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Toxoplasma gondii is a globally-distributed obligate intracellular parasite and the causa-
tive agent of toxoplasmosis in humans, a biphasic disease often culminating in lifelong
chronic infection. Though often mild, toxoplasmosis can lead to severe clinical presenta-
tion in immunocompromised patients and developing fetuses. Current therapeutic options
are severely limited, with a combinatorial pyrimethamine/sulfadiazine regimen acting as
the current standard of care for toxoplasmosis; however, both of these compounds can
elicit serious adverse reactions in patients, and, additionally, are only effective against the
acute stage of infection. To address these limitations, screenings of several analogs de-
rived from the marine natural product marinopyrrole A identified a series of small-molecule
inhibitors against T. gondii tachyzoites: RL0O02, RLO03, and RL125. The most potent mol-
ecule, RLO03, showed an in vitro ICsp of 0.096 uM and corresponding low toxicity to non-
tumorigenic immortalized human cell lines, with a selectivity of 220X for parasites over
any susceptible host cell line. RLO03 also potently inhibited encysted bradyzoites in vitro,
with an ICso of 0.245 uM. Further screening of RLO03 demonstrated additional activity
against other pathogens, including a number of gram-positive and gram-negative bacteria,
such as Mycobacterium bovis BCG, Naegleria fowleri, and Acanthamoeba castellanii. For-
ward genetic screening of mutagenized compound-resistant T. gondii clones suggested a
role of parasite-specific cGMP-dependent protein kinase (PKG) as a mediator of RLO03
activity, with subsequent observations of impaired invasion, motility, and egress support-

ing this finding. ldentification of apoptosis-like morphological changes by scanning



electron microscopy (SEM) followed by differential expression analysis by both RNA-seq
and RT-gPCR provided evidence for downstream upregulation of programmed cell death
pathways in compound-treated parasites. Taken together, these data support the role of

RLOO03 as a novel and pathogen-selective antiparasitic compound.
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INTRODUCTION

I Toxoplasma gondii: Introduction to the parasite

Toxoplasma gondii is an obligate intracellular parasite estimated to infect up to
one-third of the global population and is the causative agent of toxoplasmosis in humans,
a potentially-severe disease with serious public health and economic effects [1; 2]. Infec-
tion often occurs following consumption of undercooked meat, produce, or even water
containing viable parasite cysts [3], but may also occur through exposure to highly-stable
oocysts shed in cat feces as a result of the exclusive sexual reproduction of T. gondii in
the intestinal epithelium of hosts from the Felidae family [4]. While most infections are self-
limiting, particularly in the acute, symptomatic phase, immunocompromised individuals
and developing fetuses are at substantially higher risk of severe clinical manifestations [1;
5; 6; 7]; in the former population, infection of the central nervous system can lead to toxo-
plasmic encephalitis [8], while in the latter population, acute infection during preghancy
can lead to serious or fatal birth defects [9; 10]. Even in otherwise-healthy patients, toxo-
plasmosis progresses to an asymptomatic chronic phase for which no current treatments
are available [11], leading to a high rate of infection throughout the human population and
potential deleterious effects if immunosuppression occurs later in life [12]. Together, the
high public health burden and potentially severe nature of infection supports a continued
need for further studies of both the fundamental biology of the T. gondii as well as potential

antiparasitic therapies.

The T. gondii parasite itself is an apicomplexan, eukaryotic organism that requires
a homeothermic host for successful replication due to its dependence on scavenged com-
ponents, including purines [13] and the amino acids tyrosine [14], tryptophan, and arginine
[15], from the infected cell. The asexual portion of the parasitic life cycle is responsible for

disease in the intermediate hosts, which include a majority of homeothermic animals [16;



17], and is biphasic, being comprised of an acute stage and a chronic stage [18]. In the
acute stage, pathogenesis is characterized by mild, flu-like symptoms arising as a conse-
guence of rapid proliferation and dissemination of actively replicating tachyzoites following
exposure [19]. Roughly equivalent to metabolically active trophozoites in other biphasic
protists [20], tachyzoites are a highly motile and replicative form of the parasite that is able
to infect any nucleated cell [17]. The acute stage is followed at 2-3 weeks post-exposure
by progression to an asymptomatic chronic stage in immunocompetent individuals [21],
characterized by the differentiation of resident tachyzoites into bradyzoites that aggregate
to form thick-walled, stable cysts in brain and muscle tissue [21] that are believed to form
as a consequence of stressors initiated by the immune response [22]. At this point, the

infection is lifelong, as cysts cannot be effectively cleared by the host immune system [22].

Initiation of the acute infection occurs rapidly upon exposure to parasites, most
often by consumption of contaminated food or water [3]. Ingested parasites travel through
the digestive tract, avoiding damage by acidified host compartments as a consequence of
their protective cyst walls [23], and reach the small intestine, at which point they are able
to shed their protective covering to infect epithelial cells of the intestinal lining [24]. Fol-
lowing initial invasion of the small intestine epithelium, tachyzoites replicate within and
subsequently lyse the infected enterocytes, breaching the basement membrane before
entering the blood vessels and traveling through the bloodstream for dissemination to dis-
tal tissues [25]. The movement of free parasites through blood and lymph vessels and the
infection of white blood cells by tachyzoites facilitate rapid movement of parasites to brain
and muscle tissues within days of infection [26]. Recent data suggests that parasite-laden
white blood cells, particularly monocytes, may play roles as “trojan horses,” allowing for
crossing of the blood-brain barrier and infection of the central nervous system [27; 28; 29],

though the observed rupturing of endothelial layers in low-shear cerebral capillaries may



point to a more direct breach of this barrier [30]. At this stage, parasites are able to repli-

cate within brain and muscle tissue prior to initiation of the chronic infection [30].

As host immune responses mount and external stressors build, tachyzoites in brain
and muscle tissue begin to differentiate into bradyzoites, a slower-growing form of the
parasite that, rather than lysing the host cells, aggregates in the nascent vacuole and
forms a thick-walled tissue cyst [21; 31]. Though the precise mechanisms by which brad-
yzoite differentiation are triggered remain unclear, it is known that alkaline stress [32],
nutrient deprivation [33], oxidative stress [34], and temperature shock [35] cause differen-
tiation in vitro. In vivo, it appears that the presence of a functional immune system effec-
tively allows for preferential maintenance of T. gondii bradyzoites due to apparent clear-
ance of systemic tachyzoites, and that immunosuppression allows for uninhibited tachyzo-
ite replication [36]. It is less clear whether specific immune effectors are responsible for
this conversion—although, based on the parasitic response to stress and based on the
importance of immune response in maintaining chronic rather than acute infection [37], it
is evident that the immune system plays a central role in this process. Following differen-
tiation, glycoproteins and polysaccharides begin to assemble beneath the parasitoph-
orous vacuole membrane, forming a cyst wall that protects the encysted bradyzoites from

the host immune response [21; 38].

Together, the acute and chronic stages of the T. gondii life cycle generate the
disease presentation seen in humans and other intermediate hosts, with fundamental par-

asite processes strongly influencing the progression of toxoplasmosis [1; 39].

Il. Clinical presentation of toxoplasmosis and relevance

Toxoplasmosis in in the clinical setting varies in its presentation based on the stage
of the infection as well as the health of the patient [1; 39]. While acute toxoplasmosis is

generally self-limiting in a majority of infected individuals [1], producing mild illness that



may be completely unnoticed, infection of immunocompromised patients—such as
HIV/AIDS patients [40], solid-organ transplant recipients [60], individuals undergoing TNF-
a therapy [41], and those undergoing extended treatment with corticosteroids (such as
prednisone) [42]—can generate severe clinical manifestations, including toxoplasmic en-
cephalitis [43]. Toxoplasmic encephalitis occurs when tachyzoites present in brain matter
lead to abscesses or lesions containing peripheral parasite populations surrounding re-
gions of infiltrating leukocyte populations and lipidated macrophages [44]. The resulting
inflammation results in rapid encephalopathy including necrotizing vasculitis and meningi-
tis, which, left untreated, results in serious or fatal damage to the central nervous system
[45]. Clinical progression in these cases can occur quickly, with severe symptoms such as
seizures, muscle weakness, confusion, and behavioral changes occurring within days of

post-reactivation [46; 44].

Other clinical manifestations of T. gondii are observed apart from or in conjunction
with toxoplasmic encephalitis, including ocular toxoplasmosis and rare instances of toxo-
plasmic pneumonitis [5]. Intraorbital exposure to T. gondii can result in ocular toxoplas-
mosis, a condition aggravated in immunocompromised individuals but also present in im-
munocompetent individuals given the immune-privileged nature of the eye [47]. Pathology
is characterized by posterior uveitis [48] and necrotizing retinitis that eventually lead to
scarring of the retina and, in immunocompromised patients, severe inflammation [47].
Less commonly than ocular infection, several select cases of Toxoplasma infection in im-
munocompromised patients not taking preventative therapies against Pneumocystis ca-
rinii have been observed to lead to pneumonia as a consequence of parasite proliferation

in bronchioalveolar tissues [49; 50; 51].

In recent years, these severe effects arising from infection with T. gondii are de-

creasingly prevalent in immunocompromised populations as a result of prophylactic



trimethoprim/sulfamexothazole combinatorial treatments widely-implemented by
healthcare professionals [52]; however, these serious manifestations do still occur. For
example, 26-38% of Toxoplasma-positive untreated AIDS patients experience severe on-
set of toxoplasmic encephalitis, representing a potentially-serious threat for immunocom-

promised groups [53].

In addition to severe pathology in immunocompromised patients, T. gondii is a
leading cause of serious birth defects worldwide, with an estimated frequency of 1-
10/10,000 live births [10]. Infection during gestation leads to crossing of the placenta by
tachyzoites and entry into fetal circulation, the consequence of which is movement into
cerebral and muscular tissues [54]. While as many as 85% of infections during the third
trimester result in subclinical presentation of the newborns, occupation of fetal tissues
during first and second trimester infection of the developing fetus leads to serious or fatal
congenital defects [9]. Toxoplasmaosis in these cases ranges in presentation from hydro-
cephaly, macrocephaly, cerebral calcification, and microcephaly to less-defined neurolog-
ical disorders and, in severe cases comprising 3-5% of total infections, spontaneous abor-
tion or stillbirth [9; 55]. Treatment with spiramycin significantly improves the ultimate out-
come, although it is still possible for seemingly-mild congenital cases to leas to chorioret-

initis and neuromuscular disorders between the ages of 20 and 30 [55].

Compounding matters, patients carrying cysts from an infection occurring earlier
in life, even if they showed few symptoms at initial infection, can have recrudescence of
acute infection if later they become immunocompromised, posing a continued threat to
those infected [56]. Recrudescence in humans has been poorly described, and represents
an area of intensive study; however, several animal models have been used to gain some
insight into this phenomenon, though the particular mechanisms by which reactivation oc-

curs are still widely speculative. In mice (Mus musculus), type Il and Il parasites present



in brain tissue at 10 days post-infection were found by bioluminescent imaging and im-
munohistochemistry to be reactivated—defined as actively replicating and expressing lu-
minescent markers—after approximately 14 days of immunosuppression by hydrocorti-
sone [56]. In these mice, foci of reactivation were preferentially distributed across the
frontal and parietal cortices and were characterized by high levels of infiltrating leukocytes
[56], although the use of highly Toxoplasma-sensitive C57BL/6 and BALB/C inbred mouse
strains [57] may have led to more severe pathology than may be present in outbred strains.
Performing a similar study in rats (Rattus norvegicus), which respond less catastrophically
to Toxoplasma infection and have been observed to mount an immune response more
similar to that of humans [58], immunosuppression by a synergistic application of hydro-
cortisone and dexamethasone led to a significant reactivation of latent brain-dwelling cysts
leading to conversion to tachyzoites, with concomitant rapid progression of physiological
symptoms of toxoplasmic encephalitis [59]. Similar findings were also observed in as-
sayed muscle tissues from these rats, which showed high reactivation of cysts [59].
Whether this finding is more clinically significant than the CNS neuropathology, however,
is less clear, particularly in humans. Surprisingly, multiple case studies demonstrate that,
post solid-organ transplant, patients have been observed to experience recrudescence of
latent toxoplasmosis through donor-derived tissue infection; this has particularly been ob-
served in the lungs and the liver [60]. In these pre-operative Toxoplasma-negative pa-
tients, presumably-encysted parasites present in the transplanted tissues from the donor
reactivated upon application of immunosuppressive therapies, leading to rapid prolifera-
tion in these essential organs; however, of note, none of these patients were taking the
recommended trimethoprim/sulfamexothazole regimen that is common in immunosup-
pressed individuals [60], suggesting that infection may have been contained with the ap-

propriate prophylactic. In either case, recrudescence of latent infection in previously-



infected patients and donor-infected transplant recipients can have severe ramifications

for susceptible individuals.

In sum, the high prevalence of Toxoplasma infection, in combination with severe
clinical outcomes in immunocompromised patients and developing infants, demonstrates
the substantial patient health and economic burdens levied by this parasite. These con-
cerns underscore the importance of understanding parasite physiology, interaction with

the host, and underlying mechanisms leading to pathogenicity in Toxoplasma gondii.

M. Current Clinically-Implemented Pharmacological Targets and Small-Mole-

cule Interventions Against Toxoplasma gondii

To address the widespread clinical ramifications of toxoplasmosis, a number of
therapeutic regimens have been implemented against the acute stage of infection in the
interest of preventing serious patient presentation and providing some level of control of
parasite burden; a summary of existing clinically relevant therapies is presented in Table
I.1. These pharmaceuticals have been implemented broadly, with varying degrees of suc-
cess, and include antifolates, apicoplast protein synthesis inhibitors, and molecules im-
peding parasite mitochondrial activity (Table 1.1). However, high-potency, consistently ef-
fective treatments are relatively few in number, representing a serious patient health con-
cern given the high prevalence and potentially-severe manifestations of T. gondii infection
[11; 61]. In addition, compounding matters, no FDA-approved treatments have currently
been implemented for treatment of chronic infection [61], suggesting a critical need for

effective anti-Toxoplasma interventions.

Primary treatment of acute toxoplasmosis is often provided by antifolates—most
commonly by combinatorial pyrimethamine and sulfadiazine regimen, both of which target
components of the folate pathway [53]. This pathway in Toxoplasma is primarily respon-

sible for the
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crucial de novo biosynthesis of thymidine; this is particularly important due to the ability of
parasites to salvage purines, but not pyrimidines, from the host [62]. Pyrimethamine tar-
gets the parasite bifunctional dihydrofolate reductase/thymidylate synthase (DHFR-TS)
enzyme [63; 64] responsible for the conversion of deoxyuridine monophosphate (dUMP)
to deoxythymidine monophosphate (dTMP) in conjunction with the reduction of dihydro-
folate to tetrahydrofolate [65]; one pitfall, as demonstrated by the unintended hematologi-
cal consequences of extended pyrimethamine use discussed below, is that the parasite
DHFR-TS protein carries substantial homology to the human DHFR protein, allowing for
nonspecific host interaction [66]. Sulfadiazine, on the other hand, targets the highly para-
site-specific dihydropteroate synthase (DHPS) protein [67; 68], which facilitates the dihy-
dropteroate diphosphate to 7,8-dihydropteroate—an upstream essential process for even-
tual production of dihydrofolate and dTMP synthesis, though in vivo and in the clinic this
is insufficient to clear parasite infection [69; 53]. Together, the synergistic effect of py-
rimethamine and sulfadiazine on the folate pathway significantly improves the therapeutic

applicability of these molecules [70].

Clinical implementation of pyrimethamine and sulfadiazine has been successful,
due in part to the high potency and synergy of these compounds in combination. In vitro
50% inhibitory concentrations for pyrimethamine have been found to be as low as 0.4 uM
[71], with up to 90% in vivo survival at 4-10 mg/kg/day [72], while sulfadiazine shows in
vitro and in vivo efficacies of, respectively, 1.6 uM [69; 11] and 375 mg/kg/day (reaching
100% survival) [73]; however, these results are highly variable and strain-dependent, with
the higher-virulence type | strains showing a greater capacity to induce rapid death in the
hypersensitive murine model [71] compared to the less virulent, cyst-forming type Il and
Il strains [1]. Further, either treatment administered alone resulted in relapse of infection

within several days upon completion of treatment [73]. In humans, clinical dosages are
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variable due to patient tolerance, particularly with the use of both pyrimethamine and sul-
fadiazine, but typically falls within a range of 50-75 mg/day of pyrimethamine for an aver-
age adult in addition to 4-6 g/day of sulfadiazine for a total of 1-3 weeks [53]. The high
dosages of pyrimethamine and sulfadiazine over such an extended period can cause se-
rious hematopoietic shifts, including bone marrow suppression, leukopenia, thrombocyto-
penia, and megaloblastic anemia [74]. To partially ameliorate these severe effects, folic
acid supplements are typically provided in conjunction with this intervention to facilitate an
improved outcome and reduced hemotoxicity [75], as inhibition of the folate metabolic
pathway by both pyrimethamine and sulfadiazine is not exclusive to parasites and can
affect human tissues with high metabolic and/or replicative activity [53]. In humans, the
folate pathway a crucial component of both purine (through production of tetrahydrofolate)
and pyrimidine biosynthesis (through generation of thymidine) as well as production of the
amino acids methionine and serine [76; 77]. Folinic acid supplements are administered to

reduce the severity of these effects [75].

Other existing antifolates have also been found to show efficacy against toxoplas-
mosis in murine models and in humans. Previous clinical suggestions included a combi-
natorial trimethoprim/sulfamethoxazole treatment, with trimethoprim targeting DHFR-TS
and sulfamethoxazole targeting DHPS, similarly to pyrimethamine and sulfadiazine [78].
However, the in vitro and in vivo potencies of trimethoprim are substantially lower than
those of pyrimethamine at 17.2 puM [78] and 70 mg/kg/day (for only 20% survival of acute
lethal murine challenge) [79], while the corresponding potencies of sulfamethoxazole are
365 uM in vitro [78] and 600 mg/kg/day in mice (though 100% survival was obtained with
this dosing) [79]. Clinically, dosages of trimethoprim and sulfamethoxazole are, respec-
tively, 5-10 mg/kg/day and 23-50 mg/kg/day for 4-6 weeks [5; 53; 80]. Immunocompro-

mised patients may already take prophylactic doses of this treatment for prevention of P.
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carinii pneumonitis, a factor that has been found to contribute to positive clinical outcomes
in Toxoplasma-seropositive patients [60]. A similar molecule, dapsone, was found at 50
mg/kg/day to facilitate only 10% survival in a murine model; however, synergistic effects
were shown when used in combination with epiroprim (another antifolate; 50 mg/kg/day)
or pyrimethamine (with 100 mg/kg/day dapsone and 18.5 mg/kg/day pyrimethamine) led
to survival of 100% of lethally-infected mice [81]. As with the standard pyrimethamine/sul-
fadiazine, folinic acid supplements are typically recommended to compensate for strong

hematopoietic shifts that can occur at the doses required for parasite clearance [82].

Molecules inhibiting components of the prokaryotic-like plastid organelle, called
the apicoplast, represent attractive anti-Toxoplasma targets, given that they provide a de-
sirable level of specificity to parasites over host [83; 84]. Multiple antibacterial molecules
found to inhibit the apicoplast in some capacity—through such pathways as apicoplast
replication, translation of proteins (via the endogenous ribosome), or processing of fatty
acids—have been implemented clinically [83]. The tetracycline antibiotic doxycycline is
one such molecule: believed to target the 23S rRNA of the large ribosomal subunit in the
apicoplast, inhibiting the binding of MRNA to the ribosome and thereby preventing protein
synthesis [53; 85], doxycycline was identified in vitro to inhibit parasite growth at 14.4 uM
[86], and in vivo to allow for up to 100% survival in lethally-infected mice at 300 mg/kg/day
[86]. Use in the clinic is less common than for the drugs described above, though it has
been used previously in prophylactic treatment for malaria [87]. Due to case-specific use
of doxycycline against toxoplasmosis, dosing is not yet as broadly standardized as for
other drugs; however, treatment consisting of 400 mg/kg/day doxycycline in addition to 25
mg/kg/day pyrimethamine was shown in one patient to improve clinical outcome of toxo-

plasmic encephalitis by resolution of cerebral lesions [88].
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Several other inhibitors of prokaryotic and apicoplast protein synthesis—belonging
to the antibacterial macrolide and lincosamide classes—have also been used for either
combinatorial treatment with one or more antifolates or as standalone treatments, though,
as above, pyrimethamine and sulfadiazine remain the most potent [11]. Macrolides inhibit
protein synthesis by interference with the transpeptidation site of the large ribosomal sub-
unit (23S rRNA), particularly in prokaryotic or prokaryotic-like ribosomes (such as those in
the apicoplast) [89; 90; 91]. Among the macrolides, spiramycin has been found to be well-
tolerated in pregnant individuals with suspected Toxoplasma exposure, with dosages of 3
g/day until delivery appearing to have fewer ill effects on both the mother and fetus than
pyrimethamine/sulfadiazine [53]. Unfortunately, spiramycin cannot clear fetal infection
once established, as it cannot efficiently pass the placental barrier at doses lethal to par-
asites [92]. Additionally, spiramycin has a much lower potency in vitro (17.8 uM) [93] and
showed lack of survival in treated mice at 400 mg/kg/day in vivo [94]. Other macrolides,
such as azithromycin and clarithromycin, have also been used with varying degrees of
success, with measured in vitro efficacies of 11.5 pM for the former [93], and, in stark
contrast, 401 uM for the latter [72; 95]. These potencies correspond to 80-100% survival
in type ll-strain-infected mice at 200 mg/kg/day for azithromycin [94], and up to 100%
survival in similarly infected mice at 300 mg/kg/day for clarithromycin (surprisingly, given
the low potency in vitro; this may suggest that the compound is modified in some form in
Vivo into a more bioactive molecule) [96]. Clinically, azithromycin at 500 mg/day in combi-
nation with pyrimethamine at 75 mg/day appeared to cause enhancement of favorable
outcomes for AIDS patients against toxoplasmic encephalitis in a small study conducted
[97], while high-dose 2 g/day clarithromycin with 75 mg/day pyrimethamine also appeared
to enhance patient outcomes [98]; however, there is little homogeneity in dosing, and op-
timization is needed to more accurately evaluate this compound, particularly given that, in

both studies, high instances of severe adverse effects were reported.
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Among the lincosamides, which similarly affect apicoplast protein synthesis by in-
terference with the transpeptidation site of the large ribosomal subunit, clindamycin has
been shown to have a high potency against T. gondii RH-strain tachyzoites, with an I1Csp
value reported to be as low as 2.4-14.1 nM [99; 100]; however, this value appears to be
highly variable across various studies and may be influenced by cell type, parasite arche-
typal lineage, or culturing conditions. Interestingly, and perhaps contributing to these var-
iations in observed potency, clindamycin causes a “delayed death” phenotype, in which
toxicity of the drug is observed after a subsequent passage of parasites; in fact, this phe-
nomenon led to an incorrect assignment of inefficacy for this compound prior to 1992 [99].
In vivo, clindamycin was shown to have a much poorer potency, with 400 mg/kg/day al-
lowing for survival in only 61% of lethally-infected mice [101; 102]. Combination with py-
rimethamine alone (initial doses of 50-75 mg/d pyrimethamine, up to 4.8 g/day clindamy-
cin) or with trimethoprim/sulfamethoxazole (20 mg/kg/day trimethoprim, 100 mg/kg/day
sulfamethoxazole, 1.8 g/day clindamycin) appeared to have a synergistic effect in clinical
cases, with patients taking trimethoprim/sulfamethoxazole/clindamycin showing a lower
frequency of relapses [103]. Implementation of clindamycin is particularly advantageous

for patients exhibiting strong adverse reactions to sulfonamides [104].

Another source of anti-Toxoplasma therapies, particularly for patients who respond
poorly to standard treatment regimens, are inhibitors of oxidative phosphorylation via the
parasitic electron transport chain in the mitochondria. Atovaquone is one such compound;
as a hydroxy-1,4-naphtoquinone developed for treatment of malaria [105], but found to
show broad antiparasitic activity [106], atovaquone was observed to have high in vitro
potency at 0.138 uM [107], and, in mice, doses of 5 mg/kg/day facilitated a less-impres-
sive, though significant, 20% survival of acute infection [108]. Synergistic improvements

of atovaquone potency have been observed in mice, with co-administration of clindamycin
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(50 mg/kg/day atovaquone, 50 mg/kg/day clindamycin) leading to 78% survival in lethal
acute infection [101]. Clinically, dosages vary substantially, but typically can be found to
reside near 750 mg 1-4 times per day for at least 6 weeks [88], for which little toxicity was

found in a clinical study of 7 patients [88], indicating that atovaquone is well-tolerated.

Despite the plethora of antibacterial and antimicrobial agents, few have been clin-
ically implemented—or clinically successful—in clearing Toxoplasma gondii infection. A
combinatorial pyrimethamine and sulfadiazine treatment remains the current standard of
care, [11; 109]. While successful, this treatment regimen demonstrates potentially-serious
adverse reactions, including hematological effects and allergic responses arising from
high dosages required for presumed clearance [5]. Further, all of the current FDA-ap-
proved anti-Toxoplasma compounds have only been shown clinically to act against acute
toxoplasmosis, leaving a serious gap for individuals housing brain and muscle cysts and
leaving the potential for damaging recrudescence to occur later in life [11; 109]. Addition-
ally, the existing alternative treatments show lower potency than pyrimethamine/sulfadia-
zine and have inconsistent clinical outcomes in addition to poor patient tolerability [104].

Taken together, these factors emphasize a need for improved therapeutic options—both

of higher potency and higher specificity for acute infection, and of any efficacy for chronic

infection—to more effectively combat T. gondii. Through this work, | aim to identify specific

and potent molecules that show promise against this infection.

V. Marinopyrroles: A Novel Class of Marine-Derived Antimicrobial Compounds

Efforts to identify improved therapeutic options for a number of pathogens—nota-
bly, pathogens demonstrating resistance to existing pharmaceutical interventions—have
led to intensive examinations of numerous organic and synthetic sources. Regarding the
former, one well-established realm of study is that of marine natural products, which have

thus far provided a plethora of novel antimicrobial and anticancer compounds [110]. A key
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contributor to the production of these compounds are the deep-water marine bacteria
found in sediment, organic debris, and in symbiosis with other aquatic life forms—more
specifically, bacteria belonging to the order Actinomycetales (called actinomycetes), which
are estimated to have contributed to nearly 70% of the existing marine-derived compounds
in clinical use [111]. Of these, a vast majority of products are produced biologically by
species belonging to the genus Streptomyces, soil-dwelling marine microbes capable of
withstanding the low light, temperature, oxygen, and variable salinity of depths exceeding
2000 m [111, 112]. As a consequence of this vastly-different environment, and due to the
high competition for limited resources available in these locations, marine Streptomyces
species produce highly biologically-active metabolites found to exhibit potent antibacterial,
antifungal, and anticancer capacities [112], providing a crucial source of novel chemical

entities for further treatment of numerous afflictions [110].

Among these novel and bioactive compounds are the marinopyrroles, a novel
class of small organic molecules isolated from the marine Streptomyces species CNQ-
418 [113]. CNQ-418 is an obligate marine sedimentary bacterium first obtained from deep-
ocean samples near La Jolla, California, and it was found that lysates from cultures of this
bacterium appeared to cause potent inhibition of Staphylococcus aureus growth [113].
Subsequent capture and analysis of metabolites revealed two potent antimicrobial mole-
cules in relatively high abundance: marinopyrrole A ([4,5-dichloro-1-[4,5-dichloro-2-(2-hy-
droxybenzoyl)-1H-pyrrol-3-yl]pyrrol-2-yl](2-hydroxyphenyl)-methanone), also called mari-
toclax commercially, and marinopyrrole B ([3-[4-bromo-2,3-dichloro-5-(2-hydroxyben-
zoyl)pyrrol-1-yl]-4,5-dichloro-1H-pyrrol-2-yl]-(2-hydroxyphenyl)methanone) [114]. X-ray
crystallography in conjunction with 2D NMR indicated that the structures of these com-

pounds exhibited unique bi-substituted pyrrole structures uncommonly seen in bioactive
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molecules [113] (Figure I.1). These compounds were also shown to be highly hydrophobic

and densely-halogenated, rendering them slightly acidic [113] (Figure 1.1).

Figure I.1. Structures of (-)marinopyrrole A (A) and (-)marinopyrrole B (B) with sites of modifica-
tion on (-)marinopyrrole A. From X-ray crystallography in conjunction with 2D NMR, it was possible for
Hughes et al. [113] to elucidate the structures of marinopyrroles A and B. Subsequent analyses by
Hughes [114], Nicolaou [127], Li [128], Cheng [130], and others by modification of the non-halogen polar
functional groups (red), halogen groups (green, brown), or the N-H bond (orange circle) supported the
central importance of the N-H bond to antimicrobial activity and, further, demonstrated that chlorination
or bromination at key aryl positions (*) could generate higher-potency derivatives against S. aureus
strains. Marvin was used for drawing and displaying chemical structures, Marvin 21.1, 2021, ChemAxon
(http://www.chemaxon.com).

Analysis of these structures showed multiple desirable antibacterial properties. In-
itial screens indicated high bactericidal potency against methicillin-resistant S. aureus
(MRSA), with 90% minimum inhibitory concentration (MICg) values of 0.31-0.38 ug/mL
and 0.63-1.0 pg/mL for (<)marinopyrrole A (—)marinopyrrole B, respectively [113, 114].
Compared to vancomycin (MICgp 1-2 pg/mL; [115]), gentamicin (MICg 0.5-1 pg/mL; [116]),
and penicillin G (MICg 6.3-12 pg/mL; [115]), both of these marinopyrroles demonstrated
substantially higher potency than either vancomycin or gentamicin and >10X higher po-
tency than penicillin G, prompting rapid interest in examining the antibacterial properties
of these molecules, and particularly marinopyrrole A, in detail. A follow-up study examined
the efficacy of marinopyrrole A against a series of Staphylococcus aureus strains, includ-
ing hospital-acquired (HA) and community-acquired (CA) MRSA strains, in addition to sev-

eral vancomycin-resistant S. aureus (VRSA) strains [117]. Results demonstrated high
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potency (<2 ug/mL) against all examined S. aureus strains; for MRSA strains MICs ranged
from 0.188-0.375 pg/mL, while for VRSA strains MICs ranged from 0.25-1.5 pg/mL [117],
suggesting that marinopyrrole A retains high potency even in the presence of antibiotic
resistance. This represents a crucial finding in the continued search for improved antibac-
terial molecules, particularly given the rapidly-rising rates of antibiotic resistance occurring

worldwide.

Further evaluation of the advantageous properties of marinopyrrole A also pro-
vided insights into its potential quality as an antibiotic compound. Crucially, toxicity to eu-
karyotic cell lines HelLa (immortal cervical cancer) and L929 (murine fibroblast) appeared
to be quite low, with ICso values for these cell lines exceeding 20-fold those required for
inhibition of MRSA [117]. Intriguingly, however, the colorectal cancer cell line HCT-116 did
show substantial sensitivity to marinopyrrole A, with an ICso of 4.5 pg/mL, although this
value remained >10-fold higher than the MIC for any MRSA strain [114] (and, in addition,
may be an artefact of the tumorigenicity of this cell line [31295840], discussed in the par-
agraph below). In addition, treatment of MRSA cultures with marinopyrrole A followed by
subsequent removal led to a significant post-antibiotic effect characterized by dose-de-
pendent defects in growth 4-6 hours post-removal of marinopyrrole A [117]. This com-
pound also showed sub-micromolar antimicrobial activity against multiple gram-positive
bacteria, including S. epidermidis, B. anthracis, S. pyogenes as well as activity against the
gram-negative bacterium H. influenzae, demonstrating a broad antibacterial activity
(though highest potency was found against MRSA strains) [117]. Finally, the functional N,
C-biaryl bond (Figure 1.1.A., orange box) is conformationally stable at room temperature,
suggesting that the bioactivity of the compound would be retained even without cold stor-

age [114].
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Marinopyrrole A showed additional properties as an anticancer molecule acting
against several myeloid-derived leukemia and lymphoma cell lines in vitro, overcoming
the dysregulation of apoptosis common to malignancies [118; 119; 120]. Particularly, the
human cell lines lymhoma-60 HL-60 and peripheral T-cell leukemia Jurkat were found to
be inhibited by marinopyrrole A at 1.67-2.15 uM and 2.53 uM, respectively [121]. Promo-
tion of apoptosis was found to occur through binding and subsequent induction of pro-
teasomal degradation of the pro-survival apoptosis-associated protein myeloid cell leuke-
mia protein 1 (Mcl-1) [118; 121]. Combination of sub-toxic marinopyrrole A concentrations
with the Bcl-2/Bclx. (B-cell lymphoma-2/B-cell lymphoma extra-large) small-molecule in-
hibitor ABT-737 appears to provide synergistic stimulation of apoptosis even in cells over-
expressing Mcl-1, including myelogenous leukemia K562 and hematopoietic lymphoma-
like Raji cells [118; 121]. Critically, in the presence of multidrug resistance in the human
leukemia cell line HL-60/VCR, addition of marinopyrrole A caused this cell line to become
re-sensitized to ABT-737, suggesting potential use as a combinatorial therapy for treat-

ment-refractory leukemias and lymphomas [118].

However, while marinopyrrole A appears to have several desirable gqualities as an
antimicrobial, a number of shortcomings have prevented it from gaining more widespread
attention and use. Most problematically, the addition of human serum at 20% v/v in media
abrogated the activity of marinopyrrole A against MRSA strains, raising the MIC by an
excess of 256-fold [117]; this poses a clear issue for use of this compound in clinical prac-
tice, given that this may be an indicator of compound binding to serum proteins and sub-
sequent failure of delivery of an effective dose—particularly in the case of systemic infec-
tions. However, whether this translates to loss of potency against bacterial infections in
vivo remains poorly characterized in the existing literature, presumably due to low interest

as a consequence of the in vitro serum data. In addition, activity against most gram-
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negative bacteria was very low, with no observable MIC found for E. coli and K. pneu-
moniae [117], representing a limitation to therapeutic application. Finally, the lack of high-
specificity mechanistic data for MRSA activity represents an additional hurdle for further
study of this compound; this is particularly relevant given the activity of marinopyrrole A
against human cancer cell lines [122], as this may suggest some level of cross-reactivity

with human protein targets.

Further, marinopyrrole A has several shortcomings as an anticancer molecule. Se-
rum sensitivity has, paradoxically, been poorly characterized in studies of apoptosis in-
duction—though, presumably, the common use of 5-10% serum in tissue cell culture [123;
124] may indicate that serum sensitivity is less pronounced in the anticancer activity of
this compound. In vivo data is generally lacking; though several studies have been con-
ducted to address the in vivo impacts of marinopyrrole A in murine leukemia and lym-
phoma models [121; 119], more extended effects of this compound on the host have not
been established. This is particularly important due to the observation that the 50% lethal
dose (LDso) in mice is low relative to the effective dose; the former was seen to be 25
mg/kg, while the latter is 20 mg/kg [119], which may bode poorly for use as a therapeutic
option. It is feasible that host toxicity may be a consequence of low target specificity, as
more recent data indicates that Mcl-1 does not appear to be an exclusive target of marino-
pyrrole A [125]: multiple target analyses showed apparent compound binding to actin by
acyl-dye transfer [126]. Combined with the established antibacterial activity, this could in-
dicate that this molecule may have multiple targets, providing potential avenues for unin-

tended host damage.

To attempt to overcome these limitations while retaining or improving the desirably-
high potency, multiple groups set out to generate numerous analogs derived from the main

structure of marinopyrrole A, focusing on both activity against MRSA in addition to multiple
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leukemia and lymphoma lines; however, due to the focus on microbial activity in this work,
the former will be described here. The first set of semi-synthetic derivatives were gener-
ated by Hughes et al. in response to improvements in cultivation of CNQ-418 that facili-
tated identification of several other marinopyrroles (C-F) that had not previously been iden-
tified [114]. These derivatives focused on “capping” the polar functional decorating groups
on the aryl rings as well as on modifying the N-H bond to evaluate its importance [114]
(Figure 1.1.A.). None of the designed derivatives improved on the activity of the marino-
pyrroles; in fact, all performed substantially worse against MRSA, with MICs being in-
creased by >20-fold relative to marinopyrrole A in cases of “capping” the decorating
groups, and with activity being completely lost upon modification of the N-H bond, sug-
gesting a crucial importance for this functionality in antibacterial activity [114]. Further at-
tempts to generate anti-MRSA derivatives by Nicolaou et al. demonstrated a >500-fold
loss in potency relative to marinopyrrole A following methylation of phenol groups, indicat-
ing a critical role for these constituents in antibacterial activity [127]. Replacement of chlo-
rine halogenated groups with bromine halogenated groups (Figure 1.1.A., green groups)
failed to improve anti-MRSA activity, though did not intrinsically inactivate the activity in

the same manner as capping of the functional groups [127].

As none of the derivatives had yet improved the potency of marinopyrrole A, Li et
al. began design and synthesis of asymmetric marinopyrrole derivatives, aiming to im-
prove upon the bactericidal activity of marinopyrrole A while overcoming or improving the
sensitivity to serum [128]. Asymmetry was hypothesized to result in biologically-distinct
mechanisms of action that could lead to superior antimicrobial activity through site-specific
hydrogen bonding and restriction of molecule orientation [110]. Supporting this hypothe-
sis, chlorination or fluorination of one phenol group (at positions 4 or 5, respectively; Fig-

ure I.1.A., asterisks) in the parental compound led to a 2-4-fold increase in potency against
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MRSA in addition to more rapid killing kinetics, providing crucial insight into the role of
halogenated functional groups and free hydroxide groups in the anti-MRSA activity of
marinopyrroles [110; 128; 129]. Compellingly, these derivatives were also much less in-
hibited by serum; rather than complete abrogation of activity, MICs were increased by
~100-fold which, while not ideal, still left the MICs at <25 pg/mL (as opposed to >96 pg/mL
for marinopyrrole A) [128; 129]. Halogenation at other locations on the phenol groups (i.e.,
2, 3, 6; Figure I.1.A.), in addition to methylation of halogenated groups and hydroxy

groups (Figure I.1.A.), led to reduction in activity and loss of potency in serum [110].

Cheng et al. also generated several derivatives following this schema [130]. Most
of these derivatives were much less active than marinopyrrole A, with the exception of a
remarkably-potent molecule with a trifluoromethyl substitution at position 4 on the phenol
group [130]. This molecule showed a promising 2-4-fold increase in potency against
MRSA (as well as a substantial 31-fold increase in potency against methicillin-resistant S.
epidermidis) relative to marinopyrrole A [130]; however, the activity in 20% serum was not
reported, which represents a crucial consideration based on the previously-established

sensitivities of these compounds to serum.

Though representing marked improvements to the existing marinopyrrole com-
pounds, these derivatives remain in very early stages of development. In vitro determina-
tion of host toxicity for these compounds has been largely restricted to cancer cell lines,
such as Hela, HL-60, HCT-116, and several others [117; 118; 131]. These lines are rep-
resentative of only select tissue types and, additionally, are well-known to be cancer cell
lines that may not accurately represent healthy tissues given their variable number of
chromosomes and intrinsic genetic instability [132; 133; 134]. Because of this, the toxicity
of these compounds to the tested human cell lines may be a consequence of the tumor-

igenicity, altered metabolism, or altered morphology characteristic of human cancers [134;
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135] rather than a consequence of broad mammalian toxicity. Similarly, none of these
compounds have, at least as reported in literature, been examined in primary or terminally-
differentiated primary cell lines, which may pose different results than the immortalized
lines typically used in cell culture [136]. These derivatives are also poorly evaluated in any
in vivo model; while marinopyrrole A has been examined to some limited extent, as dis-
cussed above, the newer derivatives have not yet been evaluated for toxicity in vivo or,
crucially, for their efficacy in vivo. Though improved over marinopyrrole A, the continued
sensitivity of these derivatives to serum emphasizes a need for further exploration of in
vivo potency, particularly against MRSA or other bacterial pathogens, in order to evaluate
their therapeutic potential [137]. Additionally, further investigation into the mechanisms of
action for these molecules would be advantageous for future design and eventual move-

ment into animal or clinical trials [138].

Despite these shortcomings, the overall broad and potent activity against prokary-
otic pathogens and human cancer cell lines still presents promise for these compounds,
or derivatives of these compounds, as therapeutic interventions. This is particularly im-
portant for identification of improved small-molecule drugs acting against antibiotic-re-
sistant gram-positive infections and treatment-refractory cancers [139]. The high potency
and unique activity spanning both prokaryotes and eukaryotes may suggest activity
against organisms not yet described in the literature. In particular, given the role of potent
antibacterial agents described above in addition to the clear capacity to impact eukaryotic
cellular functions, these derivatives may well serve as novel antiparasitic molecules.
Therefore, given their high in vitro potency and given the similarity of key protist organelles
to bacterial structures [83-84], these compounds may provide promising efficacious ther-

apies against parasites for which treatments are currently lacking, such as T. gondii [61].
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With this work, | intend to investigate the potential antiparasitic activity of marino-

pyrrole derivatives, focusing on T. gondii, and aim to evaluate host cell toxicity in order to

establish viability of these derivatives as future therapeutic agents. Additionally, | aim to

determine whether successful anti-Toxoplasma derivatives demonstrate broader antipar-

asitic and antibacterial activity.
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SPECIFIC AIMS
T. gondii is an obligate intracellular parasite demonstrating widespread global in-
fection and a significant threat in immunocompromised individuals [5]. Current treatments
are extremely limited and potentially manifest severe adverse effects, emphasizing a need
for improved therapeutic options [61]. One class of small organic molecules, marino-
pyrroles, were isolated from cultures of marine Streptomyces species [113]; one com-
pound, “marinopyrrole A,” was found to demonstrate high efficacy against methicillin-re-

sistant S. aureus [114], and now T. gondii (described in this work).

A series of distinct compounds synthetically derived from this molecule has been
generated, providing potential opportunities for antiparasitic investigation. We hypothe-
sized that, based on the presumed bacterial origin of the apicoplast [83], one or
more derivatives will demonstrate at least 10-fold increased potency against acute-
stage in vitro T. gondii as compared to the standard therapeutic regimen, plus high

(>20x) selectivity compared to host cells.

Further, numerous anti-Toxoplasma compounds, such as trimethoprim and spira-
mycin [11], are used clinically as antibacterial therapies. Early testing of marinopyrrole
derivatives suggests that one or more of these compounds may have efficacy against a
broad range of bacterial pathogens beyond S. aureus; we therefore hypothesized that
one or more anti-Toxoplasma marinopyrroles will demonstrate in vitro efficacy
against at least two bacterial pathogens of less than 5 pM, and that insights into
bacterial susceptibility will provide guidance for elucidation of potential compound

targets.

Finally, we aimed to examine possible genetic underpinnings causing anti-Toxo-

plasma toxicity for at least one compound in this series, hypothesizing that this would
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manifest in forward genetic screens or differential parasite transcriptomics. We

intended to test these hypotheses through three Specific Aims:

Specific Aim 1: Screen compounds against T. gondii tachyzoites and additional se-

lected pathogens.

A.

B.

C.

Evaluation of in vitro antiparasitic activity for compounds against T. gondii RH

(Type 1) and PruKU8O0 (Type II) tachyzoites.

Assessment of selected compound against prokaryotic pathogens Mycobacterium
bovis BCG, Escherichia coli, Vibrio cholerae, Staphylococcus aureus USA300
MRSA, Legionella pneumophila, Streptococcus pneumoniae, Francisella tularen-
sis subsp. holarctica LVS, Shigella sonnei, Yersinia pseudotuberculosis, Bacillus

anthracis lacking pX02, and Salmonella enterica serovar Typhi.

Assessment of selected compound against eukaryotic parasites Leishmania do-

navani and Acanthamoeba castellanii

Specific Aim 2: Evaluate physiological phenotypic effects of compounds on in vitro-

generated T. gondii cysts and key host cell lines.

A.

B.

Evaluation of in vitro antiparasitic activity for a selected compound against in vitro-

generated T. gondii cysts.

In vitro evaluation of selected compound cytotoxicity against host cell lines derived
from multiple tissue types, including HFF (human foreskin fibroblast), HCO4
(hepatocyte), U2-OS (osteocyte), HEK-293 (embryonic kidney), THP-1 (mono-

cyte), and THP-1-derived macrophages.

Identification of general host cell phenotypic impacts through precellular, short-

term and long-term apoptosis, and extended viability assays against HFF cells.
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Specific Aim 3: Investigate in vitro mechanistic properties of a selected compound

against T. gondii.

A. Identification of the likely drug target for selected compound in T. gondii by

random chemical mutagenesis and molecular complementation.

B. Identification of global transcriptional changes in resistant and susceptible
compound-treated tachyzoites as compared to vehicle controls through RNA-

seq.

From this work, we expected to identify one or more marinopyrrole derivatives
demonstrating anti-Toxoplasma activity without substantial concomitant host cell toxicity
and to identify putative mechanistic properties of at least one compound. This supports
our long-term goal: the development of improved therapeutic options for the treatment of

infections caused by selected pathogenic parasites and bacteria.
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CHAPTER 1: ANALOGS OF MARINOPYRROLE A SHOW ENHANCEMENT TO OB-
SERVED IN VITRO POTENCY AGAINST ACUTE TOXOPLASMA GONDII INFECTION

T. gondii is a globally distributed apicomplexan parasite predicted to infect up to
one-third of the human population [19; 140; 141]. While most individuals experience mild
symptoms, rapid proliferation of the parasite in brain tissue of immunocompromised pa-
tients, including HIV/AIDS patients and solid-organ transplant recipients, leads to toxo-
plasmic encephalitis, which is often fatal [1, 8]. Further, crossing of the placenta by para-
sites following exposure during pregnancy yields prenatal infection culminating in crippling
or fatal birth defects, including macrocephaly and hydrocephaly [142; 143; 144]. Compli-
cating matters, few existing treatments effectively clear acute infection, with a combinato-
rial pyrimethamine/sulfadiazine treatment regimen being the most common pharmaceuti-
cal intervention [61; 145]; however, extended treatment with high-dose pyrimethamine
causes suppression of bone marrow, even when compensatory folic acid supplementation
is provided [74], while sulfadiazine exhibits a high incidence of allergic reactions in patients
[147]. In addition, there are no FDA-approved treatments that effectively clear chronic in-
fection [11], leaving the potential for previously healthy patients who become immunocom-
promised after initial Toxoplasma infection to experience reactivation of latent cysts [1;
147; 148]. Taken together, these findings emphasize a clear need for improvements to

existing therapeutic options against this prevalent parasite.

In attempting to alleviate this shortage of treatments against T. gondii, marine nat-
ural products represent a wealth of potential antiparasitic compounds, capitalizing on the
existing competition between organisms to generate potent, complex organic molecules
that have already been found to range in activity from antibacterial [128; 149] to anticancer
[129; 150]. Previous work has provided compelling evidence identifying marinopyrrole A
([4,5-dichloro-1-[4,5-dichloro-2-(2-hydroxybenzoyl)-1H-pyrrol-3-yl]pyrrol-2-yl]-(2-hydroxy-

phenyl)methanone), a metabolite of marine Streptomyces species CNQ-418, as a potent
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bactericidal agent against methicillin-resistant Staphylococcus aureus (MRSA) in vitro
[117], and, at higher concentrations, an inducer of apoptosis in a variety of cancer cell

lines both in vitro and in vivo [149].

For our purposes, antibacterial molecules—including doxycycline [86], trime-
thoprim [78], and spiramycin [94]—have been shown previously to inhibit Toxoplasma
proliferation, and so, based on the high potency of marinopyrrole A, we sought to evaluate

its potential antiparasitic activity in vitro and in vivo [61].

In this work, we aim to identify the in vitro and in vivo efficacy of marinopyrrole A
against T. gondii tachyzoites, and, further, to evaluate several analogs derived from this
compound for any enhancements to potency and/or serum sensitivity in vitro. We show
through our in vitro parasite viability assays that marinopyrrole A is a highly-potent anti-
Toxoplasma molecule that shows significant loss of this potency in concentrations of se-
rum at or exceeding 20% (as has been noted in previous work for other organisms) [128].
Despite this sensitivity to serum in vitro, we found that marinopyrrole A still facilitates en-
hanced survival in an in vivo murine model of lethal Toxoplasma infection at 20 mg/kg,
suggesting potential applicability for further investigation. Further, we show that several of
a series of analogs that we designed and generated from marinopyrrole A, including the
compounds RL002, RL003, and RL125, have significantly increased potency in vitro with-
out concomitant increase in toxicity to host cells, with all analogs having substantially de-
creased serum sensitivity. Taken together, these data suggest that marinopyrrole A and
its higher potency analogs represent previously undescribed anti-Toxoplasma molecules,

providing crucial insight into improved therapies against this infection.
Results

Marinopyrrole A is toxic to T. gondii RH-dTom tachyzoites in vitro.
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Figure 1.1. Marinopyrrole A demonstrates submicromolar efficacy | t€nt antiparasitic mole-
against T. gondii RH-dTom tachyzoites in vitro. Determination of
marinopyrrole A efficacy was completed by infecting a confluent HFF host | cules [11; 61], we
monolayers in a 96-well plate with T. gondii RH-strain tachyzoites stably
expressing the dimerized Tomato protein fluorescent reporter (dTom) at
2,000 parasites/well. Marinopyrrole A was added at increasing concentra-
tions in triplicate across infected wells, with a volume-matched DMSO sol-
vent control included for comparison. Following 5 days of treatment, rela- potential anti-Toxo-
tive fluorescence of infected wells was quantified and background host flu-
orescence was removed, after which the 50% inhibitory concentration
(IC,,) was calculated by comparing each infected well to the corresponding

solvent control. Results demonstrated that marinopyrrole A is effective . ..
against RH-dTom tachyzoites in vitro, with an 1C,, of 0.31 pM. Error bars marinopyrrole A in vitro.

represent standard error across triplicate samples.

sought to elucidate the

plasma  activity  of

To this end, we per-
formed an in vitro identification of the 50% inhibitory concentration (ICso) for marinopyrrole
A in technical triplicate against type | RH-strain T. gondii tachyzoites stably expressing the
fluorescent dimerized Tomato protein (RH-dTom) as discussed in our previous work [151].
As shown in Figure 1.1, marinopyrrole A demonstrated dose-dependent toxicity and high
potency against T. gondii parasites, with a sub-micromolar ICso of 0.31 UM (corresponding

to an increase in potency of ~2-fold relative to pyrimethamine (Figure 1.1)).

The anti-Toxoplasma activity of marinopyrrole A is inhibited by the presence of

220% bovine calf serum.
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Previous characterization of the antimicrobial properties of marinopyrrole A identi-
fied strong reduction of anti-MRSA activity when liquid media was supplemented with 20%
serum [117]. While we conducted our initial analysis of in vitro T. gondii efficacy in the
recommended 10% serum for tachyzoite and host cell growth [152], we sought to further
identify potential dose-dependent effects of increasing serum concentrations on the anti-
Toxoplasma activity of marinopyrrole A. We therefore repeated our viability assay to de-
termine the 1Cso values using the same method as described above, though media in this
case was supplemented with 1%, 10%, 20%, 30%, or 50% bovine calf serum (BCS). Di-
lutions of marinopyrrole A in each serum concentration were completed in technical tripli-
cate. Our data (Table 1.1) show a 1.2-fold increase in ICso between 1% BCS and 10%
BCS, with the ICso no longer being reached (NR) up to 10 uM in the presence of 20-50%
BCS, corresponding to a >38-fold decrease in potency relative to 1% BCS. These findings
suggest that, as demonstrated previously in other organisms, serum concentrations at or

exceeding 20% inhibit the anti-T. gondii activity of marinopyrrole A in vitro.

Concentration of Marinopyrrole A IC,, Fold Increase in IC,, Relative

Serum (%) (uUM) to 1% BCS

1% 0.26 )
10% 0.31 1.2
20% NR >38X
30% NR >38X
50% NR >38X

Table 1.1. Marinopyrrole A demonstrates a dose-dependent decrease in potency following
the addition of serum, culminating in loss of efficacy against RH-dTom tachyzoites at and
beyond 20% serum. IC, analyses were conducted in the presence of 1%, 10%, 20%, 30%, or 50%

bovine calf serum (BCS) in the base medium. We noted little change in IC,, values between 1%

and 10% BCS (~1.2-fold increase). Yet marinopyrrole A efficacy against T. gondii was completely
eliminated the presence of 20% BCS, with the IC, not being reached (NR) up to 10 uM. This cor-

responded to a >38-fold decrease in potency.
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Marinopyrrole A shows efficacy against acute Toxoplasma infection in a murine

model.

Marinopyrrole A was assessed for its capacity to allow for significant survival in
Swiss-Webster mice following a lethal challenge of 5,000 T. gondii tachyzoites of the type
Il MEA49 strain (Figure 1.2). Following infection, mice were treated daily with varying dos-

ages of Marinopyrrole A (5, 10 and 20 mg/kg) daily through intraperitoneal injection for 10
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Figure 1.2. Survival of mice lethally infected with T. gondii treated with varying marinopyrrole A
doses. Swiss-Webster mice were infected with 5,000 ME49 Toxoplasma gondii tachyzoites. Following
infection, marinopyrrole A treatment began via intraperitoneal injection at 5, 10, or 20 mg/kg given every
day for a total of 10 days (n=7 for each dosage). Pyrimethamine was given at 5 mg/kg via intraperitoneal
injection once per day for a total of 10 days as a positive control for mouse survival (n=7). Solvent treated
by intraperitoneal injection (10 days of treatment) mice were also included as a negative control (n=7).
71.4% of mice survived when treated with either marinopyrrole A at 5 (p value=0.01) and 10 mg/kg (p
value=0.04) while 85.7% of mice survived when treated with 20 mg/kg of marinopyrrole A (p value=0.004).
71.4% of pyrimethamine treated mice survived (p value=0.02) while only 14.3% of solvent treated mice
survived infection. All p values are respective to solvent-treated mice.

days post-infection (n=7). Pyrimethamine treated mice were included as a positive control
and exhibited 71.4% survival (p value=0.02, n=7). Mice treated with only solvent exhibited
14.3% survival (n=7). Marinopyrrole A at both 5 mg/kg (p=0.01, n=7) and 10 mg/kg

(p=0.04, n=7) exhibited 71.4% survival. When marinopyrrole A was increased to 20 mg/kg,
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85.7% of mice survived (p=0.004, n=7) (Figure 1.2). All p-values shown are respective to

solvent treated mice.

Design of marinopyrrole A analogs generated novel compounds RL002, RL003, and

RL125.

The analogs RL0O02, RL0O03, and RL125 are shown in Figure 1.3. A marinopyrrole-
based small-molecule library, that we designed and reported recently, showed the clogP
values >5. [110; 153; 154]. A majority of these library compounds have poor water solu-
bility. Using a fragment-based approach, a team led by our collaborator, Dr. Rongshi Li,
recently designed a natural-product small-molecule library with lower clogP values ranging
from 2.0 to 5.0 [155; 156; 157-167]. Their design improved physicochemical and drug-like
properties. For example, RL002 and RLO03 shown in Figure 1.3 have clogP values of 4.1
and 4.7, respectively. Ligand Efficiency [LE = - AG/HAC, defined as the free energy of
binding divided by the number of non-hydrogen atoms (HAC)] of RL0O02 and RL003 are

0.54 and 0.56, respectively, doubling that of marinopyrrole A (LE = 0.27).
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Riy - Ry4 = H, F, Cl, Br, CN, OMe, etc.
RL002: LE = 0.54, clogP = 4.1, Rg=F
Ryo =Br, Riy =Ry3=Cl, Rz =Ry =H
RLO003: LE = 0.56, clogP = 4.7, Rg = Ryo

RL125: LE = 0.31, clogP = 6.5
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=Br,Ry1=Ry3=Cl,Riz=Ryy=H

Figure 1.3. Structural diagrams of marinopyrrole A analogs. Marinopyrrole A served as a parent mol-
ecule for the generation of derivative RL125, which was subsequently used in a fragment-based design
process yielding analogs RL002 and RL003 as described in the text.

Analogs of marinopyrrole A improve potency against T. gondii RH-dTom parasites.

Though retaining overall in vivo efficacy, inhibition of marinopyrrole A activity by
serum represents a critical and physiologically-inhibitory hurdle. The high potency of this
molecule against T. gondii at 1-10% serum, prompted our collaborators to generate com-

pounds capitalizing on the advantageous properties of marinopyrrole A while improving
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activity in serum. Cheng and others have previously generated a series of drug-like mol-
ecules derived from marinopyrrole A [149] (Figure 1.3). Given the reduced inhibitory effect
of serum for several of these compounds in vitro against MRSA [128, 129], we sought to
evaluate the potential anti-T. gondii activity of compounds RL002, RL003, and RL125
through the use of the tachyzoite viability assay discussed above, with the aim of deter-
mining which, if any, showed high potency against RH-dTom tachyzoites.

To determine the efficacy of RL002, RL003, and RL125 against RH-dTom tachyzo-
ites, we conducted another series of viability assays mirroring those conducted against
marinopyrrole A, calculating ICsos relative to the solvent control as before. Remarkably,

as shown in Figure 1.4, all analogs demonstrated dose-dependent sub-micromolar

IC-, Adainst . . Figure 1.4. In vitro antipara-

Compound lelgd%m rgldR'Z?:t‘i‘:;':: n sitic activity for marino-
Identifier Tachyzoites Psl?imethamine pyrroles analogs demon-
(uM) y strate substantial dose-de-

pendent efficacy against T.

Marinopyrrole A 0.31 2.0% gondii RH-dTom tachyzoites
with enhanced potency as

RL002 0.17 3.6* compared to pyrimethamine.
" Relative viability compared to

RL003 0.09 6.8 the solvent (DMSO) control
RL125 0.16 3.8* demonstrated a dose-depend-

ent antiparasitic effect across
all  derivatives, with  py-
120 —e—RL002 rimethamine included as a pos-
itive control. Derivatives RL0O02,

Pyrimethamine 0.61 -

S E —e—RLO003
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5 T ) ) higher potency than the marino-
s Pyrimethamine .
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9 80 reference), and RLO03 was
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o 60 potency, with an IC, of 0.092
fzj MM. Assays for each analog
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= 20 experiments (with the exception
& of pyrimethamine, which was
0 run on each plate). Error bars
0.05 0.5 represent standard error across

Concentration of Compound (LM) technical triplicate samples. *p
< 0.001 by Student’s paired t-
test assuming unequal vari-
ance.
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efficacy against RH-dTom tachyzoites, ranging from 0.092-0.371 uM (corresponding to a
statistically-significant 1.6-6.8-fold increase in potency relative to our obtained I1Cso of 0.60
UM against pyrimethamine). These analogs demonstrated notable 1.9-3.3-fold increases
in potency as compared to the marinopyrrole A parent (Figure 1.4), suggesting improved

anti-Toxoplasma activity in vitro.

Marinopyrrole A analogs RL002, RL003, and RL125 show reduced sensitivity to se-

rum.

While the observed enhancements to potency represent marked improvements to
the advantageous qualities of the marinopyrrole A parent compound, the potential for se-
rum-mediated reduction in activity prompted us to quantify the effects of increasing serum
concentrations on the ICso for each analog. To accomplish this, we repeated the serum
parasite viability assay described above for marinopyrrole A with analogs RL002, RL003,

and RL125. Table 1.2 shows the results of this analysis: RL0O02 showed substantial de-

Concentration of Marinopyrrole A RLO02 RLOO3IC,, RL125IC,

Serum (%) ICap (HM) ICsp (M) (M) (M)
1% 0.26 0.17 0.03 0.01
10% 0.31 0.17 0.09 0.16
20% NR 34 0.10 0.18
30% NR 4.4 0.14 0.37
50% NR 5.0 0.15 0.38

Table 1.2. Marinopyrrole A derivatives RL002, RL003, and RL125 demonstrate only modest de-
creases in potency in the presence of increasing serum concentrations. All marinopyrrole A deriva-
tives exhibited decreased sensitivity in serum compared to marinopyrrole A. These data suggest that
marinopyrrole A derivatives RL0O02, RL0O03, and RL125 have reduced susceptibility to the serum-mediated
loss of potency shown in the parent compound, with RLO03 and RL125 maintaining high potency at 50%
serum.

creases in potency between 1% BCS and 50% BCS, with a ~30-fold increase in ICs cor-

responding to a value of 5.0 uM at 50% BCS. Though RL125 had a nearly 40-fold increase
in ICso compared to the 1% DMSO control, this compound maintained a high-potency ef-

ficacy 1Cso of 0.38 uM at 50% serum. Conversely, RLO03 exhibited a 5.91-fold increase in
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ICs0 between 1% and 50% serum and, further, maintained its sub-micromolar efficacy and
overall high potency with an ICso of 0.146 pM. These data suggest that marinopyrrole A
derivatives RL002, RL0O03, and RL125 are less sensitive to serum than the parent com-
pound, with RLO0O3 and RL125 retaining higher potency than pyrimethamine up to 50%

serum.
RLOO3 is a potent inhibitor of in vitro-generated T. gondii cysts.

Due to its potency against RH-dTom tachyzoites, we aimed to evaluate the efficacy
of RLOO3 against in vitro-generated cysts. RH-dTom parasites are not generally consid-
ered to form mature cysts in culture due to their high virulence [299], and so we performed
our analyses with PruAKU80-GFP, a type Il cyst-forming strain expressing GFP fused to
the bradyzoite-specific lactose dehydrogenase (LDH2). To ensure that this strain showed
similar susceptibility to RH-dTom, we first completed an ICso analysis that included

PruAKU80-GFP and another type Il strain, ME49, for comparison. Parasites were plated

as described above prior to

treatment with increasing Pargsite RLOO3 pyrimethamine
Strain ICso (MM)  ICsp (UM)
trati f RLOO3
concentrations o or ME49 0.056 0.60
the positive control py- PruAKU80- 0.071 0.58
GFP

rimethamine. Volume-

Table 1.3. Type Il strains ME49 and PruAKU80-GFP show suscep-
matched DMSO solvent | ipility to RLO03 similar to the Type | RH-dTom strain. Differences
in archetypal lineage have previously been associated with differ-
controls were also in- ences in susceptibility to antiparasitic interventions; therefore, we
aimed to determine whether the slower-growing, lower-virulence type
Il strains ME49 and PruAKU80-GFP showed similar susceptibility to
cluded, and all concentra- RL0O03 compared to RH-dTom. Parasites were plated with RLO03 or
a volume-matched solvent (DMSQO) control in triplicate in 96-well
tions were added to tripli- | plates as described previously. Quantification of IC,, was completed

through immunofluorescent staining for the major surface antigen
cate wells. However, nei- | SAG1 and subsequent counting of labeled parasites with an auto-
mated microscope. As anticipated, both ME49 and PruAKU80-GFP
had slightly, but not significantly, higher susceptibility to RLO03 as
ther the PruAKUB0-GFP | compared to RH-dTom, indicating that there is no loss of activity
across type | and type |l parasite strains. Pyrimethamine was included
strain nor the ME49 strain as a positive control to validate that the method used produced accu-
rate results.
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used express fluorescence during the tachyzoite stage; therefore, the quantification pro-
cedure was modified by instead performing immunofluorescent staining for the major sur-
face antigen 1 (SAG1) followed by counting of SAG1-positive parasites with an automated
microscope. Results of this analysis showed that both PruAKU80-GFP and ME49 showed
similar susceptibility to RH-dTom (ICsp = 0.096 puM), with ICso values of 0.071 puM and
0.056 uM, respectively (Table 1.3); though these values were lower than that of RH-dTom,

this difference was not significant. The pyrimethamine control showed expected I1Cs, val-

100 ues of 0.58 uM and 0.60
o
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e
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0.001 0.01 0.1 1 10 These findings indi-

RL0O03 Concentration (M)
cated that PruAKUS8O-

Figure 1.5. RLO03 demonstrates submicromolar efficacy against in
vitro-generated PruKU80 T. gondii cysts. Evaluation of the capacity for | GFP and ME49
RLOO3 to act against tissue cysts of T. gondii was conducted in vitro. 96-
well plates containing PruKU80 parasites constitutively expressing GFP in tachyzoites do not have
the bradyzoite stage were treated with alkaline induction media (pH 8.1) for
9 days without added CO, in order to induce differentiation into bradyzoites.

Upon successful generation of GFP-positive cysts, increasing concentra-
tions of RLOO3 were added, along with a volume-matched DMSO control.
Cysts were counted using an automated microscope and IC, was calcu- | hibition by RLO03, vali-
lated relative to the solvent control. All concentrations were evaluated in
triplicate. Results showed a dose-dependent response of cysts to increas- dating that results ob-
ing RLOO3 concentrations, reaching an IC., of 0.245 uM. This suggests that

RLOO3 is a potent anti-bradyzoite agent able to act against tissue cysts. tained from in vitro eval-
Error bars represent standard error from the mean.

significantly altered in-

uation of chronic infection would not be a consequence of general differences in suscep-

tibility to RLOO3.

We proceeded to evaluate the activity of RLO03 against encysted bradyzoites of

this strain. PruAKU80-GFP tachyzoites were used to infect HFF cells in 96-well plates
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containing D10 media, which is preferential for the replication of this stage, and permitted
to invade for 24 hours before differentiation was induced using an alkaline induction media
(pH 8.1) described in [186] and in the “Methods” section below. Induction was permitted
to occur for 9 days in the absence of added CO.. The presence of cysts was validated by
fluorescent microscopy for GFP and light microscopy. RLO03 was then added at increas-
ing concentrations in triplicate to the wells. A volume-matched DMSO control was also
included. Plates were incubated for 5 days before counting was performed using an auto-
mated microscope, with ICso values calculated as before. Results showed a dose-depend-
ent decrease in GFP-positive cysts upon exposure to increasing concentrations of RL0O03,
reaching a sub-micromolar 1Cso of 0.245 uM (Figure 1.5). This suggests that RL0O03 is a

potent inhibitor of T. gondii bradyzoites in vitro even when present in cysts.

Analogs of marinopyrrole A show low toxicity to HepG2 and HFF cell lines, demon-

strating high selectivity for parasites in vitro.

The high potency of the marinopyrrole
Compound ICs, Against ICg, Against

A analogs provided promising data | Identifier HFF (M) HepG2 (uM)
suggesting antiparasitic activity; how- '\Aﬂarinopyrmle >50 5.3
ever, due to the inherent dependence | RL002 >50 28.0
of T. gondii on host cell survival [168] RL0O3 >S50 49.7
RL125 >50 46.5

and due to the clinical relevance of

Table 1.4. Marinopyrrole A derivatives RL002, RL003,
excluding compounds that may be and RL125 show no or limited toxicity to human fore-
skin fibroblast (HFF) and human hepatocarcinoma
(HepG2) cell lines in vitro. Confluent HFF or HepG2
monolayers in a 96-well plate were treated in technical
triplicate with increasing concentrations of each com-
[169], we evaluated the toxicity of | pound of interest or a volume-matched solvent (DMSO)
control for 5 days. Results showed that neither marino-
pyrrole A nor any of the marinopyrrole derivatives were
toxic to the HFF cell line up to 50 uM. Conversely, marino-
pyrrole A was toxic to HepG2 cells, with an IC, of 5.3 uM;

(human foreskin fibroblast) and | \nile seemingly low, represents a >50-fold higher ICq,
than that required for T. gondii RH-dTom parasites. The

HepG2 (human hepatocellular | marinopyrrole A analogs had much lower toxicity against
HepG2.

disadvantageous to human cells

each analog to two cell lines: HFF
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carcinoma). To quantify cell viability, we employed the use of a resazurin assay [170] for
each cell line in the presence of either increasing compound concentrations or a volume-
matched solvent control, with the ICso being calculated relative to the solvent control. We
found that RL002, RL0O03, and RL125 showed no detectable toxicity in HFF cells, reflected
by the absence of a quantifiable 1Cso up to 50 uM shown in Table 1.4. Analogs did show
some toxicity to HepG2 cells, varying from 28.0-49.7 uM (Table 1.4); while initially con-
cerning, these ICso values were much lower than those required for toxicity to parasites,
representing ~291-517-fold decreased potencies as compared to the T. gondii RH-dTom
ICso values and thereby suggesting high selectivity for parasites over the host. Addition-
ally, these analogs had reduced toxicity as compared to marinopyrrole A, which showed
an ICs of 5.3 uM against HepG2 cells (Table 1.4). Therefore, taken together, these find-
ings addressed preliminary concerns of general host cell toxicity and permitted more fo-

cused evaluation of other tissue types.

Expanded screening indicates that RLOO3 has low toxicity to non-tumorigenic hu-
man tissue cell lines, with selectivity >20X for parasites over any susceptible human

cells.

With its potent activity against both T. gondii tachyzoites and cysts, and with a
demonstration of low toxicity against HFF and HepG2 cells, we performed an expanded
cell toxicity screen with RLO0O3 to more thoroughly evaluate its effects against lines repre-
sentative of other tissues. Six additional immortalized cell lines were considered: U2-OS
(osteosarcoma), HEK-293 (human embryonic kidney), THP-1 (monocyte), THP-1 M®
(macrophage), HC-04 (hepatocyte cell line genetically identical to, but functionally distinct
from, HepG2), and 17CI1 (spontaneously-immortalized fibroblasts). Additionally, to eval-
uate the potential impact of RLO03 on a primary cell line, human peripheral blood mono-

nuclear cells (PBMCs) were included for analysis. To perform this evaluation, confluent
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monolayers of adherent cells or 1 x 10° cells/well of suspension cells (i.e., PMBCs, THP-
1, THP-1 M®) were treated with increasing concentrations of RL0O03, incubated for 5 days
at 37 °C and 5% COg, and evaluated for viability through the use of a resazurin assay as

described above.

Results showed that HC-04 and THP-1 M® lines did not reach an ICso up to 50
MM, indicating >500X decreased potency for host cells over RH-dTom parasites (Figure
1.6). THP-1 cells had an ICso of 13.62 uM, which was >100X higher than that of RH-dTom

(Figure 1.6). In contrast to these lines, the tumorigenic U2-0OS, HEK-293, 17CI1 had lower
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Figure 1.6. RLO03 shows low toxicity to non-tumorigenic immortalized human cell lines and
demonstrates 220X selectivity for T. gondii. Due to its high potency in vitro against T. gondii tachyzo-
ites, RLOO3 was selected for a more widespread evaluation of cytotoxicity against a number of additional
cell lines (beyond HFF and HepG2 shown in Table 1.4) corresponding to distinct tissue types: U2-OS
(osteosarcoma), HEK-293 (human embryonic kidney), THP-1 (monocyte), THP-1 M® (macrophage), pri-
mary peripheral blood mononuclear cells (PBMCs), HC-04 (another hepatocyte line), and 17CI1 (another
fibroblast line). Cells were evaluated for sensitivity to RLO03 as described in Table 1.4. Results showed
that THP-1 M® and HC-04 cells did not reach an IC, up to 50 uM, corresponding to >500X decreases in

potency compared to RH-dTom. THP-1 monocytes had an IC, of 13.62 pM, or 141.93X higher than that
of RH-dTom. U2-0S, HEK-293, 17CI1 had lower IC_;s of 3.7 uM, 3.88 uM, and 4.52 uM, respectively,
though selectivity for RH-dTom was still 39.4-47.1X over these cell lines. Primary PBMCs had an IC, of

1.92 pM, or 20.0X higher than that of parasites. These data provide a comprehensive summary of RLO03
activity against common human cell lines and indicate that RLOO3 has little or no toxicity against non-
tumorigenic immortalized cell lines and, further, that this compound shows at least 20X selectivity for par-
asites over host cells even in cases of cell toxicity. Error bars represent standard error from the mean. *p
< 0.001 by Student’s paired t-test assuming unequal variance.

ICso0s ranging from 3.78-4.52 yuM, a substantial increase in toxicity (Figure 1.6); however,
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comparison to the RH-dTom ICs indicated that, though more toxic, RLO03 was still ~39-
47X more potent against parasites over these cell lines (Figure 1.6). Primary PBMCs
showed the highest toxicity against RLO03, with an ICs of 1.92 uM; though this represents
a ~20X increase in ICso over parasites, such toxicity may warrant further investigation

(Figure 1.6).

RLOO3 treatment induces apoptosis in HEK-293, but not HFF, cells with concomitant
increase in expression of CAS9 suggesting activation of the intrinsic apoptosis

pathway.

The toxicity of RLOO3 to tumorigenic immortalized cell lines, but not to those of
lower tumorigenicity, led us to hypothesize that, given the previous work indicating activity
of marinopyrroles against cancer, RLO03 may be inducing apoptosis in susceptible cell
lines. We evaluated this hypothesis through the use of a terminal dUTP nick-end labelling
(TUNEL) assay, which identifies short DNA strand breaks associated with apoptosis [171].
HEK-293 (susceptible) and HFF cells (not susceptible) were treated with 4 uM RLO03 or
with DMSO for 24 hours. The potent apoptosis inducer BH3I-1, known to potently inhibit
the Bcl-2 family of proteins and thereby induce apoptosis, was included as a positive con-
trol and added at a concentration of 100 uM for 24 hours [172]. Additionally, due to the
low susceptibility in cytotoxicity screenings, HFF was treated for an extended 15 days with
either DMSO or RLO03 to determine whether any apoptosis-like DNA strand breaks oc-

curred during that time.

Addition of RLOO3 induced a significant increase in the proportion of TUNEL-posi-
tive HEK cells after 24 hours compared to DMSO, with 67.9% of the cells showing TUNEL
fluorescence compared to 8.8% of the DMSO control. BH3I-1 showed 90.3% TUNEL-

positive cells after 24 hours, as would be expected (Figure 1.7). Conversely, HFF had no
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significant
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to the DMSO

- Figure 1.7. RLO03 induces apoptosis-like DNA strand breaks in HEK, but not
control, indicat- HFF, cells following 24 hours of exposure. To determine whether the cytotoxicity
observed in several of the tumorigenic cell lines was a consequence of apoptosis or
ing that RLOO3 less controlled mechanisms, an RL003-susceptible cell line (HEK-293, abbreviated
HEK) and a non-susceptible cell line (HFF) were treated with 4 uM RLO03 or an
equivalent volume of the DMSO solvent for 24 hours prior to determination of apop-
tosis induction with the Apo-BrdU™ TUNEL Assay Kit. As a positive control, the
potent apoptosis inducer BH3I-1 was included. TUNEL-positive cells were quantified
ing apoptosis- | through counting with the BioTek™ Lionheart automated microscope in triplicate for
each sample. Nuclear staining with DAPI was used to quantify total cells to calculate
like DNA strand the percentage of TUNEL-positive cells in a given sample. Additionally, to determine
whether the effects of apoptosis occur after extended treatment with RL003, an ad-
. ditional sample of HFF was treated with DMSO or RL0O03 for 15 days and quantified
breaks (Figure as above. Results showed that RLO03-treated HFF had no significant increase in
TUNEL-positive cells relative to the corresponding DMSO control, even after 15
1.7). The BH3I- days, while 83.9% of BH3I-1-treated HFF cells were TUNEL-positive after 24 hours.

Conversely, HEK showed 67.9% TUNEL-positive cells after 24 hours of treatment
with RLO03, with BH3I-1 showing 90.3% TUNEL-positive cells. Overall, these data
1 control (pre- | suggest that HEK, but not HFF, are induced by RLOO3 to undergo apoptosis result-
ing in cytotoxicity. *p < 0.001 by Student’s Paired t-Test with unequal variance.

was not induc-

sent only at 24
hours due to the toxicity to HFF at that time) showed 83.9% TUNEL-positive HFF cells,
indicating that these results were not a consequence of impaired apoptotic activity in HFF
(Figure 1.7). Together, these data complement the cell toxicity screening by suggesting

that HEK, but not HFF, undergo apoptotic events in response to RLO03 treatment.

For further confirmation of this presumptive apoptosis activity, we examined the
transcript levels of several apoptosis-associated genes in HEK-293 and HFF cells follow-
ing RLOO3 treatment: the executioner caspase CAS3, the intrinsic apoptosis-modulating

caspase CAS9, and the apoptosis inhibitor Mcl-1. HFF and HEK-293 were treated with 4
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UM RLOO3 or a volume-matched DMSO for 24 hours as above after which RNA was iso-
lated and RT-gPCR was performed using primers for each gene of interest in addition to
the housekeeping genes actin and a-tubulin for comparison of relative fold-change (FC)
difference in expression by 224¢t [173]. Data collected from this analysis (Figure 1.8)

showed that, in RLOO3-treated HEK cells, there was substantial and significant increase
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Figure 1.8. RL0OO3 induces upregulation of pro-apoptotic genes CAS9 and CAS3 and downregula-
tion of Mcl-1 in HEK-293 cells but not in HFF cells. To suggest further molecular confirmation of apop-
tosis activity in HEK-293 cells (abbreviated HEK) after treatment with RL0O03, and to confirm a lack of
apoptosis induction in HFF cells after treatment with RLOO3, the relative mRNA transcript expression of
executioner caspase-3 (CAS3), intrinsic apoptosis marker caspase-9 (CAS9), and the apoptosis inhibitor
Mcl-1 (MCL-1) was determined by RT-qPCR. Briefly, confluent cultures of HFF or HEK-293 cells in T25
flasks were treated with 4 UM RLOO3 (approximately the IC., of HEK-293 cells) or with an equivalent

volume of the DMSO solvent for 24 hours before RNA was isolated and RT-gPCR was performed with the
Power SYBR™ Green 1-Step RNA-to-Ct kit. For all analyses, f-actin and a-tubulin were included as house-

keeping genes for comparison by 2 -hact analysis of fold change. Results indicated that, following treatment
with RLO03, HEK-293 cells showed a significant and substantial increase in expression of CAS9 (Log,FC

=8.57) and a more modest but significant increase in expression of CAS3 (Log,FC = 2.70). Concomitantly,
the expression of MCL-1 was significantly reduced (Log,FC = -2.37). This pattern was not seen in HFF
cells under the same conditions, which showed slight decreases in expression of CAS3 and CASS (Log,FC
=-1.74 and -1.61, respectively) and increased expression of MCL-1 (Log,FC = 1.72). These data suggest

that in HEK293, but not in HFF, treatment with RLO03 causes strong upregulation of CAS9 and moderate
upregulation of CAS3, indicating a likely activation of the intrinsic apoptosis pathway in facilitating the
observed cytotoxicity in HEK cells. Error bars represent standard error from the mean. *p < 0.001 by
Student’s paired t-test with unequal variance.

in CAS9 transcript levels compared to the solvent, with a Log.FC of 8.57. CAS3 showed
a more modest, though significant, increase under RLOO3 treatment, with a Log.FC of

2.70; concomitantly, Mcl-1 expression decreased significantly (Log.FC = -2.37). In
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contrast to HEK, HFF cells showed comparatively little change in expression of these
genes after treatment with RLOO3, with slight decreases in CAS3 and CAS9 expression
(Log2FC, respectively, of -1.74 and -1.61) and a slight increase in Mcl-1 expression
(Log2FC = 1.72). These data provide further confirmation that HEK, but not HFF, are in-
duced to undergo apoptosis in the presence of RLO03; not only so, but the much stronger
upregulation of CAS9 implicates a role of the intrinsic apoptosis pathway in mediating this

activity.
Discussion

T. gondii infection constitutes a substantial burden to public health, especially for
immunocompromised individuals and prenatally-infected infants [143]. Limitations to ex-
isting treatments [11] emphasize the importance of developing improved therapeutic in-
terventions against T. gondii. The marine microbial product marinopyrrole A has been pre-
viously found to show potent antibacterial activity against gram-positive Staphylococcus
species [117] and to elicit pro-apoptotic stimulation across a variety of cancer cell lines
[174], indicating broad antiproliferative properties of this compound across multiple diver-
gent species (both prokaryotic and eukaryotic); therefore, we aimed to address the scar-
city of viable T. gondii treatments by evaluating the antiparasitic activity of marinopyrrole
A in vitro and in vivo. In this work, we describe the previously-unreported inhibition of T.
gondii RH-dTom parasites by marinopyrrole A at a significantly higher potency than py-
rimethamine, and, further, report less serum-sensitive analogs with even higher potencies

up to ~7-fold that of pyrimethamine.

Our in vitro analysis of marinopyrrole A efficacy against T. gondii tachyzoites
shows a remarkably low ICso (0.31 pM), demonstrating critical inhibition of parasite prolif-
eration during the acute-stage lytic cycle. Given our previously-reported in vitro ICso of

0.60 pM for pyrimethamine [151], marinopyrrole A presents a substantial and significant
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improvement in potency, adding to its existing repertoire of antimicrobial activity [110]
(Figure 1.1). While previous literature reports some toxicity to human cells via activation
of pro-apoptotic cell death pathways in a wide variety of cancer cell lines [174], we demon-
strate that toxicity of this compound to the non-cancerous, terminally-differentiated HFF
cell line remains undetected. However, marinopyrrole A did show substantial toxicity to
HepG2 cells, with an ICs of 5.3 uM (Table 1.4); while ostensibly concerning, this value
still represents >50X selectivity for parasites over HepG2 cells, supporting our continued
analysis of this compound against Toxoplasma. Additionally, given that HepG2 cells are
a hepatocellular carcinoma line and based on the aforementioned toxicity of marinopyrrole
A to cancer cell lines [174], this toxicity against HepG2 is to be expected and, given the
continued maintenance of high selectivity, this supports the in vitro viability of utilizing this

compound in acute T. gondii models.

However, despite these promising data, we found that the sub-micromolar efficacy
of marinopyrrole A was completely lost by the addition of serum at concentrations greater
than or equal to 20% of the media composition, at which point the 1Cso could no longer be
reached at up to ~38-fold higher concentrations of marinopyrrole A than the previously-
determined ICso value; that is, up to 10 pM, it was not possible to determine a concentra-
tion at which 50% of tachyzoites had been killed (Table 1.1). Such strong inhibition by
serum is not unprecedented, as Haste and others previously reported abrogation of
marinopyrrole A bactericidal activity against methicillin-resistant S. aureus in the presence
of 20% human serum [117], though, intriguingly, this effect was less pronounced in in vivo
examinations of anti-cancer properties for neuroblastomas [175]. Nevertheless, loss of
anti-Toxoplasma activity at 20% serum represents a potential physiological barrier to the
translational application of this compound in mammalian models, prompting our interest

in progressing to in vivo models.
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Despite the significant loss of marinopyrrole A potency following the addition of
serum, we performed an in vivo analysis of anti-Toxoplasma activity in a lethal acute mu-
rine infection model using outbred Swiss-Webster mice infected with ME49-strain tachyzo-
ites. Surprisingly, we show that dosages at 5 and 10 mg/kg marinopyrrole A facilitated
71.4% survival, as compared to the pyrimethamine control that showed 71.4% survival as
well. At 20 mg/kg, marinopyrrole A allowed for an increase in survival at 85.7%, suggesting
that the observed in vitro serum-mediated loss of potency was abrogated, at least to some
extent, in vivo, though the means by which this abrogation occurred are not immediately

clear (Figure 1.2).

The high potency of marinopyrrole A prompted us to investigate several synthe-
sized analogs of this compound—here noted as RL002, RL003, and RL125 (Figure 1.3)—
for potential improvements to the antiparasitic activity and serum sensitivity of the parent.
Our results showed that RL002, RL003, and RL125 exhibit increased parasiticidal activity,
with I1Csp values ranging from 0.092 uM to 0.160 pM—corresponding to significant ~2-7-
fold increases in potency relative to pyrimethamine (Figure 1.4). These analogs also
demonstrate comparatively low toxicity to human cell lines up to 50 uM, with no observed
toxicity to HFF cells and HepG2 1Csos 291-517-fold higher than those reached in T. gondii
(Table 1.4). This represents an improvement over the toxicity of the parent to HepG2 cells.
In sum, these data demonstrate that, even in a cancer cell line likely to be impacted by a
marinopyrrole, these analogs have extremely high (>500-fold) selectivity for T. gondii
tachyzoites over either human cell line, a desirable trait for a potential therapeutic com-

pound.

Expanded analysis of RLO03 susceptibility in host cells indicated several cell lines
for which substantial toxicity was observed; these included the immortalized lines U2-OS

(ICso = 3.78 M), HEK-293 (ICso = 3.88 pM), and 17CI1 (ICso = 4.52 uM). However, it would
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be unsupported to indicate that this is an intrinsic consequence of the tissue of origin; both
U2-OS and HEK-293 are known to be tumorigenic cell lines [176; 177] and, given the
known activity of marinopyrrole A against a number of cancer lines [174], this may be a
contributing factor. This possible link is strengthened by the inclusion of a known tumor-
igenic fibroblast cell line, 17CI1 [178], that showed >10X higher susceptibility to RLO03 as
compared to HFF, which are not tumorigenic and for which an 1Cso was not reached up to
50 uM (Figure 1.6). Further, both HepG2 and HC-04, which are cancerous cell lines de-
rived from human hepatocellular carcinoma, are unable to establish tumors in nude mice
[179] and, compellingly, showed very low susceptibility to RLO03 (Figure 1.6); this further
suggests that tumorigenicity of a cell line may play a role in its susceptibility to RLO03, at

least in the case of immortalized cells.

Unexpectedly, the primary cells tested, peripheral blood mononuclear cells
(PBMCs), showed the highest susceptibility to RLO03 (ICso = 1.92 uM). While initially con-
cerning, this value represents a 20X increase in ICso compared to T. gondii, supporting
the selectivity of this compound for parasites over even the most susceptible host cell line.
In addition, PBMCs are taken directly from donors and may therefore be poorly-acclimated
to cell culture, particularly over the 5-day time period needed for evaluation of RLO0O3 ac-
tivity [180]. We hypothesized that these cells may be hypersensitive to compound insult;
supporting this, a comparison of PBMC and HFF sensitivities to pyrimethamine demon-
strated that PBMCs were >5X more sensitive to pyrimethamine than HFF, which did not
show an ICso up to 10 uM and is typically not expected to show substantial toxicity to host
cell lines [61] (Supplementary Table 1). This may suggest that the in vitro susceptibility
of PBMCs is a consequence of heightened sensitivity to compound treatment rather than

specific susceptibility to RLO03.
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A closer examination of the manner in which one susceptible line—HEK-293—was
succumbing to RLOO3 treatment revealed that, rather than general necrosis, this com-
pound appears to follow in the pattern of other marinopyrroles by inducing apoptosis in
these cells, though clearly not in cell lines showing low toxicity (Figure 1.7). The particu-
larly-strong increase in CAS9 expression (Log-FC = 8.57) in the RT-gPCR analysis (Fig-
ure 1.8) is suggestive of possible involvement of the mitochondrial-mediated apoptosis
pathway. CAS9 is known to be a primary participant in the intrinsic apoptosis pathway,
which generally responds to mitochondrial damage or to cascades of signals from the
release of cytochrome c [181]. Additionally, the concomitant increase in CAS3 expression,
though less pronounced (Log.FC = 2.7), is supportive of a general trend toward apoptosis,
given that CAS3 is an executioner caspase acting to fragment DNA and initiate breakdown
of cytoskeletal proteins; not only so, but CAS3 is a direct downstream effector of CAS9,
given that it is cleaved into its active form by the active CAS9 protein [182]. However,
these data are in preliminary stages of development and are indicative only of the expres-
sion of transcripts at the 24-hour time point, though these findings do suggest intriguing

future studies characterizing RL0O03-mediated apoptosis.

Critically, we also report a concomitant decrease in sensitivity to serum across all
analogs, with each showing an I1Cso < 5uM up to 50% serum; this is in stark contrast to
marinopyrrole A, which showed dramatic loss of potency (Table 1.1). While RL002
demonstrated ~8-fold lower potency than pyrimethamine at 50% serum, RLO03 sand
RL125 maintained sub-micromolar—and sub-pyrimethamine—ICsgs, despite the ~40-fold
loss of potency for RL125 from 1-50% BCS (Table 1.2). Notably, RLO03 showed the low-
est loss of potency across serum concentrations at ~5.9-fold, maintaining a ~4-fold lower
ICso than pyrimethamine despite this minor reduction in parasiticidal activity (Table 1.2).

This suggests that, while present, serum sensitivity of these analogs is substantially lower
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than that of the parental marinopyrrole A molecule and, importantly, that these analogs
maintain high potency up to 50% serum. Particularly, the maintenance of such high po-
tency in RLOO3 and RL125 even in higher serum concentrations is a desirable trait for

continued analysis in future work.

Perhaps most surprisingly, RLO03 showed potent inhibition of in vitro-generated
cysts. Not only was the ICso reached—which itself suggests promise—but the value of
0.245 pM indicated a remarkably high potency (Figure 1.5). This is particularly critical for
addressing the gaps in treatment options for T. gondii infections; given that the cyst stage
has no current FDA-approved treatments capable of penetrating the cyst wall and effec-
tively reducing parasite burden [61], this may point to an additional therapeutic application
for RLO03. Further in vivo chronic studies will be needed to more thoroughly evaluate this

potential activity in the more complex environment of an animal host.

Taken together, our data point to marinopyrrole A and its analogs as previously-
unreported anti-Toxoplasma molecules acting against both tachyzoites and cysts, provid-
ing a potential avenue for improved therapeutic interventions against both stages this in-
fection. Given the enhanced serum stability of the analogs and our demonstration of their
in vitro potency, we aim to synthesize sufficient amounts of compound to complete in vivo
efficacy studies for these and other marinopyrrole A analogs. Additionally, given the ap-
parent preferential toxicity to primarily tumorigenic cell lines, further evaluation of RLO03
as a potential anti-cancer compound may be of benefit. Continued analysis of these or
related marinopyrrole analogs may provide additional insight into structural components
contributing to in vitro and in vivo potency to parasites as well as sensitivity (or lack thereof)

to serum, facilitating continued development of further-improved compounds.

Conclusion
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In this work, we showed that marinopyrrole A is a high-potency anti-Toxoplasma
molecule demonstrating sub-micromolar efficacy against tachyzoites at 1-10% serum con-
centrations in vitro. We also demonstrated a dose-dependent reduction in potency follow-
ing increasing serum concentrations, with potency being largely lost at serum levels of
20% and above. However, our in vivo data demonstrate that, despite this apparent obsta-
cle, marinopyrrole A at 5, 10, and 20 mg/kg facilitated significant enhanced survival in
mice as compared to the vehicle control. Improving upon the existing advantageous fea-
tures of marinopyrrole A, our synthesized analogs RL002, RL0O03, and RL125 showed low
toxicity to non-tumorigenic immortalized cell lines, significantly increased potency against
T. gondii infection in vitro, and reduced sensitivity to serum. Further, RLO03 showed potent
inhibition of encysted bradyzoites in vitro. These analogs, and particularly RL0O03, there-
fore represent a series of promising novel anti-Toxoplasma compounds for future evalua-
tion in vivo, with the ultimate aim of addressing the severe limitations to existing therapeu-

tic options against this infection.

Materials and Methods

Commercial Compounds

Marinopyrrole A, pyrimethamine, phorbol 12-myristate 13-acetate (PMA), and
BH3I-1 were obtained from Sigma-Aldrich (St. Louis, MO). These compounds were dis-
solved in dimethyl sulfoxide (DMSO) prior to completion of relevant assays. RL002,
RL0OO03, and RL125 were kindly provided by Dr. Rongshi Li (Department of Pharmaceutical
Sciences , University of Nebraska Medical Center). Geneticin (G418 sulfate) was obtained

from ThermoFisher Scientific (Waltham, MA).

Cell Lines and Maintenance
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HepG2 cells were obtained through CH3 Biosystems® (Buffalo, NY). HFF (ATCC®
CRL-4001™), HC-04 (ATCC® PTA-3441™), U2-0OS (ATCC® HTB-96™), HEK-293
(ATCC® CRL1573™), and THP-1 (ATCC® TIB-202™) were acquired from ATCC® (Ma-
nassas, VA). PBMCs (IQB-PBMC103) were obtained from iQ Biosciences® (Berkeley,

CA).

Adherent cell lines were maintained under serial passage at 37 °C and 5% CO.
with D10 media: Dulbecco’s modified Eagle’s medium (DMEM) (Lonza, Walkersville, MD)
supplemented with 20% Medium-199 (Corning, Manassas, VA), 10% heat-inactivated bo-
vine calf serum (BCS) (GE Healthcare Life Sciences, Logan, UT), 2 mM L-alanyl-L-gluta-
mine (Corning, Manassas, VA), 100 pug/mL penicillin/streptomycin (Corning, Manassas,
VA), and 20 pg/mL gentamicin sulfate (Corning, Manassas, VA). Non-adherent cell lines
(i.e., PBMCs, THP-1) were maintained in Roswell Park Memorial Institute-1640 (RPMI-

1640) media supplemented as above for D10, with the exclusion of Medium-199.

THP-1 cells were differentiated into macrophages (THP-1 M®) by plating 5x10*
cells/well in 200 pL/well of a 96-well plate with the addition of 15 pg/mL phorbol 12-
myristate 13-acetate (PMA), after which plates were incubated for 48 hours at 37 °C and

5% CO, to allow for differentiation.

Type | Toxoplasma gondii RH parasites constitutively expressing an integrated
stable fluorescent dimerized Tomato protein (RH-dTom) construct, type Il wild-type ME49
parasites, and PruAKUB8O parasites tagged with GFP (PruAKU80-GFP) were serially-pas-
saged in HFF cells in D10 media at 37 °C and 5% CO:., as reported previously [151] unless

otherwise indicated.

Parasite Growth Assays
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Determination of the half-maximal inhibitory concentration (ICso) was completed
through the procedure outlined in [151; 183]. Briefly, 96-well plates containing confluent
HFF monolayers were infected with 2,000 tachyzoites/well of RH-dTom parasites and
were subsequently incubated for 12 hours to allow for invasion. Compounds of interest
were then added at increasing dilutions (each dilution in technical triplicate) as indicated
in the text, with a volume-matched, solvent-only control, and plates were incubated at 37
°C and 5% CO. for 5 days. Fluorescence at 554/581 nm (dTom) was quantified for each
well through the use of a BioTek® Synergy™ HT multi-mode plate reader, and ICsos were
calculated by determining the compound concentration at which wells exhibited 50% flu-

orescence relative to the solvent control.

For growth assays in the presence of increasing serum concentrations, heat-inac-
tivated bovine calf serum (BCS) at 1-50%was added to the base media (i.e., D10 without
10% BCS) 48 hours prior to the addition of compound to allow parasites and host cells to

acclimate. 1Cso assays were then completed as above.

Both the PruKU80-GFP and MEA49 strains used in these analyses do not stably
express fluorescence during the tachyzoite stage; therefore, we quantified parasites by
staining for the major surface antigen SAG1 following the general protocol of [184]. Con-
fluent HFF monolayers in 96-well plates were infected with 2,000 parasites/well for 12
hours as before to allow for invasion, after which increasing concentrations of RLOO3 or a
volume-matched DMSO solvent control were added to triplicate wells. After 5 days of in-
cubation at 37 °C and 5% CO., wells were fixed with 4% PFA for 15 minutes, washed with
1X PBS, and blocked with 3% BSA and 0.1% Triton-X in PBS (PBT buffer) for 1 hour at
room temperature to permeabilize host cells. Primary murine monoclonal a-SAG1 anti-
bodies (ThermoFisher, Waltham, MA) were added at 1:1,000 dilution in PBT buffer and

incubated with the wells for 1 hour at room temperature, after which wells were washed
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with 1X PBS to remove residual unbound primary antibodies. Secondary Alexa-488-con-
jugated goat a-mouse 1gG antibodies (ThermoFisher, Waltham, MA) at a 1:1,000 dilution
in PBT buffer were then added and plates were incubated away from ambient light for 1
hour at room temperature. SAG1+ parasites, corresponding to viable tachyzoites, were
quantified by counting each well in its entirety using the automated BioTek™ Lionheart
automated microscope. ICso values were calculated as the RLO03 concentration at which

wells showed 50% SAG1+ tachyzoites relative to the solvent.

Cyst Viability Assay

PruAKUS80 parasites tagged with GFP (PruAKU80-GFP) on the LDH2 protein,
which is expressed exclusively in bradyzoites [185], were used to infect a confluent HFF
monolayer at an MOI of 10, and invasion was allowed to proceed for 24 hours. Induction
of differentiation was then completed largely as described in [186]: tachyzoite-preferential
D10 media was replaced with alkaline induction medium, pH 8.1 (RPMI 1640, 1% heat-
inactivated FBS, 50 mM HEPES) and grown without CO, at 37 °C for 9 days, with replace-
ment of media every 2 days and concomitant monitoring of wells for cyst formation. RLO03
was then added at increasing concentrations in triplicate across wells, including a volume-
matched solvent-only control. After 5 days, GFP-expressing cysts (excitation/emission:
469/525 filter cube) were counted through the use of a BioTek Lionheart automated mi-

croscope and compared to the solvent control.

Cell Viability Assays

Calculation of the 1Cso for HFF and HepG2 host cells was conducted through the
use of a resazurin assay as described in [170]. To complete this, confluent monolayers of
HFF or HepG2 were treated with various concentrations of each compound of interest,
including a volume-matched solvent (DMSO) control, in technical triplicate. Following in-

cubation for 5 days, resazurin salt (MP Biomedicals, Solon, OH) was added at a final
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concentration of 10 uM and plates were allowed to incubate at 37 °C and 5% CO; for 4
hours protected from light. Fluorescence was then measured through the use of a Bio-
Tek® Synergy™ HT multi-mode plate reader as above, and ICsos were calculated as the

concentration at which wells exhibited 50% fluorescence relative to the solvent control.
RNA Isolation and RT-gPCR

RNA isolation from HFF and HEK cells treated with either DMSO or 4 uM RL003
for 24 hours (or 15 days for HFF) was completed using the Qiagen® RNEasy® Plus kit
following the manufacturer recommendations. RNA was confirmed for sufficient yields and
quality through the use of spectrophotometry (via Azsor2s0 ratio). Relative expression was
quantified by performing RT-gPCR with the PowerSYBR® Green RNA-to-CT™ 1-Step Kit
(ThermoFisher, Waltham, MA), using primers specific to the corresponding gene of inter-
est (Appendix B) or to the actin (ACTB) or a-tubulin (TUBA1B) housekeeping genes.
Determination of fold change for RLO03-treated samples relative to the solvent-treated
controls was completed through the 222t method described in [173]. Each sample was
run in technical triplicate and the reported results show the mean (with error bars repre-

senting standard error from the mean).
In vivo Analysis of Compound Efficacy Against Acute Infection

Two-month-old female Swiss Webster mice were obtained from Charles River.
Mice were infected with 5,000 T. gondii ME49 tachyzoites via intraperitoneal injection.
Subsequently after infection, Marinopyrrole A treatment began through intraperitoneal in-
jection at 5, 10 and 20 mg/kg (n=7 for each dosage) given once a day for a total of 10
days. Intraperitoneally injected pyrimethamine at 5 mg/kg was included as a positive con-
trol (n=7). Solvent treated mice were included as a control for mouse death (n=7). Marino-
pyrrole A and pyrimethamine were dissolved in PTD solvent [187]: 30% propylene glycol

(Sigma-Aldrich), 5% Tween 80 (Sigma-Aldrich), 62% D5W (5% dextrose in water), and
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3% DMSO (Sigma-Aldrich) at a final pH of 4-5. Mice were monitored and weighed daily to
monitor overall health. Kaplan-Meier survival curves and p-value analysis were obtained
with IBM SPSS Statistics software. All in vivo studies were institutionally approved and

carried out under IACUC # 18-075-07.
Statistical Analyses

All statistical tests for variation in 1Cso values were completed using Student’s t-
test assuming unequal variance, with p < 0.01 unless otherwise indicated. All statistical
tests for significant increases in mouse survival were completed through IBM SPSS Sta-
tistics Software. Kaplan-Meier curves were calculated, and the log-rank test was imple-
mented to determine overall significance of marinopyrrole A treated versus solvent treated

mice.
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CHAPTER 2: SCREENING OF MARINOPYRROLE DERIVATIVES AGAINST BACTE-
RIAL PATHOGENS AND HUMAN PARASITES LEISHMANIA DONOVANI, ACAN-
THAMOEBA CASTELLANII, AND NAEGLERIA FOWLERI

The need for improved antimicrobial therapies encompasses a wide variety of both
prokaryotic and eukaryotic pathogens. Development of small-molecule inhibitors of path-
ogen growth has been an intensive area of medicinal chemistry research in recent dec-
ades; however, despite the continued progress being made, many pathogenic infections
remain difficult to effectively treat with current therapies. Notable amongst these are diar-
rheal ilinesses (especially those associated with Clostridium dificile and Cryptosporidium
parvum), tuberculosis, leishmaniasis, trypanosomiasis, and a variety of amebiases [188-
192]. Compounding matters, the global prevalence of antibiotic resistance across such
species as S. aureus [193], Streptococcus pneumoniae [194], Legionella pneumophila
[195], and Mycobacterium tuberculosis [196] is increasing at an alarming rate, causing
serious clinical consequences in healthcare facilities where already-susceptible patients

are at risk of acquiring an infection for which available antibiotics are ineffective [197].

A number of prokaryotic pathogens remain highly prevalent despite the advent of
modern antibacterial agents, due in no small part to the capacity for many of these agents
to quickly acquire resistance over several generations [198], particularly in the presence
of sublethal dosages [199]. Among the gram-positive bacteria, both S. aureus (an oppor-
tunistic pathogen typically present as a commensal but capable of causing cutaneous and
systemic infections) and S. pneumoniae (a causative agent of community-acquired pneu-
monia) are of particular concern due to their increasing demonstration of multi-drug re-
sistance [200; 201]. Further, B. anthracis is a pathogen of serious public health concern
due to its high virulence—resulting in skin ulcers or, if inhaled, fatal respiratory infection—

and potential economic impact, making it highly concerning for possible use as a
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bioweapon [202]; therefore, intentional or unintentional conferral of resistance to antibiot-

ics would be potentially devastating [203].

Gram-negative pathogens also cause millions of infections each year, with sub-
stantial economic and public health burden [204]. Infections of the urinary or gastrointes-
tinal tract caused by Escherichia coli, Shigella sonnei, Salmonella enterica, Yersinia
pseudotuberculosis, and Vibrio cholerae represent serious causes of diarrheal and sys-
temic illness, with the presence of multi-drug resistance rendering these typically treatable
infections much more dangerous to patients [205]. Other respiratory pathogens, including
the potentially serious lung pathogen Legionella pneumophila and the potentially-fatal
pneumonic infection by Francisella tularensis, are of additional concern due to their ease
of spread and potential use as biological warfare agents [206; 207]. Related to these,
though formally gram-refractory [208], Mycobacterium tuberculosis presents as a chronic
respiratory infection characterized by the formation of tubercles in lung tissue and persis-
tence of infection [209]; even with the proper antibiotics, treatment is typically recom-
mended for 6 to 9 months following diagnosis [191]. This length of treatment is amenable
to patient neglect or incorrect dosage facilitating the alarming rise in multidrug resistance,
indicative of an acute global health concern. Together, these concerning cases across
gram-positive, gram-negative, and gram-refractory pathogens support the continued
search for improved antibacterial interventions, particularly those for which the acquisition

of resistance is less likely.

Multiple eukaryotic parasites also represent serious public health concerns, many
due to their widespread distribution and numerous annual cases [210-212]. However, in-
fections that have few annual cases are frequently hindered due to lack of available treat-
ment options, particularly for those which result in high likelihood of morbidity or mortality

[210-212]. Notable among these are the high-mortality cerebral amebiases caused by
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free-living amoebae [213]. Naegleria fowleri is one of the most infamous agents leading
to high mortality infections; following waterborne activities, accidental inhalation results in
movement of these preferentially bacteria-consuming organisms along the olfactory nerve
and into the brain, resulting in primary amoebic meningoencephalitis (PAM) [214; 215].
While infections are rare, with only a few cases per year, they are nearly all fatal, with a
>95% mortality rate [216]. Similarly, Acanthamoeba castellanii, a soil-dwelling organism
primarily known for its role as a causative agent of keratitis (inflammation of the cornea
resulting from destruction of tissue by amoeba), can cause rare infections of the brain
leading to granulomatous amoebic meningoencephalitis (GAM), a condition that is often
associated with poor prognosis and substantial mortality [217]. Current treatments are se-
verely limited for both N. fowleri and A. castellanii with the experimental compound miltefo-
sine showing potential promise as an orally-available medication [216], though no single

treatment has yet been shown to effectively eliminate either infection [218; 219].

The neglected tropical disease leishmaniasis is, like the amebic infections de-
scribed above, capable of causing frequent morbidity and mortality in infected individuals
[220]. The most severe form of this disease is visceral leishmaniasis and is most frequently
caused by the kinetoplastid parasite Leishmania donovani or, in rarer instances, Leishma-
nia infantum [221]. Visceral leishmaniasis is a severe systemic infection characterized by
sporadic febrile bursts eventually resulting in splenomegaly, hepatomegaly, anemia, and
nearly 100% mortality in the absence of treatment [222-224]. Current treatments for this
infection are severely limited. The long-standing use of toxic pentavalent antimonials re-
mains widespread outside of the U.S and elicits severe patient responses and illness [222;
225]. More recent advances have identified the FDA-approved intravenous liposomal am-
photericin B, a less-toxic alternative that appears to allow for improvements to clinical out-

comes after 21 days, although patient side effects remain a substantial issue [226-228].
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Miltefosine has recently been approved for treatment of visceral leishmaniasis as an orally
administered tablet and seems to show promise [229; 230], but its long-term effects re-
main unclear [231]. Additionally, drug resistance against both amphotericin B and miltefo-
sine presents a continued concern for treatment-refractory cases of leishmaniasis [232-

234].

Combating these infections presents a challenging area of continued research. To
this end, marinopyrroles and pyrrolomycins have been generally well-characterized for
their capacity to elicit bactericidal activity against a variety of gram-positive pathogens,
particularly S. aureus and its drug-resistant serovars, such as methicillin-resistant S. au-
reus (MRSA) and vancomycin-resistant S. aureus (VRSA) [117]. We have shown that
marinopyrrole A as well as several of the pyrrolomycin derivatives are particularly effective
against multiple strains of T. gondii (Chapter 1), suggesting potential activity against eu-
karyotic parasites. This is supported by the corresponding inhibitory activity against a va-
riety of Mcl-1-dependent eukaryotic cancer cell lines [235]. The potency of these mole-
cules makes them particularly intriguing for their potential antimicrobial activity [235; 130].

Therefore, we hypothesized that, like its parental compound, RLO03 would demonstrate

potent (<5 uM) antibacterial activity against primarily gram-positive bacterial pathogens,

and possibly potent activity against L. donovani, A. castellanii, and/or N. fowleri.

Results

RLOO3 demonstrates potent inhibition of growth in both gram-positive and gram-
negative bacterial pathogens as well as in Mycobacterium bovis BCG, suggesting

broad antibacterial activity.

Based on the previously-identified potent anti-MRSA activity of marinopyrrole A,
we hypothesized that a number of other gram-positive bacteria would show susceptibility

to RLOO3. To broadly test the antibacterial properties of RLO03, we determined the 50%



59

minimum inhibitory concentration (MICso) for 11 prokaryotic human pathogens spanning
gram-positive, gram-negative, and gram-refractory species, as shown in Figure 2.1. This
was accomplished through comparison of ODsgo vValues for compound-treated or solvent-
treated overnight cultures of each strain (with the exception of M. bovis BCG, for which 2
weeks of growth were allowed), with MICs, values calculated as the compound concen-

tration at which the ODgoo Was 50% that of the solvent control.

Of the species tested, 7 showed dose-dependent susceptibility to RLO03, with 6 of
these having MICs values below 1 uM. Following the previously described anti-staphylo-
coccal activity of marinopyrrole A, RLO03 showed potent activity against the methicillin-
resistant USA300 strain of S. aureus, with an MICso of 0.12 puM (Figure 2.1). RLO03 also
had efficacy against several additional gram-positive organisms: S. pneumoniae showed
susceptibility similar to S. aureus, with an identical MICso, and B. anthracis Ames35 (lack-
ing the pXO2 plasmid to facilitate use outside of a high-containment facility) had an MICsp
of 0.95 uM (Figure 2.1). While 4 of the 7 gram-negative pathogens tested did not demon-
strate susceptibility to RLO03 up to 5 uM, V. cholerae, and L. pneumophila showed sub-
stantial susceptibility to RLO03 with MICses of 0.74 uM and 0.20 uM, respectively (Figure
2.1). While not as potent against Y. pseudotuberculosis, with an MICso of 4.49, RLO03 did
still show activity against this pathogen (Figure 2.1). In addition to the gram-positive and
gram-negative pathogens, M. bovis BCG, RL0O03 demonstrated potent activity with an
MICso of 0.48 uM after 2 weeks of axenic incubation. Together, these data demonstrate
that RLOO3 is a potent antibacterial molecule whose activity is not exclusively restricted to
either gram-positive or gram-negative bacterial species and, further, that this compound

shows possible tuberculocidal activity.



60

‘INT G 01 dn payoeal J0u = YN "Ueaw ayl Wod} 1013 prepuels uasaldal sieq 1043 "santadoid weib uo Juspuadap AjpAISn|oxd
10U SI £007Y Jo AAnoe ay) Jey) 1sabBns erep asayl ‘Jonuod aamsod ay) Joj sanfea S Bulyoess sudsep £007d INT G 01 dn (SATIH) SAT BINAIR|OY “dSgns
sisuase|n ‘4 pue ‘(ALS) IydAL reacsss eauss ‘S ‘(NOSS) 18uuos S ‘(O3) 1109 "3 Jo} payoea. jou a1am sanfea oA (PTA 909 gN) uswieal Jo skep T
l1ayje 904 sinoq "\ 1surebe pantasqo sem (NM 81°0) Auanoe wislod-Alejwis “(ds) eluownsaud s pue {(00€VYSN) 00EVYSN snaine °S juelsisal-uloiysw ‘(vg)
sioelyue g suaboyred annisod-welb 1suiebe se |jam se (D) aeisjoyd “A pue (d47) ejiydownaud 7 suaboyred aaiebau-welb 1surebe (AN T>) AiAnoe |eus)
-oegnue Jualod pamoys £00TY ‘|eJaAQ S|01U09 JUSA|0S 01 pasedwod sanjea %°°qo uo paseq parenoes pue Jewlo) srejdoloiw INdyBnoiyl-ybiy e ul psrajdwos
(%So1IA) UoITRNUBOUOD AIONCIYUT WNWIUIW %0S 3y} JO UoeulwIa1ap YBnoJy) parenfeas alam uioexo)oidio 01uod aamsod ay) 01 1o €007 01 (Sa10ads aAmsod
-welb pue aanebau-welb yloq Bunuasaidal) suaboyred eusroeq TT Jo sanliqudassns ayl "AlIAIlOR [elld1oeqiiue peolq sajelisuowsap €001y 'T'Z 24nbi4

41¢!
rl) uonesnusosuo . . 924
208 m=>_lolor ) (i) uon ur.o O €007 00 1000 L6e 80 gr0q wnuaoeqooipy 19UleN
P 0 . . aejuownaud
o4 L£e ¢l'o $N22020)daAS
vd —e— o 00EVSN
e 5 seol rAR0) VSHIN snaine aAISO4
dS —e— m $no2020/Aydels
A
sal
o 2 90 560 sessuly
d]—e— o) seue snpoeg
<
® . . ejydownaud
00€VSN 09 © 0a'Zt 0z'0 gyauoibay
o
SATId —e— M z.00 v.0 8BISOYD LI
og O . . sisonassgnopnasd
ALS—o o 1100 6ty BLsIo
= d 5]
= ) SAT eayosejoy “dsgns annebaN
OA , 001 \m e dN sisusein) ejjesiouel
=
~ 1500 N ydA] Jenolas
NOSS—# 0zl BOLBJUS BJBUOLIES
GLdA —0— §50°0 N feuuos efjabiys
GS00 4N 1109 BIyoL8YyIsg
)
rl) % (W uoneubiss
:.oﬁm___u._ﬁo_v,.om____\o,_ *oIN uleng |eusjoeg " EEM

€001




61

RLO0O03 shows potent antiparasitic activity against axenic cultures of Acanthamoeba

castellanii and Naegleria fowleri in vitro, but not against Leishmania donovani

amastigotes.

The broad antibacterial activity shown by RL003, in conjunction with the previ-

ously-identified anti-Toxoplasma activity shown in Table 1.4, led us to hypothesize that

RLO03 may show efficacy against the intracellular pathogen L. donovani in addition to the

pathogenic free-living amoebae A. castellanii and N. fowleri. Parasites were cultured axen-

ically prior to treatment with increasing concentrations of RLO03 or with the appropriate

. RLOO3 IC Miltefosine IC

Organism 50 50

g (M) (M)
L. d0n0\_/an| NR 4.68
promastigotes
A. castel!anu 0.045 8.98
trophozoites
N. fowleni 0.175 49.4
trophozoites

Table 2.1. RLO03 demonstrates efficacy against axenic cultures of
eukaryotic parasites Acanthamoeba castellanii and Naegleria
fowleri, but not against Leishmania donovani. The previous activity
of marinopyrrole A against both prokaryotic and eukaryotic cells sug-
gested the potential for antiparasitic activity against a variety of extra-
cellular eukaryotes. To test this activity, three distinct parasites for which
current treatments are lacking—L. donovani, A. castellanii, and N.
fowleri—were examined for their axenic susceptibility to RLO03 using
the resazurin assay described in the text. For a positive control, the ex-
perimental antiparasitic compound miltefosine was included for all spe-
cies. Results showed that axenic L. donovani promastigotes were not
susceptible to RLO03 up to 5 pM, with the IC., not being reached;

miltefosine showed an expected IC, of 4.68 uM, supporting that this

was not an error in procedure. Conversely, both A. castellanii and N.
fowleri were potently inhibited by RL003, with IC., values of 0.045 uM

and 0.175 uM, respectively, representing a ~200X and a ~280-fold in-
crease relative to the corresponding miltefosine controls. These data
suggest that RLO03 is a potent antiparasitic molecule acting against A.
castellanii and N. fowleri, potentially indicating use as a novel small mol-
ecule inhibitor of these organisms. NR = not reached up to 5 pM.

solvent control, after
which a resazurin assay
was conducted for evalu-
ation of toxicity (as a con-
sequence of loss of oxi-
dative  phosphorylation
activity [170]) by calcula-
tion of the ICso as de-
scribed previously. For a
positive control, the ex-
perimental antiparasitic
molecule miltefosine was
included, given that there

are no FDA-approved

treatments effectively or

specifically clearing N. fowleri or A. castellanii infection and given the limited use of this

compound in treatment of visceral leishmaniasis from L. donovani.
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The results shown in Table 2.1 demonstrate the potent amoebicidal activity of
RLOO03 against axenic trophozoites, though the same effect was not observed against L.
donovani promastigotes. The ICso against A. castellanii was 0.045 pM, a ~200X increase
in potency compared to miltefosine (ICso = 8.98 uM) (Table 2.1); this increase in potency
was more pronounced against N. fowleri, for which the 1Cso of RLO03 was 0.175 uM, rep-
resenting a ~280X increase in potency relative to miltefosine (ICso = 49.4 uM) (Table 2.1).
In contrast to the activity against amoebae, RLO03 did not demonstrate an identifiable 1Cso
value against L. donovani axenic promastigotes up to 5 uM, while miltefosine showed an
ICso Of 4.68 UM. These data suggest that RLO03 is a potent amoebicidal compound against
A. castellanii and N. fowleri trophozoites in vitro, but that activity is markedly lower than

that of miltefosine against axenic L. donovani promastigotes.
Discussion

The recent and concerning rise of antibiotic resistance represents a substantial
public health concern given the speed at which resistance arises relative to the discovery
and validation of new antimicrobial compounds. Identifying new and potent antibacterial
molecules therefore represents an area of intensive research. To this end, the marine-
derived product marinopyrrole A has shown promise as a potent inhibitor of drug-resistant
S. aureus (MRSA, VRSA) with high selectivity for bacteria over healthy human cells. How-
ever, activity of this compound is largely restricted to gram-positive bacteria and, addition-
ally, the sensitivity of this activity to the presence of human serum restricts clinical applica-
bility. The marinopyrrole A derivative RLOO3 is a pyrrolomycin housing the ostensibly-cru-
cial N-H bond (Figure I.1.) observed to be essential for anti-MRSA activity [110] with com-
paratively low serum sensitivity. With its clear efficacy against T. gondii (Table 1.4.) and
given the established anti-staphylococcal activity of the parental compound, we hypothe-

sized that RLO03 would show potent antibacterial activity of against additional pathogens.
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Determination of the MICso values for 11 clinically-relevant pathogen strains (Fig-
ure 2.1) indicated that RLO03, in contrast to marinopyrrole A, exhibits broad dose-depend-
ent antibacterial activity against both gram-positive and gram-negative bacteria represent-
ing diverse bacterial lifestyles. While Y. pseudotuberculosis had an MICsp nearing the 5
UM upper limit of observation (Figure 2.1), all other susceptible strains—B. anthracis, V.
cholerae, L. pneumophila, S. aureus USA300 (a methicillin-resistant clinical isolate), and
S. pneumoniae—showed MICso values <1 pM, with the latter three organisms showing
MICs values of 0.12-0.20 uM (Figure 2.1). Comparatively, the MICso values for the posi-
tive control ciprofloxacin (a broadly-active fluoroquinolone in wide clinical use) were 3.4-
16.4 uM, corresponding to a 28X increase in potency against S. pneumoniae, a 137X
increase in potency against S. aureus, and a 64X increase in potency against L. pneu-
mophila (Figure 2.1). Importantly, the MICso values for ciprofloxacin fell within the ex-
pected ranges reported in literature, providing support for the accuracy of our data [236-
239]. This high potency is promising and seems to suggest that gram-designation alone
is insufficient to predict RLO03 activity; however, further testing is necessary to further

assess the potential therapeutic applicability of this compound.

Further, the gram-refractory and health-relevant M. tuberculosis surrogate M. bo-
vis BCG showed unexpectedly-high susceptibility to RLO03 in vitro, with an MICso <0.5 uM
(Figure 2.1). The positive control, ciprofloxacin, showed nearly 60X lower potency (MICso
~29 uM) and appeared to align with expected literature values [240], providing validation
for the accuracy of our findings as above. Given the rising incidence of drug-resistant
tuberculosis, paired with the extended treatment regimens typically required for effective
clearance of the disease [191], this presents particular promise for the role of RLO03 as a
potential tuberculocidal compound. If, as has been shown for other pyrrolomycins [295],

RLOO3 poses a substantial barrier to resistance due to its targeted processes, this may



64

serve as a crucial step toward addressing multidrug-resistant tuberculosis. However, eval-
uation of RLOO3 in a xenic coculture model of M. bovis in the presence of macrophages
would prove useful in assessing the clinical applicability of these findings. Additionally, it
would be advantageous to repeat this experiment with a fully-virulent M. tuberculosis
strain, as the efficacy against M. bovis BCG may not represent the activity against a fully-

virulent strain.

While no efficacy up to 5 uM could be observed against L. donovani promastigotes,
the potent amoebicidal activity of RLO03 is of particular note, with both A. castellanii and
N. fowleri showing sub-micromolar ICso values corresponding to significant and dramati-
cally-increased potencies of ~200X to ~280X compared to the corresponding miltefosine
controls (Table 2.1). Mortality in cases of either form of amoebic meningoencephalitis ex-
ceeds 90%, stemming largely from failure to diagnose this rare occurrence in addition to
the shortage of viable treatments capable of clearing amoebae in a timely manner [214;
217]. The experimental antiparasitic molecule miltefosine has recently been used with lim-
ited success against N. fowleri in a clinical case as a treatment of last resort and in se-
lected cases of A. castellanii infection [214; 241]; however, as shown in Table 2.1, the
efficacy against N. fowleri is nearly 50 uM, presenting a potential issue for therapeutic
success. The need for higher potency compounds is, therefore, crucial for improving the
poor prognosis of amoebic meningoencephalitis, and RLO03 appears to show promise to
this end. However, whether this potent activity translates to clinical applicability remains
to be seen; RLO0O3 will need to be verified for its activity in vivo in order to more thoroughly

assess this possibility.

RLOO3 presents an intriguing antimicrobial pattern of activity; it is uncommon for
broad antibacterial molecules to show substantial efficacy against either A. castellanii or

N. fowleri, particularly at such potent levels across both species [214; 241]. The macrolide
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antibiotic azithromycin [242], used in the treatment of infections with a variety of bacterial
species including Legionella spp. and Mycobacterium spp. [243], has shown an ability to
inhibit N. fowleri growth at 13.4 uM in vitro [214]; however, this effect was not observed in
A. castellanii, which had little observable inhibition of trophozoites [244]. Additionally, the
potency of this molecule is clearly far lower than that of RLO03, which suggests that a
shared mechanism is less likely in light of our data. The potent anti-tuberculosis drug ri-
fampicin, which acts through inhibition of RNA polymerase and subsequent disruption of
transcription in M. tuberculosis [245], has been shown to have strong antibacterial effects
across gram-positive cocci, including Staphylococcus spp. and Streptococcus spp., and
L. pneumophila, with much lower activity against other gram-negative species [246]. This
pattern does seem to resemble that of RLO03, and, further, rifampin has been used in
combination with other compounds for successfully-treated cases of cerebral amebiases
[214]; however, in vitro, these anecdotal findings are not supported, with an MIC against
N. fowleri not being reached even at >40 uM [247]. The remarkable potency of RLO03
across both amoebae species and the gram-positive, gram-negative, and gram-refractory
prokaryotic pathogens may, therefore, represent either a unique shared mechanism or
divergent mechanisms arising from multiple potential targets. These interesting possibili-

ties warrant further evaluation in future work.

Conclusions

Overall, our broad examinations of the antibacterial and antiparasitic activity of
RLOO03 support that this compound is a high potency anti-amoebic and antibacterial mol-
ecule in vitro. Acting against multiple bacteria regardless of gram designation, and inhib-
iting the M. tuberculosis surrogate M. bovis, RLO03 shows promise as a possible small-
molecule inhibitor to help address the concerning global rise in antimicrobial resistance.

Not only so, but the extremely low in vitro ICso values against the high-mortality N. fowleri—
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for which no routinely-successful treatment is currently available, leading to a poor prog-
nosis—and A. castellanii may indicate usefulness as a potent amoebicidal agent. Though
further examination of this molecule, particularly in vivo, is critical, these initial data support

further development of this compound against prokaryotic and eukaryotic pathogens.
Methods
Pathogen Lines and Maintenance

The following parasite strains were obtained from BEI Resources, NIAID,
NIH: Naegleria fowleri, Strain CDC:V636, NR-46509; and Leishmania donovani 1S2D
(+luc) (MHOM/SD/62/1S-CL2D), NR-50182. Additionally, the following bacterial patho-
gens were obtained from BEI resources: Francisella tularensis subsp. holarctica CDC Live
Vaccine Strain, NR-646; Bacillus anthracis Ames35, NR-10355; Streptococcus pneu-
moniae TCH8431, HM-145; Escherichia coli K-12, Strain DC10B, NR-49804; Yersinia
pseudotuberculosis, Strain IP2666, NR-4371; Salmonella enterica subsp. enterica, Strain
Ty2 (Serovar Typhi), NR-514; Vibrio cholerae, Strain 395, NR-9906; Shigella
sonnei, Strain WRAIR | Virulent, NR-519. Staphylococcus aureus, Strain USA300-0114,
NR-46070, was acquired from the Network on Antimicrobial Resistance in Staphylococcus
aureus (NARSA) for distribution by BEI Resources, NIAID, NIH. Finally, Acanthamoeba
castellanii (Douglas) Page (ATCC® 30011™), Mycobacterium bovis Karlson and Lessel
(ATCC® 3574™), and Legionella pneumophila subsp. pneumophila Philadelphia-1

(ATCC® 33152™) were acquired from ATCC.

Bacterial lines were maintained by growth on agar plates of the corresponding me-
dia recommended for growth by BEI Resources of ATCC. For E. coli, S. sonnei, S. aureus,
V. cholerae, B. anthracis, Y. pseudotuberculosis, S. enterica, tryptic soy agar (TSA) was
used, with the corresponding tryptic soy broth (TSB) used for overnight cultures as needed

[248]. The more fastidious pathogens S. pneumoniae and F. tularensis subsp. holarctica
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LVS were passaged on chocolate agar plates with 5% CO., with brain-heart infusion broth
(BHI) used for liquid cultures [249; 250]. L. pneumonia was cultured with buffered char-
coal-yeast extract (BCYE) agar due to the intrinsic requirement for cysteine and iron to
effectively grow [251]. M. bovis was grown on Middlebrook 7H10 agar plates or in 7H9

Middlebrook broth as needed with 5% CO; [252]. All bacteria were grown at 37 °C.

Parasite culture was also carried out based on BEI Resources and/or ATCC rec-
ommendations. L. donovani axenic promastigotes were maintained by serial passage in
a slightly-modified version of Optimized Medium 2736 (Medium-199 with 10% FBS, 1X
RPMI vitamin mix, 12 mM NaHCOs, 7.6 mM hemin, 50 U/mL penicillin, 50 yg/ml gen-
tamycin, 1 mM glutamine, 100 uM adenosine, 10 uM folic acid) [253] at 25 °C away from
light (to protect the hemin). N. .fowleri was cultured anaerobically at 35 °C with modified
PYNFH medium containing 1% peptone, 1% yeast extract, 0.1% yeast nucleic acid,
0.0015% folic acid, 0.0001% hemin, 10% heat-inactivated FBS, and 2% Gomori phos-
phate buffer (KH,PO4/Na;HPQO4) (ATCC®327-X) [254]. A. castellanii, conversely, was cul-
tured at 27 °C in the recommended ATCC® 712 PYG medium (2% proteose peptone,
0.1% yeast extract, 0.4 mM CacClz, 4 mM MgSO4 x 7H,0, 2.5 mM Na;HPO4 x 7H20, 2.5
mM KH>PO4, 0.1% sodium citrate, 0.05 mM Fe(NH4)2(S0.), x 6H20, 100 mM glucose pH

adjusted to 6.5) [241].
Parasite ICso Analyses

Resazurin assays were completed essentially as described in Chapter 1, with
slight modification. Briefly, 1x10° promastigotes of L. donovani or 1x10° trophozoites of
each amoeba species were plated in 100 pL of their respective media in a 96-well plate
and allowed to acclimate or adhere for 24 hours. RLO03 was then added at increasing
concentrations (0-5 uM) in technical triplicate for each organism, including solvent controls

for each. Miltefosine was included as a positive control (in triplicate) for all parasite species
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[255]. Incubation was allowed to proceed for 5 days, and resazurin was then added at
0.15 mg/mL, and plates were incubated at 35 °C for amoebae or 27 °C for L. donovani for
4 hours away from light [151]. Plates were read on a BioTek Synergy fluorescent plate
reader at 530/585 nm excitation/emission [151] and the ICso for each organism was cal-
culated as the concentration of RLO03 at which fluorescence (corresponding to metabolic

viability) was 50% that of the solvent control.
Bacterial MICso Analyses

Overnight cultures of bacteria grown under appropriate conditions for optimal
growth were resuspended in cation-adjusted Mueller-Hinton broth (with the exception of
L. pneumophila, for which charcoal-yeast extract broth was used, F. tularensis subsp. hol-
arctica LVS, for which brain heart infusion (BHI) broth was used, and M. bovis BCG, for
which Middlebrook 7H9 broth with ADC supplementation and 40 mM sodium pyruvate was
used) to 2x10° CFUs/mL. Broth cultures were placed in a 96-well plate at 2x10° CFUs/well
and increasing concentrations of or the ciprofloxacin positive control were added, includ-
ing solvent-only (DMSO for RL0O03, 0.1N HCI for ciprofloxacin) controls for each antibiotic.
Non-Mycobacterium plates were grown overnight with shaking at 250 rpm and 37 °C, with
5% CO; supplied for F. tularensis subsp. holarctica LVS and S. pneumoniae. M. bovis
BCG was allowed to grow in the presence of antibiotics at 37 °C for 2 weeks. All strains
were tested in triplicate to ensure reproducibility. At the end of the allotted incubation
times, inhibition of growth was measured by determination of the optical density at 600 nm
(ODego) for each tested concentration, with the 50% minimum inhibitory concentration
(MICsp) being calculated as the compound concentration at which the ODegoo Was 50% that

of the solvent-treated control.
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CHAPTER 3: A SINGLE NUCLEOTIDE VARIANT OF cGMP-DEPENDENT PROTEIN
KINASE (PKG) IS SUFFICIENT TO CONFER RESISTANCE TO MARINOPYRROLE A
DERIVATIVE RL0O0O3

Experimental therapeutics acting against Toxoplasma gondii have successfully
been shown to target a number of essential parasite processes, from pyrimidine biosyn-
thesis [63] and purine scavenging [213] to apicoplast translation [83], fatty acid synthesis
[256], and essential kinases for signaling [257] (Table I.1.). However, in practice, com-
pounds targeting genes associated with many of these pathways have demonstrated sub-
stantial limitations. With low enough specificity to result in potentially severe adverse ef-
fects, particularly in the case of antifolates (despite their widespread implementation in
clinical cases of toxoplasmosis) [53], lack of sufficient potency and specificity represent
drawbacks for many of these compounds [66]. Though new experimental molecules can
demonstrate enhanced specificity in vitro, the issue of potency, as well as host tolerability,
emphasize the need for further development of pharmaceuticals to combat toxoplasmosis

with minimal off-target effects in humans.

Our laboratory has previously demonstrated that the novel experimental marino-
pyrrole A derivative RLO03 shows significant antiparasitic activity in vitro, as discussed in
Chapters 1-2, indicating potential promise as a therapeutic molecule. To date, no other
groups have examined marinopyrroles or pyrrolomycins against T. gondii; as a conse-
guence, the mechanism of action, or even underlying genetic components facilitating re-
sistance, are currently unknown. Given the high potency and specificity of RLO03 against
these parasites, elucidation of a mechanism of action or routes of resistance would prove
extremely useful in pursuing future development of this compound, from in vivo trials and
onward. Further, insights into the molecular basis for this selectivity and/or potency will
provide additional guidance for the development of improved small-molecule therapies

against T. gondii.
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We hypothesized that mechanistic insights into the activity of RLO0O3 would be ev-

ident in either forward genetic screening or transcriptomic analyses. Therefore, to deter-

mine the potential genetic underpinnings responsible for resistance to RLO03—and, by
extension, to gain insight into processes affecting compound activity in parasites—we per-
formed a forward genetic screen with positive selection for RLO03-resistant parasite pop-
ulations and identified potential resistance-conferring mutations with whole-genome se-
guencing. We show that a single C524R mutation in the T. gondii-specific cGMP-depend-
ent protein kinase (PKG) is sufficient to confer >2.5X resistance to RL0O03, supported by
phenotypic evidence showing defects in PKG-dependent processes after RLOO3 treat-
ment of wild-type parasites. Intriguingly, we also show from RNA-seq and RT-gPCR data
that primitive programmed cell death pathways in the parasite appear to be strongly up-
regulated in response to RLO03 treatment, indicating that inhibitory activity may be a con-
sequence of programmed cell death rather than nonspecific necrotic damage. These find-
ings may also suggest a previously-unreported link between PKG and programmed cell
death in T. gondii. In sum, our results point to RLO03 as a compound affected by a highly
specific parasite protein and support its further development as an anti-Toxoplasma mol-

ecule.
Results

Precellular and preparasitic assays indicate likely mediation of RLO03 activity

through parasite processes.

To determine whether the antiparasitic activity of RLO03 is mediated through host
cells or through direct effects on the tachyzoites themselves, we first performed prepara-
sitic and precellular assays with RLO03 as described in [258]. Extracellular parasites (for
the preparasitic assay) or uninfected host cells (for the precellular assay) were exposed

to RLOO3 at the 90% inhibitory concentration (ICgo)—which, for RLO03, is 0.2 pM. Viability
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of pretreated parasites infecting untreated host cells (preparasitic) or of untreated para-
sites infecting pretreated host cells (precellular) was determined by relative fluorescence
compared to volume-matched solvent controls after 24 hours of growth. Results of this
analysis (Figure 3.1) indicated that extracellular parasites exposed to RL0O03 and used to

infect host cells exhibited a significant (>40%) reduction in growth after 24 hours relative
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Figure 3.1. RLOO3 toxicity is likely mediated through parasite processes rather than through host
cell modulation as determined by precellular and preparasitic assays. To determine whether the
observed anti-Toxoplasma activity of RLO03 is mediated by parasitic processes or by modification of the
host cell (or by a combination of the two) survival of parasites following either pretreatment with compound
or infection of host cells previously treated with compound was evaluated. For preparasitic treatment,
fluorescent RH-dTom parasites were treated with RLOO3 at the ICy, or with a volume-matched DMSO

solvent control for 1 replicative cycle, after which compound was removed and these parasites were used
to infect host cells in triplicate wells of a 96-well optical-bottom plate. Viable (dTom-positive) tachyzoites
were counted with an automated microscope the number of viable parasites was compared to the DMSO
control. In the precellular assay, HFF host cells in optical-bottom 96-well plates were treated with RLO03
at the parasite I1C,, for 1 complete cell cycle prior to removal of compound and infection with untreated

parasites, with quantification occurring as above. Results demonstrated that pretreated parasites, had a
significant (p < 0.001) >40% loss in viability relative to the DMSO control at 24 hours post-infection, while
pretreated host cells did not show a decrease in parasite viability relative to the DMSO control. This sug-
gests that RLO03-mediated toxicity is a consequence of interaction with parasite processes. *p < 0.001 by
paired t-test assuming unequal variance. Error bars represent standard error from the mean.

to parasites treated with DMSO under the same conditions. Pretreatment of host cells did
not cause reduction in parasite growth, with no significant change in viability after 24 hours
relative to the DMSO-pretreated cells. In conjunction, these complementary data both sup-
port a primary role of parasite components, rather than host cell processes, in the activity

of RLOO3.
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Random chemical mutagenesis generates significantly- and specifically-resistant

clonal isolates harboring key mutations in several essential parasite genes.

Having determined that the means of antiparasitic activity was primarily facilitated

by direct activity on tachyzoites, we next aimed to elucidate the possible target of, or po-

tential gene products conferring resistance to, RLO03. As successfully implemented in

previous work [259], we performed a random chemical mutagenesis on confluent RH-

dTom tachyzoites in 2 T25 flasks, denoted a and 3, to generate RLO03-resistant tachyzo-

a-Isolates B-Isolates
ICsy Relative IC5, Relative

Clone ICso (M)  to WT Control | Clone IC50 (UM)  to WT Control

E11 0.096 1.14 | E1 0.085 1.01
E12 0.127 1.50* | E12 0.081 0.96
F11 0.098 1.16 | F10 0.092 1.09
F12 0.095 1.12 | F11 0.223 2.64*
G111 0.095 1.13 | F12 0.092 1.08
G12 0.095 1.12 | G10 0.083 0.98
H12 0.084 0.99 | H11 0.294 3.47*
WT RH 0.085 - | WTRH 0.085 -

Table 3.1. Random chemical mutagenesis of wild-type RH-dTom par-
asites generates RLO03-resistant clonal isolates. Having confirmed a
role of parasite processes in the toxicity of RLO03, subsequent analysis of
more specific processes affecting parasite resistance to RLO03 was com-
pleted. To facilitate this, mutations were induced by random chemical mu-
tagenesis of two flasks (a and B) of wild-type RH-dTom tachyzoites.
RLOO3-resistant populations were selected by gradually increasing RLO03
pressure over several passages until reaching a concentration at which a
non-mutagenized flask of RH-dTom failed to recover. From these surviv-
ing parasite populations, clonal isolates were obtained by limiting dilution,
yielding 14 total isolates (7 from each flask) that were then evaluated for
their susceptibility to RLO0O3 using the IC,, analysis as described previ-
ously. Results demonstrated that, while capable of surviving under RLO03
selection, most clonal isolates were not resistant to RLO03 (suggesting
persistence); however, 3 isolates—3a-E12, 3B-F11, and 3B-H1l1—
showed significant resistance of >1.5X higher IC, s relative to the WT con-

trol. Particularly 3B-F11 and 3B-H11 showed IC, values >2X and >3X that

of the WT, suggesting significant resistance to RL0O03 in these isolates. *p
< 0.001 by Student’s paired t-test with unequal variance from technical
triplicate evaluation.

ites, combining expo-
sure to the mutagen
ethyl methanesulfonate
with subsequent selec-
tive  pressure  with
RLOO3 to acquire a se-
ries of RLOO3-resistant
clones by serial dilution.
In total, we isolated 14
clonal populations, as
shown in Table 3.1, and
determined the 50% in-
hibitory  concentration
(ICs0) of each clone
against RLO03 as dis-
cussed

previously.

Most of these isolates

were not resistant to RLOO3 relative to the wild-type control, suggesting a role of



73

persistence in survival of the selection process; however, 3 isolates—3a-E12 (“E12”), 3B-
F11 (“F117), and 3B-H11 (“H11”")—were significantly resistant to RLO03 (Table 3.1),
demonstrating ICso values 1.50X, 2.64X, and 3.47X those of the wild-type RH-dTom par-
asites. This suggested likely resistance to RLO03, and so we used these isolates for sub-

sequent analyses.

Due to the potential for nonspecific parasite fithess advantage or broad antipara-
sitic resistance to facilitate the observed increase in ICso for these clones, we proceeded
to evaluate the resistance of each isolate to a panel of antimicrobial agents as well as
overall parasite fithess as measured by changes in doubling time. To determine whether
H11, F11, or E12 had nonspecific resistance to a variety of antiparasitic compounds, we
determined the ICsp values for each H11, F11, and E12, as well as the wild-type RH-dTom,
against pyrimethamine, clindamycin, atovaquone, and doxycycline. Neither F11 nor H11
showed any significant resistance to the tested compounds compared to the WT control,
despite significant resistance to RLO03; rather, both strains showed equivalent suscepti-
bility to atovaquone and clindamycin and significantly heightened sensitivity to doxycycline
(0.72X and 0.78X ICso compared to WT, respectively) and pyrimethamine (0.50X and
0.83X ICso compared to WT, respectively) (Table 3.2). E12, conversely, showed lower
resistance to RLO03 (1.50X ICsp relative to WT) and no significantly altered susceptibility
to pyrimethamine, atovaquone, and clindamycin (Table 3.2). Intriguingly, E12 did show a
significant 2.29X higher ICso to doxycycline relative to the WT, indicating likely resistance
to this compound; this resistance was higher than the resistance to RL0O03 (Table 3.2). In
sum, these data indicated that H11 and F11 did not have broad antiparasitic resistance to
the tested compounds, supporting a more specific resistance to RLO03 and suggesting

that these would act as better strains for further analysis of RLOO3 resistance.
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Parasite fitness was then examined by determination of doubling time in untreated
tachyzoites from H11 and F11; E12 was excluded due to its nonspecific compound re-
sistance. We plated 2,000 tachyzoites/well of F11, H11, or wild-type RH-dTom into wells
of confluent HFF in a 96-well plate (in triplicate) and monitored fluorescence as above at
24-hour intervals over 5 days to determine the doubling time of each strain. Table 3.3
showed the results of this analysis: RH-dTom wild-type parasites showed an expected
doubling time of 7.33 hours, while F11 had a similar doubling time of 10.77 hours (1.47X
higher than WT; not significant). H11, the strain showing the highest resistance to RL003,
also had the longest doubling time at 23.55 hours, representing a significant 3.22X in-
crease relative to the WT (Table 3.3). The failure of F11 or H11 to show any decrease in
doubling time suggests that the apparent resistance to RLO03 is not simply an artefact of

increased proliferative ability.

ICy, Relative to WT RH-dTom T. gondii Key
Clonal Isolate |RL003 Pyrimethamine | Atovaquone | Clindamycin | Doxycycline Hypersensitive
F11 2.63* 0.72* 1.14 1.07|0.50* Resistant
H11l 3.46* 0.78* 1.14 1.050.83*
E12 1.50* 1.02 1.12 1.33]2.29*

Table 3.2. Clonal resistance to RL003 is not inherently a consequence of broad antiparasitic re-
sistance. Random mutations, such as those generated by EMS mutagenesis, may produce resistance-
conferring mutations that affect general parasite susceptibility to compounds, such as by modification of
a transporter; in these cases, resistance would not be unique to the compound of interest and would,
therefore, be less likely to provide specific insight into the mechanisms guiding specific antiparasitic ac-
tivity. With this under consideration, clonal isolates demonstrating resistance to RL003, here denoted
E12, H11, and F11, were tested against known anti-Toxoplasma molecules pyrimethamine, atovaquone,
clindamycin, and doxycycline in vitro using the IC., analysis described previously, with each compound

being run in technical triplicate. IC,, values were compared to the wild-type RH-dTom control. Results

demonstrated that F11 and H11, which show the highest resistance to RLO03, were not resistant to any
of the other compounds tested. Both strains showed significantly higher sensitivity to pyrimethamine and
doxycycline as compared to the WT control, which may be a consequence of their decreased overall
fitness (Table 3.3). E12, which was less resistant to RLO03, showed largely-similar IC, values for the

antiparasitic compounds relative to the WT control, with the exception of doxycycline; intriguingly, E12
was more resistant to doxycycline than to RLO03, with >2X increase in IC,, relative to the wild-type,

indicating potential multi-drug resistance in this strain. Overall, these results demonstrate that the highest-
resistance strains are specifically resistant to RLOO3, indicating that the observed increase in IC, was

not a result of broad antiparasitic resistance. *p < 0.001 by Student’s Paired t-Test with unequal variance.




75

Having identified both general fithess by doubling time and potential multi-com-

pound resistance, we next sought to identify single nucleotide variants (SNVs) present in

resistant clones but absent from the
parental RH-dTom strain, hypothesiz-
ing that one or more of these muta-
tions would be responsible for the ob-
served resistance to RLO03. To ac-
complish this, we performed whole-
genome sequencing of our RH-dTom
wild-type strain in addition to the
RLOO3-resistant isolates F11, H11,
and E12 using paired-end lllumina
short reads and identified high-priority
mutations using our in-house bioinfor-
matics pipeline (see “Methods”). The
highlighted results of this in-depth
analysis are presented in Table 3.4,

identifying four candidate genes se-

Strain Dpubling Doub_ling Time
Time (h) Relative to WT

F11 10.77 1.47

H11 23.55 3.22*

WT 7.32 -

Table 3.3. Clonal isolates resistant to RLO03 do not
show general fitness advantage relative to wild-type
parasites. Given that possible overall fithess advantage,
represented by more rapid replication under identical
conditions, may be responsible for observed variation in
resistance to RLO03, the doubling times of the two high-
est-resistant clonal isolates, F11 and H11, were quanti-
fied by measurement of fluorescence for 96-well plates
housing tachyzoite-infected HFF cells over 5 days. Dou-
bling time was calculated as the time point at which fluo-
rescence had doubled relative to the initial reading. Re-
sults showed that the WT strain showed a doubling time
of ~7 hours, corresponding to the expected 6-8 hours ob-
served in literature for RH-strain parasites; however, mu-
tant F11 strain had a doubling time of nearly 11 hours,
while the most resistant strain, H11, had a doubling time
of nearly 24 hours, corresponding to ~1.5X (non-signifi-
cant) and 3.2X (significant) increases in doubling time for
the resistant mutants. This suggests that H11 and F11
do not show a general fithess advantage under identical
conditions; particularly, H11 nearly tripled the doubling
time, indicating a reduction in proliferation over this time
period. These findings support that the observed re-
sistance to RLOO3 is not a result of general fithess ad-
vantage. *p < 0.001 by Student’s Paired t-Test with une-
qual variance.

lected for further examination. Of particular interest, two genes, cGMP-dependent protein
kinase family member protein kinase G (PKG) and calcium-dependent protein kinase
(CDPK) were notable due to their essentiality [257], their induced nonsynonymous
changes to the amino acid sequence, and, in the case of PKG, the appearance of the
mutation across all 3 resistant strains. CDPK, though only present in one clonal isolate,
was examined further due to its relation to PKG as a downstream effector, particularly as
its presence was restricted to the most resistant strain (H11) (Table 3.4). Based on these

results, we aimed to proceed with analysis of PKG and CDPK first.
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. Predicted Protein . Presentin Presentin Presentin
Chromosome Position Gene ID Product Mutation 3B-F117 3B-H11? 3A-E122
WD domain, G-beta . .
- Splice region
TGGT1_chrXIl 2490908 TGGT1_245752 | repeat-containing variant TRUE TRUE FALSE
protein
cGMP-dependent
TGGT1_chrXI 1962311 TGGT1_311360 protein kinase family C524R TRUE TRUE TRUE
member PKG
TGGT1_chrVi 1220922 | TGGT1 240390 | Salclum-dependent | roqq, FALSE TRUE FALSE
protein kinase
Splice
TGGTL chrvill | 1421120 | TGGT1 231440 | -SMAD domain- acceptor FALSE TRUE FALSE
containing protein variant; Loss
of function

Table 3.4. Whole-genome sequencing analysis of RL0O03-resistant parasite populations identifies
nonsynonymous single nucleotide variants. In order to identify possible mutations conferring resistance
to RLOO3, clonal isolates H11, F11, and E12, as well as the parental RH-dTom strain, were subjected to
whole-genome sequencing followed by bioinformatic analysis to identify single nucleotide variants (SNVs)
present in these populations. Results identified numerous mutations of potential interest; these were prior-
itized for subsequent analysis based on a variety of factors described in the text, including the number of
resistant isolates having the mutation and the predicted essentiality of the genes. The four highest-priority
candidates are shown above and include an intronic variant in the WD-domain G-beta repeat-containing
protein, present in both of the most resistant strains, the cGMP-dependent protein kinase (PKG) C524R
mutation present in all 3 resistant strains, a calcium-dependent protein kinase (downstream effector of
PKG) present in the most resistant strain (H11), and a high-impact splice acceptor variation in the LsmAD-
domain containing protein present in H11. These SNVs represented the most-likely effectors of parasite
resistance to RLO03 and so were examined in subsequent steps.

Molecular complementation of single nucleotide variants identifies episomal ex-
pression of a PKG®?*R nonsynonymous mutation as sufficient for conferring >2.5X

resistance to RL0O03.

The presence of multiple high-priority mutations in our clonal strains, though obvi-
ously critical to our analysis, was not sufficient to suggest which, if any, were responsible
for the observed resistance to RL0O03. In an effort to identify the mutation(s) causing this
resistance, we performed molecular complementation of mutations into wild-type RH-
dTom tachyzoites, aiming to confer resistance through a single nucleotide change, thereby
confirming whether the mutation(s) of interest identified from the chemical mutagenesis
were conferring resistance to RL0O03. For each gene to be examined, we performed clon-

ing of the mutant allele or the corresponding wild-type allele by Gibson assembly into the



Fold Change
RLOO3 Relative to

Transfected Gene | ICg, (UM) | Vector
PKGC524R 0.247 2.55*
CDPKT683A 0.146 1.51*
PKGWT 0.122 1.26
CDPKWT 0.119 1.23
M2/M3 Vector 0.097 | N/A

Table 3.5. Genetic complementation of wild-type T.
gondii parasites identifies essential gene PKG as a
mediator of RLO03 resistance. With multiple candi-
date mutations identified, it was next critical to identify
which, if any, of these particular mutations were re-
sponsible for acquired resistance to RLO03. Candidate
mutations of interest were each cloned into the py-
rimethamine selection cassette vector, as were unmu-
tated alleles for each gene to allow for confirmation of
observed effects resulting from mutations themselves
as opposed to simple overexpression of the gene of in-
terest. Plasmids were transfected into wild-type RH-
dTom parasites followed by 7 days of selection with 1
UM pyrimethamine. The IC,, of each validated strain

was determined against RLO03 as described previ-
ously, calculated relative to a volume-matched solvent
control and subsequently compared to the wild-type
vector strain. Results of this analysis revealed that par-
asites transfected with the SNV-containing variant of

PKG (PKG“**®) had a 2.55X higher IC,, than the vec-

tor control, a value not recapitulated by parasites trans-
fected with the wild-type PKG allele, indicating that this
mutation alone was sufficient to confer >2.5X re-
sistance to RLO03. Parasites transfected with CDPK

expressing the SNV identified (CDPKT683A) showed a
statistically-significant, though less pronounced, 1.51X
higher IC,, than the vector control, a value only slightly

higher than that of parasites transfected with wild-type
CDPK. However, given that CDPK is known to be a
downstream effector of PKG, and given that most re-
sistant mutant isolate, H11, was the only strain in which
this mutation was identified, this comparatively-minor
increase in IC, may be partially responsible for the var-

iation of IC,,s between F11 and H11 in Table 3.4. *p <
0.001 by Student’s Paired t-test with unequal variance.
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M2M3 pyrimethamine resistance
cassette. After confirming that the
appropriate mutations were pre-
sent or absent, as needed, by
Sanger sequencing (with addi-
tional sequencing of the parental
RH-dTom wild-type strain to en-
sure that the mutation was not
present), we confirmed specific
expression of each gene of inter-
est by RT-qPCR to ensure that the
parasites were expressing the
constructs as intended (Supple-
mentary Table 2). At this point,
we ran ICsos of each mutant-trans-
fected or wild-type-transfected
strain against RLO03 as com-
pleted previously and compared
these to the vector (M2M3) control

for determination of resistance.

Results of examining sus-
ceptibility of each of four trans-
fected strains—one expressing an

episomal copy of the C524R-mu-

tated PKG gene (PKG®%2*R), one expressing an episomal copy of the wild-type PKG gene
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(PKG™T), one expressing an episomal copy of CDPK carrying the T683A mutation
(CDPKT®834) and one expressing an episomal copy of the wild-type CDPK gene
(CDPKYT)—in addition to the vector control showed that the episomal expression of wild-
type alleles for PKG and CDPK had no significant increase in ICso relative to the control
(Table 3.5). Conversely, episomal expression of the PKG*2*R mutant allele was sufficient
to cause a 2.55X higher ICso than the vector control, while similar expression of the
CDPKT™®8% mutant allele yielded a less notable, but still significant, 1.51X higher ICso than
the vector control. However, CDPK™83 was present only in the most resistant isolate
(H11), indicating that another mutation is likely responsible for resistance in these strains.
Therefore, based on its presence in all clonal isolates from random chemical mutagenesis
(Table 3.5), in addition to the approximate recapitulation of the RLOO3 resistance observed
in these strains (Table 3.5) these data support that a PKG®52R nonsynonymous mutation

is sufficient to confer >2.5X resistance to RL0O03.

RNA-seq analysis of wild-type and RLOO3-resistant strains indicates differential ex-
pression of signaling, cell communication, and oxidation-reduction processes fol-

lowing treatment with RL0O03, supporting the purported importance of PKG.

To further illuminate our genomic and phenotypic findings, and thereby provide
additional support for the potential role of PKG in RLO03 activity, we performed RNA-seq

analysis to identify global transcriptional changes occurring following treatment of wild-
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type, F11, or H11-strain RH-dTom parasites with RLO03 at the 1Cq for 8 hours or 24 hours,
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comparing all changes to volume-matched solvent (DMSO) treatment of the correspond-
ing strain at the same time points. Results of these analyses are summarized in Figure
3.2 as well as Table 3.6-3.7. Overall, treatment of the wild-type parasites with RL0O03 led
to significant (p < 0.05) differential expression of humerous genes spanning a number of
related biological processes (Figure 3.2.A.). In alignment with altered PKG function, the
GO processes of cell communication, signaling, and transport had the highest number of
differentially-expressed genes compared to the DMSO-treated controls (Figure 3.2.A.).
The RLOO3-resistant mutants H11 and F11 showed reduced transcriptional changes, per-
haps reflecting their resistance to RLO03 (Figure 3.2.C.). In sum, these findings point to a
number of differentially expressed processes induced by treatment with RLO03, with the
recurring presence of signaling, vesicular transport/localization (which is crucial to para-
site gliding motility, as described in the “Discussion” section), and cell communication
(Figure 3.2.A. and 3.2.B.) reinforcing a likely important role for these processes in the
activity of RLO03; given the key regulatory role of PKG in a variety of signaling processes,
particularly related to secretion of micronemes for motility and invasion [263], these tran-
scriptional changes strengthen the hypothesis that PKG may be involved in the interaction

of RLOO3 with T. gondii, whether by aiding in resistance or by mediating its activity.

To enhance the specificity of our analysis, we more closely examined the predicted
functions of the top 5 highly upregulated and downregulated genes for each sample at
each time point. These results, summarized in Tables 3.6 and 3.7, further support the
importance of oxidation-reduction, cell signaling, transport, and nucleic acid-based pro-
cesses in parasite physiological events following RLO03 treatment. Generally, proteins
dependent on nucleotide and cyclic nucleotide hydrolysis activity appear to represent com-
mon themes in both up- and downregulated genes; these likely coincide with processes

of signaling, given the role of cyclic nucleotides like cGMP and cAMP in signal transduction
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[260]. Many of the earlier changes occurring at 8 hours post-treatment appear to be more
related to signaling components (Tables 3.6 and 3.7), while later time points revolve more
around oxidation-reduction, alterations in phosphorylation states, and ribosomal function,
particularly in wild-type parasites. Though requiring greater depth to draw more concrete
conclusions, the functions of these genes support the more global data emphasized above
and are in alignment with effects of perturbed signaling pathways that may be expected
from PKG activity changes. However, though supportive, these data alone are not suffi-

cient to validate a role of PKG in the activity of RLO03.

Conditional knockdown of PKG leads to >500X resistance to RL0O03 in knockdown,

but not complement, strains, supporting arole of PKG in resistance to RLO03.

To further validate the potential importance of PKG in either resistance to or activity
of RLOO3 against T. gondii, we aimed to evaluate RLO03 potency against parasites with
reduced PKG activity; however, PKG is essential in T. gondii [261], and so cannot be
knocked out while maintaining viability [262]. To partially circumvent this issue, we ac-
quired a series of PKG conditional knockdown strains (a generous gift from Dr. Kevin
Brown, University of Oklahoma) containing on the endogenous PKG gene a 3’ mini-auxin-
inducible degron (mAID) tag in a parasite background expressing the auxin receptor
transport inhibitor response 1 (TIR1). In these strains, the addition of 3-indoleacetic acid
(IAA) results in activation of the mAID tag at the C-terminus of the translated PKG protein,
leading to targeting for proteasomal degradation as long as IAA pressure is maintained
[263]. This is reversible and PKG expression is restored following removal of IAA, allowing

for examination of PKG-



82

‘suiajoid parelposse-buleubis pue Buipuig-uislold se |jam se suialold parejal-AlAnoe pue
Buipuig apnoajonu 211949 Jo Jaquinu e paledipul pue aA0(e UMOUYS aJe S)Nsay "ggoxo] Jo |00} sisAfeue 09 ul-}ing ayl yum sassadsoid [eaibojoiq (09)
ABojoluO aua9 pajoipald Joj pajelouue pue paliluap! Usayl alam uiod awi Yyoes Je urens yoes loy sausb pajeinbaidn-isaybiy g ayl "Aie|d areljioe}
0} SISAjeue ay] Wolj paAowal aiam suisjoid umouy o} Juswubife Jueaniubis ou pey yoiym suisrold eonayiodAy ag o3 pajoipald syonpold suas 'sinoy g
pue sInoy g 1e S|onuod OSING 8U) 0] aAle|al Juawieal) €00Td Buimoljo) auab sy Jo uoissaidxe ayy ul (sbuey) pjo-)°6o Agq palios a1em G'c a4nbiq Ul
paquasap sisAfeue bas-yNY ayl woly(go'0>d) sauab passaidxa-Ajjenuaiayip Apuesiubis ‘TTH 10 ‘TTH ‘wolp-HY adA-pim ul parenbaidn ABuons 1sow
swauodwod sAemyied oy19ads ay) a1epIoNna Jayuny 0 "slueinw TTH pue ‘TT4 ‘Wol p-HY LM paieall-c001d ul sauab parenbaidn gdo] ‘9’ a|qel

fAnoe 558 IBJSUE AWOSOGL 10 UBMISUGH [RINANIS:BUIpUIg Y wiaoid BuliEuoa-uieWop 57z jBWosoqny 19T Z1 uiaoud |ewosoqu 8129005711991
lInu uimoud fwey puey 43 Zr'e uigjoud £y puey 43 09EELT 1DOL
inu uimoud Buiguoo-uiewop 2df-ONR  S8E uizoud Buliguoo-ulewop adiG-aNfy S9665C 1LOOL | HPZ £00TY Lid
liny uosd Buiguoo-URWOP DYS  LO'Y 01SHS @ousnbaes paeRIOYS 009562 1991
iy uisioid g Ajuwey ipuoB ewsedoxol 09’y uiziod g Ajuey npuoB ewserdoxo) 082087 LLOOL
Inu QorSys waoud susnbas palEEIOYS  GE'E QorSYS umloid asusnbss paE(aI-OYS 09p095” 119D
Buipuiq uisosd uigoud BuliErooRada) yalay  phE uisioid BUILIEIIG3-Bads) YalaY 81019711991
“Ayapoe ssEjonpaIopXo!BUIpUIG Lol Lo Angae sseusBAoip suissho sseusblvoip sumsky  pSE uizjoid | adfy sseusBixoip surmisha 90brre 1991 | He cooH 114
Iy uisjoud Buluielueo-uiewiop (5Q) yoeN  SSE uizoud Buluiguoo-ulewop (1Sp) ysjou 069582 11991
lIny reS8US ouanbas paleRIOYS €9 1BGSHS @0ouanbas pAERI-OYS 00062 1LODL
iy uiosd auRIqUAL MAIEING LR uizosd aueiquaw avgeind 08628 LLOOL
Inu BiywNel  BEE Bog- e 080ZLY 1LODL
fampor ssejoiphy ssepydadopus suuss ayiosds-yl|  £9'c asepgdadopua suues oyioads-yB| 064562 11991 ncn._zhﬂpwz
finu DErSHS wisjoid sousnbas paERIOYS  SOE DerSHS uRloid sousnbas paERIOYS 098607 11991
Annoe aseun| uieioid:Anaoe aseury uleys B uisehw Buipulg diy uizoud BulIBUOO-UIBWOP SSEUN UBI0lY  E0'F aseuy ueyo-yBi-usoiu 00022€” 11991
Annoe asepoo jony Angoe asepuo |KpAyns payul-uney asepmo |ApAYNS  £0'F uizjod Ajiwey Iy | g 18401 11991
s10U0p Jo dnoIB HOHD Uo BuNaE ‘AIATOE BSELONPBIOPNXO!AIWIaE BSE| ajIIUGBRUBIBUIPUIG SRIOSIANUIP BUILADE UE] 8sBf] SUPUCBPUBL MAIEING  GZ'H ase] spnuo@puew anend 0Z8ESE 11991
Inu 4555uS sausnbes paERIOYS ey 4555HS @auenbes paERIOYS 02€608 1991 | B pooT LK
Kingor esejopAy seisaip ouoydsoyd:Buipuig uol (gew:Angoe esesasaipoydsoyd apgoajenu-aioko-g' g eseigsapoydsoyd  DL'b uisjosd Buiuieoo-ulewop esessiseipoydsoyd eprosjanu 0oKo-G.e 0Z¥02e 1D9aL
Aimnoe sojoey uonebuoe uonersuenAnnoe ssedioBuipuly dio uizosd Bulieuos-uiewop o sdAl-iL g8y uigiousd Bumieuoo-uiewop Bulpulg 419 ny Jajoey ueiebuos 05102E7 11991
Iy 991SUS 9ouanbes palEEIOYS  ELE G9154S @3uanbss paIERI-OYS 06L0ZE” 11991
fampor ased|o'Bupuig 419 urzjoud BuEuo-UlBWOP UNGNL  $AE wizjoud Bulueuos-uiewap 8sed| D “Auey 74 ungn) WOOPLEZ LIDDL
Bupuig uigoud uisesd Buugucs-eades epadadosigesal  96'€ uisiesd Bujuiguco-jeades epadedooiiess) G8ZZLZ 11D9L | HPZ £00TH LM
SUIOSOqI) 40 USMISUOD [2IMAN LS LT ueosd Bwosoqu sngEINd L2 h 1] uigioud [ewiosoqu avgend 08EPSE 1LODL
Buipuig swsy: Angoe Jajsues uonos uziosd Buuiguos-ulewop Bupuig-away gq swooalky 42 2sepio Ayns aageind 024562 11991
Ausnoe aseury uiold: Anioe sseuny uisiosd Juspusdap-giyoiBuipulg d1v:Amnoe sseun) uioid paeAGoe-dNY uizoud BuliBluoo-UIBWOP SSEUN UIBI0lY  BZ'E aseury uiosd wapusdap-diyo 0496127 11991
Ayanoe Jojdasal Boyabpay waoid Aurey paysjed  Ze'E wiaosd Ay payojed 510562 LLO9L
Buipuiq Uisjoid: o8 ssei0IpAY uiEioid BULIBDS-UIBWOP NYd  99'F wisjoid BUILIEIOS-UIBWOD NYd o8esez 11oo) | HE S00TMLM
Buipuig wiajoud umosd unels  0R'E uisosd unEuAs 028602 1LOSL
“‘Rwnoe asejanpaiopxe finnoe sseusbixoouow Buipuig uol uoll uimod BulIBuo-UIBWOR Z IAXOMHOAH YWY #HE  66'E asefxoipAy suuelefuayd 00LLLY 11991
suopaung 09 peindwon uopdiasaq 1onpoud 2dzBo uopyduosap ausb pi susb uoppuo)




83

‘Buipuig apnosjoNu pue ‘sassadoid uononpal-uonepIxo ‘sassadold Juspuadap-apios|onu
211942 Jo Jaquinu e Jo uonenbaiumop Buons pe1sabbns synsay "SISAjeue 10} palapIsuod alam D-4°6o7 (aAnehau jsow “a°1) 1SOMO| Ul YIIM UOIIPUOD
pue uress yoea 1o} sauab passaidxa-A|enuasapip (50 0>d) Apueoyiubis G syl yeyl uonesyipow syl YuM ‘Q'¢ a|gel ul paquosap se pals|dwod sem
sauab paje|nbalumop-A|Buoils 1ISow G a8y} JO SISAeuy ‘SsiueINW TTH pue ‘TT4 ‘Wol p-HY 1M Paleall-e001d ul sauab pareinbaiumop gdo] /'€ a|qel

Angor eseury ulmosd: Amaoe eseury uieys By usofwBuipuig uol wnjeaBulpulg diy eseuny ujoid uspuadepwnioeD  28°¢- @seuly ujmosd Juepuadep-wnioes 0BE0VZ LLDBL
Iy uisjoid BUILIEJUOD-UIEWOP BSEUBPOYY 6/ 'E- uigjoid Buiurguoo-uiewop £juuey sssuepoy 0/SPBE 1LDDL
nu wajoid 3 ey ipuoh ewseidoxo)  JgE- wisjoud 3 Ajwey npuoB ewsedoxa) SZE0YZTLIODL | HPZ £00TH Lid
oy uisjoid BUIEUCO-UIRWOP LSS £F'E- uizosd BUIIUOO-UIBWIOD LYDIoSE) 088672 1LOOL
linu MerSHs ulmeld sousnbes palERIOYS  £bE- Mavrsus usloid souanbes paieial-oys 0.880F1LODL
fyngoe sseuny uigo.d: Qngoe uigjod BUIMIBUG-UIBWOP SSEUN LISl /€~ aseu 0OY 0008LE 1LDDL
0 eseupy uimoid Juepuedep-wnioea. Agae eseun uisoid Juepuedep-giYy2BuIpUIg d1v:Anioe eseun uieloid pejEARoE-dNY
nu MBPSHS ulsed sousnbes pRERIOYS  §9'C- HEYSHS Uisioid sausnbas pajgel-OYS 048607 LLOOL
fgoe esessjsuBqoydsoyd: Angor eseun| uisald JuspuBdap-uINpoWES BuipUIg dIY Uieoid BUIMIEUGO-UIBWOp SSEUN WSOl GHE- aseUN I LIVEE VLT
Awnoe (d1y) esesjsueniffuape ajeyns fingae sseuny siejns|fiuspe:Buipuig diy sseun sieynsififuspe/eselajsuenififuape MEINS  pZE- BSEUN S1EYNs|AfUspe/BSEIBISUBIIAIAUSPE BIBJNS 0£ZZ8Z 11901
Rngoe sseonpaioprol fpwgoe (+QyN] sseusBoipfysp sieydsoyd-¢-joszofBiBupug OvN [(+)awn] eseusBosphysp sjeydsoyd-g-izadln  Zze- aseusboipAysp sjeydsoyd-g-o1eai|B uspuadep-OyN 092042 1LODL
Awgor sseppdsdopus sd/f-suuss uisoud Buluiguos-ulewop gs esepidag 15 6ANS usIgns 090LEZ 11DDL
fynpoe esepadad uigoud Buligluca-LIBWOP MO 90'%- aseajoud suieisha Ajue) NIO 089208 1L9OL
fymnoe esessisaipoydsoyd spRos|onu-o1ako-g' g esessisalpoydsold  G8E- uigpaud P Ko-58 SPBLSE 1IDDL HYZ £00TM LUK
Awpoe Japodsuen: frgoe Jsodsues suUBIQUSLISUEY uisjoid Jspodsuey spgIUEBWIOY  ZLE- uisjoud Jspodsuesy s 021622 11991
fnnoe (dly) esesejsuenififuspe siEyns: Amioe sseun siensiAAuepe Buipug diy BSEUD SEjInsIA|AuspE sSEIB)SUBAIAUSPE MIEINS  60'S- asEUN| S1BJINS|AAUBPE/BSEIBISUBNAAUBDE SIENNS 0828211901
fngor sseury uigoud Buipuig uor Eew Buipuig diY uisiosd Bumiguoo-jsew (84 HOOD) 188Uy U7 L0G- uisiesd Buiiguoa-prow (8df HHDD) J8Bul ouiz 582992 11991
Buipuig uigosd DLLDIN wisiodd sweuoIony  ¥gp- DLIOW uigjesd swsuciow 0EZ00Z™ 1LODL
Awmnoe esejonpe fwnae @SEONPAIOPHO SANEING  $0'f- esEjaNpEIOpX aAREInd 09F08Z 11991 H8 £0071H LLH
nu wiaoid BUILIEUOD-UIBWOP UXOPAION|  Z6'E- uizeid BUILIBUGS-UIBWIOP UKOPAION] 0995211901
Angoe esek| usblxo-snioydsoyd uaoud Bujuiguos-ulewop esepko aigjfuens  Ze'c- uiejoud Buiuigguoo-uewop agfiees esejoho siejfuent pue aejfuepe 082942 1DDL
fAgo8 2SEIBJSURL BLIOSOGU JO JUSNIHSUOD [EIMINAS BUIPUIG Y uizosd BuiuiEluoD-UlBWOp 07T [PWOSOOY 059~ 27 ulosd [ewosoqu A1L290061LOOL
~fngor sseusBaipiysp yoo-Aoe uisjoud Buuiguoo-uiewop sseusBoipfysp yon- oy $9p- uioud Buieuos-uiewop eseusbo.piyap yoo-fae 00BLEZ L1DDL
nu Bry-wheh  ¥8p- Bav-west 00LZLY LLDDL HYZ €007 LM
inu dia suouedeys aameIng  Z6'%- dia suoisdeys sagEnd 00020”11991
Buipuig uisoud: fwnoe ssesjsuen|fiace auclsly  uiosd BuiEuos-uBWOp NOIDIY SLVIIY AM  ZET- uiaoid Buigucs-jeadal gjaq-g ‘iewop QA 058102 1LOOL
Angoe sseisjsuR]BWLOSOGU JO JUSNIISUOD [EININAS BUIPLIY WY uiglosd Buiuieluos-uiewop 57T BWosodly 656G 27 uiejoud |ewosoqu a12900€” 1LOOL
Kynnoe esed|9Buipulg dlO 85Ed|O) PSiEeI-qEl BUS 9 F- esed|0) pajEjes-qel Jews 0ESEBE 1LODL
LT ERS : fnoe esepposed suolEIND  9Z'p- ZXdd umopeuxosd 0EL99Z LIDDL HE £007TH LM
Aynnoe (Buzd|oupAy-dly na puens sjgnop) || adA eseiawosiodo) Wvg:Bupug wNQBUIpUIG d1Y VIA sSEISWOSIOGG) BAIENG €675~ VIA asesawosioda, aanend 08FESZLLOOL
fgoe esessjsuBqoydsoyd: Amgor eseun| uisold juspusdap-uInpowEs BuipuIg dIY Uieoid BUIMIEUGO-UIBWOp SSEUN WSOl J§E- aseUN N 012652711991
suoposung 09 pajndwod uopdiiasag onpodd  D4zbo uoydosap ausb piausb uopIpuoD




84

dependent processes. For our purposes, strains examined included PKG-mAID-3HA,
used for the IAA-induced conditional PKG knockdown, as well as the corresponding com-
plement PKG-mAID-3HA/PKG®™ containing a 6-Ty tagged PKG allele present at the uracil
phosphoribosyltransferase (UPRT) locus, allowing for continued expression of PKG when
the endogenous gene is knocked down. With these strains, we performed ICso analyses
with RLOO03 as before, though included for these analyses sample sets of each strain con-
taining IAA in order to trigger the conditional knockdown and corresponding complement.
Because these strains do not natively fluoresce as does RH-dTom, the parasites were
stained for SAG1 as above and counted with a BioTek Lionheart automated microscope

to determine growth and identify the ICso values.

The ICsp values shown in Figure 3.3 demonstrate an increase in the 1Cso of RL0O03
following induction of the conditional knockout in the absence of compensatory comple-
mentation. Parasites with unchanged PKG levels (PKG-mAID-3HA -IAA), acting as a
baseline control for “wild-type” parasites of the PKG-mAID background, showed an ICso
of 3nM (Figure 3.3); the corresponding uninduced complement strain having 2 expressed
copies of PKG (PKG-mAID-3HA/PKG®™ -IAA) showed an ICs at 8 nM, or 2.7X that of the
PKG-mAID-3HA strain (Figure 3.3). Reduction of PKG levels (PKG-mAID-3HA +IAA) in-
creased the ICso to 1.64 uM, representing a significant and substantial 550X increase rel-
ative to the uninduced strain of the same genetic background (Figure 3.3). In contrast,
expression of a single copy of PKG in the complement strain (PKG-mAID-3HA/PKG®™
+IAA) led to an ICso of 1 nM against RLO03; this more closely resembled the value of the
“‘wild-type” surrogate (PKG-mAID-3HA -l1AA) but demonstrated a statistically significant
reduction to 0.33X the ICsg of this strain (Figure 3.3), likely due to variation in expression

for the non-endogenous PKG construct. Therefore, given that the loss of PKG rendered
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parasites dramatically less sensitive to RLO03, these data provide strong evidence sup-

porting a role of PKG in resistance to this compound.
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Figure 3.3. Conditional knockdown of PKG results in high resistance to RL003 that is abrogated
by complementation at an alternate locus. With resistance to RL0O03 arising in response to single nu-
cleotide variation in PKG gene, further evaluation arising from previous work would suggest performing a
knockout of the gene to identify changes to parasite susceptibility to the compound. The essentiality of
PKG, while advantageous for targeting in antiparasitic molecules, prevents complete knockout with
maintenance of viability; however, to compensate for this, Brown et al. have generated a transgenic RH
tachyzoite line housing on the endogenous PKG gene a 3’ auxin-inducible degron tagged with 3X hemag-
glutinin (mAID-3HA) to allow for conditional knockdown upon the addition of 3-indoleacetic acid (IAA)
[263]. Additionally, a 6Ty-tagged complement strain—PKG mAID-3HA/PKG-6Ty—expressing PKG even
when the endogenous gene is knocked down was generated for disambiguation of results. These strains
were therefore chosen for evaluation of RLO03 activity. Parasites were plated in 96-well plates as above
for IC;, analysis, with each strain being evaluated in triplicate in both the presence (+IAA) or absence (-

IAA) of 500 pM IAA, after which compound dilutions for each condition were completed as described
(including a solvent-only control). Due to their lack of a stable fluorescent marker, tachyzoites were stained
for expression of SAG1 for the invasion and motility assays, and IC., values were calculated relative to

the DMSO control. Quantification of IC,, values showed that the “wild-type” strain of the same genetic
background—represented by the PKG-mAID strain without induction of the conditional knockdown by IAA
(PKG-mAID-3HA —IAA)—had an IC,, of 3 nM, with the uninduced complement (PKG-mAID-3HA/PKGGTy
-IAA) more than doubling this IC., at 8 nM. Addition of IAA to induce conditional knockdown of the PKG
gene in the PKG-mAID-3HA strain dramatically and significantly increased the IC, by over 500X to reach

1.64 uM, while addition of IAA to the complement strain (PKG-mAID-3HA/PKG6Ty +IAA) generated an IC,,
of 1 nM, which more closely approximated that of the “wild-type” uninduced strain (PKG-mAID-3HA —IAA).
These data strongly support an important role of PKG in resistance to RLO03, and potentially in its mech-
anism of action. *p<0.001 by two-tailed Student’s t-test assuming unequal variance. Error bars represent
standard error from the mean.
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Phenotypic evidence showing defects in parasite gliding motility, invasion, and

egress supports the likely importance of PKG in the activity of RLOO3.

With both the genomic and transcriptional data appearing to favor a role for PKG
in the activity of RLO03, we aimed to further characterize phenotypic events following
RLOO3 exposure in wild-type parasites. PKG is known to impact a number of essential
parasite processes, ranging from adhesion to the host cell surface by gliding motility to
successful invasion through the moving junction and eventual egress upon exposure to
the proper stimuli through tight regulation of cGMP signal transduction. Therefore, we hy-
pothesized that, if PKG is involved in either the mechanism of action of or acquisition of
resistance to RLO03, then one or more of these processes would show significant defi-
ciency following exposure to the compound. To test this, we performed 2-D motility, inva-
sion, and egress assays adapted from methods published previously, treating wild-type
RH-dTom parasites with either RLO03 at the 90% parasite inhibitory concentration (ICgp,
0.200 pM) or with the solvent (DMSO) for 1, 3, or 5 days before performing the appropriate

procedures, each in triplicate for every condition.

Comparison of RLO03-treated parasites relative to the DMSO (solvent) controls by
differential intracellular and extracellular parasite staining showed a significant defect in
the invasion of compound-treated parasites, with <10% of surviving parasites completing
successful invasion at day 1, ~20% completing successful invasion at day 3, and ~40%
completing successful invasion at day 5 (Figure 3.4.A.). Similarly, quantification of para-
sites showing SAG1-staining trails on poly-L-lysine-coated coverslips, representing gliding
motility, showed a mild reduction in motility in RLOO3-treated parasites relative to the
DMSO-treated controls on days 1 and 3, with 84% and 88% of treated parasites having
SAG1-positive trails (Figure 3.4.B.). However, a much stronger deficiency in motility could

be seen by day 5, at which point <10% of surviving parasites were shown to have these
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characteristic trails (Figure 3.4.B.). Together, the motility and invasion assays indicate a

possible impact of RLO03 on PKG-mediated processes.
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Figure 3.4. Invasion and motility assays support the role of PKG in RL0O03-mediated parasite
toxicity. Effects of RLOO3 treatment on invasion and motility, both downstream processes impacted
by PKG activity, were evaluated in wild-type parasites. To quantify invasion, tachyzoites were treated
with RLOO3 at the ICy, or with the solvent (DMSO) 1, 3, or 5 days. Isolated parasites were differentially

stained for intracellular/extracellular localization using a murine monoclonal antibody against the sur-
face marker SAG1 in conjunction with secondary goat anti-mouse IgG antibodies conjugated to Alexa-
488 to stain extracellular parasites prior to permeabilization and subsequent addition of goat anti-
mouse IgG conjugated to Alexa-594 antibodies to stain intracellular parasites. Quantification was
completed in triplicate using an automated microscope. Percent invasion was calculated as the num-
ber of Alexa-488+ parasites/the total number of parasites (Alexa 488+ and Alexa 594+). Analysis of
these data relative to the DMSO (solvent) controls demonstrated that invasion was strongly and sig-
nificantly reduced in surviving parasites following RLO03 treatment, with <10% successful invasion at
D1, ~20% successful invasion at D3, and ~40% successful invasion at D5. This is necessary, but not
sufficient, to indicate a possible impact of RLO0O3 on PKG-mediated processes.

To determine whether defects in invasion were related to loss of motility, a motility assay was
performed, with tachyzoites being treated with either DMSO or RLO03 for 1, 3, or 5 days as above.

Parasites were allowed to glide on poly-L-lysine-coated coverslips for 1 hour at 37 °C. Trails contain-
ing SAG1, representing deposition by moving parasites, were stained using the SAG1 primary anti-
body and Alexa-488 secondary antibody as above and imaged with an automated microscope. The
percentage of total counted parasites having associated trails for each time point was compared to
the DMSO control. Results on D1 and D3 were less pronounced than those of invasion, with 80-85%
of parasites having trails; however, by D5, <10% of surviving parasites showed trails, suggesting a
significant defect in invasion. This again supports, but does not prove, some level of PKG involvement
in RLOO3 activity. *p < 0.001 by Student’s t-test assuming unequal variance. Error bars represent
standard error from the mean from technical triplicate values.
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Figure 3.5. Inhibition of egress following compound treatment sup-
ports the role of PKG in RLO03-mediated parasite toxicity. To further
support the suspected impact of RLO03 on PKG, another downstream
process was examined: egress, which is known to be inhibited or altered
in its timing if PKG is strongly downregulated. To determine whether
treatment with RLO03 affects egress, potentially through PKG, RH-dTom
tachyzoites in 96-well plates were treated with RLOO3 at the IC,; or with

DMSO (as a solvent control) for 1, 3, or 5 days. To each treatment group,
either zaprinast (DMSO/Zaprinast, RLO03/Zaprinast), a potent inducer
of egress, or a volume-matched DMSO control (DMSO/DMSO,
RLO03/DMSO) was added. Host cell nuclei, representing permeabilized
cells associated with egress, were then quantified using the CellTox-
Green nuclear DNA dye followed by counting with an automated micro-
scope. The total number of cells present in the well was subsequently
calculated by similar quantification following the addition of 0.1% Triton-
X to fully permeabilize all host cells. The relative success of egress was
measured as the percentage of cells permeabilized prior to the addition
of Triton-X, ostensibly by movement of parasites out of their resident
vacuoles. From this method, we found that parasites treated with RLO03
had significant reduction in egress relative to the DMSO control, being
reduced to ~20% at D1 and D3, compared to ~85% and ~65% on these
respective days for the DMSO-treated wells. By D5, egress was reduced
to <5% in RLOO3-treated parasites, which was not significantly different
than the DMSO control, suggesting defect in egress. Overall, these find-
ings suggest that treatment with RLO03 causes significant reduction in
zaprinast-induced egress in vitro, providing additional support for a role
of PKG in RLOO3 activity. *p < 0.001 by Student’s paired t-test with une-
qual variance. Error bars represent standard error from the mean.
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Complementarily,
egress of RLOO3-treated
tachyzoites quantified by
relative numbers of para-
site-infected host cells
permeabilized following
stimulation with  zapri-
nast, an inducer of
egress in T. gondii [288],
or DMSO, a negative sol-
vent control for egress,
showed a marked de-
crease compared to the
DMSO-treated parasite
control (Figure 3.5). As
anticipated, DMSO
mock-treated parasites
exposed to

zaprinast

(DMSO/Zaprinast) led to

permeabilization of 88% of host cells on days 1 and 5, and 64% of host cells on day 3,

with the corresponding solvent control (DMSO/DMSO) having £10% permeabilization at

all time points (Figure 3.5). However, upon treatment with RLO03 at the ICq, tachyzoites

exhibited a significant decrease in zaprinast-induced egress represented by host cell per-

meabilization (RLO03/Zaprinast), with 23% and 16% permeabilization at day 1 and day 3,

respectively. This effect was more pronounced at day 5, with <5% of RLO0O3-treated par-

asites showing egress; notably, at this stage, permeabilization of zaprinast-treated
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samples was not significantly different than the DMSO egress control (RLO03/DMSO)
(Figure 3.5). Together, in agreement with the invasion and motility data, the clear defect
in egress satisfies an additional condition to implicate PKG in the physiological alterations

of parasites treated with RL0O03.

RT-gPCR reveals significant upregulation of primitive parasite programmed cell
death-associated genes in wild-type parasites, but not in parasites carrying the

PKGC®2R or PKGWT transfected alleles.

While PKG appeared to be implicated in resistance to RLO03, the means by which
death of parasites would occur—whether or not PKG represents a target of the com-
pound—had not yet been made clear; however, the differential expression of key signaling
pathways suggested that this may occur through a form of systematic, programmed cell
death rather than through necrosis, as these pathways have been implicated in mamma-
lian cancer cells to be related to apoptosis. To explore this possibility, and to supplement
our RNA-seq data, we examined a number of genes shown previously to be associated
with programmed cell death in T. gondii [264], including the autophagy-associated protein
(TGGT1 _221360), programmed cell death proteins 1 (TGGT1 294420) and 2
(TGGT1_305490), DNA endonuclease (TGGT1_208710), phagocytosis-associated pro-
tein (TGGT1_253000), and metacaspase (TGGT1_206490), as well as a predicted FASI-
like inhibitor of apoptosis (TGGT1_249770). Due to the previous observation that higher
upregulation of these genes was seen at 48 hours post-addition of compound [264], we
isolated RNA (as was described for RNA-seq) from confluent parasites treated with RLO03
at the I1Cqo or with DMSO for 48 hours and performed one-step RT-gPCR using primers
suggested by [264]. All samples were completed in triplicate, and, additionally, three
housekeeping genes—histone 2B (TGGT1_209910), ribosomal protein L33

(TGGT1_308930), and DEAD-DEAH-box helicase (TGGT1_256900)—were used for
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appropriate normalization to allow for calculation of fold-change (FC) by the 222t method

relative to the DMSO-treated samples.
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Figure 3.6. RLOO3-treated tachyzoites demonstrate upregulation of primitive apoptosis-like
programmed cell death (PCD)-associated genes. Phenotypic data from TUNEL assays and SEM
appeared to provide evidence for apoptosis-like programmed cell death following treatment with
RLOO3 at the ICy4,. While T. gondii has a poorly-defined programmed cell death pathway, carrying

hallmarks of primitive apoptosis, autophagy, and phagocytosis, a number of genes have been asso-
ciated with apoptosis-like cell death following stimulation by chemotherapeutic agents [23468121];
therefore, we hypothesized that T. gondii treated at the IC., of RLOO3 over 48 hours would show

upregulation of some of these genes in gRT-PCR. Seven total genes known to be associated with
apoptosis-like cell death in tachyzoites were evaluated, each in triplicate with 100 ng of each sam-
ple—RL003-treated and DMSO-treated—and, additionally, 3 housekeeping genes—histone 2B, ribo-
somal protein L33, and DEAD-DEAH-box helicase—were used for normalization of expression. Non-
template controls for each gene were used to ensure no cross-contamination of reagents. Relative
expression of each gene of interest under RLO03 treatment was calculated using the delta-delta Ct
method relative to the DMSO-treated samples. Quantification demonstrated that all genes of interest
appeared to have some level of differential expression relative to the DMSO sample, with the phag-
ocytosis-associated protein (Log,FC = 12.95), autophagy-associated protein (Log,FC = 9.88), and

DNA endonuclease (Log,FC = 8.79) showing strong and significant upregulation. Concomitantly, the
single identified T. gondii metacaspase was also significantly upregulated (Log,FC = 2.83), as would

be anticipated in programmed cell death. These changes in expression support a likely initiation of
primitive parasitic cell death pathways by RL0O03. *p < 0.001 by Student’s Paired t-Test with Unequal
Variance. Error bars represent standard error from the mean.

The results of this quantification (Figure 3.6) showed differential expression of all

7 selected genes relative to the DMSO control, with 6 of the 7 genes showing statistically-

significant (p < 0.001) upregulation and 1 of the 7 genes (the putative FASI inhibitor) show-

ing statistically-significant downregulation in expression (p < 0.001) (Figure 3.6). Of these,
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3 showed >10X (Log2FC > 3.32) increase in expression in RLO03-treated samples com-
pared to DMSO: phagocytosis-associated protein (Log,FC = 12.95), autophagy-associ-
ated protein (Log2FC = 9.88), and DNA endonuclease (Log.FC = 8.79) (Figure 3.6).
Though not as strongly upregulated as these genes, the T. gondii metacaspase was also
significantly upregulated (Log-FC = 2.83). To evaluate the specificity of this response to
RLOO03, and to rule out the possibility that these changes in expression are common to
multiple anti-Toxoplasma compounds, a similar analysis was repeated with antiparasitic
compounds miltefosine (a positive control that is known to induce programmed cell death
in T. gondii [264]), atovaquone, and pyrimethamine. Results showed that neither ato-
vaquone nor pyrimethamine recapitulated the changes in expression seen with RLO03
treatment, while miltefosine had significant increases in the autophagy-related, phagocy-
tosis-related, and DNA endonuclease proteins that more closely resembled the pattern of
RLOO3 (Supplementary Figure 2). This suggests that the strong upregulation of genes
seen in RLOO3 treatment is not shared among all anti-Toxoplasma compounds. Taken
together, these data point to the initiation of a primitive form of programmed cell death
arising from treatment of T. gondii with RL0O03, rather than necrosis culminating exclusively

from broad cellular damage.

We hypothesized that, if programmed cell death was responsible for the RLO03-
mediated antiparasitic effects seen in vitro, the transfected mutant strain shown to be the
most resistant to RLO03—PKG®524R (here called “PKG SNV” for clarity)—should show less
pronounced increases in expression of these pro-programmed cell death genes. We
therefore repeated our RT-qPCR analysis, this time using “PKG SNV episomal” as well as
the corresponding wild-type PKG-transfected strain (‘PKG WT episomal”) in examination
of these 7 genes at 48 hours post-RL0O03 treatment or post-DMSO treatment. Like the RH-

dTom wild-type strain, analysis by the 222°t method showed that PKG SNV episomal
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mutants had significant alterations in their expression of these key genes; however, these
changes in transcriptional expression were markedly different from those in the wild-type
RH-dTom and PKG WT episomal strains (Figure 3.7). Regarding the latter, episomal ex-
pression of the PKG WT allele did not appear to result in many significant changes in
expression relative to the DMSO control for 4 of the 6 examined genes, indicating potential
dysregulation of this pathway (Figure 3.7). The phagocytosis-associated protein was up-
regulated significantly (Log-FC = 2.78) upon treatment with RLO03, while the autophagy-
associated protein was downregulated (Log2FC =-1.91) (Figure 3.7); in the WT RH-dTom
strain, these proteins had Log.FC values of, respectively, 12.95 and 9.88, showing a stark
contrast in these strains (Figure 3.7). Conversely, the PKG SNV strain had different tran-
scriptional changes than either of the other strains: in this case, the phagocytosis-associ-
ated protein showed substantial downregulation (Log.FC =-9.17) following treatment with
RLOO03, a near-complete reversal of the upregulation seen in the RH-dTom WT strain.
Further, the autophagy-associated protein (Log.FC = -2.96), programmed cell death pro-
tein 1 (Log.FC = -2.72), and DNA endonuclease (Log:FC = -2.49) all showed significant
downregulation in the PKG SNV episomal strain (Figure 3.7), signifying that, rather than
increasing expression of the programmed-cell-death-associated genes, nearly all had
marked downregulation, coinciding with the comparative lack of parasite death shown in
the 1Cso analyses. Together, these data may indicate that RLO0O3 treatment does not in-
duce programmed cell death through the 7 selected genes in the PKG-carrying clone—
and induces only a few of these genes in the PKG WT strain—despite showing strong

induction of expression in RH-dTom wild-type parasites.
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Figure 3.7. Mutants expressing episomal copies of wild-type or SNV-bearing PKG demonstrate
downregulation of PCD-associated genes. The resistance of episomal PKG mutants, particularly the
mutant housing the C524R nonsynonymous SNV, combined with the observed activation of programmed
cell death-associated genes in wild-type RH-dTom, led us to hypothesize that these same genes are likely
less upregulated, if upregulated at all, in the mutant strains as compared to the WT control. To test this
hypothesis, the qRT-PCR described in Figure 3.6 was repeated as described using the PKG SNV and
PKG WT strains, both treated with RLOO3 at the ICy, for 48 hours or treated with DMSO for 48 hours.
From the delta-delta Ct analysis, the RLOO3-treated PKG mutants showed altered expression of these
PCD-associated genes compared to the RLO03-treated RH-dTom WT. The WT PKG episomal strain
showed no significant variation from the DMSO-treated controls across most of the PCD-associated
genes; however, the phagocytosis-associated protein was still upregulated significantly (Log,FC = 2.78),
though not to the magnitude of the RH-dTom WT (Log,FC = 12.95), while the autophagy-associated pro-

tein was significantly, though not highly, downregulated (Log2FC = -1.91), in contrast to the strong upreg-
ulation in the RH-dTom WT (Log,FC = 9.88). In the PKG SNV strain, the phagocytosis-associated protein
was strongly and significantly downregulated (Log,FC = -9.17) in RLOO3-treated parasites, with additional
significant downregulation of autophagy-associated protein (Log,FC = -2.96), programmed cell death pro-
tein 1 (Log,FC =-2.72), and DNA endonuclease (Log,FC =-2.49). These findings demonstrate that genes
associated with PCD that are highly upregulated in RLOO3-treated wild-type RH-dTom parasites are
largely unchanged relative to the DMSO-treated control in PKG WT mutants and are significantly down-
regulated in the RLOO3-resistant PKG SNV strain, suggesting that RLO03 treatment does not induce PCD
in the PKG SNV strain and induces only partial components of the PCD pathway in the PKG WT strain.
*p < 0.001 by Student’s paired t-test assuming unequal variance. Error bars represent standard error from
the mean. WT = wild-type; PCD = programmed cell death; SNV = single nucleotide variant.
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Qualitative analysis by SEM provided insights supporting the occurrence of pro-
grammed cell death through distinct apoptosis-like blebbing of tachyzoite mem-

branes following treatment with RLO03.

With the combination of phenotypic and transcript-level data pointing to possible

pot | det

Figure 3.8. Scanning electron microscopy (SEM) of RLOO3-treated
tachyzoites shows phenotypic changes resembling those of mam-
malian programmed cell death. Evaluation of broad surface-level mor-
phological changes to T. gondii was completed through the use of SEM.
Tachyzoites treated with either RLO03 at the ICy, (C., D.) or with a vol-

ume-matched quantity of DMSO (A., B.) for 48 hours were submitted to
the Electron Microscopy Core Facility (EMCF) at the University of Ne-
braska Medical Center for imaging. Results demonstrated notable phe-
notypic changes of tachyzoite cell surfaces following RLO03 treatment
that were not seen in the DMSO control; namely, the formation of mem-
brane blebs and vesicle-like structures (arrows) emerging from the mem-
brane, which resembled those of mammalian programmed cell death
pathways, particularly apoptosis and autophagy. These qualitative data
may suggest a role of programmed cell death in the anti-Toxoplasma
activity of RL0O03.

triggering of the T. gondii
programmed cell death
pathway, we aimed to
qualitatively examine su-
perstructures at the
tachyzoite surface
through the use of scan-
ning electron micros-
copy (SEM), hypothesiz-
ing that apoptosis-like
parasite death would re-
sult in  morphological
changes, such as mem-
brane blebbing and cell
shrinkage. We therefore
treated

tachyzoites in

T25 flasks with DMSO or

with RLOO3 at the 1Cg for 48 hours, isolated them from host cells, and submitted samples

to the Electron Microscopy Core Facility (EMCF) at the University of Nebraska Medical

Center for imaging. Representative images for both DMSO-treated and RLOO03-treated

parasites are shown in Figure 3.8; phenotypic changes are evident in the RLO03-treated

tachyzoites, which show blebbing of the membrane and formation of vesicle-like structures

(arrows, Figure 3.8.C.-D.) that were not present in the DMSO-treated parasites. These
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morphological variations are indicative of regulated disposal of cell components rather

than nonspecific damage to the cell and support our hypothesis.
Discussion

The high potency of pyrrolomycin derivative RL0O03, in combination with its speci-
ficity to parasite processes, positively supports the potential therapeutic applicability of this
molecule; however, given that there is little precedent for evaluation of pyrrolomycin—or
marinopyrrole—mechanisms of antimicrobial activity in T. gondii, we performed a series
of molecular and phenotypic analyses to evaluate potential compound target(s) and/or
gene product(s) facilitating resistance to the compound. Compilation of data from whole-
genome sequencing of RLO03-resistant clonal isolates and subsequent molecular com-
plementation implicated a predicted C524R mutation in the parasite-specific cGMP-de-
pendent protein kinase (PKG) [257] gene as a mediator of observed resistance to RLO03
(Table 3.4). Specific complementation of wild-type parasites with a plasmid carrying PKG
with the C524R mutation was sufficient to confer ~2.6X resistance to RLO03, while this
was not the case when an unmutated PKG allele was similarly complemented into the
wild-type parasites (Table 3.5). This is an approximate recapitulation of the ~2.6X re-
sistance observed in the F11 strain, and a slightly lower value than the ~3.5X resistance
seen in the H11 strain (Table 3.4); together, the similarity of these values is supportive of

a substantial role for this mutation in facilitating resistance to RLO03.

Intriguingly, the most resistant clonal isolate, H11, contained an additional muta-
tion (T683A) in a calcium-dependent protein kinase (CDPK) gene. CDPKs, as a general
class, are known to act as downstream mediators of signaling events by PKG [265], as
discussed more fully below; correspondingly, complementation of this mutation, while not
recapitulating the observed resistance of either mutagenesis-generated strain, was still

sufficient to confer a low level (1.5X) of significant resistance to RL0O03, which may indicate
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that an additive effect of both the PKG C524R mutation and the CDPK T683A mutation
plays a role in the variable levels of resistance across the F11 and H11 isolates, although

this assertion requires additional evidence to confirm any potential additive effect.

The essentiality of PKG, particularly given its high conservation across T.
gondii strains and low incidence of naturally-occurring SNPs [257], presents a level
of technical difficulty in examining effects of gene knockouts, a classical method
for confirmation of putative protein roles in given processes; to maintain viable par-
asites, PKG cannot be knocked out without a corresponding compensatory com-
plement present at another locus, arguing in support of its indispensability [257].
However, to further assess the role of this gene in resistance to RLO03, we evalu-
ated compound activity against a strain containing at the 3’ end of the endogenous
PKG gene a tag for an auxin-inducible degron (PKG-mAID-3HA) created by Brown
et al., which is targeted for proteasomal degradation upon the addition of 3-indole-
acetic acid (IAA). Induction of a PKG knockdown in this manner resulted in a dra-
matic >500X resistance to RLOO3 relative to the uninduced strain (Figure 3.3);
however, this drastic change may partially be a result of the evident hyper-sensi-
tivity of PKG-mAID-tagged parasites to RL0O03, given that the ICso of the uninduced
strain was >30X lower that of the RH-dTom WT strain. Ostensibly, this may be a
consequence of general fitness disadvantage resulting from altered regulation of PKG.

However, even when compared to the ICso of the RH-dTom WT strain, the conditional
knockdown still demonstrated a significant ~17X increase in resistance, a substantial al-
teration that supports the comparatively-moderate resistance of single mutations in PKG
to RLOO3 (Figure 3.3). Corroborating this finding, similar treatment of a strain containing

a copy of PKG complemented into the UPRT locus (PKG-mAID-3HA/PKG-6Ty) led to



restoration of RLOO3 activity to levels similar to the PKG-mAID-3HA strain (Figure 3.3),

indicating that specific reduction in PKG was responsible for the observed effects.

In T. gondii and
other Apicomplexan
parasites, PKG is an es-
sential protein control-
ling a number of critical
processes related to the
infection and

parasite

lytic cycle, including at-
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Figure 3.9. Motility, invasion, and egress in T. gondii are mediated
by a variety of parasite and host factors contributing to successful
parasite replication and dissemination. A summary of key steps in par-
asite invasion mediated by MICs and RONs/ROPs(l, 1) as well as matu-

ration by GRAs (Ill). Reprinted from Toxoplasma gondii, 3" Ed.; Maryse
Lebrun,Vern B. Carruthers,Marie-France Cesbron-Delauw; Toxoplasma
gondii: “Chapter 14: Toxoplasma secretory proteins and their roles in par-
asite cell cycle and infection,” p. 608, Copyright (2020), with permission
from Elsevier.

other cells [266]. As de-
scribed below, these
processes stem primar-

ily from the regulation of

the parasite gliding mo-

tility, which is intimately

connected to fluctuations in intracellular cAMP, cGMP, and calcium levels [267]. As the
primary sensor of cGMP levels, PKG plays a critical role in propagating signals from this

molecule [267]. Additionally, combined inhibition of PKG and the downstream effector
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CDPK1 at sublethal levels causes cyst-forming strains of T. gondii to differentiate into
bradyzoites and subsequently form cysts in tissue culture, even in the absence of addi-
tional stressors, indicating that the PKG signaling pathway plays a role in stage conversion
(possibly from responding to stress)[263]. The essentiality of PKG [257], combined with
its specificity to T. gondii over mammalian cells [261], makes this a promising therapeutic

target.

For many parasitic pathogens, gliding moatility is a crucial motor process required
for successful invasion, movement over the cell surface, and egress from host cells [268];
its success is critical to facilitating the intracellular lifestyle necessary for replication [269].
As shown in Figure 3.9.l. [298], gliding motility depends on secretion of micronemes,
small, vesicle-like organelles located primarily along the apical end of the parasite that,
upon response of an appropriate signal, release a series of transmembrane adhesins
known as MIC proteins in order to bind components of the host cell membrane or the
extracellular matrix [270]. The regulation of microneme secretion is tightly-controlled by
both Ca?* signals and cGMP levels, and perturbation of this pathway can cause marked
defects in successful invasion and/or egress [265]. Existing data implicates PKG as the
central regulator of microneme secretion in T. gondii, given that treatment with Ca?*-ele-
vating compounds is not sufficient to induce microneme secretion in the absence of PKG
activation [265]. PKG regulation directs a number of downstream effectors responsible for
phosphorylation leading to signal transduction and vesicular localization as well as
transport to the parasite membrane (for timed release of micronemes) [270], though the
most well-characterized are the calcium-dependent protein kinases (CDPKs) [271]. To-
gether, these effectors orchestrate microneme secretion and, by extension, successful

parasite infection [272].
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Specific inhibition of PKG by chemical means—such as 4-[2-(4-fluorophenyl)-5-(1-
methylpiperidine-4-yl)-1H-pyrrol-3-yl]pyridine, or “compound 1”"—results in defects across
invasion, motility, and egress [257]; therefore, we hypothesized that, if RLO03 does indeed
act through PKG in some manner, one or more of these central physiologic components
would be negatively impacted. Corroborating this hypothesis, parasites treated with RLO03
showed defects in invasion, reduced 2D motility across planar surfaces treated with ad-
hesin-compatible charged residues, and reduced ability to egress following stimulation
(Figure 3.4). That these components are intimately interconnected, as described above,
and that these components are all regulated to a high degree by PKG, both strengthen
our genetic and molecular data and further point to the importance of PKG in RLO03 ac-
tivity.

When examining parasites for potential morphological abnormalities resulting from
ostensible changes to PKG function, ultrastructural analysis by SEM appeared to show
some form of membrane blebbing, surprisingly; parasites exhibited apoptosis-like or au-
tophagic-like vesicular structures that seemed to indicate a concerted, rather than non-
specific, progression of cellular breakdown more compatible with progression of pro-
grammed cell death. Our RT-qPCR data supported this, with particularly strong upregula-
tion of autophagy- and phagocytosis-associated proteins, which may well be in part re-
sponsible for the vesicular structures appearing in SEM (Figure 3.8); these same changes
in expression were not observed after treatment with either pyrimethamine or atovaquone,
though the known pro-apoptotic molecule miltefosine did show a similar, but not identical

pattern (Supplementary Figure 2).

Interestingly, despite the apparent contradiction of a single-celled organism per-
forming apoptosis-like programmed cell death, this process has previously been observed

to occur in protozoa under certain conditions, including such organisms as Plasmodium
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spp., Leishmania spp., Trypanosoma spp., and, more recently, in T. gondii [273]. Though
the precise pathway for programmed cell death in T. gondii remains elusive, treatment
with chemical stimulators of mammalian apoptosis has allowed for the identification of
several key features of this primitive process [264]. As in metazoan cells, progression of
programmed cell death is characterized by fragmentation of parasite DNA, leading to
TUNEL-positive staining such as that shown in Figure 1.7 [264; 273]. Additionally, para-
sites show distinctive morphological changes, including membrane blebbing, deadhesion
from the monolayer, and loss of the distinctive crescent moon cell shape. A number of
genes resembling homologs of mammalian proteins, including those shown in Figure 1.8,
have also been shown to be upregulated, including a number of autophagy-associated
and phagocytosis-associated proteins in addition to a DNA endonuclease, calcium-de-
pendent endopeptidases, and several predicted proteases [264]. Caspase-like proteolytic
activity is also increased in parasites exposed to pro-apoptotic stimuli and abrogated by
protease inhibitors, as would be expected in apoptosis-like cell death [264]. Further, the
identification and characterization of a metacaspase—the functional equivalent of a mam-
malian caspase—called TJMCAL showed that this protein participates in the orchestrated
breakdown of parasite components during stimulation [273]. The support from our SEM
and RT-gPCR data may indicate that such activities are occurring in RLO03-treated T.
gondii tachyzoites; due to the specific and potent role this process may play in parasite
toxicity, the possible induction of programmed cell death by RLO03 warrants further inves-

tigation.

RNA-seq data yielded interesting findings appearing to provide a tentative, though
yet-unconfirmed, link between the apparent upregulation in programmed cell death-asso-
ciated T. gondii genes (supported by the morphological changes sporting membrane

blebbing visible in SEM images (Figure 3.8)) and the clear capacity for PKG mutations to



101

facilitate resistance to RLO03 (Table 3.5, Figure 3.3). Processes indicative of downstream
or parallel PKG effects appeared to be differentially expressed in RLO03-treated popula-
tions; namely, genes falling into the GO Biological Processes of signaling, cell-cell com-
munication, transport, phosphorylation events, and processing of nucleobases showed
altered expression relative to the DMSO-treated populations, particularly in less-resistant
isolates (Figure 3.2). More specifically, identification of the top 5 differentially-expressed
genes in each parasite population showed particular genes known to interact with PKG or
with downstream effectors of PKG, including calcium-dependent protein kinase (CDPK),
cAMP-dependent protein kinase (PKA), and 3'5’-cyclic phosphodiesterase proteins (Ta-
bles 3.6-3.7); the upregulation of PKA in WT parasites at 8 hours post-addition of RLO03
is particularly interesting, given that recent work has indicated a strong interplay between

PKA and PKG [271].

Simultaneously, however, there were additional genes that appeared to align more
closely with autophagic or apoptosis-like pathways. ULK kinases, DNA/RNA endonucle-
ases, and various endopeptidases, in particular, seemed to be strongly differentially-ex-
pressed in both wild-type and RL003-resistant parasites (though the effect was most pro-
nounced in wild-type parasites (Tables 3.6-3.7)). In other eukaryotes, ULK kinases are
known to be responsible for the formation of the pre-autophagosome in response to phos-
phatidylinositol-3-kinase (PI3K) signaling [274], and endopeptidases as well as endonu-
cleases are critical effector molecules for the degradation of cellular components [275].
Future work providing a more definitive relationship between PKG and programmed cell

death in T. gondii would help to clarify this apparent association.

Taken in sum, these data point to an interesting potential sequence of events; mu-
tations in PKG appear to affect compound activity in some manner, and the parasiticidal

effect appears to be mediated by the primitive programmed cell death pathway present
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(though arguably poorly-described) in T. gondii. This may indicate some level of involve-
ment of PKG in the process of parasite programmed cell death, a previously unreported
association that may result from either constitutive activation or catalytic inhibition of PKG.
Supporting this possible association, mutants episomally expressing PKG carrying the
RLOO3 resistance-conferring C524R mutation showed nearly an opposite effect as the
wild-type when subjected to RT-gPCR, downregulating many of the pro-death proteins
and upregulating a key anti-death protein (FASI inhibitor) (Figure 3.6). Even episomal
expression of the wild-type PKG allele seemed to modify the expression of these genes,
with far less alteration in expression of many of the PCD-associated genes compared to
the DMSO control than was seen in the wild-type, perhaps as a consequence of altering

intracellular cGMP levels (Figure 3.7).

Such a relationship between PKG and apoptosis in eukaryotic cells is not unprec-
edented; constitutive activation of PKG in mammalian cancer cell lines—such as colorec-
tal, pancreatic, and smooth muscle cells [276]—is sufficient to induce apoptosis. Increases
in levels of cGMP, leading to stronger activation of PKG, were associated with triggering
apoptosis in these cells. It is therefore possible that RLO03 acts in some manner through
PKG and that, as a consequence, downstream events of this interaction favor pro-
grammed cell death over necrosis. This potential link certainly merits additional examina-
tion, as it would represent a novel and previously-unreported pathway for activation of

apoptosis-like cell death in T. gondii.
Conclusion

Overall, these findings support a role of the parasite-specific cGMP-dependent
protein kinase in facilitating the activity of, or resistance to, the potent pyrrolomycin deriv-
ative RL0O03. With support from genomic, transcriptional, and phenotypic data, these re-

sults point to an association between PKG-mediated events or downstream processes
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and resistance to RL0O03. Both ultrastructure and transcriptomic analysis further suggested
a likely activation of the primitive T. gondii apoptosis-like cell death pathway following
treatment with RLO03, which was not observed when resistant mutants were subjected to
identical analyses. This may indicate some previously-unreported link between PKG and

programmed cell death in T. gondii and provides a possible avenue for further exploration.

Methods

Cell Lines and Maintenance

Human foreskin fibroblasts (HFF) were obtained from ATCC (HFF-1: ATCC®
SCRC-1041™) and maintained under serial passage at 37 °C and 5% CO,. Type | T.
gondii RH-strain parasites constitutively expressing fluorescent tdTomato protein (dTom)
were used for a majority of the assays in this work; additional strains included RH-strain
parasites expressing the TIR1 auxin receptor from Oryza sativa genetically modified to
have mini-auxin inducible degron (mAID) tags at the 3’ end of endogenous PKG (PKG-
mAID-3HA) as well as the corresponding complement strain with PKG-6Ty complemented
at the UPRT locus (PKG-mAID-3HA/PKG-6Ty), with both of these strains being a kind gift
of Dr. Kevin Brown at the University of Oklahoma. All other strains were generated in this
work as described below from the RH-dTom parental strain. Parasites were maintained
by serial passage in HFF cells at 37 °C and 5% CO.. All host cell and parasite lines were
maintained in D10 media with the following composition: Dulbecco’s Modified Eagle’s Me-
dium (DMEM) supplemented with 20% Medium-199, 10% heat-inactivated bovine calf se-
rum, 2 mM L-alanyl-L-glutamine, 100 pg/mL penicillin/streptomycin, and 20 pg/mL gen-

tamicin sulfate.

Preparasitic and Precellular Assays
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Procedures for preparasitic and precellular assays follow largely from our work
outlined in [151]. Preparasitic treatment was completed by treating extracellular RH-strain
parasites constitutively expressing the dimerized Tomato fluorescent protein (RH-dTom)
with RLOO03 at the ICqo or with a volume-matched DMSO solvent control for 7 hours (ap-
proximately 1 complete cell cycle), after which compound was removed and parasites
were washed with D10 media. This was immediately followed by infection of triplicate wells
of an untreated HFF cell monolayer in an optical-bottom 96-well plate at 2,000 para-
sites/well. Parasites were allowed to invade for 24 hours and fluorescent parasites (dTom-
positive) representing viable tachyzoites were counted with the BioTek® Lionheart and
compared to the DMSO control. The precellular assay was conducted similarly; however,
in this case, HFF host cells were treated with RLO0O3 at the parasite ICy for 29 hours
(approximately 1 complete cell cycle), washed with D10 media, and infected with 2,000

tachyzoites/well of untreated parasites for 24 hours prior to automated counting.

Random Chemical Mutagenesis

Random chemical mutagenesis was carried out as described in [259]. Two flasks
(a and B) of wild-type RH-dTom tachyzoites were treated with 11 mM ethyl methanesul-
fonate (EMS) at 37 °C for 4 hours to induce random mutations in the genome at approxi-
mately 1 mutation/1 Mb, after which parasites were thoroughly washed three times with
D10 media to remove residual EMS and subsequently used to reinfect 2 new flasks (cor-
responding to a or B). Mock treatment with DMSO alone was completed in a control flask
and subjected to an identical procedure. Following 24 hours of recovery in D10 medium,
each flask was treated with RLOO3 starting at 0.5X the I1Cso for 2 full passages, with the
concentration of RLOO3 being increased on surviving parasites until the mock-mutagen-

ized control no longer had any viable parasites. Tachyzoites surviving from the
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mutagenized flasks were clonally isolated by limiting dilution under maintained RL0O03
pressure, after which clones were grown up in T25 flasks before I1Cso analysis as described

below.

Whole-Genome Sequencing and SNV Analysis

Tachyzoites from each RLOO3-resistant strain F11, H11, and E12, in addition to
the RH-dTom wild-type parental strain, were cultured to confluence in T75 flasks of HFF
host cells, after which the monolayer was scraped, the cells were homogenized with a
Dounce homogenizer, and the resulting suspension was filtered 3X through a 5 um filter
and 3X through a 3 pm filter to maximally remove host cell nuclei. Cells were washed twice
by centrifugation at 900 xg for 12 minutes at room temperature, removal of the superna-
tant, and resuspension in 1X PBS to remove media contamination. Genomic DNA was
then isolated with the Promega Wizard® Genomic DNA Purification Kit following manu-
facturer recommendations. Quality of the DNA was assessed by determination of the
Azsorzgo ratio obtained by a Thermo Scientific™ NanoDrop™ 2000 spectrophotometer;
samples were retained only if this ratio was between 1.70 and 1.90. If samples passed
this quality control, DNA was diluted in nuclease-free sterile water to 100 ng/uL, and 5 ug
was submitted to the University of Nebraska Medical Center Genomics Core for library
preparation and next-generation sequencing by lllumina paired-end reads. Raw reads for
clonal isolates F11, H11, and E12 as well as the parental RH-dTom strain were deposited
in the NCBI SRA repository under the following accessions, respectively: SRR14338357,

SRR14338356, SRR14338355, SRR14338354.

Upon completion of the sequencing runs, we analyzed the paired-end ~150-160
bp short read data for SNVs utilizing our in-house script published previously [259] and

available at https://github.com/matthew-martens/SNVVerificationPipeline. This analysis

included trimming of reads for quality using PRINSEQ Lite v0.20.4 [277] to remove low-
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confidence base calls from the reads, alignment to the RH-parental GT1 reference ge-

nome (https://toxodb.org/toxo/app/record/dataset/DS ac2a27fcc5) with Bowtie2 v2.2.9

[278] followed by post-processing indexing and sorting with SAMTools v1.2 [279]. Identi-
fication of single nucleotide changes was completed by FreeBayes v1.1.0 (which provides
genomic location, type of mutation (e.g., insertion, deletion, transversion), and confidence
of mutation site)[280], and annotation of single nucleotide transversions was performed
with SNPEff v4.1 (including ID of affected gene; amino acid change, if applicable; notation
of whether the mutation occurs in a protein-coding, regulatory, or splice site region; and
predicted impact of mutation)[281]. SNVs that were present in both the RH-dTom strain
and the mutant strains were subsequently removed by manual filtering, with only those

present exclusively in one or more mutant strains being retained.

Due to the large number of acquired mutations predicted by this analysis, SNVs
were prioritized to emphasize those that were (1) present in multiple RLO03-resistant
strains; (2) located at higher proximity to a coding region, splice site, transcriptional
start/end site, or regulatory sequence (where possible to determine); (3) predicted to have
an impact of “moderate” or higher by SNPEff; and (4) present in literature-described genes
essential for parasite survival, invasion, or replication. Mutations of interest were subse-
guently confirmed by Sanger sequencing with 2 distinct primer sets to confirm presence

in the predicted mutant strain(s) and absence of the SNV in the RH-dTom parental strain.
RNA-seq of Tachyzoites

To perform RNA-seq, wild-type RH-dTom, mutated F11, and mutated H11 strains
were each grown to 50% confluence in a T75 flask of HFF host cells, after which either
RLOO3 at the ICgy or a volume-matched DMSO control was added. Flasks were incubated
for 8 hours or 24 hours and high-quality RNA was isolated as follows: Flasks containing

parasites were chilled on ice for 5 minutes and then washed with cold 1X PBS. Monolayers
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were then scraped, homogenized with a chilled Dounce homogenizer, and filtered 3X
through 3 pm filters to remove as much host cell contamination as possible. RNA was
isolated following the Qiagen RNEasy® Mini Kit instructions following the manufacturer
recommendations for tissue culture cells to obtain RNA. After validating that the RNA was
of sufficient quality (Azsorzso between 1.9 and 2.2), samples were diluted to 200 ng/uL and
3 ug of each sample was submitted to the University of Nebraska Medical Center Ge-
nomics Core for library preparation and next-generation sequencing as above. Raw se-
guencing reads for each strain and condition were deposited in the NCBI SRA repository

in BioProject PRINA725560 under accessions SRR14342021-SRR14342032.

Upon completion of the sequencing runs, reads were trimmed for quality as above

and aligned to the annotated T. gondii GT1 transcriptome (https://toxodb.org/toxo/app/rec-

ord/dataset/DS ef984802b1) using Bowtie2 v2.2.9 as before and processed with

SAMTools v1.2 to convert the output to a BAM file. Processed reads were quantified for
relative transcript abundance using Salmon v1.4.0 [282]. Differential expression of RLO03-
treated samples at 8 hours and 24 hours relative to the corresponding DMSO control for
each strain at the same time point was then determined using DESeq2 v1.30. [283]. Re-
sults were filtered to include only differentially-expressed genes representing a p-value <
0.05 and a log2FC (log2 fold-change) <-2.5 or 22.5 (to examine only the highest-upregu-
lated and highest-downregulated genes). These genes were then annotated for computed
gene ontology (GO) functions through the use of the annotation tool of ToxoDB release

50 (https://toxodb.org/) [284].

Fitness Assay

Determination of strain fitness for F11 and H11 was completed through determi-
nation of doubling time. Tachyzoites of each strain, or the corresponding RH-dTom paren-

tal wild-type (WT) strain, were used to infect confluent HFF monolayers in a 96-well plate
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at 2,000 tachyzoites/well. Fluorescence was measured every 24 hours for 5 days. The
point at which fluorescence had doubled relative to the starting point (subtracting the minor
autofluorescence of host cells) was calculated as the doubling time and compared to the

WT control.
ICs0 Analyses

The 50% inhibitory concentrations (ICsos) were determined essentially as de-
scribed in [151]. Parasites were plated at 2,000 tachyzoites/well in confluent HFF mono-
layers in a 96-well plate and allowed to invade for 24 hours prior to the addition of increas-
ing concentrations of each compound to be tested, including a volume-matched DMSO
control. Each concentration was completed in triplicate to ensure sufficient n-values for
calculating significance. Plates were incubated for 5 days, after which fluorescence read-
ings for dTom, correlating to parasite viability, were obtained at 530/25 (excitation) and
590/35 (emission) using a BioTek® Synergy ™ multi-mode plate reader. The ICs for each
compound was calculated as the concentration of compound at which fluorescence was

50% that of the solvent control.
Cloning by Gibson Assembly

Gibson assembly for the insertion of PKG and CDPK alleles into the M2M3 py-
rimethamine selection cassette [285] was completed through the use of the New England
Biolabs® NEBuilder® HiFi DNA Assembly Kit following manufacturer recommendations,
with a molar ratio of 1:3 backbone: insert. Once the constructs were completed, each
product was run at 100V for 1 hour at room temperature on a 0.9% agarose gel that was
subsequently stained with GelRed® nucleic acid stain to identify bands present. The band
representing a product of the anticipated size was excised and DNA was isolated using
the QIAquick® Gel Extraction Kit following manufacturer recommendations for products

>10 kb. Isolated DNA was transformed into NEB 10-B chemically competent E. coli by
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heat shock at 42 °C for 30 seconds, following the recommended protocol, and colonies

carrying the plasmid were selected from LB agar plates containing 100 pg/mL ampicillin.

Following amplification by maxiprep with a Promega PureYield™ Maxiprep Kit,
Sanger sequencing was used to confirm that each construct carried the mutation of inter-
est, and that no extraneous mutations had been introduced. Ethanol precipitation was then
used to concentrate and sterilize plasmids before transfecting by electroporation 50 pg of
each plasmid into wild-type RH-dTom parasites using the method described in [285] and
below. Surviving parasites were clonally isolated by limiting dilution. To confirm that the
selected clone(s) carried the plasmid and mutation of interest, validation by Sanger se-
guencing was conducted, including additional Sanger sequencing of wild-type RH-dTom

to ensure that no mutation was present in this wild-type strain.
Transfection of T. gondii tachyzoites

Transfection of wild-type RH-dTom parasites with the plasmids of interest was
completed largely following the recommended protocol from [285], implemented previ-
ously in [259]. Briefly, plasmid DNA was concentrated by ethanol precipitation and 50 pg
was resuspended in cytomix buffer (120 mM KCI, 25 mM HEPES, 8.66 mM K;HPO., 5
mM MgCI2, 2 mM EDTA, 1.36 KH,PO4, 0.15 mM CaCl,, pH-adjusted to 7.6)[285]. The
resuspended plasmid was added to 3.7 x 10" RH-dTom tachyzoites in cytomix buffer in a
2-mm-gap electroporation cuvette and placed on ice for 10 minutes. Electroporation was
conducted as a single pulse at1.5kV, 50 Q, and 50 yF with a Gene Pulser Xcell, after
which parasites were returned to ice for 10 minutes and subsequently used to infect fresh
T25 flasks for 12 hours. After this recovery period, 1 uM pyrimethamine was added to each

flask and selection was maintained for 7 days.

Confirmation of Construct Expression by RT-gPCR
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To confirm expression of the insert, RNA was isolated from a confluent T25 flask
of each Sanger-confirmed strain as described above Confirmation of expression of each
transfected construct was completed by reverse-transcriptase quantitative polymerase re-
action (RT-qgPCR) using the PowerSYBR® Green RNA-to-CT™ 1-Step Kit with primers
specific to the corresponding gene of interest. Genes were examined in technical triplicate
and compared to the RH-dTom vector-only control by the 222t method, using alpha-tu-
bulin TUBA (TGGT1_316400A) as a housekeeping gene. All transfected strains had ap-
propriately-increased RNA expression for the indicated gene relative to the vector control,
confirming, in conjunction with the maintained pyrimethamine resistance, that the inserts

for these strains were being expressed (Supplementary Table 2).
RT-gPCR Analysis of T. gondii Programmed Cell Death

Parasites were treated in T25 flasks with RLOO3 at the 1Cg or with a volume-
matched DMSO control for 48 hours before isolation of RNA as described above. Based
on previous studies showing the association of several key genes with apoptosis-like cell
death in T. gondii [264; 273], primers targeting the genes of interest described in the “Re-
sults” section and Appendix B were generated and confirmed for appropriate product size
in RH-strain parasites, given that previous studies utilized the ME49 reference strain for
design. For those primers that showed the proper product size, RT-gPCR was completed
as before using the PowerSYBR® Green RNA-to-CT™ 1-Step Kit in technical triplicate.
Additionally, three separate housekeeping genes—histone 2B (TGME49_009910), ribo-
somal protein L33 (TGME49_108930), and DEAD-DEAH-box helicase
(TGME49_056900)—were used for normalization across sample sets, completed in tech-
nical triplicate. Non-template controls were included for each primer set to confirm lack of
unexpected expression from reagent contamination. Expression was examined as fold-

change (FC) relative to the DMSO control by the 222t method.
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Invasion and Motility Assays

To quantify invasion, tachyzoites were treated with RLO03 at the 1Cq (Or a volume-
matched solvent control) in T25 flasks for 1, 3, or 5 days. At each time point, surviving
parasites were resuspended in high-potassium Endo buffer (106 mM sucrose, 20 mM
Tris—H>S04, 10 MM MgSO4, 5 mM glucose, 4.7 mM K,SO., 3.5 mg/ml BSA, pH-adjusted
to 8.2; [286]) for synchronization of invasion. HFF cells in a 96-well plate were infected
with these parasites at an MOI of 10 in triplicate for each time point to be tested. Plates
were centrifuged at 250 xg for 5 minutes to facilitate parasite interaction with the host cells.
Attachment was allowed for 20 minutes at 37 °C, after which the Endo buffer was carefully
removed and replaced with D10 media to allow for invasion, which was allowed to proceed
for 15 minutes before fixation of the wells with 4% PFA for 15 minutes, followed by blocking
of the fixed cells with 3% BSA/PBS for 1 hour at room temperature. Extracellular parasites
present in blocked wells were stained with 1:500 murine monoclonal a-SAG1 primary an-
tibodies for 1 hour at room temperature in 3% BSA/PBS, after which they were washed
with PBS and stained with 1:1,000 Alexa-488-conjugated goat-a mouse IgG secondary
antibodies for 1 hour at room temperature. Subsequently, secondary antibodies were re-
moved, the wash step was repeated, and 1:500 murine monoclonal a-SAG1 antibodies
were added, this time in PBT buffer (3% BSA and 0.1% Triton-X in PBS) in order to per-
meabilize cells and allow staining of intracellular parasites. Secondary Alexa-594-conju-
gated goat-a mouse IgG antibodies were added at 1:1,000 in PBT buffer and wells were
incubated for 1 hour at room temperature. Parasites were counted with a BioTek Lion-
heart, with Alexa-488+ (green) parasites being counted as extracellular and Alexa-594+
(red) parasites being counted as intracellular parasites. Percent invasion was calculated
as the number of Alexa-488+ parasites/the total number of parasites (Alexa 488+ and

Alexa 594+).



112

The motility assay was conducted in a similar manner. RL0O03-treated or DMSO-
treated parasites were isolated from host cells and resuspended in Ringer’s solution (115
mM NaCl, 10 mM glucose, 10 mM HEPES, 3 mM NaH;PO4, 3 mM KCI, 2 mM CaCl;, 1
mM MgCl;, pH-adjusted to 7.2) with 1% FBS [287]. This suspension was placed on poly-
L-lysine-coated glass coverslips contained within a 12-well plate, with each sample per-
formed in technical triplicate. Parasites were permitted to glide on the coverslips for 1 hour
at 37 °C and were then fixed as above prior to staining with 1:500 murine monoclonal a-
SAG1 primary antibodies and 1:1,000 Alexa-488 secondary antibodies for 1 hour each at
room temperature. Parasites with SAG1+/Alexa-488+ trails were counted and compared
to the total number of parasites, which was evaluated as a percentage relative to the cor-

responding DMSO control.

Egress Assay

Egress in parasites was evaluated using the general host cell nuclei staining tech-
nique described in [288], in which egress is quantified in 2D by the extent to which a nu-
clear stain or marker is able to label host cells as they are increasingly permeabilized
during the process of egress. To evaluate effects of RLO03 on tachyzoite egress, 10,000
parasites/well in a 96-well plate were treated with RLOO3 at the 1Cy for 1, 3, or 5 days or
with DMSO as a solvent control, with 6 wells for each condition. At each indicated time
point, triplicate wells were treated with 500 pM zaprinast or with volume-matched DMSO
control, and incubated for 15 minutes at 37 °C. Wells were then treated with CellToxGreen
to identify permeabilized host cells, correlating to relative egress. Cells showing positive
CellToxGreen fluorescence were counted with a BioTek® Lionheart automated micro-
scope, adjusting for size to exclude tachyzoites (2-5 pm). Cells were then completely per-

meabilized with 0.1% Triton-X and re-counted to identify the total number of cells in the
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well. The percentage of host cells permeabilized prior to the addition of Triton-X was used

as the metric for egress.

SEM of RLO03-Treated Parasites

Methodology for SEM analysis was based largely on work described in [289] and
[290]. Briefly, confluent HFF cells in T25 flasks were infected with RH-dTom tachyzoites
at an MOI of 10 and incubated for 12 hours to allow for invasion. Flasks were then treated
with either RLOO3 at the ICqo Or with a volume-matched quantity of DMSO for an additional
24 hours, after which surviving parasites were isolated by scraping the monolayer, ho-
mogenization with a Dounce homogenizer, and filtering 1X through a 5 pum filter and 2X
through a 3 um filter to limit host cell debris. Isolated parasites were centrifuged at 400 xg
for 12 minutes and the supernatant was removed. The pellet was resuspended in 1 mL
1X PBS and centrifuged as before. Supernatant was removed and replaced with 1 mL of
0.1 M sodium cacodylate buffer containing 2.5% glutaraldehyde and 2% PFA at a pH of
7.4. Fixed tachyzoites were submitted to the Electron Microscopy Core Facility (EMCF) at

the University of Nebraska Medical Center for imaging.
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DISCUSSION

Parasitic and bacterial infections remain a serious global health burden today, with
the rise of antibiotic resistance rendering many patients vulnerable to serious treatment-
refractory systemic infections [188-234]. A number of these infections represent difficult-
to-treat ailments for which existing therapies are either limited or ineffective [188-234]. The
protozoan parasite T. gondii, the focus of the majority of this work, falls into the former
category, with its high worldwide prevalence and distribution in conjunction with few exist-
ing treatment options for the acute infection rendering it a topic of continued research [61].
Though a combinatorial pyrimethamine and sulfadiazine treatment has become the stand-
ard of care, implemented successfully in the clinic due to the synergistic effect of this com-
bination, the lack of specificity to the parasite compound targets (dihydrofolate reductase
and dihydropteroate synthase) has presented a serious issue: patient side effects from
this intervention can be severe, particularly due to the high dosages and extended time
period of treatment [11]. To make matters more challenging, there are no FDA-approved
therapeutic options known to effectively clear cyst burden, rendering this infection lifelong

and posing a threat for patients who become immunocompromised later in life [11, 61].

Summary of Key Findings
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To address the issues of poor potency and notable cross-reactivity with human
proteins in anti-Toxoplasma treatments, we sought to examine a series of molecules de-
rived from the potent anti-staphylococcal marine natural product marinopyrrole A for their
activity against T. gondii tachyzoites and cysts in vitro (Chapter 1). Compilation of the
data showed that RL0O02, RLO03, and RL125 had significantly greater potency than py-
rimethamine against RH-dTom tachyzoites (3.6-6.8X lower ICs values), with RLO03 show-
ing the most potent activity (Figure 1.4). Unlike RLOO2 or the parent compound, marino-
pyrrole A, RLO0O3 had limited susceptibility to serum in vitro, with a 5X increase in ICsg in
the presence of 1%-50% bovine calf serum (Table 1.2). Surprisingly, evaluation of efficacy
against in vitro-generated tissue cysts demonstrated that RLO03 is a potent inhibitor of
bradyzoites even when encapsulated by the cyst wall, with an 1Csp <0.5 uM (Figure 1.5).
Promisingly, determination of expanded cell viability against a broad panel of host cell
lines indicated 220X selectivity for RH-dTom tachyzoites over any tested cell line, and
>40X selectivity over any susceptible immortalized cell line (Figure 1.6), given that the
primary cells for which toxicity was observed (PBMCs) were hypersensitive to py-
rimethamine compared to HFF (Supplementary Figure 1). Toxicity against non-tumor-
igenic cell lines was even lower, at >140X higher I1Cso values compared to those of RH-
dTom. These data support that RLO03 is a potent and selective inhibitor of T. gondii

tachyzoites and bradyzoites in vitro.

The potency of compound RL0O0O3 against both stages of the asexual reproductive
cycle, as well as the known activity of many marinopyrroles and pyrrolomycins against
gram-positive bacteria, led us to hypothesize that RLO03 may show potency against a
number of other pathogens apart from T. gondii (Chapter 2). To test this, we treated a
panel of gram-variable bacteria and selected eukaryotic parasites with RLO03 and found

that, surprisingly, a number of these were susceptible to RLO03. Gram-positive pathogens
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susceptible to RLO03 included S. aureus USA300, B. anthracis Ames35, and S. pneu-
moniae, all of which had MICs, values <1 uM (Figure 2.1). Fewer of the gram-positive
pathogens were susceptible, though V. cholerae and L. pneumophila showed potent inhi-
bition by RL0O03 at <1 uM (Figure 2.1). Additionally, the M. tuberculosis surrogate M. bovis
BCG had an MICsg of <0.5 pM against RLO03 (Figure 2.1), which may indicate that RLO03
has anti-tuberculosis properties and, given that M. tuberculosis is known to infect macro-
phages and given the observed low ICso of RLO03 against THP-1 derived macrophages,
shows possible therapeutic applicability for this compound in tuberculosis. In addition to
the prokaryotes described above, RLO03 potently inhibited the pathogenic free-living
amoebae A. castellanii and N. fowleri, both known for causing amebic meningoencepha-
litis with poor prognosis, at <0.5 uM (Table 2.1); with mortality rates as high as 97% in the
case of primary amebic meningoencephalitis [214-216], this lead warrants further investi-
gation for addressing such devastating infections. RL0O03, therefore, appears to show
broad inhibition of disparate pathogenic organisms in vitro along with its low host cell tox-
icity.

To determine a genetic basis for RLO03 activity by identification of parasite tar-
get(s) or resistance-conferring gene(s) (Chapter 3), we proceeded to perform whole-ge-
nome sequencing of significantly resistant T. gondii mutants and molecular complemen-
tation of putative resistance-conferring alleles. These genetic analyses implicated the T.
gondii cGMP-dependent protein kinase (PKG) as a mediator of resistance to RL0O03, as
expression of a C524R mutation in this gene was sufficient to confer >2.5X resistance to
wild-type parasites (Table 3.5). Conditional knockdown of PKG further enhanced this ef-
fect, with PKG-reduced parasites having >500X resistance to RLO03. Corresponding phe-
notypic analyses confirmed deficiencies in the PKG-associated processes of invasion,

motility, and egress following treatment of wild-type parasites with RLO03 (Figure 3.3).
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Supporting this, RNA-seq analysis showed differential expression in pathways related to
cell signaling, signal transduction, cyclic nucleotide metabolism, catabolism of nucleic ac-
ids, and oxidation-reduction processes at 8-24 hours post-RL0O03 treatment (Figure 3.2).
Interestingly, both ultrastructure analysis by SEM (Figure 3.8) and targeted RT-gPCR at
48 hours post-treatment (Figure 3.6) showed upregulation in programmed cell death com-
ponents, both in morphological changes and in upregulation of genes associated with
miltefosine-induced apoptosis-like cell death in T. gondii, suggesting a potential role of

programmed cell death in RLO03-mediated parasite toxicity.

Discussion of Aggregated Results

This unexpectedly high cross-susceptibility of such disparate organisms to RLO03
may suggest further mechanistic insight when considered in conjunction with our in vitro
mutagenesis and complementation results. While M. bovis and similar Mycobacterium
strains do have a known PKG homolog, PknG [291], the remaining bacterial pathogens
do not; superficial local alignments yield no significant results when the T. gondii PKG
sequence is considered. Additionally, the presence and activity of PKG in either amoeba
species is unclear; while high cGMP levels appear to play an inhibitory role in the fusion
of phagolysosomes in A. castellanii [292], which would suggest that this molecule in im-
portant in regulation of phagocytosis in these organisms, the signaling cascades resulting
from this are currently unknown. It is therefore possible that yet-unreported homologs of
PKG are present across these very different species; this may explain the broad activity,

given the importance of cGMP in a variety of cellular and enzymatic processes [293].

However, itis also possible—and perhaps more likely, given the strong differences
in prokaryotic and eukaryotic cGMP signaling pathways [294]—that RLO03 has more than
one target. This would hardly be unprecedented for marinopyrroles; indeed, marinopyrrole

A is expected to have at least 2 targets that have been proposed: actin (elucidated by acyl
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dye transfer) [126] and Mcl-1 (elucidated by in vitro cell toxicity assays and molecular
modelling) [118]. Further, more recent data suggests that marinopyrrole A may be less
selective for Mcl-1-dependent cell lines than first thought, which may indicate alternate
targets [125]. That a derivative of this compound may exhibit more than one target would,
therefore, be entirely feasible. This may also explain the selective toxicity of RLO03 to
certain host cell lines, primarily tumorigenic immortalized lines, over others. It may even
be the case that in T. gondii PKG is simply an upstream mediator of an additional process
affected by RL0O03, and that our results point to a resistance-conferring role for PKG rather

than a primary target.

It is, additionally, feasible that RLOO3 and other pyrrolomycin derivatives may—in
addition to protein targets—affect the components of cell membranes, such as membrane
potential, particularly of the mitochondria in eukaryotes. Recent work in [295] indicates
that the pyrrolomycins C and D are native protonophores capable of depolarizing the bac-
terial membrane, resulting in loss of proton motive force (PMF) and uncoupling of oxidative
phosphorylation; this was demonstrated to occur with regard to both the prokaryotic mem-
brane (particularly in gram-positive bacteria) and in isolated rat mitochondria. This may
partially explain the seemingly-unpredictable susceptibilities seen in the above organisms.
However, while the authors suggest that this decoupling activity may represent a mecha-
nism of toxicity for both pyrrolomycins and marinopyrroles against human cell lines [295],
it is insufficient to suggest that this is the exclusive mechanism of action against pathogens
or host cells, particularly given the known protein targets for marinopyrrole A [118; 126].
This explanation alone also fails to address the susceptibility of some, but not all, human
cell lines to these molecules [110], in addition to the findings of the present work that
demonstrate a clear genetic basis for resistance to RLO03 by a (non-transporter) gene

product. In light of the uncoupling capacities of pyrrolomycins, the impact of treatment on
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host cell and parasite mitochondrial membrane potential, as well as on the membrane
potential of prokaryotic species, would aid in further clarifying a potential mechanism of

action.

Apart from the particular molecular target(s) of RLO03 and related marinopyrrole
derivatives, our findings indicate an intriguing parallel between susceptible HEK-293 cells
and T. gondii parasites: in both cases, treatment with RLO03 appears to induce pro-
grammed cell death processes. In HEK-293 cells, this was demonstrated by appearance
of TUNEL-positive staining and a strong increase in CAS9 expression (Figures 1.7-1.8),
while in T. gondii this was demonstrated by increased expression of an autophagy-asso-
ciated protein, a phagocytosis-associated protein, and a DNA endonuclease in addition to
apparent blebbing visible by SEM (Figures 3.6-3.8). The upregulation of DNA endonucle-
ase in T. gondii also aligns with the DNA fragmentation observed in the HEK TUNEL as-
say. Whether this points to a shared target or a common pathway response to insult by
RLOO3 is, at present, unclear, given that parasite and human programmed cell death differ
substantially. Notably, in colon cancer cell lines, constitutive activation of PKG has previ-
ously been shown to be sufficient to induce apoptosis [276], and so initial interpretation of
these results may suggest cross-reactivity of RLO03 between the human and T. gondii
PKG isoforms; this may also provide a link between activity of PKG and programmed cell
death in RLOO3-treated T. gondii tachyzoites. However, in apparent contrast to this possi-
bility, parasitic PKG is known to be very specific to T. gondii over humans [296], with key
structural differences in the catalytic domain and the presence of an additional allosteric
domain making this protein substantially different than any animal PKG isoform [261]. This
may, then, support the presence of multiple targets in RLO03-mediated toxicity, as dis-

cussed above.
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Alternatively, if RLOO3 is indeed playing a role as a protonophore, it would seem
possible that the uncoupling of mitochondrial respiration could induce programmed cell
death even in the absence of a shared target. This sequence—mitochondrial uncoupling
leading to initiation of programmed cell death—has not yet been demonstrated in T. gondii,
and so definitive statements on this possibility are premature. Not only so, but mitochon-
drial uncoupling alone can induce or inhibit apoptotic events in human cells, depending
upon the cell line, presence of other signaling molecules, and metabolic state of the cell
[297], which would indicate that uncoupling, even if present in RLO03-treated cells, is in-
sufficient to induce the observed effects. Elucidation of the precise means by which apop-
tosis is triggered in susceptible host cells, and by which the apoptosis-like programmed
cell death is induced in T. gondii, would therefore shed additional light onto the activity of

RLOOS.

Future Directions

While much of our data presents encouraging insight into the potent marinopyrrole
A analog RL0OO03, further investigation is needed to establish therapeutic feasibility and to
distinguish the multiple possibilities described above in an effort to determine the precise
mechanism of action for this compound. Regarding the former, in vivo evaluation of RLO03
will be a crucial next step, both in evaluating toxicity and in identifying efficacy against a
number of these susceptible pathogens on an organism-wide level. This holds true not
only for the acute infections by these pathogens, but also for the chronic stage of T. gondii;
while the in vitro potency is promising, the ability of RLOO3 to cross the blood-brain barrier
and to reliably reduce cyst burden in the brain will provide key insight into the applicability
of RLOO3 for chronic toxoplasmosis. Further, determination of recrudescence following

cessation of RLO03 treatment, such as by artificially ablating the immune system with
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immunosuppressants, would allow for complementary confirmation of parasite clearance

from brain and muscle tissue.

In addition to the in vivo data, further exploration of the role of PKG RL003 activity
against T. gondii will be necessary to unambiguously suggest a likely mechanism of ac-
tion. A number of biochemical assays would function for this purpose. First, regarding the
PKG protein itself, enzyme inhibition assays with purified PKG from resistant parasites,
susceptible parasites, and human cells would validate the genetic findings implicating
PKG as a resistance gene and may further differentiate whether RLO03 primarily targets
this protein. Complementarily, in silico molecular docking studies of RLO03 and PKG
would aid in identifying a specific binding site for this molecule and would allow for further
examination of the impact of the C524R mutation on compound binding. Additionally, as
performed in [126], tagging of RLO03 with a transferable acyl dye would allow for subse-
guent immunoprecipitation of proteins with which this compound interacts, facilitating fur-
ther verification of not only the interaction of RLO03 with PKG, but also of the hypothesis

that RLOO3 may have more than one putative target.

The role of programmed cell death in the activity of RLO03 and its possible link to
PKG would further clarify the means of compound-mediated toxicity in T. gondii, amoebae,
and human cells. Repetition of the TUNEL assay performed on HFF and HEK-293 cells
using RLOO3-treated T. gondii, amoebae, and other human cell lines would provide
broader guantitative data regarding potential apoptosis-like activity across broad organ-
isms (which may provide a link to common pathways affected by RL003). Validation of
apoptotic or autophagic events could be provided by the addition of known autophagy and
apoptosis inhibitors to impacted cell lines in the presence of RLO03, with a partial or full
rescue effect expected if either (or both) events are indeed occurring. Similarly, the pur-

ported decoupling activity of pyrrolomycins, and the potential relation to programmed cell
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death, could be further explored by relative comparison of changes in mitochondrial mem-
brane potential by potentiometric dyes across RLO03-treated parasite lines and/or isolated
mitochondria. This may also be useful for determining whether prokaryotic pathogens ex-
perience loss of PMF in the presence of RL0O03. Finally, stronger evidence supporting a
link between PKG expression and programmed cell death in T. gondii may be accom-
plished by RNA-seq, RT-gPCR, and/or proteomic analysis of programmed cell death-as-
sociated genes in episomal PKG mutants (PKG®%2*R, PKGWT) and the conditional knock-
down/complement strains (PKG-mAID-3HA, PKG-mAID-3HA/PKG®™) may provide key in-
sight illuminating the regulation of apoptotic/autophagic events in T. gondii, facilitating fur-

ther study of this therapeutically-relevant process.

FINAL CONCLUSIONS

The human parasite T. gondii presents a serious issue for human health as a result
of the relatively low potency and poor specificity of existing therapeutic interventions, along
with the inability of these interventions to satisfactorily clear cyst burden [11; 61]. We
showed in this work that the novel pyrrolomycin molecule RLOO03 is a potent inhibitor of
both tachyzoites and encysted bradyzoites in vitro with high selectivity for parasites over
human cells, and that this potency even extends to the high-mortality amebic pathogens
A. castellanii and N. fowleri. Further, we showed that several gram-positive gram-negative
bacterial pathogens, as well as the M. tuberculosis surrogate M. bovis BCG, are also sus-
ceptible to RL0O03, showing that perhaps this compound may aid in combating the contin-
ued rise in antimicrobial resistance. Genetic and transcriptomic data indicated that muta-
tion or knockdown of the parasite-specific PKG gene is sufficient to confer resistance to
RLOO3 in T. gondii, and that a number of programmed cell death-associated genes are
upregulated as a consequence of compound treatment. Taken as a whole, these data

provide key insight into a novel and potent antiparasitic compound and thereby may pave
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the way for further improvement to therapeutic small-molecule inhibitors acting against

both prokaryotic and eukaryotic human pathogens.
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Pyrimethamine ICsq Relative

Cell Line 1Csq (UM) to HFF
PBMC 1.87 <0.19
HFF >10 -

Supplementary Table 1. Comparison of HFF and PBMC susceptibility to common antipara-
sitic compound pyrimethamine shows that PBMCs are more susceptible to this compound
than is HFF, indicating potential hypersensitivity to treatment in cell culture. To determine
whether primary PBMCs are hypersensitive to compound treatment in culture, these cells or immor-
talized HFF cells were treated with the antiparasitic drug pyrimethamine, which our laboratory has
previously shown to have low toxicity to human cell lines [151], and subjected to the resazurin assay
described in the text. Results showed that PBMCs were >5X more susceptible to pyrimethamine
than was HFF, suggesting that these cells may be hypersensitive to compound treatment in vitro

Fold Change
Relative to
Gene of Interest Vector Control

PKGSNV 1.7*
PKGWT 2.9*
CDPKWT 1.3*
CDPKSNV 3.2*

Supplementary Table 2. RT-gPCR confirms the expression of relevant genes of interest. To
confirm that transfected parasites were expressing the gene of interest, RT-gPCR was completed
as described in the text using primers listed in Appendix B. Results demonstrated that, in all cases,
episomal mutants were expressing higher levels of the gene of interest than was the vector control,
further confirming (along with resistance to pyrimethamine) that parasites were expressing the
transfected constructs. *p < 0.01 by Student’s paired t-test assuming unequal variance.
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Supplementary Figure 1. Treatment of wild-type RH-dTom tachyzoites with atovaquone, py-
rimethamine, and miltefosine yields differential expression of programmed cell death-asso-
ciated genes, and this expression differs from the pattern seen with RLO03 treatment. To de-
termine whether the observed changes to programmed cell death (PCD)-associated genes are
shared between multiple anti-Toxoplasma compounds, we repeated the RT-qPCR analysis from
Figure 3.6 with three different antiparasitic compounds. Pyrimethamine and atovaquone are not
expected to elicit a programmed cell death response based on their known modes of action [63;
64; 105], while miltefosine has been observed to cause upregulation of these genes [264]. Results
showed that the FASI and programmed cell death protein 2 genes had no significant change in ex-
pression compared to the DMSO control across any of the compounds tested. Pyrimethamine
treatment led to no significant change in expression of the autophagy-associated protein at pro-
grammed cell death protein 1, and strong downregulation of the DNA endonuclease (Log2FC = -
6.4) and phagocytosis-associated protein (Logz2FC = -3.8). Atovaquone showed no significant
change in DNA endonuclease expression, but had strong upregulation in the autophagy-associ-
ated protein (Log2FC = 5.0), as would be expected from the mitochondrial damage induced by its
association with the cytochrome bi complex [105], and a significant downregulation in expression
of the phagocytosis-associated protein (Log2FC = -2.7). In contrast, following previous findings in
literature, miltefosine showed significant increase in expression for the autophagy-associated pro-
tein (Log2FC = 4.4), DNA endonuclease (Log2FC = 5.5), and phagocytosis-associated protein
(Logz2FC = 2.6). Together, these findings support that the change in expression of key PCD genes
is not a general consequence of treatment with anti-Toxoplasma compounds, and that the activity
of RLO03 more closely resembles that of the known PCD inducer miltefosine. Error bars represent
standard error from the mean. *p < 0.001 by Student’s paired t-test assuming unequal variance.
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APPENDIX B: PRIMERS USED IN THIS WORK

Primer Name Sequence Gene Amplified External Source (if applicable) Use Case

TgFASInh_FWD GCCATTGTTCCACGTCTTTT TGGT1_249770 PMID: 23468121 qRT-PCR of Programmed Cell Death in T. gon
TgFASInh_REV GAAGGGGAAGGAAGGAGATG TGGT1_249770  PMID: 23468121 gqRT-PCR of Programmed Cell Death in T. gon
TgPrgDth_FWD AGAGAGGAGGGAGACGAAGG TGGT1_294420 PMID: 23468121 qRT-PCR of Programmed Cell Death in T. gon
TgPrgDth_REV CAGCGAACTGTGTTCGTCAT TGGT1_294420 PMID: 23468121 qRT-PCR of Programmed Cell Death in T. gon
TgPrgDth2_FWD TCTTGCCAGCGTGAATACTG TGGT1_305490 PMID: 23468121 qRT-PCR of Programmed Cell Death in T. gon
TgPrgDth2_REV GCGCTGATAGTCACTCCACA TGGT1_305490 PMID: 23468121 qRT-PCR of Programmed Cell Death in T. gon
TgEndonuc_FWD AGGCAGCGAAACACAGAAAG TGGT1_208710 PMID: 23468121 qRT-PCR of Programmed Cell Death in T. gon
TgEndonuc_REV ACATGCAGGGAAGCTCCA TGGT1_208710 PMID: 23468121 qRT-PCR of Programmed Cell Death in T. gon
TgPhago_FWD AAGGCGAGAGGAATGGATTT TGGT1_253000 PMID: 23468121 qRT-PCR of Programmed Cell Death in T. gon
TgPhago_REV CGTCGTAAAATTGCAGCAGA TGGT1_253000 PMID: 23468121 qRT-PCR of Programmed Cell Death in T. gon
TgAuto_FWD CTTCGTCAGCGGGAATATGT TGGT1_221360 PMID: 23468121 qRT-PCR of Programmed Cell Death in T. gon
TgAuto_REV GCCGATAGTGAGTTGGGTGT TGGT1_221360 PMID: 23468121 qRT-PCR of Programmed Cell Death in T. gon
TgMCA2_FWD ACATCTTACCGCAGTGCTCC TGGT1_206490 qRT-PCR of Programmed Cell Death in T. gon
TgMCA2_REV CACCCGGAGAACATCTGGAC TGGT1_206490 qRT-PCR of Programmed Cell Death in T. gon

F583.m00589c_riboL.33
R583.m00589¢_riboL 33
F25.m00008¢_his2b
R25.m00008c_his2b
F55.m04658¢_helic
R55.m04658c_helic
CakGib_InsFWD
CaKGib_InsREV
CakGib_VecFWD
CakGib_VecREV
PKGGib_InsFWD
PKGGib_InsREV
PKGGib_VecFWD
PKGGib_VecREV
HsMcll_FWD
HsMcl1_REV
HsCAS9_FWD
HsCAS9_REV
HsCAS3_FWD
HsCAS3_REV
HsBadl_FWD
HsBadl_REV
HsBcl2_FWD
HsBcl2_REV
RabG1_FWD
RabG1_REV
RiboL2_FWD
RiboL2_REV
PKA_FWD
PKA_REV
FHyd_FWD
FHyd_REV
Sulfox_FWD
Sulfox_REV
MicroGTP_FWD
MicroGTP_REV
AcylDH_FWD
AcylDH_REV
3_5_cycl_FWD
3_5_cycl_REV
effTU_GTP_FWD
efflU_GTP_REV
GMPCyc_FWD
GMPCyc_REV
MIC17C_FWD
MIC17C_REV
MyoK_FWD
MyoK_REV
Sub9_FWD
Sub9_REV
3_5_cyc2_FWD
3_5_cyc2_REV
AGCKin_FWD
AGCKin_REV
ULK_FWD
ULK_REV
RabG2_FWD
RabG2_REV
Fasl_FWD
Fas1_REV

AGAATTTCCGCATCGCTCTCCGAA
TTCCTGTCCAGCGAATGTACCGTT
GCTTGGCTGATGAAGCAGTTCGTT
AGTCGTGTACTTGGTCACTGCCTT
AGGTCGTCTACGTTGCCTTTCCTT
AATGGGCAGCAAACGATTCGACAG
TTCGTCTTCTCATGTACAGTG
tacagggcgegtcaggtgATTAGGCAAAAG TAGAAAGAAACAGAGG
CCTCTGTTTCTTTCTACTTTTGCCTAATCACCTGACGCGCCCTGTA
CACTGTACATGAGAAGACGAAGCGCACTTTTCGGGGAAATG
catttccccgaaaagtgcGCGCGCTCTCTGACTGG
tacagggcegegtcaggtgCGTTTCGTCATGCAGGAAGT
ACTTCCTGCATGACGAAACGCACCTGACGCGCCCTGTA
CCAGTCAGAGAGCGCGCGCACTTTTCGGGGAAATG

TTTTGGCTACGGAGAAGGAGG
AGGTTGCTAGGGTGCAACTC
TTTGGTGATGTCGAGCAGAAA
GACCCTAAGCAGGAGGGACT

ATTTGGAACCAAAGATCATACATGG

TTCCCTGAGGTTTGCTGCAT
TCCCAGAGTTTGAGCCGAGT
CTCTTCGGGCGAGGAAGTC
GAACTGGGGGAGGATTGTGG
ACTTCACTTGTGGCCCAGAT
TGGCAAATACACCAGCGACT
CATCGCCACATTCCTCCGTA
CTTGTAGAGCTAAAGGTGGGGG
CAGCATTCATTGCAGCTCCTC
GATACTGCGGGTGAACCTGT
TCTGTCCCACTAGGGATGGG
AGAGAATGCCACGCAGTTGA
CGTAGACACGAGCATCCCTC
GTCGCGTATCGACATGGAGT
CTGTTGTTGCCAGTGTGAGC
TTCGCAAACTTCAAGCGTGG
GTCGAAAGAGTGGTGGCTGA
TCAACACGAGGGTTTCTCCG
CCATCATATGCGGCTTCCCT
TTACACTCTGGTGCTGCTGG
AGACGTCGCACCGTAAAGTT
GGCTGCCTCCTTTCCAGATT
GGTACTCGGCGTACTGGATG
CGAAACAAGCGGCACTCAAA
TCGACGACCACCGATGTTTT
TCAATCTCCAGGGCTCCGAAA
CGTGCAGCCATCATTGTTGA
GGAGACCGATACAAGGTCGTT
AACGATCCCCACCAAAGCAA
CTGCGCTGGTCTAATAGGGG
CCTCAAAAGGGAGGGACACC
GTGGACAGTGACACAGGAGG
GTTTGGCAGTTTGTGGCGAT
AATTCACCGCCAAAAGTCGC
GCTCTTCAGTGGCAAAAGGC
ACTCGAGTTGTGCAGTGGAG
CTCGGACTGCCGCAGATAAT
TGGCAAATACACCAGCGACT
CATCGCCACATTCCTCCGTA
CTCATGCAAGATTGCGGAGC
ATCGGTTGTTGGCGTTGTTG

TGME49_108930
TGME49_108930
TGME49_009910
TGME49_009910
TGME49_056900
TGME49_056900
TGGT1_240390
TGGT1_240390
M2M3 vector
M2M3 vector
TGGT1_311360
TGGT1_311360
M2M3 vector
M2M3 vector
NM_182763.2
NM_182763.2
AB020979.1
AB020979.1
NM_004346.4
NM_004346.4
AF031523.1
AF031523.1
NM_000633.3
NM_000633.3
TGGT1_283530
TGGT1_283530
TGGT1_300621B
TGGT1_300621B
TGGT1_356400
TGGT1_356400
TGGT1_411100
TGGT1_411100
TGGT1_295720
TGGT1_295720
TGGT1_231400A
TGGT1_231400A
TGGT1_231900
TGGT1_231900
TGGT1_220420
TGGT1_220420
TGGT1_320150
TGGT1_320150
TGGT1_216280
TGGT1_216280
TGGT1_200230
TGGT1_200230
TGGT1_322000
TGGT1_322000
TGGT1_231060
TGGT1_231060
TGGT1_257945
TGGT1_257945
TGGT1_272200
TGGT1_272200
TGGT1_255710
TGGT1_255710
TGGT1_283530
TGGT1_283530
TGGT1_223830
TGGT1_223830

qRT-PCR Housekeeping Gene
QRT-PCR Housekeeping Gene
qRT-PCR Housekeeping Gene
qRT-PCR Housekeeping Gene
qRT-PCR Housekeeping Gene
gRT-PCR Housekeeping Gene
Gibson Assembly Cloning
Gibson Assembly Cloning
Gibson Assembly Cloning
Gibson Assembly Cloning
Gibson Assembly Cloning
Gibson Assembly Cloning
Gibson Assembly Cloning
Gibson Assembly Cloning

gRT-PCR of Human Apoptosis
QRT-PCR of Human Apoptosis
qRT-PCR of Human Apoptosis
gRT-PCR of Human Apoptosis
gRT-PCR of Human Apoptosis
gRT-PCR of Human Apoptosis
gRT-PCR of Human Apoptosis
QRT-PCR of Human Apoptosis
gRT-PCR of Human Apoptosis
gRT-PCR of Human Apoptosis
Confirmation of RNA-seq Data
Confirmation of RNA-seq Data
Confirmation of RNA-seq Data
Confirmation of RNA-seq Data
Confirmation of RNA-seq Data
Confirmation of RNA-seq Data
Confirmation of RNA-seq Data
Confirmation of RNA-seq Data
Confirmation of RNA-seq Data
Confirmation of RNA-seq Data
Confirmation of RNA-seq Data
Confirmation of RNA-seq Data
Confirmation of RNA-seq Data
Confirmation of RNA-seq Data
Confirmation of RNA-seq Data
Confirmation of RNA-seq Data
Confirmation of RNA-seq Data
Confirmation of RNA-seq Data
Confirmation of RNA-seq Data
Confirmation of RNA-seq Data
Confirmation of RNA-seq Data
Confirmation of RNA-seq Data
Confirmation of RNA-seq Data
Confirmation of RNA-seq Data
Confirmation of RNA-seq Data
Confirmation of RNA-seq Data
Confirmation of RNA-seq Data
Confirmation of RNA-seq Data
Confirmation of RNA-seq Data
Confirmation of RNA-seq Data
Confirmation of RNA-seq Data
Confirmation of RNA-seq Data
Confirmation of RNA-seq Data
Confirmation of RNA-seq Data
Confirmation of RNA-seq Data
Confirmation of RNA-seq Data

Primers used for cloning and transcriptional analyses. This table shows the sequences and
names of primers for the various components of this work, with specific use described in “use

case”. Unless otherwise noted, all primers were developed in-house using the Geneious® Prime
software (https://www.geneious.com/prime/) and NCBI Primer-Blast

(https://www.ncbi.nlm.nih.gov/tools/primer-blast/). In the case of Gibson assembly cloning pri-

mers, lowercase characters indicate regions of overlap between the insert and vector sequences.
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