipocalin 2 (90). In these
ways, the macrophage limits the availability ohiran essential nutrient for bacterial growth. In
Mycobacterium tuberculosis, IFN-y is thought to have both beneficial and detrimeetgdcts to
macrophages depending on the level of intracelinfaction. IFNy inhibits M. tuberculosis
replication during low-infection loads, but accels cell death by necrosis in heavily infected

macrophages (91). lnsteria monocytogenes infected macrophages, IFNstimulation has been
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shown to increase the intracellular killing capact macrophages (92). IFNhas also been
shown to restrict intracellular replication lofmonocytogenes (92). This effect was confirmed
by Ouadrhiri and colleagues who showed that #HNduced ROS and RNS were together
responsible for restricting intracellular monocytogenes replication (93).

Several studies have also shown a role for JFfiMevention of vacuolar escape in a
number of intracellular pathogens (92, 94, 95)r iRstance, Myers et. al. showed that ROS, and
to a smaller degree RNS, were required for thegarggL. monocytogenes from escaping
vacuoles (95). This study also showed that RQISRIMS inhibitors could partially reverse this
effect, which is consistent with a ROS-mediatedmaecsm (95). Similarly, Lindgren and
colleagues found that IFiNactivation of peritoneal exudate cells partialtgyented=rancisella
tularensis from escaping phagosomes (94). Furthermore thgyosed that the bacteria which
did escape were too damaged to replicate in traptadm (94). These results show an important
role for IFN« to interfere with intracellular pathogen lifestylem mammalian host cells, a
mechanism that may increase killing of intraceliddacteria as well as prevent spread and

further replication.

The role of IFN-y in B. pseudomallei infection

In a previous section we described several exgaristhat showed a failure Bf
pseudomallei, by itself, to stimulate a strong immune respdnse macrophages. However,
several studies have shown a role for interferonadrease activation @&. pseudomallei-
stimulated macrophages. For example, even th8ugkeudomallei was unable to elicit INOS
expression in macrophages or control intracelloéaterial burden by itself, simultaneous

stimulation of macrophages with exogenous IFBRdB. pseudomallel led to greatly increased
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levels of INOS and increased killing of intracefiubacteria through N@roduction (67).
Similarly, although the LPS frofd. pseudomallel interfered with MyD88-independent pathways
and prevented iINOS production, pre-activation atraphages with IFN-and then subsequent
infection increased expression of MyD88-indepengatithways and increased expression of
INOS in macrophages (68). Several other studige Baown an increased ability of
macrophages to kill intracellul&urkholderia due to IFNy stimulation (32, 44, 66).

Both BALB/c and C57BL/6 strains of mice producghlevels of IFNy in response to
B. pseudomallei infection, with BALB/c mice producing slightly hingr levels both locally and
systemically, but with slightly delayed expressioampared to C57BL/6 mice (82, 96, 97).
High IFN-y levels in BALB/c correlate to increased bacteuaden in tissue, suggesting that
hyperproduction of IFN-in BALB/c mice may actually be more detrimentariprotective
(82). Regardless, it is undisputed that 5Nt some level, is necessary to control infectibn.
fact, several studies have shown an absolutelgatolry role of IFNy for resistance t8.
pseudomallei infection (72-74, 80). For instance, IFNwas found to be essential for Taylor
Outbred mouse resistanceBopseudomallei as neutralizing antibody against IkNewered the
lethal dose by 100,000 fold and caused great isesein bacterial burden in liver and spleen
(80). Additionally, IFNy neutralization in C57BL/6 mice led to greatly ieased mortality rates
while BALB/c mice retained significant protecticsyggesting a different requirement for 1¥N-
between these two breeds of mice (72). Furthermdnge there was no role for INOS in the
C57BL/6 mouse resistanceBopseudomallel, an important role was identified for nicotinamide
adenine dinucleotide phosphate (NADPH) phagocyiéase and specifically macrophage

NADPH oxidase to control infection (72).
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Other immune cells are the main sources of thessary IFNy response. Studies show
that NK cells as well as CDJ cells are the major producers of IFNue toB. pseudomallei
infection (74, 96). Antigen-unspecific bystandecdlls, particularly CD8T cells, can also be
activated to produce IFN-upon stimulation by cytokines IL-12 and IL-18 (E®).

One of the main antimicrobial mechanisms of lf-Betivated macrophages is the
degradation of internalized bacteria in the phagmdpme. Activated macrophages increase
production of NADPH phagocyte oxidase subunits sutasequently increase intracellular ROS
production (85, 86, 99, 100). As phagosomes mdhay fuse with lysosomes, exposing the
phagocytosed bacteria to antimicrobial peptides &M lysozyme, and proteases (101). While
lysosomes are always acidic (pH ~4.8), phagosonuesase in acidity with increased lysosomal
fusion events (102). Phagosome-lysosome fusiorocenr within 20 minutes ddurkholderia
uptake, which closely correlates to the minimumetiraquired byB. pseudomallel to escape into
the cytoplasm (39, 40, 45). Those bacteria whakle fonger to escape are under attack by the
toxic environment of the phagolysosome. Puthughegral. have shown the phagolysosome to
have microbicidal activity againBt pseudomallei by showing that the number of bacteria inside
phagolysosomes decreases with increased lysosaoa 40).

Finally, IFN-y has also been shown to interfere with norBwakholderia pathogenesis.
Both pre-treatment of macrophages with lf|drior to infection or co-administration of IFN-
with infection led to almost complete preventiorcefl fusion and multinucleated giant cell

formation (MNGC) by eight hours post-infection (1084).
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REACTIVE OXYGEN SPECIES AND ANTIOXIDANTS
Generation and detrimental effects of reactive oxygn species

The term “reactive oxygen species” refers to aigrof highly reactive, short lived,
partially reduced, oxygen-derived molecules whighaapable of causing damage through
reactions with nucleic acids, lipids, and protg@ig, 105, 106). Some ROS such as superoxide
anion (Q") or hydroxyl radical (OF are also free radicals due to their unpairedtelacwhile
others such as hydrogen peroxide@t) are simply unstable and highly reactive.

ROS are formed at low levels in all cell typesdsyproduct of cellular respiration,
although phagocytes are capable of generating highels of ROS as an antimicrobial response
through the nicotinamide adenine dinucleotide phatp (NADPH) phagocyte oxidase (100,
101, 105, 107-109). NADPH phagocyte oxidase &rgd complex composed of five essential
subunits. The cytosolic proteins f4% p67"* and Rac assemble with g%t and p28"*in
the membrane (100, 108). NADPH phagocyte oxidaserables primarily on phagosome and
plasma membranes and is expressed in macrophagesywhils, and eosinophils (100, 108).
Once assembled, NADPH phagocyte oxidase functis@salectron transporter to pump
electrons into the compartment, reduce oxygenganeérate superoxide anion (100, 101, 108).
It is estimated that the NADPH oxidase generateglamounts of superoxide, which could
equate to concentrations of 2 uM in acidified plsmgoee compartments (101).

Since ROS are produced in all cells to varyingeetd, it is crucial for cells to degrade
ROS or contain them in specialized compartmentsder to avoid their toxic effects.
Eukaryotes possess mechanisms to deal with ROssemgally all compartments and organelles
(105). In just about every cell, superoxide angformed when oxygen accidentally gains an

electron from the electron transport chain in nitmadria. Superoxide dismutase (SOD) is an

20



enzyme which rapidly catalyzes the conversion pesoxide to hydrogen peroxide 4Bb),

another form of ROS (105, 110, 111). Of the knd®R@S, only HO, is thought to be stable
enough to cross membranes, however the rates@f tdrnover inside cells is so rapid that the
concentrations between intracellular and extratalienvironments never equilibrate and can
differ by a factor of ten (101, 105). Catalased paroxidases are responsible for degradation of
H,0O; into water and oxygen.

Besides the directly toxic effects of superoxiodiomolecules, superoxide can also
create more ROS. It can react with iron-sulfustdus, important enzymatic cofactors and redox
sensors in the cell, releasing free iron that tleacts with hydrogen peroxide through Fenton
chemistry to form deadly hydroxyl radicals (QKiL05, 112, 113). Hydroxyl radicals react
almost instantly with biomolecules at the sitehdit creation and are considered an extremely

toxic form of ROS (105).

Antioxidants and ROS scavengers

Glutathione (GSH), oy-glutamylcysteinylglycine, is the most abundanbltiand cellular
antioxidant present in cells (114, 115). GSH isrfed in two steps. The first reaction, which is
also the rate limiting reaction, is catalyzed bytginate cysteine ligase, also knowry-as
glutamylcysteine synthetase, which joins glutantateysteine (115-117). The second step,
catalyzed by glutathione synthetase, joins glytmeglutamylcysteine to form GSH (115, 117).
GSH synthesis takes place in the cytoplasm whesetenzymes are localized (118). NAC is a
precursor to GSH synthesis.

Intracellular GSH exists primarily in the redudadl form and has consistently high

distribution within the cytoplasm, mitochondriadamucleus of almost all eukaryotic cells (119,
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120) Intracellular concentrations of GSH are typigéletween -10 mM in most cell type
(115). GSHdirectly reacts with aneliminates ROS such as hypochlorous acid (HOClia
also utilized by the family of glutathione peroxsga (GPx) to reduce,O, to water(115, 120).
GSSG, the oxidized, disulfide form of GSH is alsoduced from GPx reactions, but glutathic
reductases quickly return glutathione to its reduoem using NADPI reducing equivalen

(114, 115). Figure 1.8nows selet pathways of ROS production and degradation thlhtame

into play in chapters 2-6.

L
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IN)

Figure 1.3: Select pathways of ROS productioland degradation. All cells make some leve
of ROS through normal cellular metabolism, macrophages use NADPH phagocyte oxidas
make large quantities of ROS such as superoxi,”) anion. The enzyme superoxi
dismutase (SOD) can convert superoxide into hydrgggoxide (1,0,), another form of ROS
Both catalase and glutathioperoxidase can degrade hydrogen peroxide int-toxic

compounds. Glutathione peroxidase needs to usetG8bithis. NAC is a precursor to G¢
production.
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GSH also has antioxidant roles as a secreted ge@sgpecially in the fluid lining in the lungs
(115). GSH is extremely resistant to proteaseattgron as only one enzymeglutamyl
transpeptidase, has been identified which is capafbGSH hydrolysis (121).

GSH is known to play an antioxidant role duringdative stress. Increased intracellular
oxidative stress is associated with decreasedceittdar glutathione, with the largest decreases
of GSH occurring in the cytoplasm and nucleus (1P2-124). Mitochondrial GSH can also be
depleted, though a low level of GSH is maintainethis organelle to counter the constant low
level of ROS produced in mitochondria by cellulespiration (119). NAC also serves as an
antioxidant and ROS scavenger, and can decreasegpieatory burst exhibited by
polymorphonuclear cells (125).

GSH biosynthesis is most commonly and effectiwelybited by the compound
buthionine sulfoximine (BSO), a specific inhibitoir glutamate cysteine ligase (116, 126). BSO
depletes intracellular GSH by inhibiting new syrsisebut the length of time required to achieve
its effects depends on the turnover rate of gludathin a particular cell type as well as the
permeability of the cells to BSO (126). For exampteatment of cultured red blood cells with
BSO (4 mM) for two hours resulted in 0.2 mM intrigkar concentrations of BSO and greater
than 90% inhibition of GSH biosynthesis, howeveedton of depleted GSH was not
measurable until six hours post-treatment dueeactbw turnover rate of GSH in red blood cells
(126). To contrast, in murine lymphoma cells, B®Q2 mM) took 12-15 hours to deplete GSH
by greater than 90% while the same reduction in G&itent took 7.5 hours in mouse peritoneal
macrophages (126). Stevenson et. al. used 150 §®Br 20 hours to deplete hepatocyte GSH

by 69% (123).
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BSO is also safe and effective for GSH depletiowivo (126). Griffith dosed mice up to
32 mmol/kg without any signs of adverse effectdsthdugh BSO isn’t metabolized quickly in
mice, itis excreted in urine, so a dose of 8 mmol/kg evewy fwurs is suggested to keep the
concentration of BSO at an inhibitory level in mbssues (126).

Diethyl maleate (DEM) is another GSH depletingragkough it functions through a
non-specific mechanism to directly deplete GSHemathan prevent de novo synthesis (127).
DEM is not typically a first choice drug to depl€&H because it has effects outside of the
depletion of GSH which can complicate interpretatd experimental results (127).
Furthermore since DEM works by direct depletioriscgense the decreased presence of GSH

and actually increase synthesis of GSH duringrmeat with DEM (127).

ROS generation and degradation in bacteria

Bacteria not only produce high levels of ROS thelwes, but they also face toxic levels
of ROS from eukaryotic hosts. Most intracellulacteria have evolved mechanisms of
resistance to ROS. Target modification is rarelgmsas a mechanism of resistance to ROS since
the detrimental effects of ROS have atomic and etedrspecificities to their targets unlike
antibiotics with macromolecular specificity (109pstead, evasion of host ROS production,
degradation of ROS, or simply repair from ROS daenag the most frequently observed
mechanisms of resistance to ROS (109).

For the most part, pathways of ROS generatiosiangar between both eukaryotic and
prokaryotic cells (105). Bacteria produce sigmifitlevels of ROS through normal cellular
processes, similar to eukaryotds.coli has been shown to produce 15 uMDgper second and

about 5 uM superoxide anion per second (105). silsular to eukaryotes, bacteria have similar

24



ROS degradation pathways involving SOD, catalesmad peroxidases (105). If these
antioxidant and ROS scavenging strategies faliftesas 1 uM intracellular KD, can cause
deadly levels of DNA damage (105). As an exampkhe critical importance of cellular
defenses against ROB, coli produce SOD in quantities approximately 4 ordémmagnitude
greater than needed (105).

Proteobacteria produce glutathione to eliminat&SR€milarly to eukaryotes (121).
Bacteria contain high concentrations of intracelltSH ranging from 0.1-10 mM (121).
Increasing availability of cysteine may be ablénicrease GSH production in bacteria and
increase protection against oxidative stress (100, 121, 128). Bacteria may also be able to
utilize exogenous sources of GSH. A major mecmamtexogenous GSH utilization in
bacteria is thought to occur through degradatiop-glutamyl transpeptidase followed by
cysteine or glycine salvage (121, 129, 130). Uptatkwhole reduced glutathione may also take
place (131, 132).

Several studies have proven the ability of antarts, including NAC and GSH, to
protect bacteria against killing by antibiotics 81836). Through mutant deletion gshB,
which encodes for a key enzyme in glutathione ssith Dhamdhere and colleagues showed
that exogenously added GSH was able to protecebadtom both bactericidal and
bacteriostatic antibiotics, suggesting the mecmamtGSH protection may be localized to the
outer structures of bacteria (134). Interestinglydogenously produced GSH was actually
detrimental to the protection (134). Furthermaregcent study showed that 10 mM GSH did
not protectStaphyl ococcus aureus against ciprofloxacin, gentamicin, or chlorampleeh(137),
suggesting that antioxidant protection againstastics may be specific to Gram-negative

bacteria.
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ROS generation and degradation irB. pseudomallei

Specifically,Burkholderia possess several mechanisms by which they candlafginst
oxidative stress. These include degradation thramagalases and SOD enzymes, through
scavenging molecules such as glutathione, seqtiestdd iron, and through transcriptional
regulation of oxidative stress response proteing/Roand SoxRS)B. pseudomallei expresses a
dual, catalase-peroxidase enzyme (katG) which pomant for resistance to killing by several
pro-oxidant drugs (138)KatG is transcriptionally regulated by OxyR under caiotis of
oxidative stress (138).

A study by Chieng et. al. investigated transcoipéil changes tB. pseudomallel during 6
hours of macrophage infection (45). They surpgliiound that most oxidative-stress related
genes, includingatG, oxyR, and the general stress response alternative dapta,rpoS, were
either down-regulated or remained similar to lewelsacteria that were grown in cell culture
media alone (45). This result suggests Bigiseudomallei is well-adapted to evade the
oxidative environment of the phagolysosome, presyriay rapidly escaping into the cytoplasm
(45).

B. pseudomallei also expresses at least one superoxide dism@ade)(enzyme which
can convert superoxide anion{Qto hydrogen peroxide. Vanaporn and colleaguestified a
copper and zinc dependent sodC enzyme BBopseudomallel (139). AnsodC deletion mutant
of B. pseudomallel exhibited increased sensitivity to killing by sumede, decreased survival
inside macrophages, and led to lower mortalitysateBALB/c compared with the wild-type
control (139). These results show the importaric@dC to B. pseudomalle intracellular

survival and virulence.
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Role of ROS as the mechanism of antibiotic killing

There has been considerable controversy oveagt@écade as to whether or not
bactericidal antibiotics kill bacteria through annsmon ROS-mediated pathway, regardless of
antibiotic target. On the one hand, there have Ineenerous studies supporting a common
mechanism of bactericidal antibiotics through R@&uction. These studies suggest that
antibiotics stimulate hyperactivation of the eleattransport chain in bacteria which decreases
the levels of NADH, increases the levels of supgl®@anion, release of iron from iron-sulfur
clusters, and generation of hydroxyl radicals tigtothe Fenton reaction which eventually cause
death due to irreparable damage to DNA (107, 148)-14

Aminoglycosides are one of the bactericidal clagdeantibiotics thought to function
through the common oxidative pathway for antibigdiing. Briefly, aminoglycoside
interaction with the ribosome led to mistranslatidmproteins, which were then misfolded in the
periplasmic space, activating bacterial envelopesstresponses which then interfere with
various metabolic pathways including the TCA cyahel electron transport chain (144).

Foti and colleagues studied the mechanism by wdntiiotic ROS leads to irreparable
DNA damage. They found that guanine nucleotide®warticularly susceptible to oxidation,
forming 7,8-dihydro-8-oxyguanine (8-oxo-guanined 1) This molecule was potentially
mutagenic because it could pair with either adenmeytosine. If mismatches arose close to
one another in the DNA, double stranded breaksdcoctur during glycosalase excision and
repair (105, 141). Shatalin et. al. confirmed tnatibiotics caused double-stranded breaks in
DNA, an effect which could be reversed by protattgainst oxidative stress (145).

Studies by Grant et. al showed that increasedexyyailability could increase hydroxyl

radical formation in and killing of persister celisdormant and naturally resistant subpopulation
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of bacteria (146). Indeed, others agree that axygacentration is proportional to levels of
ROS production (147). Other evidence for oxidakilkeng by antibiotics came from studies by
Wang and Zhao which showed that mutantoli deficient in eithesodA, sodB, or katG,

showed increased susceptibilities to fluoroquinet(iL48). Furthermore, the ROS scavenger
thiourea was able to reduce the killing effectivenef fluoroquinolones which is consistent with
an oxidative pathway for antibiotic killing (148).

Goswami et. al. showed that both 10 mM ascorhidt as well as 10 mM GSH patrtially
protectecE. coli from the killing effects of fluoroquinolones (135urthermore, mutants
deficient in catalase and peroxidase activitiesvgggnificantly protected from ciprofloxacin
killing, suggesting a role for oxidative stresghe mechanism of ciprofloxacin (135). However,
a separate study showed that GSH could pr&teaili against bacteriostatic drugs as well,
which are not known to induce ROS-mediated deaitpgesting a role for GSH protection
beyond its antioxidant function (134).

More recent investigations into the notion of R@&diated antibiotic killing show that
ROS isnot involved in antibiotic-mediated killing. In a h&#ully elegant experiment, Keren et.
al. showed that the bacteria cells which had highteacellular ROS levels due to bactericidal
antibiotics, were not more likely to be killed (349Their study showed that hydroxyphenyl
fluorescein (HPF) which many studies have useddasure intracellular ROS, was not an
indicator of impending bacterial death (149). Rartnore, thiourea, a commonly used ROS-
scavenger was only effective at protecting bacfeoia low concentrations of antibiotics, but
not higher, clinically relevant concentrations (L4®ne criticism of this result is that the
researchers did not increase the concentratidmairiea along-side increased antibiotic

concentration. It would be expected that as beckating is increased with increasing
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antibiotic concentration, a higher concentratiofRQiS-scavengers would be needed to provide
the same level of protection. Finally, they showeatE. coli grown and treated with antibiotics
in completely anaerobic conditions were killed dyuar better than bacteria grown and treated
in aerobic conditions, an effect which is in direontradiction to a ROS-mediated pathway for
antibiotic-mediated death (149).

Another recent study by Imlay and colleagues cordd that antibiotics, specifically
ampicillin and norfloxacin were capable of the saeffesiency of killing in anaerobic versus
aerobic conditions, an effect which undermines &R@ediated pathway for antibiotic killing
(150). They went on to show that Bncoli mutant, lacking catalase and peroxidase activity,
was more sensitive to fluoroquinolones but not amiycosides off-lactams. The mutant’s
decreased sensitivity to fluoroquinolones was thotg be due to the effects of
fluorogquinolones on DNA metabolism (150). Theyadfhiowed that oxygen consumption, and
therefore respiration, didn’'t substantially increas antibiotic treateé&. coli, but in factdeclined
with kanamycin treatment. Furthermore, they shotheti3-lactams and fluoroquinolones failed
to induce OxyR-controlled genes which were rapiglyegulated due to @, alone, and
confirmed a lack of antibiotic induced,®&; by direct measure in the supernatants, using
catalase/peroxidase mutants (150). Finally, EzatyBarras also showed tliatcoli mutants
lacking bothsodA andsodB or lackingoxyR were similarly sensitive to ampicillin or gentaimic
compared to wild type bacteria (151).

The recent studies described above utilized bletig@t and creative approaches to show
that antibiotic-mediated cell death occurs indeatlg of ROS. However as ROS proponent
James Collins points out, ROS has never been siaghesbe the sole way in which antibiotics

exert their killing effects (152). In addition e studies focused on one organi&nepli. Itis
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possible that other organisms respond differemwtigrtibiotics. Furthermore, these studies did
not address the use of other antioxidants, betid@srea, to reverse killing effects of
antibiotics. Therefore, there may still be a smalk for ROS-mediated effects in antibiotic

killing.

Summary of literature review

The studies and results discussed in this chaptee as background for the remaining
chapters. The current literature suggests a Keyfoo IFN-y stimulated responses in host
defense against intracellular pathogens, espedhaibugh activation of macrophages to enhance
their killing capabilities. There is also a knovate for ROS responses in host defense against
bacterial pathogens. Understanding connectiongdagt these pathways and their interactions

with antibiotics may offer insights into improviragtibacterial therapies and treatments.
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CHAPTER 2: RESEARCH RATIONALE AND SPECIFIC AIMS

RESEARCH OVERVIEW

This dissertation presents research aimed atrgaam understanding of the mechanism
of immuno-antimicrobial synergistic killing of irgcellularBurkholderia in the hopes that future
treatments and therapies for melioidosis may ergfnantcomes through targeting this
mechanism. In chapter 3 we explore mechanismswiuno-antimicrobial synergy. In chapter
4 we examine the role of IFlNinduced ROS to interact with ceftazidime and sgistically
reduce bacterial burden of intracelluBurkholderia. We also investigate the mechanism of
IFN-y interference with the normal intracellular lifelstyf Burkholderia. In chapter 5 we
discover a role for compartmentalized killing innmano-antimicrobial synergy and therefore
focus our investigations on the separate contimgtof both IFNy and ceftazidime. We also
propose a new model to describe the dynamics o€lassically used macrophage infection

model.

RESEARCH RATIONALE

In vivo, macrophages are an essential cell typ@ifotection againdurkholderia
infection, capable of direct elimination of theraxtellular pathogen as well as secretion of
cytokines IL-12 and IL-18 which are potent activatof other cells important for immunity to
Burkholderia (1, 2). However, in vitro studies show us that ropbages play very little role in
controlling intracellular infection without suffient activation. For instance, Utaisincharoen

showed a failure of macrophages to induce iINOSesgion or reduce intracellular bacterial
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burden when stimulated wit pseudomallel alone (3). The failure d. pseudomallel to
sufficiently activate macrophages is thought tatiebuted to the structure and components of
its LPS and polysaccharide (4, 5). Low activabbmmune responses may be a mechanism
employed byBurkholderia to facilitate its survival in macrophages, perhapgacting the long
latency of chronic infections seen in some host3)6 However, althougB. pseudomallei is a
poor activator of macrophages on its own, co-statoh withBurkholderia and proper
cytokines can strongly activate macrophages, fieguh greatly increased macrophage killing
capacity (3, 8, 9). Under these conditions ofvation it is more understandable that
macrophages in vivo play such an essential rolédbting infection.

Probably the most well known cytokine activatonwdcrophages is IFM- IFN-y has
been shown to be essential for protection ag&adtholderia infection, through activation of
macrophages and subsequent enhancement of their miajobicidal effectors (1, 2, 10, 11).
Despite the importance of IFNand its effects of enhancing host immunity to pgtns, current

treatment of melioidosis relies on antibiotic thmralone.

OVERALL THESIS SPECIFIC AIMS

Our lab understands the critical need for cytolstiaulation to increase macrophage
killing potential againsB. pseudomallei, and has taken the approach of combining the itapbr
immune stimulant, IFNs with antibiotics in order to enhance eliminatmfithe pathogen from
in vitro and in vivo systems. We previously fouhdt IFN+« synergized with ceftazidime to kill
intracellularBurkholderia in infected macrophages and protect against lete@lenge in mice
(22). This finding alone has implications for paial enhancement of therapy against

melioidosis, however, uncovering the mechanisnhisf $ynergistic interaction could further
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open new avenues for targeted treatments or imradppeants. Therefore our first aim is given

below:

Aim 1 (Chapter 3 and 4) Investigate the mechanism by which IFNg activation of

macrophages synergizes with ceftazidime to kill imacellular bacteria.

Our hypothesis was that IFNinduced ROS could synergize with ceftazidime tb ki
intracellular bacteria. In chapter 3 we exploréeptial mediators of immuno-antimicrobial
synergy. We determined a mechanism of the syrtergiseraction in chapter 4, namely the
macrophage response to IFNvhich was indispensable for the synergy. Howewerstill
knew very little about the individual contribution ceftazidime to the synergistic interaction and
wanted to further characterize the macrophage rssptw IFNy. Therefore we crafted our

second aim:

Aim 2 (Chapter 5): Investigate the specific and individual contributims of ceftazidime and

IFEN-v to the synergistic killing.

Our hypothesis was that ceftazidime controlledadllular bacterial burden and 1RN-
controlled intracellular bacterial burden. In cteafd we characterized the role of
compartmentalized killing in immuno-antimicrobiginergy. We also propose a model to
describe the synergistic interaction between ciftae and IFNy to control total bacterial

burden in the macrophage infection model.
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CHAPTER 3: POTENTIAL MEDIATORS OF IMMUNO-

ANTIMICROBIAL SYNERGY

SUMMARY

B. pseudomallei is a facultative intracellular pathogen that causevere infections in
humans and animals. SinBarkholderia is intrinsically resistant to many classes of laiotics,
new treatments are needed to combat melioidoggjitease caused Byrkholderia infection.
Our lab previously found that ceftazidime and liFembined treatment of infected
macrophages led to synergistically reduced inthaleglbacterial burden and increased survival
of infected mice. For several years our lab hasstigated the mechanism of this synergistic
interaction. The studies presented in this chegrisome of our initial studies to identify a
major mediator of the in vitro synergy.

Although IFN«y stimulation increased CXCL10 protein secretioa iime-dependent
manner, we found that synergy between ceftazidingelBN-y was still achievable in
CXCL10™ bone marrow macrophages, suggesting that CXCL@6tis. major mediator of the
synergistic interaction between the two treatmeatsother AMP, LL-37 was shown to
synergistically inhibiBurkholderia growth, however only under contrived conditionattare
not likely to occur in the macrophages or mice hicl we see the synergistic interaction of
ceftazidime with IFNy. We next investigated IFNinduced ROS as a potential mediator of
immuno-antimicrobial synergy. We found that sulifitory ceftazidime and kD, were able to
synergistically inhibit bacterial growth but thesas no synergistic interaction between
bactericidal concentrations of both compounds. einthe chapter with initial studies to

guantitate the levels of intracellular ROS indubgdeftazidime irBurkholderia. Although our
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preliminary studies showed that ceftazidime counttlce ROS in bacteria, recent studies show
that the reagent that we used to measure ROS, yuirenyl fluorescein (HPF), is not suitable
for that purpose. In conclusion, the results presskin this chapter were aimed at identifying a
potential mediator of immuno-antimicrobial synergihis chapter presents valuable negative

data which may help future scientists if they cleotasstudy this topic.

INTRODUCTION

B. pseudomallei is a Gram negative, facultative intracellular pagn which causes
melioidosis, a life-threatening infectious disefs&). SinceB. pseudomallel is intrinsically
resistant to many classes of antibiotics (2, 4n&Yy therapies are greatly needed to combat this
emerging infectious diseasBurkholderia is also resistant to many antimicrobial peptides
(AMPs) (6).

AMPs are small charged peptides (anionic or cat)groduced by many cell types as a

mechanism of innate immunity for protection agapethogens (7, 8). AMPs can kill
microorganisms either through disruption of membgaor direct inhibition of cell wall
synthesis, nucleic-acid and protein synthesispaymatic activity similar to antibiotics (7).
They can disrupt lipid bilayers either through aogithe membrane and breaking it apart or
through formation of pores which allow intracellutmntents to leak out (7, 9-11). AMPs can
exert their antimicrobial effects intracellularly well as extracellularly as secreted peptides and
several studies have shown that AMPs can interdltamtibiotics or other AMPs to increase
antimicrobial activity against pathogens (12-16).

Some chemokines have been shown to display amamat activity similar to AMPs. In

fact in a study of 30 human chemokines, 17 weravsho have antimicrobial activity in vitro
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including IFN+ inducible CXCL10, which showed strong antimicrdlaetivity agains€. coli

andStaphylococcus aureus (17). The strong positive charge of CXCL10 isudlet to account

for part of its antimicrobial activity against Gramgative and Gram positive bacteria (18).
LL-37 is a linearp-helical, cationic AMP with broad antimicrobial adty against Gram

negative and Gram positive bacteria (7, 19). LLs3@roduced by many cell types such as lung

(20) and urinary tract (9, 21, 22) epithelial catswell as some white blood cells including

macrophages (23, 24). The mechanism of actiolLe8Lis to lie on membranes and actually

induces the membrane to curve inward until a chlasriermed (Figure 3.1) (7, 25). Both

exogenous LL-37 and endogenous cathelin-related AGHAMP), a homolog of LL-37 in

mice, have been shown to increase killing of irdhHatar mycobacteria in murine macrophages

(26).

Figure 3.1: Mechanism of action of LL-37: toroidd pore formation. LL-37 attaches to
membranes and induces the outer lipid monolaybetwl inward towards the inner lipid
monolayer until a channel is formed. LL-37 insént® the channel so that the hydrophobic
portion of its structure is facing the lipids ame thydrophilic portion of its structure is faciriggt
inside of the channel. Image is slightly modiffeain (7).
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B. pseudomallei has been shown to be susceptible to LL-37 at curat@ns of 6.25 uM (6). In
addition, the AMP has been shown to be more effedt killingB. pseudomallei biofilms than
high doses of ceftazidime (27).

Our lab has previously found that combined treatnoéBurkholderia infected
macrophages with ceftazidime and IFNed to synergistically reduced intracellular baete
burden (28). For many years our lab has searardtié major mediator of this immuno-
antimicrobial synergy. This chapter summarizesesofrour findings during our search for the
mediator of the synergistic interaction betweenazdflime and IFN:. We caution our readers
that in contrast to chapters 4 and 5, most ofdhépter contains negative data and may not read
as a logical flow from experiment to experiment tihe time of these experiments, we were
casting a wide net for potential mediators of thenuno-antimicrobial synergy and therefore we
occasionally made abrupt stops to one line of rebea focus on a new target. With this said,
we believe that the information presented in thigpter is nonetheless important, especially for
future scientists that may want to pick up thisecopNe hope that this chapter will provide the
reader with a background of tried and failed |eladtshe mediator of immuno-antimicrobial
synergy and may save time and frustration for figaientists that may find this information

pertinent to their studies.

MATERIALS AND METHODS

Biochemicals.

Ceftazidime hydrate was purchased from Sigma-Aktd(st. Louis, MO). Other reagents

included recombinant murine IFN{Peprotech, Rocky Hill, NJ¥;D-Glu-mDAP (iE-DAP) and
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muramyl dipeptide (MDP; InvivoGen, San Diego, Csfyeptavidin-conjugated horseradish
peroxidase (SA-HRP; Jackson ImmunoResearch Labst Bfeve, PA), tetramethylbenzidine
(TMB; Sigma-Aldrich, St. Louis, MO), and hydroxyphg fluorescein (HPF, Life

Technologies).

Bacteria.

B. thailandensis E264 was used for these studies (29, 30). Baatexia grown in Luria-
Bertaini broth at 37°C with rotary shaking for 1éuns, and then stored at -80°C with 15%
glycerol until needed. Frozen vials of bacteriaavthawed and diluted immediately prior to
their use. Bacteria were heat killed in an 80°@awhath for 1 hour, and then frozen at -20°C

until needed.

Cell lines.

RAW 264.7 macrophage cell line was purchased #onerican Type Tissue Collection
(Manassas, VA). Cell lines were maintained in ctatgmedia consisting of minimum essential
media (MEM,; Life Technologies) supplemented witdfetal bovine serum (FBS) (Atlas, Fort
Collins, CO), 0.075% sodium bicarbonate (Acros args NJ), 1x nonessential amino acids,
0.5x essential amino acids (Life Technologies), 2amiM L-glutamine (Sigma-Aldrich).
Antibiotic additions of 100 Units/ml Penicillin arid0 pg/ml Streptomycin (Life Technologies)
were added to media for maintenance of cell lingsall experiments were conducted in

antibiotic-free media. All cells were maintaineddB&°C with 5% CGQ.

52



Mice.

Female C57BL/6 and CXCL10 mice were used for these studies. All mice were
between 6 to 12 weeks old at the time of theirarswere housed under pathogen-free
conditions. All animal studies were approved byltisgitutional Animal Care and Use

Committee at Colorado State University.

Primary bone marrow macrophage culture.

Bone marrow macrophages were generated as preyidestribed (31). Femurs and
tibias were aseptically removed from mice, trarmsi@ito 50 ml conical tubes containing Hank’s
buffered salt solution (HBSS) supplemented with2B&, and kept on ice. In a biosafety
cabinet, bones were cleaned of tissue and bone@wmavas flushed from the bones using needles
and syringes filled with HBSS and supplemented @¥hFBS. Bone marrow was gently
resuspended with gentle pipetting and passed thrautp um nylon filter (BD Biosciences
Pharmingen, San Jose, CA). Cells were centrifagdd@00 rpm for 5 minutes at 4°C. Then
supernatant was removed and red blood cells weesllysing 2 ml of ammonium-chloride-
potassium (ACK) lysis buffer for 5 minutes, follodveanmediately by 20 mls of complete MEM
with antibiotics and 10% L929-conditioned superntgdo dilute the lysis buffer. Cells were
again spun at 1200 rpm for 5 minutes at 4°C. Remgiwhite blood cells were plated in 24-
well plates at a concentration of 2 X*t@lls/ml in complete MEM. Cells were allowed to
adhere to 24-well plates for 3 hours at 37°C and@%after which, non-adhered cells were
washed away three times with room-temperature H&#plemented with 2% FBS. Complete

media with antibiotics and 10% L929 conditioned raeglas reapplied to the cells and plates
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were returned to the incubator. Addition of 109289conditioned media provided necessary
growth factors for differentiation of bone marroweioid progenitor cells into the
macrophage/monocyte lineage to enrich for theds.c@ldherent cells were incubated atG7
and 5% CQuntil macrophages reached moderate confluencyells\(approximately 8-12

days).

Macrophage infection assay.

Macrophages were infected and treated as previaleslgribed (28). Briefly,
macrophages were seeded into 24-well plates wittptete MEM (see above) and allowed to
adhere overnight. After a 1ml wash with phosplatiéered saline (PBSEB. thailandensis was
added to macrophages at a multiplicity of infectod® and incubated for 1 hour at 37°C in 5%
CO,. Aminoglycosides are not considered to penetretemalian cells in short time periods
(32), so macrophages were exposed to high-doserkanasulfate (350 pg/ml) for 1 hour to
kill extracellular bacteria. After two 2 ml washegh PBS to remove kanamycin and dead
bacteria, treatments were diluted in MEM, applediacrophages, and incubated for 18 hours.
Treatments consisted of individual drugs or comioams of the following: ceftazidime (10
pa/ml), IFEN< (10 ng/ml), or the combination of both drugs. hligh ceftazidime was applied
at 10 pg/ml to infected macrophage cell lines,aswapplied at 3 pg/ml or 5 pg/ml to infected
bone marrow macrophages because 10 pg/ml haddabafran effect at controlling
intracellular bacterial burden on its own, and ¢fi@re made it harder to determine synergy with
IFN-y. After the 18 hour treatment of infected macragy@sa extracellular bacteria were washed

off three times with 2 mls of PBS and macrophagersevysed with 1 ml of sterile distilled
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water. Intracellular bacterial burden was theresssd by plating serial dilutions of the lysates

on LB agar followed by colony counts 24-48 hrs raftating.

CXCL10 ELISA

Enzyme-linked immunosorbent assays (ELISA) weréopmed to quantitate the
concentration of CXCL10 in supernatants after inégcand/or stimulation of RAW 264.7
macrophages using a murine CXCL10 (IP-10) ELISAR#protech, Rocky Hill, NJ). Anti-
CXCL10 capture antibody was diluted to 0.5 pg/mPBS and added to 96-well Nunc
MaxiSorp plates (ebioscience, San Diego, CA). é3latere covered and incubated overnight at
room temperature. The next day, wells of plateseweashed three times with a solution of
0.05% Tween 20 in PBS (wash buffer). Wells wemekéd with 1% bovine serum albumin in
PBS for one hour at room temperature and then wdatbinee times in wash buffer. The
CXCL10 standard was diluted in 0.1% bovine seruoam@in in PBS with 0.05% Tween 20
(diluent) and added to wells in duplicate. Thendtad ranged from 8 ng/ml to 4 pg/ml.
Samples were added to the plate and standardsaamules were incubated for two hours at
room temperature followed by three washes with wasfer. Detection antibody was diluted to
0.25 pg/ml and added to wells for two hours at raemperature. After the plates were washed
three times with wash buffer, SA-HRP was dilutesl @00 in diluent and incubated in plates for
30 minutes at room temperature. Following anothexe washes in wash buffer, TMB was
added to wells at room temperature and the plages vead after color change on a
spectrophotometer at 405 nm with a wavelength cba® set at 650 nm. Sample

concentrations were calculated off of the standarde.
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Bacteria killing assays

In order to determine if treatment of bacteriadwahe drug may enhance killing by a
second, we used a bacteria killing assay and pegadE. coli with one drug before subjecting
bacteria to the second drug. In one set of expariewe pre-treated 125 ul of an overnight
culture ofE. coli with 50-75 ng/ml ceftazidime for 18 hours to indddamentation. Induction
of filamentation of bacteria was confirmed by lighicroscopy. Previous experiments had
determined the resulting bacteria density to bghbu3x10d CFU/mI after this 18 hour pre-
treatment period. We then plated either filamestounon-filamentous control bacteria into
wells of a 96-well plate at a final density of 1XIDFU/ml in tryptic soy broth (TSB). The
second treatment, LL-37 (15 pg/ml) was added tdsveal that the total volume per well was 100
ul. Plates were incubated at 37°C with rotary sigak200-250 rpm) for an additional 2-6 hours.
Surviving bacteria were enumerated by plating sdriations of remaining bacteria on LB agar
and counting colonies 24-48 hours later. Anotle¢io$ experiments were conducted in whi€h
coli was first pre-treated with LL-37 and then subjddteceftazidime. Non-filamentods coli
was pre-treated with LL-37 (15 pg/ml) for 1 houddahen washed twice (TSB followed by
1mM sodium phosphate buffer) to remove LL-37 wipims at 10,000xg for 5 minutes at 20°C.
Bacteria were added to 96-well plates at a dewsiy10 CFU/ml in wells and ceftazidime (50
ng/ml) was added to wells. Plates were incubat&¥ 2C with rotary shaking (200-250 rpm) for
an additional 6 hours.

Bacteria killing assays were conducted vdththailandensis to determine drug
interactions which could enhance killing of bacdesver one drug alone. Bacteria were grown

to mid-log phase and plated in 96-well plates wigatment additions as indicated below
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specific graphs of data. After the indicated expental period, surviving bacteria were

enumerated by plating well contents on LB agaofeéd by colony counts 24-48 hours later.

Flow cytometry.

B. thailandensis was grown to mid-log phase and then 1 ml aliquase treated with
ceftazidime (10 pg/ml) for two hours. After thedatment period, 50 pl samples were taken from
the 1 ml aliquots, spun down at 5000xg for 5 misw@e23°C, and stained with 5 uM HPF for 30
minutes at room temperature in the dark. The taihime for staining was 150 pl. After
staining, the bacteria were washed twice with bhidacterial flow buffer and then immediately
resuspended in 200-400 pul of bacterial flow bu#fied run on flow cytometry. Data was
collected on greater than 50,000 cells per sangilega Gallios Flow Cytometer (Beckman
Coulter, Brea, CA) and analyzed using FlowJo sakweersion 7.6.5 (Tree Star, Ashland, OR).
An untreated, unstained sample was used to satitta voltages. HPF signal in treated

samples was compared to background levels in uettdaut stained controls.

Statistical analyses.

Means, standard error of the mean (SEM), and Pegaiere determined and plotted
using Prism software version 5.00 (GraphPad, L&, JGIA). For comparisons of two groups, a
two-tailed Student’s t-test was used to determiagssically significant differences. For
comparisons of three or more groups the one-walysisaf variance (ANOVA) was used

followed by Tukey’s post test for multiple compams. Grouped data was analyzed by two-way
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ANOVA and statistical synergy was determined a®t#e{33) from the interaction P-value of a

two-way ANOVA. All differences were consideredtsacally significant forP < 0.05.

RESULTS

IFN-vy stimulates CXCL10 production from macrophages.Our lab had previously
observed that ceftazidime and IRNRteracted to synergistically reduce intracelldacterial
burden insiddurkholderia infected RAW 264.7 macrophages (28) but not J7Z4A.
macrophages. In order to better understand théamesm of synergy in RAW 264.7
macrophages, we conducted a microarray to comjpifeesthces between gene expression in
uninfected RAW 264.7 and J774A.1 cells followingaiment with ceftazidime and IFN-The
genes encoding CXCL10 and CXCL9 proteins, two cHenas with AMP-like properties (17,
18), were high on the list of genes that were upligggd in RAW 264.7 macrophages but not
J774A.1 cells, suggesting a potential role of th@séeins as mediators of the immuno-
antimicrobial synergy. Our studies turned to CXGLan IFNy induced protein and chemokine
which may also display antimicrobial properties tlués cationic nature. We first wanted to
know whether or not IFN-could stimulate increased levels of CXCL10 in macrophage cell
line. Therefore, we used an ELISA to determinelgewf CXCL10 in supernatants following
IFN-y stimulation of RAW 264.7 macrophages. We shovirad iFN+« stimulation greatly
increased CXCL10 protein levels in the supernatahtsiinfected macrophages (Figure 3.2).
Although we measured extracellular protein levels assumed that intracellular levels would

also be increased due to this treatment.
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CXCL10 Concentration in Supernatants
after 18 hour Macrophage Treatment
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Figure 3.2: IFN-y stimulates CXCL10 production from uninfected macrghages.

Uninfected RAW 264.7 macrophages were stimulated 8chours with IFNy (10 ng/ml), iE-
DAP (10 pg/ml) and MDP (10 pg/ml), or heat killBdthailandensis (1x10' CFU/ml). After 18
hours, supernatants were collected. An ELISA wafopmed to determine the concentration of
CXCL10 in the collected supernatants. Statistitérences were assessed by one-way
ANOVA, (a > b, P <0.05). Data are representativevo independent experiments run in
triplicate.

Notably, we also showed that neither nucleotideHoig oligomerization domain-containing
protein 1 (NOD1) nor NOD2 agonists (iE-DAP and MD&spectively) were capable of
stimulating increased levels of CXCL10 (Figure 3.Zhis result suggests that bacteria
peptidoglycan sensed intracellularly by NOD1 or NDiould be incapable of stimulating
increased levels of CXCL10. To confirm that baelerell wall components could not increase

levels of CXCL10, we showed that heat kilBarkholderia were unable to elicit a significant
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increase in CXCL10 (Figure 3.2). Taken togetheséhresults suggest that IFNbut not
bacterial cell wall components stimulated increaS&&€L10 production from uninfected
macrophages.

After showing that IFN¢ increased CXCL10 production in uninfected macrggisawe
next determined the extent of increased CXCL10 petdn in our infected macrophages treated
with IFN-y for 18 hours. Again we found that IFNncreased CXCL10 expression as
determined by an ELISA of supernatants from inféeted treated RAW 264.7 cells (Figure
3.3). We also showed that CXCL10 protein levetseased over time in oBurkholderia
infected macrophages (Figure Al). Taken together@sults show that IFNM-stimulation
increased CXCL10 levels as measured in the su@ansadf both uninfected and infected

macrophages.

CXCL10 is not likely a major mediator of IFN-y and ceftazidime immuno-
antimicrobial synergy. Although we had shown that IFNeould stimulate high levels of
secreted CXCL10 protein, we speculated that infmaruno-antimicrobial synergy, intracellular
CXCL10 protein would be more likely to synergizamweeftazidime to affect intracellular
bacterial burden. We therefore conducted a maagpinfection assay using primary bone
marrow derived macrophages from CXCL1@r C57BL/6 control mice. We rationalized that if
CXCL10 was a major mechanism of immuno-antimicrbsyaergy, macrophages unable to
produce CXCL10 would be unable to synergisticatiytcol intracellular bacterial burden due to

IFN-y and ceftazidime treatment; or in other words, veell¥ see a reversal of the synergistic
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control of intracellular bacterial burdenBurkholderia infected macrophages.

CXCL10 Concentration in Supernatants
after 18 hour Macrophage Infection
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Figure 3.3: IFN-y stimulates CXCL10 production from Burkholderia infected
macrophages. RAW 264.7 macrophages were infected vidthhailandensis and treated for 18
hours with IFNy (10 ng/ml). After 18 hours, supernatants weréectéd. An ELISA was
performed to determine the concentration of CXClrlthe collected supernatants. Statistical
differences were assessed by a two-tailed Studértest, (*P = 0.0306). Data are
representative of two independent experimentsmuriplicate.

However, as shown in Figure 3.4, we found thaesgy prevailed in CXCL10 bone marrow
macrophages. This result suggested that CXCLhOtia major mediator of the immuno-

antimicrobial synergy observed between IfBrd ceftazidime.

Bacteria killing due to interactions between LL-37and ceftazidime depends on
timing of treatment addition. We had just shown that CXCL10 was not likely gona
mediator of immuno-antimicrobial synergy, so wened to another murine cationic AMP which

has a homologous protein in humans called LL-37.
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Intracellular Bacterial Load in
Bone Marrow Macrophages
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Figure 3.4: Ceftazidime and IFNy show synergistic control of intracellular bacterid

burden in infected CXCL10 " bone marrow macrophages.Primary bone marrow
macrophages were cultured from CXCL1@nice or C57BL/6 background-matched control
mice. Macrophages were infected wighthailandensis and treated with ceftazidime (3 pg/ml or
5 pg/ml) or IFNy (10 ng/ml) or the combination of both ceftazidiared IFNy for 18 hours.
Intracellular bacterial burden was then assessequldiyng serial dilutions of lysates on LB agar
followed by colony counts 24-48 hours later. Statal synergy between ceftazidime and H-N-
was assessed by two-way ANOVA, *P < 0.05. Dataoisled from two similar independent
experiments (n >5) in order to increase sample size

To test whether LL-37 and ceftazidime combinatian directly synergize to kill bacteria, we
employed a bacteria killing assay which consisteidaubating bacteria with treatments for a
designated time and then plating out surviving &a&t BecausBurkholderia has inherent
resistance to several AMPs (6), we used the margitsee organisnk. coli to first determine
whether or not ceftazidime and LL-37 may interacsynergistically kill bacteria. We first
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showed that ceftazidime and LL-37 showed additivenwot synergistic killing oE. coli (Figure
A2). We next wondered if pre-treating bacteridmone treatment would increase sensitivity to
the other. We rationalized that ceftazidime stegss damage to the bacterial cell wall may
allow LL-37 better access to the cell membraneer@fore we pre-treatdsl coli with low dose
ceftazidime for 18 hours to induce filamentatioty@ical morphology of Gram negative

bacteria observed after exposure to low dosewa@llactive, antibiotics. Then we subjected
these filamentous bacteria to LL-37 and were ssegrto find that flamentous bacteria were
resistant to the inhibitory effects seen by LL-B¥atment of non-filamentous control bacteria
(Figure 3.5). We next rationalized that pre-treatitrwith LL-37 may disrupt the cell wall of
bacteria and permit increased access of ceftazithnmibit cell wall synthesis. We pre-treated
bacteria with LL-37 and then added ceftazidimehtlacteria killing assay. We were again
surprised to see that bacteria pre-treated witl8Elwere more resistant to ceftazidime mediated
inhibition of growth (Figure A3). Taken togethéese results suggest that the timing of addition

of LL-37 or ceftazidime has a great impact on therel of interaction to inhibiE. coli growth.

LL-37 and ceftazidime synergistically inhibit Burkholderia growth. After showing
additive killing effects of LL-37 and ceftazidimgainstE. coli, we next wanted to determine the
interactions between these two compounds agBurgholderia. We experimented with several
different modifications to the bacteria killing agsincluding different types of media and the
concentration of treatments. Since LL-37 is acrati peptide whose mechanism of action is salt
sensitive (20, 34), we tried using low-salt medialsas 1 mM potassium or sodium phosphate
buffer. However, in these low-nutrient buffersg thacteria would not grow and divide and

therefore ceftazidime, was unable to kill bacteria.
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Bacteria Killing Assay
E. coli Pre-treated with Ceftazidime
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Figure 3.5: FilamentousE. coli are more resistant to growth inhibition by LL-37. E. coli

was treated with low level ceftazidime (50 ng/nal) 18 hours to induce filamentation. These
filamentous bacteria and non-filamentous contrasenhen exposed to LL-37 (15 pg/ml) in a
96-well plate on a rotary shaker (200 rpm) fortsiurs with initial starting density of 1x10
CFU/ml. Surviving bacteria were enumerated byipdpserial dilutions of remaining bacteria on
LB agar followed by colony counts 24-48 hours lat8tatistical differences were assessed by
one-way ANOVA, a>Db >c, P <0.05. A similar rksvas shown when this experiment was
repeated using a higher ceftazidime pre-treatn®nnh{/ml) and subsequent 2 hour treatment
with LL-37 (15 pg/ml).

We finally showed synergistic killing between LL-3Ad ceftazidime when bacteria were first
treated with LL-37 in a low-salt media followed sthp after by ceftazidime treatment in a
nutrient-rich broth (Figure A4). Since these caiotis seemed contrived and unlikely to be
present during immuno-antimicrobial synergy in omfected macrophages, we abandoned LL-

37 as a major mediator of immuno-antimicrobial sgye
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ROS may synergize with ceftazidime to inhibit bacteal growth but not to Kill
bacteria. We next turned to another potential mediatohefimmuno-antimicrobial synergy
which is also increased by IFNstimulation of macrophages---ROS (35-38). Sing®@Hs
thought to be one of the more stable forms of RE® &nd is easily added to experiments in
vitro, we conducted a bacteria killing assay vBtirkholderia treated with either ceftazidime,
H,0O,, or the combination of both treatments. Our fatsémpts at this experiment showed
conflicting results. Occasionally the drugs wointeract and result in synergistic inhibition of
growth, while other times, the effects were onlgide and there was no apparent drug
interaction. Increasing the sample size to eigplicates, we found that ceftazidime angDbl
did show synergistic inhibition of growth (Figuré6 Pooling the data from seven independent
experiments also showed a synergistic effect avtranhibition. We further showed a time
course of the growth inhibition over the assay tar(gigure A5). We were still skeptical that
the interaction between ceftazidime angDklwas actually synergistic, since it seemed that the
assay was extremely sensitive. Furthermore, theeyagas particularly sensitive to the exact
concentration of treatments used which may inditedéthe conditions for synergistic inhibition
of growth between kD, and ceftazidime are not likely present in our mpbages during
immuno-antimicrobial synergy. We did uniquely fiticht HO, strongly synergized with
gentamicin to inhibit bacterial growth (Figure 3.8ince we had been using subinhibitory doses
of both ceftazidime and #@,, we were next curious if there would be a synéigisteraction to
kill bacteria if we used higher, bactericidal comirations of both compounds. In a modified
bacteria killing assay, we found that bacterictaicentrations of both ceftazidime angA

were unable to interact to enhance killing (Figh6s.

65



Bacteria Killing Assay (6hrs)
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Figure 3.6: HO, and ceftazidime synergistically inhibit growth ofBurkholderia. B.
thailandensis was grown to mid-log phase and then plated intav8b plates at an initial density
of 1x1¢ CFU/mI. Ceftazidime (750 ng/ml),-B, (20 uM), or the combination of both
treatments were added to wells with bacteria sbtheatotal volume was 200 pl per well in TSB.
Plates were incubated for 6 hours at 37°C and $keal dilutions were plated to enumerate
surviving bacteria. Statistical differences wessessed by one-way ANOVA,a>b>c>d,P <
0.05 and statistical synergy was assessed by twoAMOVA, *P < 0.05. Data is similar in
trend to over six independent experiments.

Taken together these results show that the mechasfismmuno-antimicrobial synergy is not

likely due to HO, enhancement of antibiotic-mediated growth-inhditor antibiotic killing.
Ferrous sulfate interferes with growth inhibition of ceftazidime and HO,. After

eliminating a few potential mediators of the immwardimicrobial synergy, in particular IFiN-

induced mediators, we began to think more aboutdleeof ceftazidime in the synergy.
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Bacteria Killing Assay (6 hrs)
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Figure 3.7: HO, and gentamicin synergistically inhibit growth of Burkholderia. B.
thailandensis was grown to mid-log phase and then plated intav8b plates at an initial density
of 1x1¢ CFU/ml. Gentamicin (100 pg/ml),28, (20 pM), or the combination of both
treatments were added to wells with bacteria sbtheatotal volume was 200 pl per well. Plates
were incubated for 6 hours at 37°C and then séiliations were plated to enumerate surviving
bacteria. Statistical differences were assessathbyway ANOVA,a>b >c>d, P <0.05 and
statistical synergy was assessed by two-way ANOVPAs 0.05. Data is representative of three
independent experiments with treatment groupsmuduplicate or triplicate.

We learned about the ongoing debate over whetheotaall bactericidal antibiotics kill through
ROS-mediated pathways. At the time several stuthelscontributed evidence to suggest that
antibiotics may kill bacteria through ROS induceshédige (40-42). If ceftazidime was killing
bacteria through ROS-mediated pathways, couldahia mechanism by which it could
synergize with IFNy induced ROS? Perhaps there was a threshold ofrfeRC&ssary before
bacteria would die from ROS-induced damage. Pearhafiazidime and IFN-both contributed

to increase ROS and perhaps increasing ROS catrieldse the synergistic control of bacterial
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burden seen inside infected macrophages. We treraflded ferrous sulfate to our bacteria
killing assay as a form of extra iron. If ceftame killed bacteria through a ROS-mediated
pathway, then increasing free iron availability sladoincrease production of the deadly hydroxyl
radicals and enhance antibiotic killing. On thatcary, we found that ferrous sulfate addition to
the bacteria killing assay interfered with the gtlomhibition effects of both ceftazidime and
H,O; individually as well as their combination (Figuk&). After this result, we realized a flaw
in our experiment. Our assay with ceftazidime Ba@, was only inhibiting growth of
Burkholderia, therefore even if ROS was produced as a mechasfiseftazidime killing, it was
not produced in sufficient quantity in our assayttually kill bacteria. Therefore, addition of
extra free iron in the form of ferrous sulfate webubot be expected to increase killing, again,
since there was no Kkilling in our assay, only gtowihibition. We proposed that ferrous sulfate
may have instead provided the bacteria with thergsd nutrient, iron, stimulating increased
growth and replication and leading to the incredsacteria burden in wells with increased
addition of iron. Conversely, ferrous sulfate nimaye directly reacted with ceftazidime oy,
thereby modifying the compounds and inactivatirgh Further studies would need to be
conducted with bactericidal concentrations of aaflime and HO, in order to determine if
ferrous sulfate could increase ROS-mediated backdhing. Instead, with our original question
unanswered, we turned to flow cytometry to dirediéyermine if ceftazidime induced ROS in

bacteria.

Ceftazidime induces ROS production irBurkholderia. We used flow cytometry in
order to directly detect an increase in intracall®OS production due to ceftazidime treatment

of Burkholderia. The cell-permeable reagent, HPF, reacts withlhigeactive oxygen species
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such asydroxyl radicals to form fluorescent compound (43After treating bacteria wit
ceftazidime, HPF was added to cultures and fluemse was detected using flow cytomet
We found that ceftazidime increased the HPF signsadle bacteria compared to untres
controls, withabout 30% of ceftazidime treated bacteria staipiogjtive for HPF (Figure 8).
This result suggested that ceftazidime did indu@SRroduction in bacteria and supporte

role for ROS in the mechanism of antibiotic mediait@ling.

count

Fiuorescence intensitv
orescence Intensity

Figure 3.8 Ceftazidime induces ROS production irBurkholderia. B. thailandensis was
treated with 10 g/ml ceftazidime for 2 hours (blue line) and sulseyly stained with HPF 1
identify levels of ROS compared to an untreatedrob(red line). Data is representative of
least two independent experime

A problem was encountered when we began to lo@ikaatentousBurkholderia. Filamentous
bacteria were typically formed due to |-dose or sulbethal doses of ceftazidime treatm.

However, even at 10giml we observed filamentous bacteria at short fpe@ods of -3 hours
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of antibiotic treatment. We observed that longanients contained more HPF signal signifying
increased ROS production. However, we could nayerout the possibility that longer
filaments contained more ROS per cell simply beeaach cell was increased in length. It is
possible that filaments contained the same prapmstof ROS as non-filaments. Therefore we
could never determine if increased HPF signal rezoéyg correlated with increased likelihood of
cell death. Another study has recently shownitiaeased HPF signal doest correlate with
increased likelihood of cell death and also thaFBuld react with other cell contents besides
ROS (44, 45). Therefore, the use of HPF as amatoli of ROS has been challenged leading us
to question our experimental results with HPF. tii@nmore, more recent studies have suggested
that antibiotics dmot kill through oxidative damage (44-46). We therefabandoned studies
using HPF to analyze oxidative damage in ceftazdireated bacteria, and moved on to the

studies presented in chapter 4.

DISCUSSION

In this chapter we discuss several potential ntediaf immuno-antimicrobial synergy
between ceftazidime and IFN- We first thought that AMPs, namely CXCL10 or BIZ; may
interact with ceftazidime in cells to synergistlgalecrease overall intracellular bacterial burden.
We first showed that IFN-but not components of bacteria could stimulategased production
of CXCL10 from macrophages. We then showed thaCC20 was increased over time during
our macrophage infection assay due to idtimulation of macrophages. However, we found
that CXCL10 was not necessary for the immuno-atiofiial synergy when ceftazidime and

IFN-y still interacted to synergistically reduce intrdwalar bacteria burden in infected CXCL10
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bone marrow macrophages. This result suggeste€X@L10 was not a major mechanism of
immuno-antimicrobial synergy.

We then turned our attention to AMP LL-37. We bijyesized that LL-37 may enhance
ceftazidime killing of bacteria either through ieesed permeability or through additional insult
to the outer membrane or cell wall of the bacteBaceBurkholderia is resistant to several
AMPs (6), our initial experiments focused Bncoli in order to determine whether or not the two
compounds could interact and kill susceptible béateOur major finding using. coli was that
the order of addition of LL-37 and ceftazidime tcteria impacted their abilities to kill. We
found that when the two compounds were added saimeidtusly in the bacteria killing assay,
they showed additive inhibition of growth. On ttantrary, pre-treatment of bacteria with one
compound resulted in subsequent resistance tortivtlginhibition effects of the second
compound. Although we did not delve into the med$ra of this surprising effect, we may
speculate that some sort of compensatory mecham@ésnnduced after injury from the first
compound which then protected against the effddiseosecond compound. Further studies
would need to be conducted to understand thistedieat it would be important to determine
whether this phenomenon is observed with higheteo@idal concentrations of both
compounds as well.

When we switched to a bacteria killing assay \Bitinkholderia, we only observed
synergistic inhibition of growth with LL-37 and ¢afidime under very specific, contrived media
and timing parameters. Since these conditionsialikely to occur in the macrophages in our
macrophage infection assay, we abandoned LL-37ag@ mediator of the immuno-

antimicrobial synergy.
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Since IFNy stimulation of macrophages is known to increag@ession of NADPH
phagocyte oxidase subunits and subsequently irerettacellular ROS production (35-38), we
thought that HO,, one of the more stable forms of ROS (39) maylte @ synergize with
ceftazidime to kill intracellular bacteria. In adteria killing assay we showed that at
subinhibitory concentrations of ceftazidime angDh] these two compounds could
synergistically inhibit bacterial growth. Howewdis result was extremely sensitive to the
specific concentrations used and was only partraibeatable. We therefore moved on to look at
the interaction of higher, bactericidal concentnasi of ceftazidime andJ@,on bacteria killing
and found that there was no synergistic interadbemmveen these compounds to Kill
Burkholderia at short time points.

Around this time in the project we learned abtwet ¢controversy of whether or not
antibiotics kill through ROS-mediated pathways. Miagined that if ceftazidime was killing
Burkholderia through a ROS-mediated pathway, perhaps we cauggt this pathway to
increase ROS due to both ceftazidime and {HNduced ROS and therefore increase killing of
bacteria. We first tested if ceftazidime was RO&dmted by adding free iron in the form of
ferrous sulfate to the bacteria killing assay.céils superoxide can react with iron-sulfur cluster
to release free ferrous iron which then reacts W@, through Fenton chemistry to create
deadly hydroxyl radicals (47-49). We hypothesitteat adding an extra source of free ferrous
iron could augment hydroxyl radical production &@ad to increased killing of bacteria due to
ceftazidime treatment. The concentration of céfiazre we were using was sub-inhibitory,
which suggested that ceftazidime was not actualing bacteria. Therefore, we found that
ferrous sulfate only protected against growth iittob and didn’t increase Kkilling since there

was no killing in the assay even without ferroudade addition. Further experiments would
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need to be conducted with higher bactericidal cotradons of ceftazidime in order to determine
if ferrous sulfate additionould potentiate the killing effect. Instead, our sagdiurned to flow
cytometry to directly measure intracellular RO®acteria due to ceftazidime treatment. We
used flow cytometry to show that ceftazidime didreéase HPF signal in bacteria, however we
later learned that HPF is not a suitable compoondjiantization of intracellular ROS (44, 45).
Furthermore, recent studies show strong eviderateatitibiotics do not kill by a common
mechanism of ROS induced death (44-46). Thereferabandoned studies aimed at
guantization of ROS induction due to ceftazidime.

The mixture of studies presented in this chaptevides the framework for the next two
chapters. The purpose of this chapter was to Suome of the previous studies aimed at
understanding the mechanism of immuno-antimicrabiatapy and potential mediators of the
synergy between ceftazidime and IFNMany of the experiments presented here were
conducted as initial studies, and as such, mahane been followed up by more in-depth
experiments. In some cases there may not haveese@togical flow from one experiment to
the next, though we have tried to rationalize tregpession presented here, however we
believed these results may be of benefit to fusarentists. We hope that some of our negative
data and failed attempts to identify the mediatanonuno-antimicrobial synergy may provide
some valuable information to future scientists passibly save them some time and frustration

if they choose to pursue similar topics.
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CHAPTER 4: INTERACTION OF IFN-INDUCED REACTIVE
OXYGEN SPECIES WITH CEFTAZIDIME LEADS TO

SYNERGISTIC KILLING OF INTRACELLULARBURKHOLDERIA

SUMMARY

Burkholderia pseudomalle, a facultative intracellular pathogen, causes reeivdections
and is inherently refractory to many antibioti¢2revious studies have shown that IfN-
interacts synergistically with the antibiotic ceitdime to kill bacteria in infected macrophages.
The present study aimed to identify the underlymechanism of that interaction. We first
showed that blocking ROS pathways reversed yrd ceftazidime mediated killing. Through
flow cytometry we observed that IFN-but not ceftazidime, induced significant ROS oeses
in infected macrophages, which led to the hypothtsit synergistic killing of intracellular
Burkholderia was mediated by the interaction of ceftazidimeéniiiN-y induction of ROS.
Consistent with our hypothesis, we also observatBi$O, another inducer of ROS, could
substitute for IFNy to similarly potentiate the effect of ceftazidime intracellular killing. To
investigate the exact role of ROS responses, we nmseroscopy to analyze the effect of IRN-
stimulation on intracellulaBurkholderia and observed both a lack of vacuolar escape éaka
of actin polymerization compared to controls. Tehefects were recapitulated using BSO in
place of IFNy which supports the role of ROS involvement. Bageon these results, we
propose a model by which IFNinduced ROS responses interact with ceftazidime to
synergistically kill intracellular bacteria. Prens®n of actin polymerization and vacuolar escape

due to IFNy induced ROS may be a mechanism for increased pfsagomal killing of
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intracellularBurkholderia. Our findings suggest an alternative means oéeaing antibiotic

activity againsBurkholderia through combination with drugs that induce ROSpalys.

INTRODUCTION

B. pseudomallei, the causative agent of melioidosis, is a granatieg, facultative
intracellular pathogen that causes potentiallyde#itute infections and occasionally chronic
systemic infections in humans and animals (18)pseudomallei can invade and thrive inside
professional phagocytes and non-phagocytic cake é-6) and the stages of its intracellular
pathogenesis are well defined (7-9). After uptiste a cell,Burkholderia escape from the
phagosome into the cytoplasm where they repligatiymerize host-cell actin, and spread to
neighboring cells usually causing cell fusion anN®LC formation (5, 9-13).

Treatment oB. pseudomallel infection currently involves in-hospital admingestion of
intravenous antibiotics followed by a lengthy ecadiion phase with oral antibiotics (2, 3, 14).
With such an invasive and expensive treatment regithere is a greater chance of non-
compliance which can lead to persistent infectidherefore, there is a need to identify new
treatments which may make treatment administratiore practical in areas where access to
healthcare may be limited. Therapies which coualgptially accelerate the time to recovery or
decrease the length or dose of intravenous antibiobuld be good candidates for new
treatments against melioidosis.

Although current melioidosis treatments rely exolely on antibiotics and
antimicrobials, much research has focused on utadeliig and characterizing the natural host
immune responses & pseudomallei infection, specifically in regards to the effeofdFN-y.

Studies show that IFN4s absolutely necessary for protection againsteadisease (15-17).
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There is also a known role for ROS responses difeNe stimulation in controlling early
infection withBurkholderia (16, 18). While the effects of IFiNon infected macrophages have
been studied in great detail, there are few stutiigslook at the combination of immune
stimulation with antibiotic treatment, even thougls scenario is realistically encountered in
patients treated for melioidosis. Our lab hasistlithese immuno-antimicrobial interactions
and has previously shown that treatment with §Fdé&n synergistically enhance the effect of
ceftazidime treatment on infected macrophages ciaeduntracellular bacterial burden beyond
either drug alone (19). For the following study wsed a combination of in vitro and in vivo
techniques to investigate the underlying mechamsthe interaction between IFNand
ceftazidime. From these studies we developed amedel by which IFNy induces host

antimicrobial pathways which synergize with anttlds to kill intracellular pathogens.

MATERIALS AND METHODS

Biochemicals.

Ceftazidime hydratd\-acetyl-L-cysteine (NAC), reduced L-glutathione (BSL-
Buthionine-sulfoximine (BSO) were purchased fromgra-Aldrich (St. Louis, MO). Other
reagents included recombinant murine lfNPeprotech, Rocky Hill, NJ), ketamine (Fort Dodge
Animal Health, Overland Park, KS), and xylazineriB&nue Labs, Bedford, OH). For flow
cytometry and fluorescent microscopy, we purchakedollowing biochemicals from Life
Technologies (Carlsbad, CA): Alexa Fluor 488 cgajied phalloidin, ProLong Gold Anti-fade
mounting media with DAPI, Di(Acetoxymethyl Este6-Carboxy-2',7'-

Dichlorodihydrofluorescein Diacetate)(carboxy-H2OWA), monochlorobimane (mBCI), Alexa
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Fluor 488 streptavidin-conjugated antibody, anggmy with EDTA. Other reagents included
lysosome-associated membrane protein (LAMP) anyiljedioscience, San Diego, CA), Alexa
Fluor 647 conjugated anti-mouse CD11b antibody @8&sciences Pharmingen, San Jose, CA),
rabbit polyclonal antB. pseudomallel antibody (provided by D. Waag from USAMRIID), and
goat anti-rabbit secondary IgG antibody conjugate@y3 (Jackson ImmunoResearch Labs,

West Grove, PA).

Bacteria.

B. thailandensis E264 andB. pseudomallei 1026b strains were used for these studies (20,
21). Both strains were grown in Luria-Bertaini ttrat 37°C with rotary shaking for 16 hours,
and then stored at -80°C with 15% glycerol untgaed. Frozen vials of bacteria were thawed

and diluted immediately prior to their use.

Cell lines.

RAW 264.7 and J774A.1 macrophage cell lines andrmadibroblast cell line L929 were
purchased from American Type Tissue Collection (M=mas, VA). Cell lines were maintained
in complete media consisting of minimum essentiatiim (MEM; Life Technologies)
supplemented with 10% fetal bovine serum (FBS)g#tFort Collins, CO), 0.075% sodium
bicarbonate (Acros organics, NJ), 1x nonessentidh@ acids, 0.5x essential amino acids (Life
Technologies), and 2 mM L-glutamine (Sigma-Aldricintibiotic additions of 100 Units/ml

Penicillin and 100 pg/ml Streptomycin (Life Techogles) were added to media for
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maintenance of cell lines but all experiments weneducted in antibiotic-free media. All cells

were maintained at 37°C with 5% GO

Mice.

Female BALB/c, C57BL/6 and ICR mice were used hase studies. The BALB/c and
C57BL/6 mice were purchased from Jackson LaboegdBar Harbor, ME). The ICR mice
were purchased from Harlan Laboratories (Indianaptl). All mice were between 6 to 12
weeks old at the time of their use and were housel@r pathogen-free conditions. All animal
studies were approved by the Institutional Animate&Cand Use Committee at Colorado State

University.

Primary bone marrow macrophage culture.

Bone marrow macrophages were generated as preyidestribed (22). Femurs and
tibias were aseptically removed from mice, tranmsi@ito 50 ml conical tubes containing Hank’s

buffered salt solution (HBSS) supplemented with2B&, and kept on ice. In a biosafety

cabinet, bones were cleaned of tissue and bone@wmavas flushed from the bones using needles

and syringes filled with HBSS and supplemented @¥hFBS. Bone marrow was gently
resuspended with gentle pipetting and passed thrautp um nylon filter (BD Biosciences
Pharmingen, San Jose, CA). Cells were centrifagdd@00 rpm for 5 minutes at 4°C. Then
supernatant was removed and red blood cells weesllysing 2 ml of ammonium-chloride-
potassium (ACK) lysis buffer for 5 minutes, follodveanmediately by 20 mls of complete MEM
with antibiotics and 10% L929-conditioned superntgdo dilute the lysis buffer. Cells were
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again spun at 1200 rpm for 5 minutes at 4°C. Remg@iwhite blood cells were plated in 24-
well plates at a concentration of 2 X*t@lls/ml in complete MEM. Cells were allowed to
adhere to 24-well plates for 3 hours at 37°C and@%after which, non-adhered cells were
washed away three times with room-temperature H&§plemented with 2% FBS. Complete
media with antibiotics and 10% L929 conditioned raetas reapplied to the cells and plates
were returned to the incubator. Addition of 109289conditioned media provided necessary
growth factors for differentiation of bone marroweioid progenitor cells into the
macrophage/monocyte lineage to enrich for theds.c@ldherent cells were incubated atG7
and 5% CQuntil macrophages reached moderate confluencyells\(approximately 8-12

days).

Macrophage infection assay.

Macrophages were infected and treated as previaleslgribed (19). Briefly,
macrophages were seeded into 24-well plates wittptete MEM (see above) and allowed to
adhere overnight. After a 1ml wash with phosplhatiéered saline (PBSEB. thailandensis was
added to macrophages at a multiplicity of infectod® and incubated for 1 hour at 37°C in 5%
CO,. Aminoglycosides are not considered to penetreteamalian cells in short time periods
(23), so macrophages were exposed to high-doserkanasulfate (350 pug/ml) for 1 hour to
kill extracellular bacteria. After two 2 ml washegh PBS to remove kanamycin and dead
bacteria, treatments were diluted in MEM, applediacrophages, and incubated for 18 hours.
Treatments consisted of individual drugs or comioams of the following: ceftazidime (10
pag/ml), IEN< (10 ng/ml), NAC (25, 50, 100 mM), GSH (10, 25,r8#), or BSO (5 mM).

Because the effect of BSO is to deplete GSH byemeng its biosynthesis, BSO treatment was
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applied as an 18-24 hour pre-treatment of unintentacrophages prior to the start of the
macrophage infection assay in order to effectidaglete GSH. BSO was also added at the
same concentration with the other treatments i@ hours post-infection treatment. Although
ceftazidime was applied at 10 pg/ml to infected moplsage cell lines, it was applied at 3 pg/ml
to infected bone marrow macrophages because 10 hgfoo great of an effect at controlling
intracellular bacterial burden on its own, and ¢éfiere made it harder to determine synergy with
IFN-y. After the 18 hour treatment of infected macray@sa extracellular bacteria were washed
off three times with 2 mls of PBS and macrophagersevysed with 1 ml of sterile distilled

water. Intracellular bacterial burden was theresssd by plating serial dilutions of the lysates

on LB agar followed by colony counts 24-48 hrs aftating.

Fluorescent microscopy.

RAW 264.7 macrophages were seeded into chambessiifected, and treated as
previously described for the macrophage infectesag. At indicated times, chamber slides
containingB. thailandensis infected macrophages were fixed with a solutio&%f
paraformaldehyde in PBS for 20 minutes, and sule@tupermeabilized with 1 ml of 0.1%
triton-X in PBS for 5 minutes. Cells were thenubated overnight at 4°C with Alexa Fluor 647
conjugated anti-mouse CD11b antibody and rabbitBurtkholderia serum. The next morning,
a blocking buffer consisting of 0.5% bovine serdbuanin in PBS was applied to wells for 30
minutes at room temperature. For experiments ductuLAMP staining, the blocking buffer
used was 5% Donkey serum in PBS with 0.05% Tweeheapto wells for 1 hour at room
temperature. When LAMP staining was necessaryiswadre also blocked with streptavidin

(Vector Laboratories, Burlingame, CA) for 15 mirsifellowed by biotin (Vector Laboratories)
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for 15 minutes at room temperature. Phalloidin e@dded to wells at 5 units/well in PBS for 30
minutes to stain actin filaments. Lysosome comparits were identified by incubation for 1
hour with a 1/400 dilution of a biotinylated antbose LAMP antibody followed by a 1/500
dilution of Alexa Fluor 488 or Alexa Fluor 647 gitavidin-conjugated antibody for 1 hour. To
identify Burkholderia, we applied a 1/1000 dilution of a goat anti-ralips antibody conjugated
to Cy3. This secondary antibody was applied vhthndecondary antibody for LAMP
identification. Wells were washed between steh wither 0.5% bovine serum albumin in PBS
or PBS with 0.05% Tween (for experiments involvil§MP staining). Coverslips were applied
with mounting media containing DAPI to stain nuclémages were acquired with a Leica DM
4500B microscope (Leica Microsystems, Buffalo Grdug fitted with a Retiga 2000R camera
(Qlmaging, Surrey, BC, Canada) and using QCaptuweéftware (QImaging). Adobe
Photoshop CS3 version 10.0.1 (Adobe, San Josew@Aused to create color overlay images as
well as make global manipulations to the lineaapsaters of black-point and individual color

brightness for each experiment.

Flow cytometry.

Macrophages were treated in 24-well plates ataitieof 4x16 cells/ml. Treatments
included ceftazidime (10 pg/ml), IFN¢10 ng/ml), NAC (20 mM), or BSO (5 mM).
Macrophages were pre-treated with BSO (5 mM) 18x@d4rs prior to infection as well as 18-24
hours post infection. After indicated treatmenids the cells were washed with PBS and
detached with 0.25% trypsin with EDTA. We madeesal/attempts to use the reagent
hydroxyphenyl fluorescein (HPF, Life Technologiesietect intracellular ROS in mammalian

cells, however our negative controls were alwaystpe for the HPF stain. Therefore we

85



turned to carboxy-H2DCFDA to measure intracelllR@S instead. Cells were incubated with
either 5uM carboxy-H2DCFDA for 30 min at 3T to detect total intracellular ROS or with 40
uM mBCI for 20 minutes at room temperature in thekdas previously done (24). The reagent
mBCl is used to detect intracellular thiols, of eMiGSH is the most abundant. Data was
collected on greater than 50,000 cells per sangilega Gallios Flow Cytometer (Beckman

Coulter, Brea, CA) and analyzed using FlowJo sakweersion 7.6.5 (Tree Star, Ashland, OR).

In vivo challenge model.

BALB/c mice were anesthetized with 100 mg/kg katenplus 10 mg/kg xylazine
administered intraperitoneally. TBepseudomallei challenge dose was thawed from a frozen
stock, diluted in PBSand delivered intranasally in a volume of@dor a total of 5.7x 10°
CFU/mouse. This dose was determined retrospegtbeterial dilution, plating onto LB agar,
and counting colonies 24-48 hours later. Ceftazedwas administered through the
intraperitoneal route (IP) at 25 mg/kg of body wi§ hrs after initial infection and
subsequently every 12 hrs for a total of six treatta total. BSO was administered IP to mice at
2 mmol/kg once daily starting the day before infatiand continuing through two days after the
infection. Mice were monitored twice daily for sgjof disease and were euthanized according
to predetermined humane end points. All procedwese performed in a biosafety level 3

(BSL-3) facility, following approved protocols f®&SL-3 research and select agent use.
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Statistical analyses.

Means, standard error of the mean (SEM), and Pegalere determined and plotted
using Prism software version 5.00 (GraphPad, LiaJGIA). For comparisons of two groups, a
two-tailed Student’s t-test was used to determiagssically significant differences. For
comparisons of three or more groups the one-walysisaf variance (ANOVA) was used
followed by Tukey’s post test for multiple compamns. Grouped data was analyzed by two-way
ANOVA and statistical synergy was determined astee({25) from the interaction P-value of a
two-way ANOVA. All differences were consideredtsacally significant forP < 0.05. In-vivo
survival rates were plotted by Kaplan-Meier anaysio determine statistical differences
between two survival curves we compared P-valu@s the log-rank test to the Bonferroni-

corrected threshold for multiple comparisons.

RESULTS

IFN-y combination with ceftazidime significantly reducesntracellular bacteria
burden in infected macrophages.Previously, we found that the combination of IfrM4th
ceftazidime synergistically reduced intracellulacterial burden oB. thailandensis-infected
AMJ macrophages after 18 hours of treatment (¥Y8¢ confirmed the IFN-and ceftazidime
synergistic interaction using a different macrophagll line, RAW 264.7, (Figure 4.1A) as well
as primary bone marrow macrophages from C57BL/6,.B®/&, and ICR mice (Figure 4.1B-D).
For each source of macrophage, the combinatioRMfylplus ceftazidime controlled the
intracellular bacteria burden by 3-4 Lggnits compared to untreated controls. Althofigh

lactam antibiotics can be unstable in solutionsivewed that supernatants from ceftazidime
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wells were still bactericidal at the end of thei®ir incubation (K. Mosovsky and S. Dow,
unpublished data), which confirmed that the agtioit ceftazidime was not compromised during
our experiments due to its instability. Surprigind=N-y and ceftazidime combination failed to

reduce bacterial burden in the murine fibroblaéditlices, L929, compared to untreated controls

(Figure 4.2).
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Figure 4.1: Ceftazidime and IFNy induce synergistic killing of intracellular bacteria in
macrophages Adherent RAW 264.7 cells (A) or primary bone marnmacrophages from
C57BL/6 mice (B) BALB/c mice (C) or ICR mice (D) weeinfected withB. thailandensis and
treated with ceftazidime (10 pg/ml for RAW 264.7£e3 pg/ml for bone marrow
macrophages), IFN{10 ng/ml) or the combination of ceftazidime pl&dl-y for 18 hours.
Intracellular bacteria were then enumerated bymanacrophage lysates. Synergistic
interactions between ceftazidime and IirMere determined by two-way ANOVA (* P < 0.01,
** P <(0.001, ** P<0.0001). Graphs are representative of data fveonor more independent

experiments with treatment groups run in triplicate
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Figure 4.2: Ceftazidime and IFNy fail to kill intracellular bacteria in L929 fibrob last cells.
L929 fibroblast cells were infected wibh thailandensis and treated with ceftazidime (10
pa/ml), IEN< (10 ng/ml), or the combination of ceftazidime plEsl-y for 18 hrs. Intracellular
bacteria were then enumerated by plating macroplyagées. Significant differences were
determined by one-way ANOVA. Graph is represemtatif data from three independent
experiments with treatment groups run in triplicate

IFN-y treatment of L929 cells has been shown to pratelts from intracellular pathogens (26,
27), though some properties of IRNactivation, such as increased major histocompigyibi
complex, inhibition of cell growth, and clearandgathogens may be deficient in L929 cells
(27, 28). Taken together these results demongtratehe interaction between IFNand

ceftazidime is exhibited by macrophages but natday-phagocytic cells.

Inhibitors of ROS pathway reverse synergistic inteaction between IFNy and
ceftazidime. We considered several mechanisms by whichtFNith no direct bactericidal
effects itself, could trigger the synergistic irtetion with ceftazidime. These included induction

of nitric oxide, autophagy, increased uptake ofazdflime, or induction of ROS responses in
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IFN-y-stimulated macrophages. Increased nitric oxidkiacreased autophagy were eliminated
as potential mechanisms of synergy after specifiditors of these pathways failed to reverse
the combination therapy synergy (R. Troyer and SDév, data not shown). Furthermore,
direct quantitation of intracellular ceftazidimencentrations showed an average of 0.0272
pa/ml after ceftazidime treatment, approximatelyf&@@ below the MIC, with no increased
uptake of ceftazidime due to IFNstimulation, a similar result to studies by Miyagi al. (18).
We were then left to explore IFNinduction of ROS pathways as a mechanism of synerg

We reasoned that if IFM-synergizes with ceftazidime through a ROS-mediptatiway,

blocking ROS pathways using specific antioxidahibitors should abolish the synergy (Figure

4.3).
8-
a
> . a,b a’b
S 67 =
(@)
S
E Y
7
O 27
0 ] ——

IFN-y + ceftazidime - + o+ + o+

NAC (mM) = - 25 50 100

Figure 4.3: NAC reverses IFNy and ceftazidime synergy.NAC reversed the intracellular
killing effect of IFN+ (10 ng/ml) plus ceftazidime (10 pg/ml) combinatiberapy orB.
thailandensis-infected macrophages in a dose-dependent ma®tatistical differences were
assessed by one-way ANOVA, a > b > ¢, P < 0.05suReare representative of results from at
least two independent experiments.

90



NAC, an antioxidant andysteine precursor for GSH synthe(29-31)(see Figure 1., reversed
the synergistic killing of the combination therapya concetration-dependent manner (FigL
4.3). We also observed this effectB. pseudomallel 1026b (data not shown)Ve hypothesize
that NAC was functioning through increased productf GSH, a prominent cellul.
antioxidant and ROS scavenger in macropk (29, 32-38).To test this hypothesis, v
measured intracellular GSEvels using mBCI and confirmethat treatment with NA
increased GSlidontent (Figure 4.4A) and also decreased total R@&s in IFMy and

ceftazidime treated nceophages (Figure 4.4l
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Figure 4.4 NAC increases intracellular GSH and reduces intacellular ROS (A) Mean
fluorescent intensity of mBCI after treatment ofniacted RAW cells with NAC (20 mM) for
hrs (P = 0.0004) (Bintracellular ROS levels (as detected by car-FH2DCFDA) in RAW
264.7 cells after 10 hr treatment with ceftazidiphes IFN-y, with or without NAC (20 mM).
Results are representative of results from at lRasindependent experimer

Finally, when GSH was substituted for NAC, we oliedra similar titratable effect fi
reversing the IFN-and ceftazidime synergistic killing of intraceduB. thailandensis (Figure

4.5) andB. pseudomallei (data not shown). Based on these findings concluded tha
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inhibitors of ROS pathways can reverse the killfigect of IFNy and ceftazidime, which is in

agreement with a ROS-mediated mechanism of synergy.

87 a
S §- b
(@)}
(@]
< 4 =
S d
0
G 2
0-H— .
IFN-y + ceftazidime . + + o+ o+
GSH(MM) - - 10 25 50

Figure 4.5: GSH reverses IFNy and ceftazidime synergy.GSH reversed the intracellular
killing effect of IFN+ (10 ng/ml) plus ceftazidime (10 pg/ml) combinatiberapy orB.
thailandensis-infected macrophages in a dose-dependent ma®tatistical differences were
assessed by one-way ANOVA, a > b > ¢ > d, P < OR&sults are representative of results from
at least two independent experiments.

IFN-vy induces ROS production in macrophagesWe confirmed increased levels of
intracellular ROS due to IFM-stimulation in uninfected macrophages and fouiad RN-y
increases ROS as early as 6 hrs post-stimulatibmimgreasing levels through 24 hrs (Figure
4.6A). Significantly, the time required for thedtof ROS induction, 6 hrs, coincides with the
time it takes for the combination of IFNplus ceftazidime to begin control of intracellular
bacteria burden as seen in our previous study (M .also observed increased ROS in bone
marrow macrophages due to IRNstimulation (E. Silva and S. W. Dow, data not shpwin

infected macrophages, IFNbut not ceftazidime increased intracellular RO&le (Figure
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4.6B). Combinedthese results indicate that uninfected and infegtadrophages increa

production of ROS due to stimulation with I-y.

A L
B

Figure 4.6: Stimulation with IFN -y induces ROS production in macrophage (A-B)
Histogram overlaysf ROS responses as measured with ca-H2DCFDA by flow cytometry
(A) IFN-y elicited ROS responses from uninfected RAW 264acnmphages starting 6 hrs -
stimulation with a peak response at 24 hrs. (B) R264.7 macrophages were infected vB.
thailandensis, treated with IFNy (10ng/ml) or ceftazidime (10 pg/ml) for 18 hrs, and ti
analyzed for ROS responses. Results are représergaresults from at least t independent
experiments.

Inducers of ROS can interact with ceftazidime to ierease killing ofintracellular
Burkholderia. We next argued that if the If-y effect is ROSnediated, then other f-oxidant
drugs that increased ROS shoalso interact with ceftazidime to enhancdikg of intracellula
Burkholderia. BSO specifically inhibits the re-limiting step in GSH synthes(29), depleting
GSH content through prevention of biosynthesisrasdlting in increased intracellular ROS ¢

result of decreased antioxidattivity (39-44) (see Figure 4.7).
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Figure 4.7. Pathway by which BSO should decrease intracellat GSH concentrations
BSO specifically inhibits the first step in GSH flyesis. By blocking GSH synthesis, the
will have fewer antioxidants to degrade ROS, amuldfore BSO should indirectly increase R
levels in the cell.

BSO was combined with ceft@lime and/or IFI-y in B. thailandensis infected macrophage
(Figure 4.8) and the effect on intracellular baeldsurden was asses:

The combination of BSO with ceftazidime produceel same level of killing insid
macrophages as the combination (N-y with ceftazidime. Furthermore the combinatioriref
three drugs significantly increased intracellulgliiig beyond the effect of IF-y plus
ceftazidime alone (Figure 4.8). We confirmed theatment with BSO increased levels of R
in B. thailandensis infected macrophages and further increased RO$%ldve to IFMy (Figure
4.9A). Analysis of these results corroborateshtyy@othesis that BSO was acting as -
oxidant in our macrophage infection model. Finally showed that treatment witlISO
decreases intracellular GSH levels as predictegl(Ei4.9B). These results demonstrate
inducers of ROS can both substitute for -y and augment the IFNplus ceftazidime

synergistic interaction on intracellular killir
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Figure 4.8: BSO enhances antibiotic killing of intacellular Burkholderia. RAW 264.7 cells
were pre-treated with BSO (5 mM) overnight for 18t#s, infected withB. thailandensis, and
treated with IFNy (10 ng/ml), ceftazidime (10 pg/ml), or the combioa of IFN-y plus
ceftazidime for another 18 hrs, with or without BE8OmM). Significant differences were
assessed between groups treated with or without BS&udent’s T-test, *** P < 0.001.

BSO enhances antibiotic-mediated survival of micehallenged with lethal dose of
B. pseudomallei. To validate observations made in vitro we evadahe interaction of BSO
plus ceftazidime in vivo using an intranasal chadle model. Mice treated with the combination
of BSO plus ceftazidime were completely protectednfa lethal challenge witB. pseudomallei
(Figure 4.10). This result was consistent with pravious finding that ceftazidime plus IRN-
greatly enhanced protection of mice from a letlmallenge oB. pseudomallei (19) and strongly

suggests a role for ROS in enhancing antibioticagmgin vivo.
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Figure 4.9: BSOinduces intracellular ROS and decreases intracellular GSL.

(A) Histogram overlays of intracellular ROS, as measimecarbox-H2DCFDA and flow
cytometry, after macrophage infection wB. thailandensis and subsequetteatmenwith BSO
(5 mM) or the canbination of IFMy + BSO for 12 hrsAll BSO groups were also g-treated
with BSO (5 mM) overnight for 324 hrs. (B MFI of intracellular thiols, as measured
mBCl, after 18 hrs of treatment with 5 mM BSO (*=F0.0079). All data are representa of
at least two independent experime

Taken together, oun vitro and in vivaresults provide strong evidence for INRduction of
ROS responses as the mechanism of the interaaiorebn IFI-y and ceftazidime o
intracellular control of bactefidurden. We next investigated the specific metdms by whiclk

the increased ROS could affect bacterial bul

Burkholderia fail to escape the phagosome and polymerize actinside IFN-y treated
macrophages. In order to understand how Il-y induced ROS could interact with ceftazidi
and increase killing of intracellular bacteria, iwened to fluorescent microscopy. We reveal

failure of Burkholderia to polymerize host cell actin due to I-y (Figure 4.11).
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Figure 4.10: The combination of BSO with ceftazidne fully protects mice from lethalB.
pseudomallei infection. BALB/c mice (n = 5 per group) were challengedhBt7x 10° bacteria
administered intranasally and subsequently treatt#dIP ceftazidime (25 mg/kg), BSO (2
mmol/kg), or the combination of both drugs. Peteemvival was tracked over 70 days.
Statistical significance between survival curves aasessed by log-rank test and the
Bonferroni-corrected threshold for multiple comparns (P < 0.01667).

This effect was recapitulated with BSO treatmé&ingijre 4.12) suggesting ROS involvement.
SinceBurkholderia polymerize host cell actin only after vacuolarase into the cytoplasm (9-
11) (see Figure 1.2), an investigation was prompiatetermine whether bacteria inside IffN-
treated macrophages failed to escape the phagosémee the phagolysosome would be the
only intracellular compartment we would expectitafoboth LAMP-1 and bacteria (see Figure
4.13), we used fluorescent microscopy to quantttaeatio of bacteria inside IFNtreated
macrophages that co-localized with LAMP-1 compdcedntreated controls. Indeed, we found
that IFN+ treated macrophages had a higher proportion débadhat colocalized with LAMP-
1 containing vacuoles suggesting that bacteriaddib escape the phagosome in K-ieated

groups (Figure 4.14 and Figure A8). This explamais consistent with the lack of actin tails on

Burkholderia inside macrophages treated with 1kfN+ BSO.
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Figure 4.11: B. thailandensisfails to form actin tails inside IFN«y-treated macrophages
RAW cells were infected witB. thailandensis and left untreated (A) or treated with I-y (10
ng/ml) (B) for 12 hours. Macrophages were fixegknpeabilized, and stained with phalloidir
identify host cell actin (green), DAPI to stain nuclei (Bluendanti-Burkholderia serum
followed by secondary antiboaypnjugated to Cy3 to staB thailandensis (red). Images wer
captured under 100x magnification. Actin tails seen as bright gre¢qrotrusions from the re
bacteria in (A). Images are representative of ttata three independent experime
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Figure 4.12: B. thailandensisfails to form actin tails inside BSC-treated macrophages
RAW 264.7 cells were przeated with BSO (5 mM) for -24 hrs to deplete intracellular R(
before infection withB. thailandensis and subsequent treatment for 18 hrs BSO (5 i
Macrophages were then fixed and stained for hdsactn (green), nuci (blue), ancB.
thailandensis (red) and images were captured under 40x magnditaimage is representati
of data from two independent experime
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Figure 4.13 Diagram of LAMP -1 expression on phagolysosome$ AMP-1 is enriched ol
lysosomes, late endosomes, and phagolysosomegolip@somes, therefore, are the ¢
compartment in which bacteria should shat-localization with LAMPA4 staining. Imag

modified from (12).
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Figure 4.14: Burkholderia inside IFN-y treated macrophages have higher proportion of
LAMP-1 colocalization than untreated control. Quantitation oB. thailandensis

colocalization with LAMP-1 antibody after 8 hr IFNtreatment of infected macrophages. Data
is represented as the ratio of colocalized bacfeiiih LAMP-1) to total bacteria per field of
view. Data represents 10 fields of view for eaelatment group (P < 0.0001) and results are
representative of 2 independent experiments.

DISCUSSION

We previously described a novel therapeutic apgrdacmelioidosis which combined
immune stimulation by IFN-with the routinely administered antibiotic, cefthme, to
synergistically enhance killing of intracellulBurkholderia (19). Here we have shown that the
mechanism of synergy between IFNind ceftazidime is mediated by IFNAduced ROS
responses in infected macrophages. Evidence ofiR@$/ement is supported by our
experiments in which ROS inhibitors reversed theesgistic killing of IFNy and ceftazidime
while inducers of ROS not only potentiated theikglbut could completely substitute for IFN-

with equal effect (see Figure 4.15).
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Figure 4.15: Diagram of major findings related to ROS production and degradatiol.. The
blue line underlines our original hypothesis th&tl-y induced ROS synergizes with ceftazidi
to synergistically kill intracellulaBurkholderia. All of our findings in Chaptet are in line with
this hypothesis. We first showed that -y increases intracellular ROS in infeci
macrophages. We next showed that antioxidantsas®NAC and GSH could remove ROS i
therefore reverse the synergism. Finally, we slibtivat BSO could inhibit GSH synthesis,
indirectly increase ROS and leto synergy, even in the absence of lf=N-

We further showed evidence that Iy induced ROS prevented bacteria from escapin
phagosome and polymerizing host cell actin, twpstehich are deemed necessary
intracellular replication and celb-cell spread of the infection (5, 9, 10, 45, &&e Figure
4.16). In this way IFN- may be able to contain bacteria in the toxic emvinent of the
phagolysosome where macrophage defenses can mectvelly eliminate them, while als
controlling replication and inteellular spread of bacteria.

However, ve cannot exclude the possibility that what we oleséo be IFM-y prevention
of vacuolar escape is simply an increased frequenspeed of phagosor-lysosome fusiol
events that kill88urkholderia before it it capabé of escaping the phagosome. However due
similar phenotype with BSO treatment, which is kiwdwn to increase phagoso-lysosome

fusion events, we believe that the effect is it faprevention of vacuolar escape due to F
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Figure 4.16 Diagram of major findings related to IFN-y interference with Burkholderia
intracellular lifestyle. IFN-y induced ROS was shown to prevent phagolysosomapesuf
bacteria due to lack of actin polymerization assi®a with bacteria in IF-y treatec

macrophages, as well as an increased proportibaaiéria c-localized with LAMF-1 in IFN-y
treated macrophages.

Furthermore, several othstudies have shown a role for |-y prevention of vacuolar escape
macrophages infected with other intracellular b@ateathogen(47-49) Similar to our results
Myers et. al. showed that ROS inhibitors couldipliytreverse thi IFN-y effect, which is
consistent with a RO8tediated mechanis(49). Taken together, our results support an alr
established role for IFN-induced RO to interfere with intracellular pathogen lifesty.
Although we used high concentrations of NAC and G&keverse the synergistic effe
we do not believe that our concentrations wereasweably high or physiologically irrelevar
Studies using NAC to enhance athletic performandaimans have used IC infusions up tc
150mg/kg (31) Additionally, NAC has been used in preventiod &neatment of a number
health related problems at doses of up to 6 graansdgy(50). Therefore, we believe that ¢

highest concentration of @0nM NAC is likely within the realm of achievablercentrations &
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least in local environments. In most cells, GSH @nge in concentration from 1-10 mM (36).
Since we have seen that IFRNRduces increased ROS production, we believeShanM GSH,

the highest concentration used in our studies,anaasonable dose to scavenge and degrade the
increased ROS produced due to IfN-

There is strong evidence that IFNreatment of macrophages can greatly increasacill
of intracellularB. pseudomallel (51-55), however we show here that IFN3y itself, has a
negligible role in controlling intracellular bact@rburden. We believe this discrepancy can be
easily explained by differences in macrophage trdaanodels, in particular, the relative order
and timing of IFNy stimulation to macrophage infection. We and ativelno pre-activate
macrophages prior to infection have always sedroagrole for IFNy to increase antimicrobial
responses and killing of intracellular bacteria-g8), whereas the infection model used for the
current study consisted of macrophage infectiolo¥a#d by activation by IFN- While pre-
activation with IFNy produces a clear advantage to study the speaifimerobial effects of
fully activated macrophages, it is likely that pre-ativg macrophages in the absence of
bacteria elicits a different antimicrobial respotis&n macrophages activated in the presence of
bacteria and IFN-(56).

We believe our system of infection, in which maudrages are infected and subsequently
treated with IFNy might more closely mimic the timing in a natunafiection by which a host is
infected first and an immune response is mountedree However, an obvious disadvantage of
this infection model is that treatment of infectedcrophages with IFN-has never elicited a
strong killing effect on its own which makes itfeitilt to determine the mechanism behind any
IFN-y mediated antimicrobial responses. Fortunatelycawent study focused on the

mechanism of theombination of IFN-y with ceftazidime which elicited an effect with dgr
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enough magnitude to easily study. As to why K-8timulation doesn’t control infection after
macrophage infection, we suspect that by the tid& s maximally induced by IFN-
stimulation, the macrophages are already overwletlyehe infection and so it becomes an
issue of too little too late. However, even inceE®ROS due to BSO depletion of GSH was
unable to increase IFNMstimulated intracellular killing without the presxe of ceftazidime,
which suggests a critical and perhaps underesttnate for ceftazidime in our infection model.
After all, even though we have found IFNaduced ROS are an important component of the
synergistic killing, ceftazidime is a very largengponent of that synergy that we did not focus
on in this chapter. It is important to uncover sipecific contributions of both ceftazidime and
IFN-y to the synergistic interaction and chapter 5 adltiress these points.

In the current study we have shown substantialenge of a role for IFN-induced ROS
responses to synergize with ceftazidime to corgseudomallel infection in macrophages.
While there is a well documented role for IFNRduced RNS responses in the killingBof
pseudomallei, typically through induction of inducible nitrixmle synthase (iNOS) (18, 51, 54,
55, 57), far fewer studies support a role for frMduced ROS responses. Although less
frequently evaluated, ROS responses have beenciagdi in control oBurkholderia infection
in the past. For example, in vivo knock-out stadig Breitbach and colleagues showed that
NADPH oxidase, but not INOS, was important for cohiing mortality during acute phase
infection withB. pseudomallel (16). Furthermore, two studies have shown a mléRN-y
induced ROS response control of bacterial burdeimg@acute phase infection with
pseudomallei (16, 18). Finally, connections between contracbbmelioidosis and patients with
chronic granulomatous disease, who lack a functididdPH phagocyte oxidase, suggest a role

for NADPH phagocyte oxidase generated ROS respangestection of hosts (58, 59). While
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the issue of IFNrinduced antimicrobial mechanisms is inarguably plex, we believe there
may be a role for both IFMinduced RNS and ROS responses which at leasalhadepends
on the current activation state of the host immeediks at the time of initial infection.

In conclusion, we have shown that IFNiduced ROS can synergize with ceftazidime
to increase intracellular killing d@urkholderia. The effect of IFNy to keep the bacteria in the
phagolysosome and prevent their escape into tloplagm suggests that IFNmay inhibit
further spread and replication of this intraceltydathogen. We believe our results show that
IFN-y induced ROS is a likely factor involved with pretieg escape from the phagolysosome.
Our results also suggest that pro-oxidant drugsiticeease intracellular ROS responses may
have similar antibiotic enhancing effects. Condithon of these studies on immuno-
antimicrobial interactions may lead to discoveryatiérnative therapies for treating melioidosis
which make use of pro-oxidant, ROS inducing drugya@n-specific enhancers of antibiotic
activity to either speed recovery or decrease hysipal and economical burden of intravenous

antibiotic treatment.
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CHAPTER 5: THE ROLE OF COMPARTMENTALIZED KILLING

IN IMMUNO-ANTIMICROBIAL SYNERGY

AGAINST BURKHOLDERIA

SUMMARY

Burkholderia pseudomallel, the causative agent of melioidosssa facultative
intracellular pathogen of phagocytes and non-phggedhat causes severe infections in humans
and animals. In chapter 4 we showed a role forfRkhduced ROS in the interaction of IFN-
and ceftazidime which synergistically kills intréloéar Burkholderia. In the present chapter we
further extended our investigation into the speaind individual contributions of both IFN-
and ceftazidime to the synergy. We first usedrifsoent microscopy to show that IFNreated
macrophages appeared to control the intracell@datenial burden, whereas ceftazidime treated
macrophages did not. We therefore hypothesizddcditazidime primarily controlled
extracellular bacterial burden and IFNprimarily controlled intracellular bacterial burdeWe
next tracked extracellular numbers of bacteriardudur macrophage infection and found a role
for ceftazidime to control extracellular bacteaa, effect that was synergistically enhanced with
co-treatment with IFN= Using a macrophage-free bacteria killing assayetermined that
ceftazidime alone kill8urkholderia, which meant that IFN-activated macrophages, but not
IFN-v itself, helps to control extracellular bacteriartben. We then studied these IfN-
activated macrophages to show their ability toikiltacellular bacteria. We found no role of
macrophages pre-treated with ceftazidime to rechicacellular numbers, suggesting that 1f¥N-

alone controls intracellular bacterial burden. diakogether, our results suggest that the effects
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of IFN-y and ceftazidime treatment can be simplified tovimiial compartments, such that IFN-
y stimulates killing of intracellulaBurkholderia and prevents further spread and replication,
while ceftazidime kills extracellular bacteria, teBy reducing the pool of bacteria that can
further infect healthy host cells. In summarysionly with the combination of intracellular
killing by IFN-y induced ROS, and ceftazidime-mediated extracelkiléng, that we see
synergistic reductions in bacterial burden in th&tem as a whole as well as overall maintained

health of the host cells.

INTRODUCTION

B. pseudomallei is a facultative intracellular pathogen and thaesedive agent of
melioidosis, a severe and often life-threateningmgimg infectious disease (1-3.
pseudomallei is inherently resistant to many classes of anitsas well as host-derived
antimicrobial defenses (4-8). Suggested treatmiemtelioidosis includes intravenous
administration of either ceftazidime or meropenemtivo weeks followed by an oral
eradication therapy of trimethoprim and sulfametmmte for an additional three months (6, 9).
However, even with antibiotic treatment, recurn@féctions due to relapse are not uncommon
(10-12). Therefore there is a critical need fowvriberapies which can enhance antibiotic
efficacy or interfere witiBurkholderia pathogenesis.

Burkholderia can infect and survive inside both phagocytesrammdphagocytes and its
specific intracellular lifestyle is well charactegd (13, 14).Burkholderia utilizes host
microfilaments to facilitate its entry into vacusler phagosomes within minutes of contact with

host cells (15-18). Bacteria then lyse the vacaolk escape into the host cell cytoplasm where
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they replicate, polymerize host cell actin, anadrfdNGCs through induction of cell fusion and
cell-to-cell spread (7, 15, 18, 19). Macrophagem&ually rupture, releasing bacteria back into
the extracellular space (15).

IFN-y, which is obligatory for resistance Burkholderia infection (20-23), has a well
recognized role for activating macrophages to eocdilling of intracellulaBurkholderia
through either increased ROS or RNS (24, 25). i8sualso show that IFM4s capable of
interfering with the normal intracellular lifestyté Burkholderia by almost completely
preventing cell fusion and MNGC formation (26, 2T).chapter 4 we also showed that If¥N-
prevents bacterial escape from the phagolysosdraken together, there is a strong role for
IFN-y in the resistance tBurkholderia and control of infection.

In a previous study we showed that IffNeuld interact with ceftazidime to
synergistically reduce bacterial burderBofkholderia inside infected macrophage and also
protect mice from a lethal challenge wighpseudomallei (28). Since IFNy is not known to
have antimicrobial effects on its own, we suspeeteole for IFNy activation of macrophages to
synergize with ceftazidime. In chapter 4 we shotined IFNy induced ROS contributes to the
mechanism of synergistic intracellular killing, be role of ceftazidime in the synergy was still
unknown. Here we expand our investigation to titgvidual contributions of both IFN-and
ceftazidime to the synergistic killing and we fugtrevaluate the role of ROS. We show that
while IFN-y and ceftazidime synergistically interact to redbaeterial burden intracellularly,
they also interact to reduce extracellular bactétaden. Surprisingly, their effects seem to be
compartmentalized to either the intracellular aracellular effects, although killing in one
compartment does affect the other. In the endhnwpose a new model to describe the

dynamics of our macrophage infection model whictossistent with our results.
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MATERIALS AND METHODS

Biochemicals.

Ceftazidime hydraté\l-Acetyl-L-cysteine (NAC), and reduced L-Glutathiof@&SH)
were purchased from Sigma-Aldrich (St. Louis, MOjher reagents included recombinant
murine IFNy (Peprotech, Rocky Hill, NJ), Alexa Fluor 488 caygited phalloidin (Life
Technologies, Carlsbad, CA), ProLong Gold Anti-faleunting media with DAPI (Life
Technologies), rabbit polyclonal arBi-pseudomallel antibody (provided by D. Waag from
USAMRIID), and goat anti-rabbit secondary IgG aatlly conjugated to Cy3 (Jackson

ImmunoResearch Labs, West Grove, PA).

Bacteria.

B. thailandensis E264 was used in all studies (29). Bacteria wgeogvn in trypticase soy
broth (BD Biosciences, San Jose, CA) at 37°C vathany shaking for 16 hours and stored at -
80°C in 15% glycerol until needed. Mid-logarithnplbase bacteria were grown for
approximately 3 hours with rotary shaking from & 25 dilution of an overnight culture until an

optical density of 0.5-0.8 was reached.

Cell lines.

RAW 264.7 macrophages (ATCC, Manassas, VA) wenataaed at 37°C with 5%
COyand used for all studies. Cell lines were growd enaintained in complete media (CMEM)

consisting of minimum essential media (MEM; Lifecheologies) supplemented with 10% fetal
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bovine serum (Atlas, Fort Collins, CO), 0.075% smdlibicarbonate (Acros organics, NJ), 0.5x
essential amino acids, 1x nonessential amino gtitisTechnologies, Carlsbad, CA), and 2
mM L-glutamine (Sigma-Aldrich). Penicillin (100 Ws/ml) and Streptomycin (100 pg/ml)
(Life Technologies) were added to media for maiatexe of cell lines but all experiments were

conducted in antibiotic-free cMEM.

Resting macrophage infection assay.

Macrophages were infected and treated as preyideasicribed (28). Briefly,
macrophages were seeded into 24-well plates withiatic-free cMEM and allowed to adhere
overnight. Macrophages were infected vittithailandensis E264 at a multiplicity of infection
of 5 for 1 hour followed by a 1 ml wash with phoaphbuffered saline (PBS). High dose
kanamycin monosulfate (Thermo Fisher Scientific |tthéam, MA) was then applied for 1 hour
to kill extracellular bacteria. The MIC of kananiryfor B. thailandensis E264 is 128 pg/ml, and
the concentration used to kill extracellular baetér this assay was 350 pg/ml (30).
Macrophages were then washed twice with 2 mls PB8rmove kanamycin and dead bacteria
and then incubated with IFN{10 ng/ml), ceftazidime (10 pg/ml), or the comltioa of both
treatments in cMEM for 18 hours. The MIC of ceitimne for B. thailandensis E264 is 1.75
pa/ml (31). After the treatment period, cells wesashed three times with 2 mls PBS and lysed
with 1 ml sterile distilled water. Intracellulaatterial burden was quantified by plating serial
dilutions of the lysates on Luria-Bertaini (LB) agdBD Biosciences) followed by colony counts
24-48 hours later. In experiments aimed to deteernsiynergy between IFiNand other
antibiotics, the following antibiotics and concextions were tested: piperacillin (10 pg/ml, 100

pa/ml), imipenem (1 pg/ml, 10 pg/ml), ciprofloxa€th1 pg/ml, 0.3 pg/ml), gentamicin (200
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pg/ml), chloramphenicol (1 pg/ml, 3 pg/ml), doxytige (1 pg/mi, 3 pg/ml), trimethoprim (0.1
pg/ml, 1 ug/ml). Single antibiotic titration stediwere conducted on infected macrophages and
the above antibiotic concentrations were chosesyoergy studies because they had a small or
negligible effect on reducing intracellular bacdéburden compared to untreated controls. All

of the antibiotic concentrations used to deternsyr@rgism with IFNy had less than a 2 lag

effect at controlling intracellular bacterial burden their own. For experiments that aimed to
guantitate extracellular bacteria numbers aftell®@our treatment period, supernatants were
first gently pipetted up and down to resuspenddyactn wells without disturbing the adhered
macrophages. Then extracellular bacteria weretdated by plating serial dilutions of the

supernatants onto LB agar, followed by colony ce@#-48 hours later.

Pre-activated macrophage infection assay.

In order to specifically study the intracellulantianicrobial effects of fully activated
macrophages, we pre-activated adhered macrophatied=N-y (10 ng/ml) or pre-treated
macrophages with ceftazidime (10 pg/ml) for 18 lsqumor to infection. Following the 18 hour
pre-treatment, macrophages were infected @itthailandensis E264 at a multiplicity of
infection of 5 for 30 minutes. Since we expeci@pid killing of bacteria in IFN- pre-activated
macrophages, the infection time was only 30 min(itetead of the 1 hour infection we
typically use for our resting macrophage infectamsays) so that we could more quickly observe
killing effects. Following the 30 minute infectipmacrophages were washed once with 2 mis of
PBS and high dose kanamycin monosulfate (350 pgiad)applied to kill extracellular bacteria
for 1 hour. Macrophages were then washed twick #inls of PBS and cMEM was applied to

the macrophages for up to 6 hours. In order tarenthat only pre-treatment effects were
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evaluated, no treatments were present during feetian nor the 6 hour assay length. When
NAC (50 mM) or GSH (50 mM) were used in the prenaated macrophage infection assay,
these additional treatments were added for 3 houws to infection and washed off with 1 ml
PBS prior to the infection. We used this timingrefatments to ensure that NAC and GSH
additions would work to decrease the maximal pradoof ROS due to IFN-activation of
macrophages. The length of the assay was shorteréedours from the 18 hour resting
macrophage infection assay because we expectatikidpig of intracellular bacteria. The use
of the pre-activated macrophage infection assgyeaetletermine how fully activated
macrophages might react to intracellular pathogémen there is no lag-time for initiation of
activation. Therefore, we used the pre-activatadrophage infection assay to help predict what
might be occurring in our resting macrophage inéecassay after full IFN-activation of the

macrophages.

Extracellular bacteria killing assay.

In order to evaluate the effects of the treatmentbacterial killing alone, we used a
bacterial killing assay consisting of only bactearad treatments, and in the complete absence of
macrophages. Our goal was to simulate the exaaatlular environment of our resting
macrophage infection model but in the absence afophages. Therefore we used the same
treatment concentrations (see below), the sameanfe®iEM) and volume of media in wells
(500 pul), and the same incubation conditions amesi (see below). Treatments were pre-
prepared, diluted in cMEM, and added to 24-weltgdaat a total volume of 100 pl for

treatments. Treatments were ceftazidime (10 pgiFN-y (10 ng/ml), or GSH (10, 25, 50 mM)

117



or combinations of these treatments. MeanwHilé¢hailandensis was grown to mid-logarithmic
phase from an overnight culture, diluted in cMEMd&00 pls were added to the 24-well plate
already containing the treatments. The initialsigrof bacteria was 1 x I@CFU/well and a
total of 500 ul was present in each well. Platesawncubated at 37°C with 5% ¢@r 18

hours to simulate the same incubation conditionsuagesting macrophage infection assay.
After 18 hours, well contents were resuspendeddwlg pipetting up and down, and surviving
bacteria were enumerated by plating serial dilgiohwell contents on LB agar and counting

colonies after 24-48 hours.

Fluorescent microscopy.

RAW 264.7 resting macrophages were seeded ontob#astides, infected and treated
the same as in the resting macrophage infectiayaasd after 12 hours were fixed with a 1 ml
of a 2% paraformaldehyde solution for 20 minute®am temperature. Cells were
permeabilized with 1 ml of 0.1% triton-X in PBS feminutes and subsequently incubated with
a 1/15,000 dilution of rabbit anBurkholderia serum at 4°C overnight in the dark. Chamber
slides were then blocked with a 0.5% solution ofibe serum albumin in PBS for 30 minutes at
room temperature. Host cell actin was stained piitalloidin at 5 units/well in PBS for 30
minutes in the dark, followed by three 10 minuteskvateps with PBS. Then a goat anti-rabbit
IlgG antibody conjugated to Cy3 was diluted 1/1Gifjed to the chamber slides, and incubated
for 1 hour in the dark. After three 3 minute waskhath room temperature PBS in the dark, the
slides were left to dry and then nuclei were staiweh 15 pl of DAPI-containing mounting
media applied with the coverslip. Images were aequvith a Leica DM 4500B microscope

(Leica Microsystems, Buffalo Grove, IL) fitted withRetiga 2000R camera (QImaging, Surrey,
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BC, Canada) and using QCapture Pro software (QimgagiAdobe Photoshop CS3 version
10.0.1 (Adobe, San Jose, CA) was used to cregle-ttolor overlay images as well as make
global manipulations to the linear parameters atklpoint and individual color brightness for

each image.

Primary bone marrow macrophage culture.

Bone marrow macrophages were generated as preyidestribed (32). Femurs and
tibias were aseptically removed from mice, trarmsiéito 50 ml conical tubes containing Hank’s
buffered salt solution (HBSS) supplemented with2B&, and kept on ice. In a biosafety
cabinet, bones were cleaned of tissue and bone@wmavas flushed from the bones using needles
and syringes filled with HBSS and supplemented @¥#h FBS. Bone marrow was gently
resuspended with gentle pipetting and passed thrautp um nylon filter (BD Biosciences
Pharmingen, San Jose, CA). Cells were centrifagdd@00 rpm for 5 minutes at 4°C. Then
supernatant was removed and red blood cells weesllysing 2 ml of ammonium-chloride-
potassium (ACK) lysis buffer for 5 minutes, follodveanmediately by 20 mls of complete MEM
with antibiotics and 10% L929-conditioned superntgdo dilute the lysis buffer. Cells were
again spun at 1200 rpm for 5 minutes at 4°C. Remgiwhite blood cells were plated in 24-
well plates at a concentration of 2 X*t@lls/ml in complete MEM. Cells were allowed to
adhere to 24-well plates for 3 hours at 37°C and@%after which, non-adhered cells were
washed away three times with room-temperature H&#plemented with 2% FBS. Complete
media with antibiotics and 10% L929 conditioned raegas reapplied to the cells and plates

were returned to the incubator. Addition of 109289conditioned media provided necessary
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growth factors for differentiation of bone marroweioid progenitor cells into the
macrophage/monocyte lineage. Adherent cells wenebiated at I and 5% CQuntil

macrophages reached moderate confluency in w@isdaimately 8-12 days).

Statistical analyses.

Unless otherwise noted, all data is representetidoynean +/- standard error of the mean
(SEM). Means, SEM, and P-values were determinddoéotted using Prism software version
5.00 (GraphPad, La Jolla, CA). A two-tailed Studketitest was used to determine statistically
significant differences between two groups. Fonparisons of three or more groups, the one-
way analysis of variance (ANOVA) was used followsdTukey’s post test for multiple
comparisons. Grouped data was analyzed by twoAMNVA and statistical synergy was
determined as before (33) from the interaction Revaf a two-way ANOVA. The term synergy
describes an interaction between two drugs whigjnaater than either drug alone or the additive
effects of the drugs combined. It is determinedistically by comparing the untreated group,
both single treatment groups, and the combinateatment group. All differences were

considered statistically significant fBr< 0.05.

RESULTS

IFN-vy synergizes with other bactericidal antibiotics tdkill intracellular
Burkholderia. Our previous investigations of immuno-antimicadlitherapy have focused

solely on the ability of the antibiotic ceftazidir@synergize with IFN-(28). We explored
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interactions between IFM-and other antibiotics in our macrophage infectimydel and found a
surprising ability of sub-therapeutic bactericidat not bacteriostatic antibiotics to similarly
synergize with IFNy to reduce intracellular bacterial burden (R. Troged S. Dow, data
unpublished). Furthermore, the synergistic effeth IFN-y broadly encompassed several
classes of bactericidal antibiotics including cdphporins, penicillins, carbapenems,
fluoroguinolones, and aminoglycosides, many of widcpseudomallel are resistant to alone
(results summarized in Table 5.1). We also obskemvenuno-antimicrobial synergy in
macrophages infected with coli (A. Melia, K. Mosovsky, and S. Dow, data not shpwihese
results imply that immuno-antimicrobial synergyween IFNy and antibiotics is widely
observed over several classes of bactericidaliatitb and may be relevant to other Gram

negative intracellular pathogens.

Table 5.1: IFNy synergizes with bactericidal antibiotics.

Antibiotic Drug Class Static/Cidal Synergy?
Ceftazidime Cephalosporin Cidal Yes
Piperacillin Penicillin Cidal Yes
Imipenem Carbapenem Cidal Yes
Ciprofloxacin Fluoroquinolone Cidal Yes
Gentamicin Aminoglycoside Cidal Yes
Chloramphenicol Phenicol Static No
Doxycycline Tetracycline Static No
Trimethoprim DHFR inhibitor Static No

Ceftazidime does not control intracellular replicaion of Burkholderia. Previous
studies had shown that IFNplayed a major role in controlling intracellulapfication of

Burkholderia. Microscopy of RAW 264.7 infected cells visuatignfirmed that these IFN-
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effects were reproduced with its combination wigftazidime, but not by ceftazidime alone
(Figure 5.1). Untreated macrophages formed largikimucleated giant cells (MNGC), with

large hubs of densely replicating bacteria. Baat@round the edges of the MNGC had
polymerized actin tails, signifying their attemptdpread to neighboring cells. The macrophages
and bacteria in the ceftazidime-treated group ldokexy similar, however, any group treated

with IFN-y appeared much different. We confirmed the lac&atin polymerization in IFN-
treated cells that we had seen before, and alsenadxb a lack of MNGC from both IFNtreated
groups. It appeared that without MNGC formatidfi\{y treated macrophages appeared to have
been able to control the intracellular infectionanuoetter than untreated controls or ceftazidime
treatment (Figure 5.1). Noting the similaritiesappearance between ceftazidime and untreated
controls, we hypothesized that the main contributbceftazidime to the synergism must be
entirely through extracellular killing, while thele of IFN<y may be more focused on

intracellular control of bacterial burden. We ficonducted experiments to determine the

specific contribution of ceftazidime extracellu@mtrol of bacterial burden.

Ceftazidime primarily controls extracellular bacterial burden. We first analyzed the
ability of ceftazidime to control extracellular fegation of Burkholderia during the macrophage
infection. We were surprised to find that ceftanie appeared to play a role in controlling
extracellular bacterial burden during macrophadection (Figure 5.2A). We were also
surprised to show that while IFNhad no effect on extracellular bacterial burdealft it
significantly enhanced the ceftazidime effect tatcol extracellular bacteria. This result

prompted us to investigate whether IFFNicreased antibiotic killing or could kill bactantself.
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Figure 5.1: IFN-y alone controls intracellular replication of Burkholderia. RAW 264.7
macrophages were infected wB. thailandensis for 1 hr and subsequently treated for 12

with (A) no treatment, (B) ceftazidime (ng/ml), (C) IFNy (10 ng/ml), or (D) the combinatic
of ceftazidime and IFN= Cells were thefixed, permeabilized, and stainadth phalloidin to
identify host cell actin (green), DAPI to stain fei¢blue) and an-Burkholderia serum followed
by a secondary antibodypgjugated to Cy3 tidentify B. thailandensis (red). Imageswere
captured at 40x magnification aare representative af least two independent experime
The blue nuclei which are not associated with giaestim filaments are thought to be dea
dying cells due t®. pseudomalle toxicity (19, 34, 35)since the loss of filamentous ac
precedes cell death (36).

In our extracellular bacteria killing assay we hrced the same in vitculture conditions, thi
time in a macrophagiee system (see Materials and Methods), and foundceféazidime alons
killed B. thailandensis cultures (Figuré.2B). IFNy had no bactericidal effects alone and

not significantly incease killing du¢o ceftazidime.
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Figure 5.2: Ceftazidime primarily controls extracdlular bacterial burden. (A) RAW 264.7
cells were infected witB. thailandensis and treated for 24 hours with IFNCELO ng/ml),
ceftazidime (10 pg/ml), or the combination of ceiftame and IFNy. During the macrophage
infection, extracellular bacterial burden was assést 0, 6, 10, and 24 hrs post-treatment by
plating serial dilutions of well supernatants (Meerials and Methods for more details).
Significant differences were assessed at all tioietp by two-way repeated measures ANOVA
and compared to untreated control (*P < 0.05, *&B.001). (B)B. thailandensis was treated
with ceftazidime (10 pg/ml), IFN-(10ng/ml) or the combination of ceftazidime andl4ffor

18 hours in the absence of macrophages. Survbactgria were enumerated by plating
dilutions of remaining bacteria after 18 hrs ofitreent. Significant differences were assessed
by one-way ANOVA, a > b (P < 0.0001). Both graphs representative of two independent
experiments with treatment groups run in triplicatejuadruplicate.

This meant that the IFM-enhanced antibiotic effect to reduce extracellbkaterial numbers,
seen in Figure 5.2A, must have been due to{FRdtivation of macrophages, and not IfN-
itself. Taken together these results show thaazefime primarily kills extracellular bacteria in
our macrophage infection model, though I¥#ldetivation of macrophages can contribute to
reduction of extracellular numbers. We had presipghown that IFN and ceftazidime can
interact synergistically to control intracellulaadierial burden, but we had also just shown a

synergistic interaction to control extracellulactaial burden.
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IFN-vy, but not ceftazidime, kills intracellular Burkholderia and prevents
intracellular replication. After showing that ceftazidime primarily controbstecellular
bacterial burden we began to suspect that theofdleN-y and IFNy induced ROS may be
strictly intracellular control of bacteria. To iestigate this hypothesis, we turned to a pre-
activated macrophage infection model to deterntuedrtracellular killing power of
macrophages fully activated by IFN-Shortening the assay to 6 hrs instead of 1&mabled us
to more accurately describe killing in the intrdglalr compartment without confounding by
extracellular bacteria. Macrophages were pre-atto/with IFNy for 18 hours and then
infected withB. thailandensis (see Materials and Methods for further detaiBacteria that had
been taken up into the intracellular compartmemingduthe initial infection were steadily killed
over the entire 6 hr assay (Figure 5.3A). Convegr&urkholderia actually replicated inside
untreated macrophages over the 6 hours. Thistr@eally showed that IFN-activation of
macrophages could induce Killing responses to obmttracellular killing and prevent
replication. The difference in intracellular bacenumbers at time T = 0 between untreated and
pre-activated macrophages was likely due to thén@us time lapse between the start of
infection and the start of the 6 hour experimame suspect th&urkholderia invaded untreated
and pre-activated macrophages equally, but preaeti macrophages likely began killing
bacteria immediately after infection and throughitnét 1 hour kanamycin step (see Materials
and Methods), leading to the small, but significgifference in intracellular burden at time
T=0.

We next evaluated the ability of ceftazidime tatcol intracellular bacterial burden.
Microscopy images of infected macrophages showaidciftazidime didn’t appear to play a

major role in control of intracellular bacteria nlbens (Figure 5.1).
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Figure 5.3: IFN-y alone kills intracellular bacteria and prevents relication. (A-B) RAW

264.7 macrophages were pre-activated with {46 ng/ml) or pre-treated with ceftazidime (10
png/ml) for 18 hrs prior to infection witB. thailandensis. At indicated times lysates were plated
to enumerate surviving intracellular bacteria. TAne course of intracellular killing due to pre-
activation with IFNy prior to infection. Significant differences comed to untreated control
were assessed at each time point by two-way ANOVA(< 0.001). (B) Intracellular

bacterial burden after 6 hours of infection. Statal differences were assessed by one-way
ANOVA, a > b (*P < 0.0001). Both graphs are repentative of two independent experiments

run in triplicate or quadruplicate.

Furthermore, we had previously found that wholé io&lacellular concentrations of ceftazidime
(either alone or without IFN-stimulation) were more than 50 fold below the MIC

ceftazidime (R. Troyer and S. Dow, unpublished datdbowever, if ceftazidime was taken up
into specific compartments, the localized conceiatneof ceftazidime could be much higher. To
determine the contribution of ceftazidime to ingthdar killing, we pre-treated macrophages for
18 hours with IFNy (as before), or ceftazidime, or the combinatiobath drugs. We then
removed all treatments and infected the macrophagbs. thailandensis. After 6 hours we
lysed the macrophages and determined survivingbadiy plating dilutions of lysates onto LB

agar. Only macrophages pre-treated with fFdhowed intracellular killing oBurkholderia
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during the 6 hour assay (Figure 5.3B). Macrophagedreated with ceftazidime were both
unable to control intracellular bacterial burden anmable to enhance the killing effect seen with
IFN-y activation. These results suggest that over 18shceftazidime is unable to accumulate in
macrophages to an extent that could reduce bdatemabers. Taken together these results
support a role for IFN-but not ceftazidime in contributing to killing the intracellular

compartment.

IFN-y induced ROS kills intracellular bacteria. We had now shown a role for
ceftazidime to kill extracellular bacteria and &rfor IFN-y to kill and prevent replication of
intracellular bacteria. However we had not spealfy investigated the role for ROS in either of
these compartments. In chapter 4 we had shownRNat induced ROS responses were
involved in the mechanism of immuno-antimicrobighergy by showing that antioxidants NAC
and GSH could reverse the synergistic intracelliléiing. However, now that we had gained an
appreciation of the role for compartmentalizedikglin the immuno-antimicrobial synergy, we
began to speculate whether NAC and GSH were spaltyfireversing the IFN-intracellular
killing, the ceftazidime extracellular killing, doth. Or in other words, was ROS important for
the IFN+ effect, the ceftazidime effect, or both?

We first evaluated the role of ROS in IFNactivated macrophages. We showed that
antioxidants NAC and GSH could both partially reseethe intracellular killing oBurkholderia
due to IFNy-activated macrophages (Figure 5.4). Furthermaiag the bone marrow
macrophages from phdxmice, which lack a functional NADPH phagocyte @sdd, we showed

that synergy between ceftazidime and H-Was partially reversed in these mice comparetido t
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Figure 5.4: IFN-y mediated intracellular killing is partially dependent on ROS. RAW

264.7 macrophages were pre-activated with {46 ng/ml) for 18 hrs and treated with NAC
(50 mM) or GSH (50 mM) for the last 3 hrs of the{treatment period. Treatments were then
washed away and macrophages were infectedBuvithailandensis. Intracellular bacterial

burden was assessed 6 hours after MEM was reappl@dcrophages by plating serial dilutions
of lysates (see Materials and Methods for moreildg¢taa > b > c > d (P < 0.05). Data is
representative of two independent experimentsmuquadruplicate.

C57BL/6 background-matched controls (Figure 5'6ken together, these results suggest a

partial role for ROS in the mechanism of IkNrediated killing of intracellular bacteria.

GSH reverses ceftazidime killing of bacteria.After showing only a partial role for
GSH to reverse IFN-mediated intracellular killing, we were especiafiterested in whether or

not GSH could reverse ceftazidime mediated exti@eelkilling.
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Figure 5.5: IFN-y induced ROS Kills intracellular Burkholderia. Resting bone marrow
macrophages from C57BL/6 or phox KO mice were itgeavithB. thailandensis for 1 hr and
subsequently treated with ceftazidime (3 pg/mijFdi-y (10 ng/ml) for 18 hrs. Cell lysates
were then plated to determine remaining intracatlbacteria burden. Synergy between K-N-
and ceftazidime was determined separately for C3@Blacrophages and phoxmacrophages.
Statistically synergistic interactions were assg¢setwo-way ANOVA (*P = 0.0164).

In our macrophage-free bacteria killing assay, he\ed that GSH reversed ceftazidime
mediated killing in a dose-dependent manner, wath@ete reversal of killing at 100 mM
(Figure 5.6). Although we do not suspect that tegilt implies that the mechanism of
ceftazidime killing is ROS-mediated, further inugation into the mechanism of this reversal is
required to fully understand this effect. Takegetiher, these results with GSH reversal of both
IFN-y and ceftazidime mediated killing in separate cortmpants, suggests a dual role for this
antioxidant to interfere with immuno-antimicrobginergy either through scavenging IkN-

induced ROS, or by some yet unknown mechanismtefference with ceftazidime killing.
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Figure 5.6: GSH reverses ceftazidime killing oBurkholderia. B. thailandensis was

incubated for 18 hours with ceftazidime (10 pg/mith or without GSH in a macrophage-free
bacteria killing assay. Surviving bacteria weraraerated by plating dilutions of remaining
bacteria in wells. Significant differences wereessed by one-way ANOVA,a>b>c>d (P<
0.05). Graph is representative of two independgperiments with treatment groups run in
triplicate or quadruplicate.

DISCUSSION

We have shown previously that IFNsynergizes with ceftazidime to control intracedhul
bacterial burden frorBurkholderia infected macrophages as well as protect mice fedhal
infection withBurkholderia (28). In chapter 4 we showed that IFNiduced ROS was essential
for the synergy observed between Iffldnd ceftazidime, and furthermore, that this ROS
response prevented vacuolar escadguokholderia. In the present chapter we expanded on the
individual contributions of both ceftazidime and\iy to the synergistic interaction. We show
that while IFNy and ceftazidime synergistically interact to redbeeterial burden

intracellularly, we also show that they synergaiticinteract to reduce extracellular bacterial
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burden. We found that each drug contributes pilyntr control of bacterial numbers in either
the extracellular or intracellular compartment, alsb that numbers of bacteria in one
compartment can impact the other compartment.

We first discovered that other bactericidal, boit Ibacteriostatic, antibiotics were capable
of interacting with IFNy to synergistically reduce bacterial burden insidected macrophages.
This result showed that immuno-antimicrobial syiyasga broadly observed interaction with
other classes of bactericidal antibiotics. We thleowed that ceftazidime primarily controls the
extracellular bacterial burden in our macrophagdecitron model. Through experiments that
measured extracellular bacterial burden either wiitivithout the presence of infected
macrophages (Figure 5.2), we showed that ceftaeiavas responsible for the reduced
extracellular bacteria numbers. We showed thatFdtivated macrophages, but not IFN-
itself, only contributed to enhanced reductionxdfa&cellular bacterial burden when ceftazidime
was present. Although we have speculated thatyliiduced ROS may cross the membrane
and interact with ceftazidime in the extracellldarvironment, we have already taken steps
towards confirming a lack of interaction betweeftamdime and ROS in the extracellular
compartment. We combined supernatants from {rdtivated macrophages with ceftazidime,
in a modified and shortened bacteria killing assay found no evidence of interaction resulting
in increased control of bacterial burden (Figurg.A8Ilthough supernatants from IFN-
activatedand infected macrophages may combine with ceftazidime to irsgeantrol of
bacterial burden, we suspect that this is not #se csince there was no effect and not even a
trend for an effect in Figure A9 using uninfectell Therefore, we suggest that the HN-

activated macrophage ability to contribute to cafteme control of extracellular bacterial burden
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is specifically due to IFN-prevention of replication, cell-to-cell spread decreased
macrophage lysis.

We then showed that IFfNactivated macrophages killed intracelluBarkholderia and
also prevented intracellular replication, whiletaefdime pre-treated macrophages were unable
to significantly control intracellular bacterial tolen. IFNy also appeared to inhibit cell-to-cell
spread of infection in microscopy imagesBof kholderia infected macrophages. In these three
ways, it is clear that IFN; and IFNy alone, controlled intracellular bacterial burdéfie also
observed a partial reversal of the IfFMaediated killing effect of IFN-activated macrophages
owing to NAC or GSH, suggesting a partial role RS in the IFNy mediated killing of
intracellularBurkholderia.

Our results enable us to present a novel moddtsaribe the dynamics of the
macrophage infection assay (Figure 5.7). In treeabe of antibiotic, extracellular bacteria
replicate and are a source for further infectiomatrophages. In the absence of iMNnd
more specifically IFNy induced ROS, intracellular replication and celietl spread both go
unchecked and eventually high bacteria numbersroqaure the macrophages, spilling back
into the extracellular compartment. Therefore et there is some level of constant
exchange of bacteria between the intracellulareattichcellular compartments which makes the
control of one compartment’s killing inadequategduce overall numbers in the system as a
whole. It is only when both extracellular and adellular bacteria numbers are controlled
simultaneously that the synergistic interactioadhieved. This explanation also clarifies why

bacteriostatic antibiotics were not synergistidcwWREN-y.
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Figure 5.7 Compartmentalized killing describes the mechanism ofymergy between IFMy
and ceftazidime. During themacrophage infection assthere isa constant exchan between
bacteria in the intracellular and extracellular pamments through invasidnto cells and
eventual ruptureut. Therefore it is onl'with IFN-y control of intracellular spread ai
replication,combined with ceftazidime control of extracellt bacterial burderthat synergy is
achieved with low bacterial burden in the systera agole Filamentous bacteria are showr
ceftazidime and ceftazidime + ll-y treatment groups as seen in our actual macrog
infection assay. Although filamentobacteria account for a significant proportion aheening
bacteria in the combination therapy treated maagps, their role is undetermined as of nc
Further experimentation will be required to detereniheir role in our macrophage infect
assay (see Chapterfdr suggested future experimen

We believe our data suggest that there is no ictierabetween IF-y induced ROS an
ceftazidime in the same compartr and instead, compartmentalized killing can compye
explain the observed synergism. Ceftazidime wbalke to be taken up into the cell forad
interaction to occur in the intracellular comparttheWe had previously determin
intracellular concetnations of ceftazidime to be around 50 fold lowen the MIC. To confirn
that low levels of ceftazidime didn’t have a rabeeinhancing IF-y mediated killing, we showe
that any ceftazidime thatas taken up during the 18 hour |-treatment of macrojages was not
sufficient to control intracellular bacteria on @&n or enhance the If-y effect (Figure 5.B).

It is unlikely that IFNy induction of ROS responses could be enhancingdfiazzdime killing
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of extracellular bacteria during the macrophagedtibn since KO; is typically degraded before
it can significantly accumulate across a membr&ig. (But to confirm this theory, we showed
that IFN< had no direct role in extracellular killing (Figu$.2B) and supernatants from IFN-

activated macrophages were unable to interacteeittazidime to reduce bacteria (Figure A9).

In chapter 4 we had shown a strong role for fFiNeluced ROS in the synergistic control
of intracellular bacterial burden between IFMnd ceftazidime. It may seem a contradiction
then, that in this chapter we show that lfrldre-activated macrophages Kkill intracellular baate
and yet we only show a minor role for ROS in thehamism of this killing. We believe
differences in timing between infection and IFMctivation may account for the observed
difference in the contribution of ROS. For examplben resting macrophages are stimulated
with bothBurkholderia and treatments around the same time we see tRat ifrduced ROS are
critical for synergy owing to complete reversalmfacellular control of bacterial burden with
addition of antioxidants. In contrast, when we-acéivate macrophages first, with 18 hours of
IFN-y stimulation, and subsequently infect wigbrkholderia, we see only a small reversal of the
IFN-y killing with antioxidants, suggesting only a smalle for ROS as the mechanism of
killing.

One explanation for the observed deficiency of R@sliated killing in the pre-
activation model may be that IFNactivation in the absence of bacterial stimulagbaits a
different degree of ROS response than simultaneotstivation. This explanation is supported
by other studies which have similarly shown diffezes in the types or degrees of macrophage
responses between macrophages pre-activated wikings alone versus macrophages
simultaneously activated with cytokines and patingg@8-40). Furthermore, in our pre-

activation studies, we imagine that any NAC and G&tén up during the 3 hour incubation is
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likely used immediately to scavenge ROS or sertaeraantioxidant roles. We predict that a
more robust ROS responiselicited after bacterial infection of the pre-aeted macrophages
and that the RO8oes significantly contribute to the observed time-dagent killing of
intracellularBurkholderia, however there are no longer sufficient antioxtdavailable to
reverse the killing and show the strong role forSRQAnother likely explanation for the
discrepancy between the role of ROS between thentaaels of infection, is that in the first
model, GSH addition to the combination therapy pl reversed some of the ceftazidime
mediated extracellular killing. This would allotvet extracellular pool of bacteria to replicate
unchecked and infect more healthy cells, which@dwlp explain the apparently high role of
ROS.

In this chapter we showed that GSH completely nsack ceftazidime-mediated killing in
a macrophage-free bacteria killing assay. Oneaggpion for this effect is that GSH interfered
with the common mechanism of antibiotic killing olving ROS generation in bacteria (41-45).
However, several recent studies show strong evalagainst a ROS-dependent mechanism of
antibiotic killing (46-48). Additionally, one stydspecifically showed that exogenous
glutathione could proted. coli against bactericidal antibiotics as well as baas¢atic
antibiotics which do not induce oxidative stresgygesting that the protection afforded by GSH
extends past a purely ROS-scavenging role (49)di& show that other antioxidants such as
ascorbic acid are also capable of protecting agamtsbiotic killing, suggesting a broader
protective effect (50, 51). Taken together theseilts suggest that it is unlikely that GSH, in our
study, interfered with a ROS-mediated killing madbkan of ceftazidime.

One possible explanation for the GSH effect ofbitimg antibiotic killing is that GSH

has in some way blocked antibiotic activity, eitt@ough direct reaction and inactivation or
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through conjugation. Perhaps the best way to skbether GSH blocks antibiotic activity

would be to pre-treat bacteria with high doses 8HGirst, wash cells, and then add antibiotics.
In this way, bacteria would be pre-loaded with ainéioxidant, and ceftazidime would be unable
to directly interact with it. One study has alrpadnducted a similar study i coli and has
shown that pre-treatment Bf coli with GSH or ascorbic acid did not protect bactagainst
subsequent treatment with streptomycin, suggestiatgGSH must be present with the antibiotic
to exert its protective effect (50). This restfbagly suggests that in our experiments, GSH and
directly blocked ceftazidime activity or inactivdtéhe antibiotic.

In mammalian cells, protection from electrophigesl xenobiotic compounds has been
shown to occur through conjugation of these comdsua GSH, a reaction that is catalyzed by
glutathioneStransferases (GST) followed by secretion fromdiié(52). Bacteria also possess
GSTs and it is speculated that bacteria may betaldgnilarly use GSH conjugation to reduce
or eliminate the threat of antibiotics, althoughstadies have shown this to be true at this time
(50, 53). Itis possible that in our experimeBtskholderia uses GSTs to conjugate GSH to
antibiotics and eliminate their threat. Howevéwe were to find that antioxidants besides GSH
also protecBurkholderia against antibiotics, then GSTs would not be ingtéd in the
protection, since conjugation specifically reliesabsource of GSH and not just any antioxidant.
Although we have not conducted experiments witleo#ntioxidants, studies by Goswami et. al.
have shown a role of other antioxidants such asrhgcacid to protect bacteria from deadly
antibiotics (50, 54). Therefore we believe itmgrobable that GSTs are involved with
antioxidant protection dBurkholderia from ceftazidime, and instead, direct reaction and

inactivation of antibiotics by antioxidants mayoere likely.
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Our results also suggest against the use of &melatd kanamycin protection assay to
define specific and individual IFN-effects. The kanamycin protection assay, usuelgd as a
tool to study the cellular response to IFNs a type of macrophage infection in which
macrophages are treated with extracellular antdsaturing the entire experiment. The purpose
of the addition of extracellular antibiotics is@nable the exclusive study of intracellular effects
Instead, we propose that in most macrophage infectiodels any addition of extracellular
antibiotics is likely enhancing the overall bacékilling in the system, which may artificially
enhance the observed effect of the H-Blone. Antibiotic killing in the extracellular
compartment limits the number of viable bactergt tan infect healthy cells. In this way, the
intracellular bacterial burden is likely to be muolwver than in these cells than in cells only
treated with IFNy. Furthermore, in studies that monitor cell vidpileven a minor decrease in
macrophage viability could be due to rupture of mphages and release of hundreds or
thousands of bacteria back into the extracellyacs. If it weren’t for the antibiotics in the
extracellular compartment, these bacteria woulelyike-infect nearby healthy cells. Both of
these scenarios warn that scientists may be inshtgr documenting results as an effect of
IFN-y alone, when in fact, it is more probably an exargdlimmuno-antimicrobial synergy,
similar to our IFNy plus ceftazidime treated macrophages. Therefogesaution against the
kanamycin protection assay as a model to descrdiegée intracellular treatment effect.

In conclusion, we have shown that the major meishanf immuno-antimicrobial
synergy is due to separate and compartmentalizigdhkof IFN-y and ceftazidime. We
provided evidence that IFNalone Kkills intracellular bacteria and we alsowgéd a role for
ROS responses as a mechanism of this killing. aZigfime alone was shown to kill extracellular

bacteria and killing was completely reversed by G$idture studies are required to determine
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the exact mechanism by which GSH protects agantgiiatics, but regardless, we show
important and relevant evidence that the antioxi®H effectively eliminates the killing
capacity of ceftazidime. This result may have icgilons for avoidance of antioxidant
supplements during infection, as they may inaot\aattibiotics. Taken together, our results
suggest that the classical macrophage infectioretis@ dynamic system of intracellular and
extracellular bacteria. We further conclude trattml of bacterial burden in each compartment
can lead to strong synergistic reduction of baateom the entire system. Knowing the role of
compartmentalized killing in immuno-antimicrobi@krapy opens avenues to explore other
therapies using any number of drug combinationslwhan reduce at least one compartment’s

bacteria load.
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CHAPTER 6: OVERALL SIGNIFICANCE AND

FUTURE DIRECTIONS OF SPECIFIC AIMS

RESEARCH SUMMARY AND SIGNIFICANCE

The main goal of the research presented in tesediation was to determine the
mechanism by which IFN-interacts with ceftazidime to synergistically elate intracellular
bacterial burden inside infected macrophages.hépter 3 we explored several potential
mediators of immuno-antimicrobial synergy. Whileshof our results in chapter 3 showed
evidence against our targets as major mediatatseasynergistic effect, we maintain that these
negative data may help future scientists, espgdiatise which pursue a similar topic. In
chapter 4 we identified an interaction between lFNeduced ROS responses and ceftazidime to
synergistically reduce intracellul8urkholderia. Furthermore we demonstrated a role for FN-
induced ROS to prevent vacuolar escape which ledack of actin polymerization and reduced
intracellular replication. In chapter 5 our resyitovided evidential support for a new model to
describe the dynamics of the classical macrophafgetion model. We also determined the
separate independent roles for Iffldnd ceftazidime. IFN-controlled intracellular replication
and spread of infection, due in part to ROS respsnshile ceftazidime alone killed
extracellular bacteria.

We believe that our new understanding of the obleompartmentalized killing in
immuno-antimicrobial therapy creates new possibgifor drug combinations for enhanced
treatment of not onl. pseudomallei infection, but potentially other Gram negativeacellular

pathogens, too. Just as we have already showntthat bactericidal antibiotics are capable of
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synergizing with IFNy, we also propose that other compounds or drugshwdmhance
macrophage killing capacity or interfere with thé&acellular lifestyle intracellular pathogens,
may synergize with ceftazidime therapy. The bast@ates for such compounds would be
agents that directly induce a strong, endogenolsylFesponse or induce endogenous ROS
production, a mediator of IFNM+esponses. We have already shown evidence efficacy of
both of these approaches. We previously founddhiadnic liposome-DNA complex (CLDC)
elicited a particularly strong IFN+esponse which could then interact with ceftazelineatment
to synergistically enhance survival rates of macéethalB. pseudomallel challenge (1, 2). We
also have also already shown that other ROS-indusach as BSO, are capable of synergy with
ceftazidime, which supports the use of other R@8wators as non-specific, antibiotic
enhancing agents.

The effectiveness of the immuno-antimicrobial #psr suggests the possibility for
decreasing the dose of ceftazidime given to patielmically if IFN-y, IFN-y inducing drugs, or
other ROS-inducing drugs are given alongside astiibtreatment. Additionally, immuno-
antimicrobial therapy could reduce the length ef shiggested two-week intravenous ceftazidime
treatment since the intravenous antibiotic phaseadfoidosis treatment is the most expensive
and invasive portion of treatment and is not pcattivhere access to healthcare is limited (3-5).
Our results with in vivo administration of BSO wahb-therapeutic doses of ceftazidime
showed 100% survival of mice, suggesting that deaée doses of ceftazidime may still fully
protect against melioidosis when administered ®Wi@®S-inducing drugs. Furthermore, the dose
of BSO that was used in our study, 2 mmol/kg oraagydor three days, was well below the
suggested dose of 8 mmol/kg every 4 hours (6),estgyy that we have already found a lower

dose of BSO to be successful as well.
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In conclusion, we have discovered a novel platftonfuture studies on drug
combinations to enhance pathogen elimination. Mggeast that a drug which only targets
intracellular killing may combine well with a drdlgat only targets extracellular killing to
synergistically reduce the number of bacteria sndiistem as a whole, reduce spread of the
infection, and maintain the health of host celglditionally, our results warn against the use of
certain ROS-scavengers and antioxidants as nuigit&upplements, because they may mitigate
the potency of antibiotic treatment during acufecation through eliminating the beneficial host

ROS response or through inactivation of antibiotics

UNANSWERED QUESTIONS AND FUTURE DIRECTIONS OF SPECIFIC AIMS:

We have answered the major questions that wedetethrough our research into the
mechanism of immuno-antimicrobial synergy, howewar results have generated many more
guestions that now need to be answered in ordeitlyounderstand the synergy. We have

outlined these questions below and suggest expetsn@wards finding their answers.

How does ROS prevent vacuolar escape?

We found that IFNr and BSO, another ROS inducing drug, preveB@dholderia from
escaping the phagolysosome. The significancei®fdésult cannot be overstated. By preventing
vacuolar escape, ROS can inhibit replication indyteplasm, actin-tail polymerization, and also
cell-to-cell spread of the infection. Furthermdtes IFN< induced ROS effect has been

confirmed for other intracellular pathogens (7-8ut how ROS prevents vacuolar escape is still
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an unanswered question. One possibility is thaemsed ROS, due to IFNactivation, Kills
bacteria in the phagosome before they have a cliareseape. Increased ROS could Kill
bacteria directly through irreparable damage to Dawél protein, or ROS could interact with
other phagolysosome components to increase killiray. example, some scientists speculate
that ROS may gain better access to bacteria dperés or holes formed by antimicrobial
peptides (10).

Another alternative is that ROS responses in tiagpsome down regulates gene
expression or otherwise interferes with the T3S§y3aratus, which is necessary for rapid
escape of the vacuole (11-13). Future studiesldhook at gene expression levels of
Burkholderia trapped in the phagolysosome of IFNreated macrophages, to determine if
components of their T3SS-3 apparatus and/or preféectors are down-regulated compared to
bacteria in untreated macrophages. However, veséar that differences in gene expression
may simply arise from imprecise timing of the cotlen of control bacteria. Therefore a more
straight-forward solution would be to infect madnages with mutant bacteria lacking a
functional T3SS-3 and then either treat with If-NFr leave macrophages untreated. Mutant
bacteria will be unable to escape the phagolysosegerdless of treatment, however, if the
increase in ROS, due to IFNs directly microbicidal, we would expect greaitgracellular
killing in the IFN+y treated macrophages. This result would suggastifiN-y, through

induction of ROS, creates a phagolysosome whiamoige toxic to bacteria.

Does increased time in phagolysosome equate to irased killing?

If increased ROS due to IFNer BSO isn’t found to directly kilBurkholderia in the

phagolysosome, and instead, ROS is suspectecetteirg with T3SS-3 function, then we could
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ask the question does prevention of vacuolar esaetpally lead to increased killing? We

would hope that increased exposur@®oitkholderia to phagosome contents such as AMPs,
lysozyme, and proteases would lead to increasedd{10), however studies show tHat
pseudomallei is resistant to many host-derived antimicrobidedses (14, 15). Therefore, it is
important to determine whethBurkholderia that fail to escape the phagosome due to¥FN-
induced ROS, are eventually killed or instead nedgla¢ ability to escape, exhibit delayed escape,
or perhaps remain inside the phagolysosome foxeaméded period of time. We could easily

test these ideas using confocal microscopy to saket-interval time-lapse images of a particular
IFN-y treated macrophage with intracelluBurkholderia. This experiment would more

definitively show whether preventing vacuolar eschps the degree of impact that we suspect.

Would immuno-antimicrobial therapy be an effectivetreatment for chronic melioidosis?

All of our studies on immuno-antimicrobial therapgve focused on treatment of acute
melioidosis both in vitro and in vivo. However, \aee curious if IFNy and ceftazidime might
be effective treatment for chronic melioidosisyinich an infection has already been established
for quite some time. C57BL/6 mice are good moémi€hronic melioidosis as they can carry
heavy bacteria loads in liver and spleen for sédweeaks before succumbing to death (16).
Future studies will investigate the effectivenesi=dl-y or BSO combination with ceftazidime
in a chronic melioidosis mouse model in the ho iftmmuno-antimicrobial therapy will be
equally effective at later points of infection. \Mever, some studies suggest that K-IN¥-not
helpful, and instead is detrimental, in some modéksstablished infections (17). There is a
correlation between increased serum H-8ihd increased severity of disease and prognosis in

BALB/c mice as well as human patients with meliaido(17, 18). Furthermore, a possible
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explanation for the high susceptibility of BALB/a B. pseudomallei has been its high, but
slightly delayed, IFNy response (17, 19). However these studies werduoted with acute
melioidosis. We still believe that in a chronicaeblIFN-y would be beneficial and enhance the

efficacy of ceftazidime treatment.

Are mitochondrial ROS and NADPH phagocyte oxidase-gnerated ROS equally important

for the IFN-y effect?

It is well known that IFNy increases expression of ROS in macrophages asN\&&IPH
phagocyte oxidase subunit expression (20, 21putrsystem, we have not evaluated whether
IFN-y substantially increases mitochondrial ROS productalthough activation of NADPH
oxidase has been shown to increase mitochondrid pOduction (22), and it is conceivable
that mitochondrial ROS contributes to some threglobltotal cellular ROS required for the IFN-
y effect. GSH is known to have similar distributmithin the cytoplasm, mitochondria, and
nucleus, though we are unaware of any studiesthat identified the GSH concentration or
localization in vacuoles such as the phagosome (RBcursors to GSH, such as NAC, have
been shown to eliminate mitochondrial ROS as welealuce the respiratory burst from
polymorphonuclear cells (24, 25). Therefore weudthaetermine whether addition of GSH to
our system has specifically scavenged NADPH oxidgseerated ROS, which we assume to be
the main source of increased ROS due to ytimulation, or mitochondrial ROS.

We propose future experiments to first test whethisochondrial ROS actually plays a
role in the IFNy effects. First we would detect an increase ialtottracellular ROS due to IFN-
y using carboxy-H2DCFDA and flow cytometry. We webalbompare this increase in total ROS

to any increase in mitochondrial ROS using mitoS@©X a dye that detects superoxide
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specifically from mitochondria. This experimentwid indicate whether mitochondrial ROS is a
component of IFN¢ induced ROS, though if it were not, we could natlede the possibility

that mitochondrial ROS still contributes to the @lkethreshold of intracellular ROS which may
be important for IFNg killing and prevention of vacuolar escape. Welddhberefore use a
specific mitochondrial antioxidant, such as mitoTE®! (26) or SS peptides (27), to determine
the necessity of mitochondrial ROS to IFMrediated killing and prevention of vacuolar escape
We could similarly use an NADPH oxidase inhibitsuich as apocynin (22) to determine the
relative importance of NADPH oxidase to IkNwediated killing or vacuolar escape, though a
more definitive result would come from measuring killing efficiency of bone marrow

macrophages from phO’)‘(mice pre-activated with IFN-and compared to a wild-type control.

Can other roles of GSH and NAC explain the reversabf immuno-antimicrobial synergy?

In chapter 4 we showed that NAC and GSH sinyileel/ersed IFN¢ and ceftazidime
immuno-antimicrobial synergy and provided evideti this effect was due to their
antioxidant properties. In our macrophage infectimodel, GSH and NAC have only shown a
measurable effect, namely the reversal of synevgen ROS is known to be increased.
Although this result is consistent with a ROS-scaweg role, we cannot exclude the possibility
that GSH and NAC may function in a different, nariaxidant role to reverse the immuno-
antimicrobial synergy, especially because we hawenthought to test the ability of GSH and
NAC to reverse ROS-independent killing before now.

NAC has also been shown to delay cell death am@itrapoptosis through down-
regulation of caspase-8 protein and mMRNA expressisnvell as inhibition of caspase-3 and

caspase-7 proteolytic processing (28-30). Theedfas a possibility that NAC, rather than
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scavenging IFNrinduced ROS, interfered with programmed cell deattich is thought to be a
mechanism of macrophages to eliminate the intraleelhiche for intracellular pathogen
replication (31, 32). To test this, we proposeifatexperiments with fluorescent microscopy of
macrophage infections and simultaneous treatmehtl#N-y and NAC. If NAC serves an
antioxidant and ROS-scavenging role, we shouldseterial actin tail formation and replication
in cytoplasm inside macrophages treated with fFNNAC combined treatment, signifying
escape from phagolysosomes. On the other haN&\Gf functions through inhibition of
programmed cell death, we will likely see preventod vacuolar escape similar to IFN-

Similar studies could be conducted with GSH.

Finally, GSH has been shown to inhiBitcenocepacia adherence to and uptake into
respiratory epithelial cells due to alteration @flox status of surface proteins (33). Therefore,
GSH could have inhibited uptake Bfthailandensis in our macrophage infections. However we
do not believe this is the case since inhibitingakp would hypothetically lead to lower
intracellular numbers instead of higher ones asiaxe regularly seen with GSH treatment in

our experiments.

Does infection of pre-activated macrophages eventlainduce a robust ROS response?

We have speculated in chapter 5 that pre-actiwatfonacrophages with overnight
incubation with IFNy likely elicits a different degree of ROS responsempared to
macrophages simultaneously stimulated with fF&hkdBurkholderia. However we suspect that
pre-activation with IFNy followed by infection withBurkholderia, would likely elicit a similar

response to co-stimulation, if given the same arhotiime. This is an important point, since
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we argue that ROS responses probably play a laotgeem IFN+y mediated killing, than our
assay allows for us to determine. In order tomeige if infection of pre-activated macrophages
eventually induces a robust ROS response, we waaksure intracellular ROS production in
these macrophages over time starting just befdeetion and sampling at various time points
until 18 hours post infection. We would then congpthe maximal ROS response to the ROS
responses of macrophages co-stimulated withFedd bacteria for 18 hours. These
experiments would determine the relative degred®@® responses with pre-activation versus

co-stimulation.

Do bactericidal antibiotics kill B. pseudomallel through a ROS-dependent mechanism?

In the discussion section of chapter 5 we raibedjquestion of how GSH protects
bacteria from antibiotic killing. One explanatimthat GSH may function as an antioxidant to
scavenge deadly ROS generated in bacteria by thenoa mechanism of antibiotic-mediated
death (34-38). However many recent studies progidgence that antibiotics do not Kill
through ROS-mediated pathways (39-41). To mormitieely determine ifB. pseudomallei is
killed by antibiotics in a ROS-dependent mannercawld treat &atG mutant strain, lacking
catalase and peroxidase activity, with antibiotind compare its susceptibility to a wild-type
strain. Antioxidant and ROS-scavenging mutantdregchave similarly been used to determine
the role of ROS in antibiotic killing (40, 42, 43Jf. antibiotics kill through ROS-dependent
mechanisms, a mutant incapable of degrading the RXS generated by antibiotics, would be
more susceptible to antibiotic killing, loweringetiMIC for a particular antibiotic compared to a
wild-type strain control. We do not suspect a R&diated mechanism for ceftazidime

lethality, therefore we would not expedtaG mutant to be more susceptible to ceftazidime.
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How do GSH and other antioxidants protect bacterigrom ceftazidime?

If GSH and other antioxidants don’t protect agaargibiotics by scavenging antibiotic
induced ROS, then what is the mechanism of antamtigrotection? In chapter 5 we discussed
evidence that suggests that antioxidants playeainogither blocking or inactivating antibiotics
(44-46). Evidence for antioxidant inactivationtdocking of antibiotics comes from studies that
show that exogenous but not endogenous GSH isgira€44) and GSH must be present at the
time of antibiotic treatment to exert its proteeteffects (45). Additionally, GSH may not be
protective for Gram positive bacteria suggestif@gram negative specific component to the
protective effect (47). We suggest an initial expent to determine whether, in our system,
ceftazidime is inactivated through direct reactigth GSH or conjugation to GSH. If other
antioxidants besides GSH prot@&&trkholderia against different classes of antibiotics, then &ST
are not likely involved in the GSH protection agdiantibiotics since GSTs only use GSH for
conjugation and not just any antioxidant. Furtstedies would need to be conducted to

understand any direct reaction or inactivationeadfazidime with antioxidants.

What role do filamentous bacteria play in our macr@hage infection model?

We have seen through microscopy that flameBigd#holderia often make up a large
proportion of the remaining intracellular and egettular bacteria in the macrophages treated
with the combination therapy (Figure 5.1). We ewgous about the role of filamentous bacteria
in our macrophage infection system, especiallyesstadies show them to have decreased
virulence compared to nonfilamentddsrkholderia (48). Chen found that filamentous bacteria

reverted back to a nonfilamentous form after aatibs were removed, but these bacteria were
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resistant to antibiotics. Similarly, our prelimmgaxperiments suggest that flamentous bacteria
may be resistant to high doses of antibiotics (FRgAL0). If filamentous bacteria show more
antibiotic resistance, are these bacteria resplenfgibinfection relapse? Why are there more
filamentous bacteria in macrophages treated wilctmbination therapy? Future

investigations should investigate these still umsared questions.

Future directions summary

As illustrated in this chapter, there are seveeaV directions in which we could take this
project. We believe that one of the most presgungstions is whether both NADPH phagocyte
oxidase generated ROS and mitochondrial genera®si &e both important for the IFN-
effects seen in immuno-antimicrobial synergy. Awotimportant question to address is how
ROS can prevent vacuolar escape of bacteria iplthgolysosome. Future studies will certainly
address these questions and the others suggedtes ahapter. It is our hope that we can better
understand the mechanism of immuno-antimicrobiaésyy and use our understanding to

suggest therapy enhancements for treatment of itediis.
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APPENDIX I: SUPPLEMENTAL FIGURES

Timecourse of CXCL10 Protein Concentration
in Supernatants of Infected RAW cells
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Figure Al: Timecourse of CXCL10 protein concentraion in supernatants during
macrophage infection. RAW 264.7 macrophages were infected vithhailandensis and

treated with either ceftazidime (10 pg/ml), IFN10 ng/ml), or the combination of ceftazidime
and IFNy. At 6, 8, 10, 13, and 18 hours after treatmesdraple of supernatant was taken from
wells and assessed for CXCL10 protein concentrdtioBLISA. Statistical differences
compared to the untreated control were assessahébrtime point by repeated measures two-
way ANOVA, *P < 0.05. Data is representative ok@xperiment with treatment groups run in
triplicate.

159



Bacteria Killing Assay with Ceftazidime
and LL-37 Simultaneous Treatment
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Figure A2: Additive inhibition effects of LL-37 and ceftazidime when simultaneously

added toE. coli. E. coli was grown to mid-log phase and subsequently tlestaultaneously
with ceftazidime (50 ng/ml), LL-37 (15 pg/ml), ceftazidime and LL-37 for 6 hours on a rotary
shaker (200 rpm). Surviving bacteria were enuneeraly plating serial dilutions of remaining
bacteria on LB agar followed by colony counts 24h&8rs later. Statistical differences were
assessed by one-way ANOVA and Tukey’s post-testha ¢ > d, P < 0.05. Datais
representative of one experiment with treatmentigsaun in quadruplicate.
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Bacteria Killing Assay with Burkholderia
Pre-treated with LL-37 before Ceftazidime
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Figure A3: LL-37 treated bacteria are more resistat to growth inhibition by ceftazidime.

E. coli was treated with LL-37 (15 pg/ml) for one hour anthsequently treated with

ceftazidime (50 ng/ml) for an additional 6 hour®rwell plates. Surviving bacteria were
enumerated by plating serial dilutions of remainagteria on LB agar followed by colony
counts 24-48 hours later. Statistical differeneese assessed by one-way ANOVA and Tukey’s
post-tests, a > b, P < 0.05. Data is represeetafione experiment with treatment groups run in
quadruplicate.
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Bacteria Killing Assay with Ceftazidime
and LL-37 Simultaneous Treatment
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Figure A4: Synergistic growth inhibition of Burkholderia with ceftazidime and LL-37
combination. B. thailandensis was grown to mid-log phase, diluted in 1 mM poitass
phosphate buffer, and added to 96-well platesd&raity of 1x18 CFU/mI. Bacteria was

initially incubated with LL-37 (30 pg/ml) for 1 hou After 1 hour, a TSB solution was added to
the wells so that the final concentration was Ceftazidime was added to the wells and plates
were incubated an additional 5 hours to make tte tceatment time 6 hours. Surviving
bacteria were enumerated by plating serial dilgiohwells on LB and counting colonies 24-48
hours later. Statistically significant differencesre assessed by one-way ANOVA and Tukey’s
post-test,a>b >c >d, P <0.05. Data is repregive of one experiment with treatment groups
run in triplicate.
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Timecourse of Bacteria Killing Assay
Only Shows Inhibition of Growth
9-
-e- untreated
-= ceftazidime + H,O,

(00]
1

CFU/ml (log scale)
\l

5llllllll
L Y VY > X b o

Hours Post-Treatment

Figure A5: Ceftazidime and HO- only inhibit growth during bacteria killing assay. B.
thailandensis was grown to mid-log phase and then plated ifi6-avell plate with ceftazidime
(750 ng/ml) and kO, (20 pM) with a total well volume of 200 ul. Platerere incubated for 6
hours and at various time points bacteria wereedl&iom wells to determine increasing bacterial
burden. Statistical differences between treatebuemreated group were assessed at each time
point by two-way ANOVA, P < 0.05. Data is represdive of one experiment with treatment
groups run in triplicate for each time point.
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Bacteria Killing Assay
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Figure A6: Ceftazidime and HO- do not interact to synergistically kill Burkholderia. B.
thailandensis was grown to mid-log phase, and then plated iBtav8ll plates (starting density
shown as dashed line) with either ceftazidime (@0mk), H,O, (80 pM), or the combination of
both treatments for 3 hours at 37°C. Survivingiéaa were enumerated by plating serial
dilutions of remaining bacteria in wells after in®. Data is representative of one experiment

with treatment groups run in duplicate.

164



Bacteria Killing Assay with Ferrous Sulfate Addition

9-

[ untreated
= _ - . B 3 ceftazidime
— 8- * *
=3 0 H0;

o * % * -
= * [ ceftazidime + H,0,
E” :
2 *
L g
O 6
5
N » N
X N
N ® S

N
Concentration of Ferrous Sulfate Addition

Figure A7: Ferrous sulfate prevents growth inhibiton due to ceftazidime or H202.B.
thailandensis was grown to mid-log phase and then plated iri6-avell plate at an initial

density of 1x18 CFU/mI. Ceftazidime (750 ng/ml),s8, (20 uM), and/or ferrous sulfate were
added to bacteria resulting in a total well volumh@00 pl. Plates were incubated for 6 hours at
37°C. Remaining bacterial burden was assessethbggserial dilutions of wells onto LB agar
after 6 hour treatment. Statistical differencesvieen treated groups and untreated control were
assessed for each concentration of ferrous sudtidgion by two-way ANOVA, *P < 0.05.

Data is representative of one experiment with tneat groups run in duplicate.
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Untreated

Figure A8: Higher proportion of LAMP -1 colocalization withBurkholderia in IFN-y
treated macrophages.RAW 264.7 macophages were infected wibh thailandensis and
treated for 10t2 hours with IFI-y (10 ng/ml). After treatment, cells were preparec
fluorescent microscopy (see Materials and Methoddjove images show untreated (left) ¢
IFN-y treated (right) sin@ color images (top) and overlays (bottom) of mpbeges stained f
CD11b (purple), nuclei (bluelBurkholderia (red), and LAMP1 (green). Data are representa
of 10 fields of view for 2 independent experime
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Figure A9: Supernatants from IFN-y activated macrophages do not interact with
ceftazidime to synergistically kill B. thailandensis. RAW 264.7 macrophages were stimulated
with IFN-y (10 ng/ml) for 18 hours. Then supernatants werelined with ceftazidime (10
pg/ml) and incubated witB. thailandensis in 96 well plates for 6 hours before plating dSeria
dilutions of well contents to enumerate surviviregteria. Statistical differences were assessed
by one-way ANOVA, a > b, P <0.05. Data is repnégtive one experiment with treatment
groups run in quadruplicate.
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Figure A10: Filamentous bacteria are resistant tdigh doses of ceftazidime Escherichia

coli were incubated overnight with sub-lethal concditng of ceftazidime to induce
filamentation. Filamentous and non-filamentoust&aa were then inoculated into 96-well
plates at the same initial density (as determinegldting) and incubated with 10 pug/ml
ceftazidime for an additional 18 hours. Surviviagoli were plated and enumerated. Statistical
differences were determined by one-way ANOVA a>b> d, P < 0.05. Data represents one
experiment with treatment groups run in triplicate.
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