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“(And by that destiny) to perform an act,
Whereof what's past is prologue; what to come,
In yours and my discharge.”

Attributed to William Shakespeare, The Tempest, Act 2, Scene 1.
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Novel Approaches to Delivery of Biomacromolecules
David Jeffrey Larwood

Abstract

Nature challenges healthy mammals with constant risk of infection by a wide variety of
pathogens and with degradation of healthy tissue and control systems. I have been interested in
drug delivery and improved delivery of therapeutics primarily to attack pathogens but with
incidental value in assessing vital functions of a healthy mammal. My recent work uses protein
design to approach such problems. Delivering biomacromolecules remains important both for
therapeutics and in discerning and shaping functions of cells.

My first thesis project focused on designing a better glomerular filtration rate (GFR) marker
to facilitate assessment of renal function and seeking a marker reflecting water distribution in the
body, which is relevant to distribution of highly soluble drugs [1]. Tritiated polyethylene glycol
(PEG) was known to clear the kidneys effectively and correlated well with a GFR standard assay.
A better radioactive label for PEG would allow for easy detection, including imaging. At the time
of the project, only one biological conjugation with PEG was reported.

Attaching an iodinatable moiety to polyethylene glycol (PEG) polymers of different sizes
enabled tracking the compound using radioactive iodine. I made a series of related compounds
and studied the pharmacokinetics (PK) and pharmacodynamics (PD) of these in rodents and
ultimately in a dog. Using relatively long PEG polymers of molecular weight (MW) 5,000 to
6,000 daltons, the PEG dominated the behavior of the compounds, clearing rapidly through the

kidneys. With shorter PEG polymers, the chemistry of the iodinatable group was more
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significant and the compounds were more likely to clear through the bile, to a degree making
them unsuitable for a GFR marker but possibly useful to study liver function.

Chapter 1, the published manuscript from my first thesis project, is cited in 20 scientific
publications and 51 issued US patents. Variations on the design principles of my project have
been used widely in the pharmaceutical industry.

During a break in my PhD studies, I improved the formulation of a human Phase-2-ready
antifungal drug and designed and organized extensive testing in mice and dogs to show that a
sustained-release formulation would overcome PK limitations and made the drug much more
potent. This work is discussed briefly in Chapter 2.

My second thesis project studied brilacidin activity against 40 fungal isolates from 20
different species, showing useful activity against several important human pathogens [2, 3]. The
human and many other innate immune systems include a variety of peptides known as defensins
that weaken or kill a variety of pathogens, including bacteria, fungi, and viruses. Brilacidin is a
synthetic defensin-mimic, designed to exhibit the physicochemical properties of defensins as a
class. Brilacidin is in human Phase 2 trials. Despite its potential, Brilacidin's efficacy against
fungi had not been comprehensively explored until my studies, which showcased its viability as
a therapeutic agent against challenging-to-treat fungal infections, thereby offering a beacon of
hope for future clinical interventions.

Chapter 3, the published manuscript based on this second thesis project, has recently been
published in Antibiotics after peer review [3].

An earlier version is available online in Preprints [2].
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Chapter 1
This paper was written by Mr. Larwood about his original work, in collaboration with co-
author and advisor Francis Szoka [1].
Larwood DJ and Szoka FC, Synthesis, characterization, and in vivo disposition of iodinatable
polyethylene glycol derivatives: Differences in vivo as a function of chain length.

J Label Compd Radiopharm, 1984, 21: 603-614. https:/doi-org.ucsf.idm.oclc.org/10.1002/jlcr.2580210703

Synthesis, Characterization, and in vivo Disposition of Iodinatable

Polyethylene Glycol Derivatives: Differences in vivo as a Function of Chain Length

Summary
A series of iodinatable water-soluble polyethylene glycol (PEG) derivatives were prepared
for use as model hydrophilic drugs. Polyethylene glycol diamine 6000 was coupled to methyl
p-hydroxybenzimidate, and PEG 1900- and PEG 5000- monomethyl ethers were coupled to
tyramine and histamine. The derivatives underwent facile iodination with the chloramine-T
reaction and were stable under a wide range of conditions. The larger derivatives showed rapid

renal clearance, but the 1900 MW compounds underwent significant clearance via the bile.

1. Introduction

To facilitate studies on the in vivo disposition of particulate drug delivery systems, we sought
to prepare an easily measurable, hydrophilic model drug. Our requirements were identical with
those of a glomerular filtration rate (GFR) marker, namely, "a) physiologically inert and non-

toxic, b) not protein bound, completely filterable at the glomerulus, c) not reabsorbed or secreted,



d) not subject to destruction, synthesis, or storage within the kidney, ... , f) have constant
clearance over a wide range of plasma concentrations [4].”

Polyethylene glycol (PEG, MW = 400-6000) appeared to be a logical candidate for such a
compound since it has been proposed as a GFR marker and can be specifically derivatized. As a
GFR marker in dogs, its clearance matched that of creatinine over a 2-fold range of plasma
concentrations [5]. Moreover, PEG's of various sizes have been used to estimate the pore size in
the glomeruli of dogs [6]. Renal clearance of PEG-1000 in rats was found to be consistently
greater than inulin clearance, and to vary with PEG plasma levels [7, 8], however the markers
still appear useful to follow renal excretion.

PEG can be derivatized specifically via the two terminal hydroxyls (one on the mono-methyl
ethers). The structure is chemically stable and it appears to be biologically inert. Its properties
have been exploited in a variety of ways:

PEG-400 has been activated with phosgene and coupled with procaine to yield a longer
acting anesthetic [9]; PEG-6000 has been activated with cyanuric chloride and coupled with
bovine serum albumin to reduce antigenicity [10]; PEG-10,000 has been activated with
carbonyldiimidazole or dicyclohexylcarbodiimide and coupled to various amino acids as a
soluble support for peptide synthesis [11, 12]. In addition, the hydroxyl groups can be readily
converted to amino functions for alternative coupling schemes [13,14].

We prepared phenolic and histamine-containing PEG derivatives that could be iodinated
with chloramine-T as the final step in the synthesis. The iodinated PEG compounds are easily
purified by anion exchange or gel filtration, thus any desired isotope of iodine can be introduced
for various applications. The synthesis, characterization, and disposition as a function of PEG

molecular weight is described herein.



2. Materials and Methods

Polyethylene glycols were obtained from Polysciences, Inc., Warrington,PA. Ion exchange
resins and some chromatography supports were obtained from Bio-Rad, Richmond, CA. Thin
layer chromatography plates were silica gel, hard layer plates from Analtech, Newark, DE.
Sephadex chromatography supports were obtained from Sigma Chemicals, St. Louis, MO.
Carbonyl-diimidazole was purchased from Pierce Chemical Company, Rockford, IL. Tritiated
PEG MW 900 and MW 4000 were obtained from New England Nuclear, Boston, MA as a dry
powder and were dissolved in phosphate buffered saline. All other chemicals and solvents were
reagent grade or better. Ultraviolet spectra were recorded on a Cary-18. NMR spectra were
recorded on a Varian FT-80 using D,O or CDC13 containing 3-(trimethylsilyl)-1-propanesulfonic

acid (Aldrich, Milwaukee, WI) or tetramethylsilane as internal standard.

Three TLC solvent systems were used:

A- chloroform/methanol/ammonium hydroxide/water 34/14/1/1;

B-chloroform/methanol/acetic acid/water 34/14/1/1; and C- x% methanol in chloroform.
TLC plates were routinely developed in iodine vapor, which is strongly adsorbed by PEG, and
with one of the following sprays: CoClz, 1% in acetone; ninhydrin, 1% in acetone; or Folin
reagent.

Polyethylene Glycol Diamine 6000 (2) -- 2 was prepared according to Mutter [15]. Assay

of 2 with fluorescamine [16] showed quantitative conversion to the diamino compound. TLC

system A, Rr= 0.9, detected with ninhydrin.



Polyethylene Glycol 6000 Bis (p-hydroxybenzamidine) (3) -- A mixture of 56.9 mg (9.5
mol) 2 and 4.3 mg (23 mol) methyl p-hydroxybenzimidate, hydrochloride [17], was suspended in
1 ml of chloroform. Addition of 20 p1 (140 pmol) triethylamine gave a clear solution, which was
stirred overnight at ambient temperature. The product was precipitated with 6 ml diethyl ether,
and, after recrystallization from chloroform/diethyl ether, gave a white solid (53.4 mg, 91%
yield). TLC system B, Rf= 0.95, and system C-10, Rf= 0.1, detected with Folin reagent. UV:
Amax 255 nm, € = 10,700, NMR: 7.32 (d x d), 3.69 (s).

Polyethylene Glycol 6000 Bis(315-diiodo-4-hydroxybenzamidine) (4) -- Compound 3 (25
mg, 4.5 umol) was dissolved in 100 p1 borate buffer (100 mM, pH 8.0), and mixed with 32 pl
(32 umol) 1 M potassium iodide. Addition of 0.64 ml (32 umol) chloramine-T (50 mM in borate
buffer) turned the reaction briefly brown, then pale yellow. After 30 min at ambient temperature,
the reaction was quenched by the addition of 0.5 ml (100 umol) sodium bisulfite (200 mM). Gel
filtration on Bio-Gel P-2 (1.5 x 27 cm), eluting with water, yielded 4 in the void volume.
Lyophilization gave 48.2 mg of a white powder, quantitative recovery. TLC system B, Rr 0.95,
and system C-10%, R¢= 0.1, detected with Folin reagent. UV: Amax 318 nm, € = 11,4000, NMR:
8.18(s), 3.64(s).

Polyethylene Glycol 5000 Carbonylimidazole Methyl Ether (7a) [18] -- Dry PEG 5000
monomethyl ether (6a, 2.15 g, 0.43 mmol) was dissolved in 5-ml dichloromethane. The sodium
salt of imidazole was prepared by the action of 3.5 mg (1.5 mmol) freshly cut sodium on 122 mg
(1.8 mmol) imidazole in 10 ml dry THF. After addition of 352 mg (2.2 mmol)
carbonyldiimidazole and 0.5 ml (0.09 mmol) sodium imidazolide solution, the mixture was
stirred overnight under nitrogen. The solvent was evaporated and the white solid was crystallized

from chloroform/diethyl ether to give 2.36 g of a white powder.



Polyethylene Glycol 5000 2-(p-Hydroxyphenyl)ethylcarbamate Methyl Ether (8a)

-- Tyramine (79 mg, 0.58 mmol), dissolved in 3 ml warm, absolute ethanol, was added to 1 g
(0.19 mmol) 7a and 80 ul (0.57 mmol) triethylamine in 4 ml dichloromethane. After stirring
overnight, the solvent was removed to give a pale yellow solid (quantitative yield). The crude
product was purified in several batches by chromatography on BioGel P-6, eluting with water
and lyophilizing the fractions. Final yield, 79% white powder. TLC system C 50%, R¢ = 0.9,
detected with Folin reagent. UV: Amax 276 nm, € = 1373, NMR: 7.1(d), 6.78(d), 3.64(s), 2.72(t),
1.30(t).

Polyethylene Glycol 5000 2-(315-Diiodo-4-hydroxyphenyl)ethylcarbamate Methyl Ether
(11a) -- Compound 8a was iodinated as for 3, purified on P-2 (1.0 x 28 cm) in borate buffer (100
mM), desalted on P-2, and lyophylized to give 195 mg white powder, quantitative recovery. TLC
system C-50%, R¢= 0.9, detected with Folin reagent.

UV: Amax 291 nm, & = 2066, NMR: 7.49(s), 7.17(s), 3.64(s), 1.23(t).

Polyethylene Glycol 1900 Carbonylimidazole Methyl Ether (7b) -- To 530 mg (0.28
mmol) dry PEG 1900 monoethyl ether( ) in 2 ml dry CH2CI2 was added 75 mg (0.46 mmol)
carbonyldiimidazole and 10 mg (0.11 mmol) imidazole, sodium salt. After stirring overnight, 6
ml CH,Cl,; was added and the mixture was extracted with 1.75 ml water, then dried with
anhydrous sodium sulfate. After filtration, solvent was removed (quantitative yield).
Alternatively, the solvent was removed, and the resulting oil was recrystallized from
chloroform/diethyl ether at -20°C. The white crystals were filtered through a chilled funnel,
rinsed with a little diethyl ether, and used immediately.

Polyethylene Glycol 1900 2-(p-Hydroxyphenyl)ethylcarbamate Methyl Ether (8b) -- To

193 mg (0.1 mmol) 7b in 2 ml dichloromethane was added 31 mg (0.23 mmol) tyramine in 3 ml



absolute ethanol, plus 57 pl (0.4 mmol) triethylamine. After stirring overnight, the solvent was
removed. The resulting oil was taken up in 30 ml water, and extracted with 3 x 75 ml
chloroform. The combined chloroform layers were dried over anhydrous sodium sulfate and
evaporated to give 173 mg clear oil. This was purified by gel filtration on Sephadex G-25 (1.5 x
49 cm), eluting with water. Fractions from 26 to 44 ml were pooled and lyophilized to give 137
mg (68%) of a clear oil, pure by TLC. TLC system C-20%, R¢= 0.75, detected with Folin
reagent. UV: Amax 276 nm, € = 1390, NMR: 6.88 (d x d), 3.63(s), 3.37(s), 2.70(t), 1.30(t).

Polyethylene Glycol 1900 2-(315-Diiodo-4-hydroxyphenyl)ethylcarbamate Methyl
Ether (11b) was prepared in a similar fashion to 11a.

Polyethylene Glycol 1900 2-(4-Imidazolyl)ethylcarbamate Methyl Ether) (9) -- To 600 mg
(30 umol) 7b in 1 ml dichloromethane was added 50 mg (0.45 mmol) histamine in 1.5 ml ethanol
and 70 pl (0.5 mmol) triethylamine. After stirring overnight, the solvent was removed. The oil
was taken up in 5 ml dichloromethane and extracted with 5 x 1 ml 0.5 M Na2HPO4 to remove
histamine. An NMR spectrum taken after the third extraction was virtually identical with a
spectrum taken after the fifth extraction, showing one histamine per PEG. The product was pure
by TLC, 79% yield. TLC system A, R¢= 0.9, and system C-50%, Rr= 0.2. detected with Folin
reagent. NMR: 7.57(s), 6.81(s), 3.63(s), 3.36(s), 2.79(t), 1.30(t).

1251 -Jodinations (to give 5, 11a,b, and 13) -- To 1.5 mg (0.3 - 0.7 umol) substrate (0.3 - 0.7
umol) substrate (3, 8a,b and 9 respectively) in 0.1 ml 100 mM borate buffer (pH 8.0) was added
3 ul (300 pCi, 15 pmol) Na!®I [New England Nuclear, Boston, MA] and 10 ul (14 nmol) 50 mM
Chloramine-T, then kept at room temperature for 15 min. Addition of 10 pl (390 nmol) 200 mM
sodium bisulfite stopped the reaction. The reaction mixture was purified on a small (5 x 70 mm)

AG1-X4-ClI- column, eluting with normal saline. The first 1-2 ml contained the compound, while



99.95% of °1 was retained on the column. Typical reactions incorporated 60-80% of 2°1. The
products were judged pure by a second anion exchange column, a Bio-Gel P-2 column, and by
TLC.

Stability Studies - The new compounds were tested for stability by incubating at 37°C in
buffers (100 mM) at pH 2.0, 4.5, 7.4, or 11.0 for 18 days, or with mouse liver homogenate or
lysosomes for 24 h.

Liver Homogenate and Lysosomes - Four mouse livers (6.4 g) were homogenized in 20 ml
chilled (4°C) Tris/sucrose buffer (10 mM Tris/HCL, pH 7.5, 250 mM sucrose, 0.1 mM
toluenesulfonyl fluoride as antipeptidase). The homogenate was assayed for protein by the
modified Lowry method [19].

Half of the homogenate was centrifuged for 12 min at 1000 x g. The supernatant was
centrifuged at 4°C for 30 min at 20,000 x g. The pellet was resuspended in 6 ml sodium acetate
buffer (150 mM, pH = 4.6), assayed for protein, and frozen at -40°C. The lysosomes were
warmed to 37°C and refrozen three times to lyse the membranes, releasing lysosomal enzymes.

A typical assay is described below: 6.5 pg (10° cpm) '%°I-5 was incubated with 200 pl liver
homogenate or lysosomal enzymes (12 mg or 4 mg protein respectively) in a sealed centrifuge
tube at 37°C. After 0,1,2,4,8, and 24 h, aliquots (10 ul) were spotted in triplicate on a TLC plate.
The plates were developed in 1 N HC1/2.5% potassium iodide [20] to resolve radioactive '*°1-
(R=0.9), free diiodobenzamidine (Rr= 0.7), and intact polymer (R¢ = 0). Plates spotted with 11a
or 11b were developed in chloroform/methanol/acetic acid/water: 34/14/1/1 to resolve intact
marker (Rf=0.9), '>I- (R= 0.6), or diiodotyrosine (Rs= 0). Autoradiography of the TLC plates

showed very little breakdown, which was quantified by scraping and counting the bands.



pH Stability - A mixture of 1.0 mg (160 nmol) 4 and 20 pu1(2 x 10° cpm) %I -5 in 130 pl
100 mM buffer was kept at 37°C for 25 h in a capped micro-centrifuge tube. The reactions were
sampled at 0,1,2,4,8, and 24 h, spotted on TLC plates, and analyzed as above. Single values were
taken for each time point. The buffers used were: pH 2 - HCI/KCI; pH 4.5-acetate; pH 7.4 -
phosphate; and pH 11.0 - borate.

Organ Clearances - White ICR mice [Simonsen, Gilroy, CA], 25-30 grams, were fed and
watered ad libitum, and kept on a 12 h per day light cycle. Each animal was injected via the tail
vein with 0.1 ml per 10 g body weight (14% of normal blood volume, assuming 7.3% by weight).
A typical dose contained 2.5 pg 4 and 200,000 cpm '2°I-5 per 0.1 ml. Three or four animals were
injected per time point. Each animal was anesthetized with chloroform, and, after collecting 0.5
ml blood by cardiac puncture, the desired organs were dissected, rinsed with water, weighed and
counted. After carefully removing the bladders, the carcasses were rinsed with water and
counted.

Total Body Clearance - Three or four female, ICR mice were kept in a single metabolic
cage [Model A4565, American Scientific Products, McGaw Park, IL] for 24 h. After 1,2,3.,4,8,
and 24 h, the urine and feces were collected. Water rinses of the cage were sampled, and counted
(included with urine values). The entire feces were counted. Tritium-containing feces were
soaked overnight in 0.5 ml 1N potassium hydroxide, mixed with 0.5 ml t-butylhydroperoxide,
and soaked overnight again. All tritium containing samples were mixed with 15 ml PCS
[Amersham, Arlington Heights, IL] and counted. Radioactivity was determined using a Beckman
LS-7800 scintillation counter or a Beckman Gamma-8000 gamma counter.

Bile Duct Cannulation - The femoral vein and bile duct of a female, Sprague Dawley rat

[Simonsen, Gilroy, CA] (under light ether anesthesia) were cannulated. Injections (0.5 ml saline



containing the marker) were made via the femoral cannula, and bile was collected. The bladder
was not catheterized, but urine was collected when possible. The rat, maintained for 22 h without
anesthetic, appeared not to be under duress. Subsequent doses were given after 3.5-5 h, when <
0.1% of the last dose could be detected. The clearance of 13 was essentially the same whether

given as the initial dose or after 18 h.

3. Results and Discussion
The preparation of the derivatives, outlined in Figure 1, was straightforward. The larger
PEG derivatives could be precipitated with diethylether from chloroform solutions, which
facilitates intermediate purification. The PEG-1900 derivatives were very soluble in
dichloromethane, while almost all impurities were more water soluble, leading to easy

purification by extraction. All derivatives were purified by gel filtration and lyophilization prior

to UV or NMR analyses.
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FIGURE 1: SYNTHETIC SCHEME AND STRUCTURE OF PEG DERIVATIVES



Two derivatives were tested for stability in liver homogenate (pH 7.5) or disrupted
lysosomes (pH 4,6) at 37°C for 1 day. Very little breakdown of marker to either free I- or free
reporter group (e.g. dilodo-benzimidate or -tyramine), was observed (Table 1), Derivatives 4 and
9a were very stable, being essentially unchanged after incubation in 100 mM buffers at several
pH's at 37°C for 18 days.

All of the derivatives were rapidly cleared from the body (Table 2). Table 2 lists the amount
(%) of dose remaining in several tissues after various times.

Each blood clearance curve could be described by a two-term exponential decay, with half

lives of 5-10 minutes (initial) and 200-300 minutes (terminal).

TABLE 1: STABILITY OF PEG MARKERS UNDER VARIOUS CONDITIONS?

Compound  pH 2.0 pH 4.5° pH7.4®>  pH11.0> Liver® Lysosomes®

5 98.7 99.6 101.5 97.7 97 92
11a 100 ND 96.8 93.8 100 99
13 ND ND 97d ND ND ND

a % of compound unchanged (2-3 determinations, + < 4%))
b after 18 days, 37°C
¢ after 24 hours, 37°C
d after 5 days, 37°C
ND = not determined
The larger derivatives, 5 and 11a, were cleared almost exclusively by the kidneys (Tables 2
and 3). Although the residual levels of marker in individual organs dropped rapidly, the amount

remaining in the whole animal was judged to be excessive for use as a hydrophilic model drug

compound when compared to '*C inulin (1.4% total in vivo after 5 hours) [21].

10



Decreasing the chain length of PEG to MW = 1900 led to substantial biliary excretion (Tables
3 and 4). Although PEG-400 has been reported to be quantitatively recovered in canine urine [5],
we found significant biliary excretion (12%) of *H-PEG-900 in the rat. Biliary clearance of 11b
and 13 was several-fold higher which must be a result of the head group. However, the head
group probably does not dominate the process since '?°I-histamine was found to be 95% excreted
in urine, 75% after 2 hours, with little evidence for excretion via the bile. Moreover,
diiodophenols resemble several thyroid hormones, which are not significantly excreted. The
attachment of tyramine to polyhydroxyethyl-aspartamide at a mole percentage of 20% results in
both a more rapid and greater accumulation of the polymer in the kidney than the non-modified
polymer [22]. In vitro experiments demonstrate that the phenolic residues enhance the rate of
pinocytotic capture of the polyhydroxyethylaspartamide [23]. In our studies, the attachment of
tyramine and histamine modified the in vivo distribution of only the 1900 MW PEG, not the 5000
MW, and the 1900 MW derivatives accumulated in the bile, not the kidney. Thus it appears the
effect of modification of polymers by small ligands on the in vivo behavior of the polymers is a

complex function of the ligand, polymer, and ligand/polymer ratio.
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TABLE 2: ORGAN DISTRIBUTION OF PEG DERIVATIVES IN MICE?

Hours® N¢  Blood Liver Spleen Lung Kidney

5 Polyethylene Glycol 6000 Bis(3,5-  I-diiodo-4-hydroxybenzamidine)

I 12 0.89:0.04  0.61+0.03 0.01£0.001  0.07£0.02  1.19+0.18
4 302824003 0.31£0.04 0.02:£0.01 0.05£0.02  0.42+0.07
24 3 bkg bkg bkg bkg bkg

11a Polyethylene Glycol 5000 2-(3,5-125I-Diiodo-4-hydroxyphenyl)ethylcarbamate Methyl Ester

0.5 4 2.98+0.16 2.30+0.51 0.06+0.01 ND 1.58+0.19
| 7 1.39+0.06 1.31+0.17 0.05+0.01 0.38+0.18 0.89+0.09
4 4 0.48+0.10 0.53£0.05 0.01+0.00 ND 0.60+0.18

11b Polyethylene Glycol 1900 2-(3,5-125I-Diiodo-4-hydr0xyphenyl)ethylcarbamate Methyl Ester

0.5 8 059£0.09  5.12+17 0.02£0.00 0.0940.03  0.28+0.17
I 12 099+0.10  2.04£0.95 0.02£0.00 0.1240.02  0.64+0.37
4 §  0.04:001  021£0.10 0.01+0.02 0.02£0.01  0.03+0.01
24 4 0024001  0.06£0.02 bkg bkg 0.0240.01

13 Polyethylene Glycol 1900 2-(4-125I-Imidazolyl)ethylcarbamate Methyl Ester
0.25 2 1.4,1.7 4.45,4.62 0.03,0.05 0.15,0.19 0.41,5.7

4 2 1.5,1.6 0.71,3.1 0.02,0.05 0.09.,0.10 0.21,0.21
a % of dose remaining per organ (mean + standard deviation)
Blood values are % of dose remaining in total blood compartment
Hours after administration of dose
Number of animals per determination
Duplicates
D not determined, bkg: background

Z oo o

12

Stomach

0.24+0.08
0.23+0.17
bkg

0.70£0.10
0.64+0.03
0.53+0.34

1.01£0.57
0.61£0.07
0.89+0.97
0.09+0.1

0.93,1.20
3337

Intestine

0.62+0.03
0.51+0.55
bkg

1.40+0.04
1.16+0.2
0.40+0.13

30.6+7.3
27.5¢12.3
1.39+£1.2
0.88+0.12

32.0,39.5
0.85,1.5

Carcass

7.10+0.37
ND
bkg

15.3+15.4
17.9£2.3
4.9+1.5

14.0£2.9
16.5£9.3
19.8+9.7
0.65+0.18

8.2,18.6
35.2,38.8



TABLE 3: CLEARANCE OF PEG DERIVATIVES FROM MICE?*

Compound % in feces % in Urine Time to Peak (hr)
SH-PEG 0.87 73.3 1
5 1.63 101.3 3
11a 0.87 73.3 3
11b 57.3 21.6 8
13 33.7 64.1 2

a Mice were kept in metabolic cages, output (% of dose) determined as outlined in
Materials and Methods, Values are from a single representative experiment.

TABLE 4: PERCENT OF DOSE EXCRETED INTO THE BILE?

Compound % inbile Time to Collection % in Urine Peak (h)
Peak (hr) period (h)

11b 68.0 15 3:40 4.3 5
13 43.1 7 5 35.7 3
SH-PEG 12.1 7 4 44.8 0:20
13 56.5 7 3 33.5 4:30
11b 78.6 7-15 5 -- --

a Values are from a single representative experiment with consecutive runs

PEG's of molecular weight 4000-6000 were initially chosen because inulin, a standard GFR
marker, has a molecular weight of 5000. However, the fraction of the dose remaining in vivo at 5
hours appeared to us to be unacceptable for a useful model drug compound. The lower molecular

weight PEG-1900 derivatives were prepared to assure total filtration in small animals, such as
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the mouse [6]. Surprisingly, the reporter group (tyramine, histamine) altered the properties of the
polymer to the point where the derivatives were cleared mainly in the bile. Biliary excretion of
the PEG-1900 derivatives is very rapid, comparable at least in time course to imino-diacetic
acids used for liver imaging [24], which may make the 1900 MW PEG derivatives useful

markers for studying liver function and bile formation.
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Chapter 2
Interim Studies — Antifungal Drugs
I am second author on three papers since 2020 reporting continuous dosing antifungal mouse
studies that I organized, participating closely in the design, execution and analysis. I secured
funding for these and some related, ancillary studies. I am a coauthor on a fourth mouse study
that elaborated on a study that I initiated. The references here include 13 of my publications since
2020, noted by ResearchGate to have 113 citations. These do not include my conference

abstracts and presentations.

For some years I worked with a group devoted to improving therapies for the rare but
concerning disease coccidioidomycosis (“valley fever”), managing $7M NIH support as co-PI
making and testing nikkomycin Z (“NikZ”). I was invited to write a review of NikZ and therapy

[25]. This has been cited more than 37 times as of this writing.

In 2019 I was reminded that a 1998 report of highly effective NikZ therapy against Candida
albicans when dosing by continuous infusion suggested benefits warranting testing a sustained
dosing oral formulation. From my extensive studies of NikZ manufacturing and purification I
recognized that a solution of NikZ at pH 3.3 might be stable for extended periods and suitable for
oral administration. I asked David Stevens, MD, to try my idea of providing drug in drinking
water to spread out the dosing administration for mice at relatively low burden on the operators
and the animals [26]. I worked with his group extensively from late 2019 until starting classes

again at UCSF in 2022, and we still are collaborating.
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The first 2019 test dosing NikZ in drinking water was used to treat mice infected with
Coccidioides posadasii. This proved so successful that our lowest test dose level of 200
mg/kg/day essentially cleared the disease, where a similar dose given twice a day (BID, bis in
die) would be expected to only help. We repeated the study with a 4 times higher inoculation
challenge and a lowest dose reduced by >95% to 8 mg/kg/day in drinking water. That lowest
dose proved more effective than 100 mg/kg/day fluconazole, standard of care [27]. The medium

high doses almost eliminated detectable residual infection.

This encouraged NIAID to support a study dosing mice with brain disease induced by
intracranial injection of Coccidioides, extending older studies dosing at 40, 160 and 600
mg/kg/day divided BID by adding a third dose three times a day (TID) for 75, 300 and 900
mg/kg/day for 12 days. The best survival was 80%, whether dosing at 600 or 900 mg/kg/day,
with barely significant reduction of fungal burden at the highest test dose. Support from a
foundation let us repeat this test with NikZ in drinking water, achieving equivalent fungal burden
reduction at 30 mg/kg/day (3.3% of 900 TID) for 12 days with 70% survival after 40 days.
Superior to any previous NikZ observation, survival of 90% and 100% was achieved at
manageable doses of 100 and 300 mg/kg/day with no detectable residual fungus, effectively

sterilizing most survivors at all three dose levels [28].

Human meningeal coccidioidomycosis in the brain or central nervous system (CNS) is 100%
fatal in 18 months without therapy, and all of the available therapies are unpleasant. About 300
new human cases annually require patients to take drugs literally for life. Valley fever in dogs is

very similar to the disease and response to therapy in humans. A dog with severe brain infection
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failing conventional therapy for years was treated for four months with NikZ in our spread
dosing protocol, showing almost complete recovery from CNS valley fever symptoms. After
stopping all antifungal therapy, the dog regressed only slightly and has been stable for more than
a year with no antifungal drugs. This is an unprecedented outcome in this disease and shows

great promise for human relief.

Lacking sophisticated formulation (too expensive for early testing), the experimental spread
dosing protocol for dogs asks owners to divide a daily dose into 12 units and dose every 2 hours,
with some pre-and post-loading around sleep periods. Several dedicated dog owners have done
this for months, with dramatic improvement essentially clearing serious natural valley fever
infection. We reported these findings in April 2024 at the 69" annual Coccidioidomycosis Study
Group meeting. We feel this validates our approach and justifies making and testing a one-a-day

(QD) sustained release formulation. Finding support remains challenging.

Infections caused by Candida spp. costs the US some $1.2B per year and kill more than
10,000 people. Mirroring the 1998 report of treating virulent Candida infection with NikZ by
continuous IV infusion mentioned above, treating a similar Candida infection with NikZ in

drinking water increased survival and reduced fungal burden significantly [29].

Planktonic Candida grows by forming germ tubes, a growth phase with high chitin formation
that is sensitive to NikZ in many strains. An in vitro study showed suppression of this growth
was variable between strains and that combinations of NikZ and conventional drugs were highly

synergistic, enabling better suppression of the more virulent strains [30].
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Sporothrix is a dimorphic fungus, as is Coccidioides. Expanding on a study that I conceived
and initiated with Dr. Stevens, some collaborators ran a more extensive study in mice showing
NikZ benefit dosed by our drug in water protocol against sporotrichosis, a dangerous epidemic in

Brazil [31].

I am co-author on several additional in vitro studies of nikkomycin Z [32-36]. I am co-author
on a paper reporting on an FDA workshop where I presented 20% of a one-hour panel on the
status and commercial prospects for drugs used to treat valley fever [37]. I am an inventor of
three published patent applications [26, 38, 39], none of which have issued as patents.

I have directed or collaborated on additional studies which are not published.
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Chapter 3
The following paper included as Chapter 3 in this dissertation was written by Mr. Larwood
about his original work in collaboration with the respective co-author.
PrePrint [2]:
Larwood DJ and Stevens DA, Antifungal Activity of Brilacidin, a Nonpeptide Host Defense

Molecule. Preprints 2024, 2024021664, https://doi.org/10.20944/preprints202402.1664.v1

Peer reviewed, with minor changes [3] (starting here on this page 19):
Larwood DJ and Stevens DA, Antifungal Activity of Brilacidin, a Nonpeptide Host Defense

Molecule. Antibiotics 2024, 13, 405, https://doi.org/10.3390/antibiotics13050405

ANTIFUNGAL ACTIVITY OF BRILACIDIN,

A NONPEPTIDE HOST DEFENSE MOLECULE
Abstract: Natural host defensins, also sometimes termed antimicrobial peptides, are
evolutionarily conserved. They have been studied as antimicrobials, but some pharmaceutical
properties, undesirable for clinical use, have led to the development of synthetic molecules with
constructed peptide arrangements and/or peptides not found in nature. The leading development
currently is synthetic small-molecule nonpeptide mimetics, whose physical properties capture the
characteristics of the natural molecules, and share their biological attributes. We studied
brilacidin, an arylamide of this type, for its activity in vitro against fungi (40 clinical isolates, 20
species) that the World Health Organization has highlighted as problem human pathogens. We
found antifungal activity at low concentrations for many pathogens, which indicates that further
screening for activity, particularly in vivo, is justified to evaluate this compound, and other

mimetics, as attractive leads for the development of effective antifungal agents.
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1. Introduction

Peptide antibiotics (e.g., vancomycin, daptomycin, polymyxin, echinocandins) have shown
their values in clinical medicine. There are >2000 discovered natural “antimicrobial peptides”
(AMPs), which are highly evolutionarily conserved, and present in microbes, plants, and all
vertebrates [40, 41]; >100 are known to be produced by humans [42, 43]. A broad antimicrobial
spectrum is a group characteristic, most are amphiphilic and cationic [42]. These peptides are
better termed “host defense peptides” or defensins because they are part of the host’s innate
immune response, and are the first line of defense [44, 45]. Many of these appear to have broad
biological functions, as will be further discussed.

There has been longstanding interest in exploiting such molecules, and their analogues, as
clinical anti-infectives, with stimulation to expand our armamentarium owing to the development
of resistance to current chemically synthesized molecules and other natural products. Natural
AMPs may be undesirable for clinical therapeutics because of instability, degradation by host
proteases, low solubility, reduced activity in the presence of salts or DNA, short half-lives in
vivo, difficult and expensive manufacturing issues, and the possibility of the development of
antibodies in heterologous hosts [45-50]. This led to the development of synthetic AMPs, using
amino acid sequences and/or amino acids not found in nature, which ameliorated some of these
problems [51, 52]. It was then discovered that the physicochemical properties of the synthetic
molecules were more important than the sequence of the amino acids [49, 50, 53], and, with
attention to the secondary structure, charge and folding, that totally synthetic non-peptide
molecules could recapitulate the structural properties of AMPs and mimic their activities [49,

50]. A lead candidate from this line of research is brilacidin, a cationic water-soluble amphiphilic
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helical arylamide, with discrete nonpolar hydrophobic and polar hydrophilic regions, and a
polymer backbone [49]. The present study is an initial exploration of the antifungal spectrum of
brilacidin, with particular attention to pathogens for which there is a huge present clinical burden
(e.g., cryptococcosis in Africa in the wake of the AIDS epidemic) and those pathogens for which

present clinically available antifungals provide insufficient efficacy.

2. Results

The screening of the selected fungal pathogens of great interest is displayed in Table 1. The
low MIC values (largely <4 pg/mL) of all in this group, except 4. fumigatus, suggests that
brilacidin is worthy of study in animal models, to ascertain whether this level of potency in vitro
will translate into efficacy in vivo, and thus have potential clinical utility. These MIC values, in

pug/mL are favorable compared to those of conventional antifungals.
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TABLE B1. BRILACIDIN ACTIVITY AGAINST PROBLEM PATHOGENS

BRILACIDIN MICs pg/mL

Pathogen Strain 50% Inhibition 100% Inhibition
Coccidioides posadasii Silv. 4 >64
Coccidioides sp. 22-50 2 >64
22-40 2 >64
22-35 2 >64
22-33 2 >64
Aspergillus fumigatus 18-31 >64 >64
13-130 >64 >64
19-12 >64 >64
21-23 64 >64
09-03 >64 >64
18-32 64 >64
18-117 >64 >64
( A. fumigatus) 13-30 >64 >64
11-13 >64 >64
09-117 >64 >64
10AF 64 >64
Aspergillus lentulus
(voriconazole resistant) 14-39 32 >64
Aspergillus terreus 12-70 >64 >64
Aspergillus niger 22-4 8 16
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(Table B1)

Pathogen Strain 50% Inhibition 100% Inhibition
Lomentospora prolificans 15-101 4 8
15-99 4 8
15-97 4 8
15-98 4 8
94-58 8 16
10-03 4 8
15-100 8 16
Scedosporium apiospermum complex — 12-13 4 8
98-38 2 8
01-48 4 16
10-23 2 4
18-46 8 16
Fusarium species 07-144 4 16
22-51 8 16
07-136 2 16
00-137 2 32
19-171 2 32
12-22 1 64
22-1 2 32
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(Table B1)

Pathogen Strain 50% Inhibition 100% Inhibition
Mucorales
Rhizopus species 16-88 4 16
20-235 16 32
21-01 8 16
13-91 2 8
94-2 2 32
21-85 4 64
Mucor species 20-177 16 32
15-64 4 64
13-39 4 32
13-127 4 >64
Unspeciated zygomycete 07-140 2 16
Sporothrix brasiliensis 20-18 8 64
20-19 16 64
20-20 16 64
Sporothrix schenckii 20-45 4 16
20-46 8 32
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(Table B1)

Pathogen Strain 50% Inhibition 100% Inhibition
Cryptococcus neoformans 00-288 1 2

01-126 1 1

06-71 1 1

00-289 1 2

97-370 2 2

CNO9759 1 8

17-66 2 2

There is a disparity between this 50% inhibition and the elevated 100% inhibition MICs, for
Coccidioides, Mucorales, Sporothrix, and Fusarium, suggesting that for those pathogens,
brilacidin’s antimicrobial activity is unlike that of polyenes. Polyenes, such as amphotericin B,
typically have similar concentrations for 50% and 100% inhibition, and even for cidal activity
[54]. However, the clinical utility of azoles and echinocandins, which also do not produce even
100% fungal inhibition in vitro, suggests that conclusions about the efficacy of brilacidin in vivo
need to be deferred until animal models are explored. The most striking, consistent results are
those against C. neoformans, where brilacidin appears to have unique antifungal activity among
these pathogens assayed.

The studies displayed in Table B2 represent an initial screening effort to examine whether
other groups of pathogens may be worthy of the broader screening displayed in Table B1.
Several of these pathogens are in the favorable range discussed for pathogens studied as per
Table B1 and should be more extensively screened in the future. The initial results with

Nakaseomyces glabratus and Candida auris unfortunately do not as yet give such indication.
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TABLE B2. INITIAL SCREEN OF BRILACIDIN ACTIVITY AGAINST OTHER

PROBLEM PATHOGENS

BRILACIDIN MICs

Pathogen Strain 50% inhibition ~ 100% inhibition
Candida albicans 20-132 1 4

5 4 >64

Candida albicans 21-76 32 >64
(fluconazole-resistant)

Candida auris 20-253 >64 >64
Candida krusei (fluconazole-resistant) 03-287 8 16
Candida lusitaniae 22-16 8 8
(amphotericin-intermediate)

Torulopsis glabrata 22-21 64 >64
(Nakaseomyces glabratus)

Acremonium species 18-51 4 >64
(resistant to azoles, polyenes, echinocandins)

Exserohilum species 19-48 1 16

3. Materials and Methods

3.1. Drugs

Brilacidin (N4, N6-bis(3-(5-gaunidinopentanamido)-2-(R)-pyrrolidin-3-yl)oxy)-5-
(trifluoromethyl)phenyl)pyrimidine-4,6-dicarboxamide tetrahydrochloride)
(C40H50F6N1406.4HCI), MW 1082.7, sterile and >98% pure, was supplied by Innovation
Pharmaceuticals, Wakefield, MA, USA. It was supplied as a solid and was readily soluble in
water and liquid media, such as RPMI 1640. To convert pg/mL, as expressed in this paper, to

millimolar, multiply ng/mL by 0.924.
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In prior studies for some isolates as mentioned, azoles were supplied by Pfizer Inc, Groton,
CT, USA; echinocandins by Merck, Inc., Rahway, NJ, USA; and amphotericin B by the Bristol-

Myers Squibb Company, Princeton, NJ, USA.

3.2. Isolates

The World Health Organization has recently identified particular fungal pathogens as
needing attention because of epidemiological reasons and/or resistance to many available drugs
[55]. It was this document that guided our selection of isolates, constrained by the availability of
isolates in our collections. The isolates were all recent clinical isolates, sent to our laboratories
for clinical testing, with three exceptions (CN9759, Silv., 10AF), which were originally clinical
isolates, but were maintained in the laboratory because they have desirable characteristics for
animal model studies, which may be indicated in the future. All were tested using their CIMR

accession numbers, without any patient identification.

3.3. Testing

Testing was performed by standard broth dilution methods detailed elsewhere [56-58]. The
RPMI-1640 medium is desirable because it is fully defined and it also allows microbial
susceptibility testing in the presence of mammalian cells in the future. Testing of Coccidioides
was performed under BSL3 conditions. A stock solution was made of 640 pg/mL. The range of
concentrations tested, in 2-fold dilutions, was 0.5-64 pg/mL. For the testing of a new drug, it is
not clear whether a 50% inhibition endpoint for yeasts (equivalent to a Minimum Effective
Concentration, that concentration producing a morphological change in filamentous fungi), as is

used clinically for azoles and flucytosine, or a 100% inhibition endpoint (i.e., a tube as clear as
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the starting inoculum), as is used clinically for polyenes, is most relevant, so both endpoints were
determined for brilacidin. In isolated instances where relevant (mentioned in the tables), azole
resistance was defined as 50% inhibition at >64 ng/mL, echinocandin resistance as 50%
inhibition at >3.1 pg/mL, and amphotericin intermediate as 100% inhibition at >2 pg/mL.
Testing was repeated in approximately 20% of the assays, and was always reproducible. Every
assay included a positive concurrent control, embodying a pan-susceptible Candida kefyr and

fluconazole (MIC <0.5 pg/mL).

4. Discussion

The activities of AMPs have been described against bacteria, protozoa, and viruses [41, 59-
61]. Several theoretical models exist to explain their interactions with cells [41, 61, 62]. The
antifungal activity of other AMPs and their analogues has previously been demonstrated [42, 43,
51, 52, 63-67], including, in our prior study, against pathogens resistant to specific antifungals
[52] and with cidal activity sometimes demonstrated [52, 66]. A topically applied AMP has
already shown antifungal efficacy in patients [62]. In the present study, conidia or yeasts were
used as the inoculum. The conidia develop during the assay to hyphae; thus, in the case of
filamentous organisms, antifungal activity against conidia themselves, during transformation to
hyphae, or on hyphal development could produce positive test results. Prior studies have
indicated AMP activity against all these phases [43, 68]. Our results, with our testing methods,
are consistent with the observed rapid antifungal action of AMPs [52, 63]. The present study
shows brilacidin activity in vitro against several problem fungal pathogens. For possible clinical
interest these studies must be expanded to further study brilacidin’s pharmacology, tissue

penetration, and toxicology. What is not yet understood is why there are the species differences
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in susceptibility that we have demonstrated, and this may relate to differences in susceptibility to
the mechanism(s) of drug action. More studies, with other fungal species, are required. Although
brilacidin has been shown to depolarize the A. fumigatus cell membrane, and to disrupt the cell
wall [69], our results (minimal activity against this genus) present a difference from the
inhibitory activity against A. fumigatus demonstrated for some AMPs [43]. A caution regarding
this subject is that some AMPs have also been shown to increase A. fumigatus growth in vitro
[43, 66].

Prior studies have indicated the synergy in vitro of AMPs and their analogues with
conventional antimicrobials and antifungals [46, 47, 65, 67, 69], even with host AMPs [47],
which is an avenue for further exploration. One possible mechanism for any such synergy is that
AMPs increase the permeability of and depolarization of the pathogen membrane, allowing
greater penetration of the conventional drug [45, 70, 71]. Brilacidin synergy with an antifungal in
vivo has been shown [69].

It is unclear what in vitro test characteristics, aside from whether to use 50% or 100%
endpoints, will be most useful to predict activity in vivo. Which medium is the best needs
determination, as well as the conditions of pH, ionic concentration, oxygenation and buffer [68].
It may be most relevant to study these agents in the presence of host cells, and, depending on the
target in vivo, to test in a milieu that reflects the tissue situation, such as artificial sputum
medium, as we have done [72]. Testing against fungal biofilms may be more relevant than
against planktonic growth for many clinical situations [73], and AMPs have been demonstrated
to inhibit biofilms [40, 47, 52, 65, 74].

Mechanisms of action for AMPs and their analogues include insertion into pathogen (and

host) membranes (with creation of pores) or other phospholipids, and/or into ribosomal subunits,
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stress on protein folding, stress of cell membranes, increase of reactive oxygen species, affecting
intracellular calcium concentrations, affecting the proteome, inactivation of cellular proteins,
affecting cell signaling, the regulation of cell death, binding the anionic nucleic acids and/or
affecting their synthesis, preventing biofilm formation, regulating iron metabolism, the inhibition
of cellular enzymes, the activation of cell wall lytic enzymes, binding of glucan and/or chitin, the
modulation of the cell wall to expose beta glucan, and the degradation of cell walls [40-43, 45-
47,51, 62, 64, 66, 67, 75, 76].

Given AMP’s effects on the regulation of many genes in their targets [45] and all these
possible mechanisms of action, many effects on host function have also been described for them,
including affecting host cell differentiation, immunomodulation, the regulation of cytokines,
opsonization, the regulation of inflammation, the increase of phagocytosis, the stimulation of
chemotaxis (for neutrophils, monocytes and lymphocytes), the activation of eosinophils and
angiogenesis, and the activation of epithelial cells [40-42, 46, 66, 77]. It is likely that these
possible host effects would come into play if brilacidin were to be used as an antifungal in vivo,
and this may make MIC’s absolute values, or differences, in vitro less important for the effect on
the outcome.

The development of resistance to AMPs has been shown generally difficult for microbes to
achieve [45], and that has been corroborated for peptide AMPs [43], synthetic peptides [52] and
brilacidin [49]. AMP action on several different microbial processes, as detailed above, may
explain AMP’s breadth of microbial spectrum [42], as shown in our results here with various
species, and AMP’s defense against resistance development [40]. Previous observations of the
development of resistance to AMPs have included the development of microbial efflux pumps,

which may be lessened for the nonpeptide mimetics [47]. The cationic nature of brilacidin, and
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its water solubility, may relate to its ability to target charged fungal membranes [41, 50].
Brilacidin depolarization of microbial membranes and its induction of membrane and cell wall
stress have been demonstrated [49].

The structure of the nonpeptide mimetics preserves the AMP theme of such biologically
active molecules having both a charged face and a hydrophobic face [45, 78]. The activity of
these mimetics is more closely linked to their physicochemical properties than the details of the
structures [79]. This nature of this class of molecules allows for studies of molecular
modifications that could improve efficacy and decrease undesirable effects [S1]. Its manipulation
of charge, amphiphilicity, hydrophobic-hydrophilic balance and folding properties create
possibilities for the future. Presently, brilacidin is being studied in human clinical trials for other

indications and is not yet focused on fungal infections.

Author Contributions: D.J.L. contributed substantially to all aspects of this project
including conception, funding, execution, draft writing and review. D.A.S. contributed
substantially to all aspects of this project including conception, funding, execution, draft writing
and review. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by funds from the University of California San
Francisco, Valley Fever Solutions, the Valley Fever Americas Foundation, the Foundation for
Research in Infectious Diseases, the California Institute for Medical Research, the David and
Mary Larwood Family Charitable Fund, and Innovation Pharmaceuticals.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

31



Data Availability Statement: Tables of the original raw data are available from the
corresponding author.

Acknowledgements: We thank William F. DeGrado, University of California San Francisco,
for his contributions to the development of the field of nonpeptide defensin mimetics, his interest
in the initiation of these studies and his critique of the manuscript.

Conflicts of Interest: David J. Larwood is employed by Valley Fever Solutions and is a PhD
candidate at the University of California San Francisco. The funders had no role in the design of
the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or

in the decision to publish the results.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications
are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the
editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property

resulting from any ideas, methods, instructions or products referred to in the content.

32



10.

I1.

References

Larwood DJ and Szoka FC, Synthesis, characterization, and in vivo disposition of
iodinatable polyethylene glycol derivatives: Differences in vivo as a function of chain
length. J Label Compd Radiopharm, 1984, 21: 603-614.

https://doi.org:ucsf.idm.oclc.org/10.1002/j1cr.2580210703

Larwood DJ and Stevens DA, Antifungal Activity of Brilacidin, a Nonpeptide Host
Defense Molecule. Preprints 2024, 2024021664,

https://doi.org:10.20944/preprints202402.1664.v1

Larwood DJ and Stevens DA, Antifungal Activity of Brilacidin, a Nonpeptide Host

Defense Molecule. Antibiotics 2024, 13, 405, https://doi.org/10.3390/antibiotics13050405

Smith, H.W. - The Kidney, Structure and Function in Health and Disease, Oxford, New
York, 1951 cited in Levinsky, N.G. and Levy, M. - "Renal Physiology", Handbook of
Physiology, Section 8, Renal Physiology, American Physiological Society, Washington,
1973.

Shaffer, C.B., Critchfield, F.H., and Carpenter, C.P. - Am. J. Physiol. 152: 93 (1948).
Jorgensen, L.E. and Moller, J.V. - Am. J. Physiol. 236: F103 (1979).

Berglund, F. - Acta Physiol. Scand. 64: 238 (1965).

Berglund, F. - Acta Physiol. Scand. 76: 458 (1969).

Weiner, B.Z. and Zilkha, A. - J. Med. Chem. 16: 573 (1973).

Abuchowski, A., van Es, T., Palczuk, N.C., and Davis, F.F. - J. Biol. Chem. 252: 3578
(1977).

Mutter, M. and Bayer, E. - Angew. Chemie 85: 101 (1973).

33



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Hemmasi, B., Woiwode, W., and Bayer, E. - Hoppe Seyler's Z. Physiol. Chem. 360: 1775
(1979).

Mutter, M. - Tetrahedron Lett, 1978: 2839.

Dervan, P. and Mitchell, M. - private communication.

Mutter M. - Tetrahedron Lett. 1978: 2839.

Boehlen, P., Stein, S., Imai, K., Udenfriend, S. — Anal. Biochem. 58: 559 (1974).
Wood, F.T., Wu, M.M., and Gerhart, J.C., - Anal. Biochem. 69: 339 (1975).

Staab, H.A., Rohr, W., Mannschreck, A. - Angew. Chemie 73: 143 (1961).

Markwell, M.A K., Haas, S.M., Bieger, L.L., and Tolbert, N.E. - Anal Biochem 87: 206
(1978).

Rosenberg, A. and Teare, F.W. - Anal. Biochem. 77: 289 (1977).

Abra, R.M. and Hunt, C.A. - Biochim. Biophys. Acta 666: 493 (1981).

Rypacek, F., Drobnik, J., Chmelar, V., and Kalal, J. - Pfluegers Archiv. 392: 211 (1982).
Duncan, R., Starling, D., Rypacek, F., Drobnik, J., and Lloyd, J.B. - Biochim. Biophys.
Acta 717: 248 (1982).

Chervu, L.R.T., Nunn, A.O., and Loberg, M.D. - Seminars in Nucl. Med. 12: 5 (1982).

Larwood DJ. Nikkomycin Z-Ready to Meet the Promise? J Fungi (Basel). 2020 Oct

30;6(4):261. https://doi.org/10.3390/j0f6040261 . PMID: 33143248; PMCID:
PMC7712250.

Larwood DJ, Methods and Compositions for Microdosing, Simulating Extended-Release
Formulations, United States Patent Application 20220168221 A (2022)

Sass G, Larwood DJ, Martinez M, Chatterjee P, Xavier MO, Stevens DA. Nikkomycin Z

against Disseminated Coccidioidomycosis in a Murine Model of Sustained-Release

34



28.

29.

30.

31.

32.

Dosing. Antimicrob Agents Chemother. 2021 Sep 17;65(10):¢0028521.

https://doi.org/10.1128/AAC.00285-21 . Epub 2021 Jul 12. PMID: 34252303; PMCID:

PMC(C8448119.
Sass G, Larwood DJ, Martinez M, Shrestha P, Stevens DA. Efficacy of nikkomycin Z in
murine CNS coccidioidomycosis: modelling sustained-release dosing. J Antimicrob

Chemother. 2021 Sep 15;76(10):2629-2635. http://doi.org/10.1093/jac/dkab223 . PMID:

34269392.
Sass G, Larwood DJ, Martinez M, Stevens DA. Continuous dosing of nikkomycin Z
against systemic candidiasis, in vivo and in vitro correlates. Mycoses. 2023

May;66(5):378-386. http://doi.org/10.1111/myc.13569 . Epub 2023 Jan 30. PMID:

36680371.
Sass G, Larwood DJ, Stevens DA. Synergy in vitro of Nikkomycin Z with Azole Against
the Invasive Form of Candida albicans. Mycopathologia. 2023 Dec;188(6):949-956.

http://doi.org/10.1007/s11046-023-00788-0 . Epub 2023 Sep 15. PMID: 37713047.

Poester VR, Munhoz LS, Stevens DA, Melo AM, Trapaga MR, Flores MM, Larwood DJ,
Xavier MO. Nikkomycin Z for the treatment of experimental sporotrichosis caused by

Sporothrix brasiliensis. Mycoses. 2023 Oct;66(10):898-905.

http://doi.org/10.1111/myc.13629 . Epub 2023 Jul 11. PMID: 37434420.

Poester VR, Munhoz LS, Benelli JL, Melo AM, Al-Hatmi AMS, Larwood DJ, Martinez
M, Stevens DA, Xavier MO. Initial Results of the International Efforts in Screening New
Agents against Candida auris. J Fungi (Basel). 2022 Jul 25;8(8):771.

http://doi.org/10.3390/j0f8080771 . PMID: 35893139; PMCID: PMC9330594.

35



33.

34.

35.

36.

37.

Sass G, Kotta-Loizou I, Martinez M, Larwood DJ, Stevens DA. Polymycovirus Infection
Sensitizes Aspergillus fumigatus for Antifungal Effects of Nikkomycin Z. Viruses. 2023

Jan 10;15(1):197. http://doi.org/10.3390/v15010197 . PMID: 36680240; PMCID:

PMC(C9864188.

Poester VR, Munhoz LS, Benelli JL, Klafke GB, Nogueira CW, Zeni GR, Stevens DA,
Larwood D, Xavier MO, Synergism of Nikkomycin Z in Combination with Diphenyl
Diselenide Against Sporothrix spp.. Curr Microbiol 78, 2905-2909 (2021).

https://doi.org/10.1007/s00284-021-02581-y .

Poester, VR, Munhoz, LS; Benelli, JL; Mclo, AM; Al-Hatmi, AMS; Larwood, DJ;
Martinez, M; Stevens, D.; Xavier, MO, Initial Results of the International Efforts in
Screening New Agents against Candida auris. J. Fungi 2022, 8, 771.

https://doi.org/10.3390/;08080771

Poester VR, Munhoz LS, Larwood, D, Martinez, M, Stevens, DA, Xavier, MO, Potential

use of Nikkomycin Z as an anti-Sporothrix spp. drug, Medical Mycology, Volume 59,

Issue 4, April 2021, Pages 345-349, https://doi.org/10.1093/mmy/myaa054
O'Shaughnessy E, Yasinskaya Y, Dixon C, Higgins K, Moore J, Reynolds K, Ampel NM,
Angulo D, Blair JE, Catanzaro A, Galgiani JN, Garvey E, Johnson R, Larwood DJ, Lewis
G, Purdie R, Rex JH, Shubitz LF, Stevens DA, Page SJ, Shukla SJ, Farley JJ, Nambiar S.
FDA Public Workshop Summary-Coccidioidomycosis (Valley Fever): Considerations for
Development of Antifungal Drugs. Clin Infect Dis. 2022 Jun 10;74(11):2061-2066.

https://doi.org/10.1093/cid/ciab904 . PMID: 34651656.

36



38.

39.

40.

41.

42.

43.

44,

45.

Larwood DJ, Methods and Compositions for Treating Central Nervous System
Coccidioidomycosis with Nikkomycin Z Micro Dosing, United States Patent Application
20220331391A (2022)

Larwood DJ, Purification of Nikkomycin Z, United States Patent Application
20140275511A (2022)

Mookherjee, M.; Anderson, M.A.; Haagsman, H.P., Davidson, D.J. Antimicrobial host
defense peptides: Function and clinical potential. Nat Rev Drug Discov. 2020, 19:311-332,
https://doi.org/10.1038/s41573-019-0058-8.

Lewies, A., Wentzel J.F., Jacobs, G., Du Plessis, L.H. The potential use of natural and
structural analogues of antimicrobial peptides in the fight against neglected tropical
diseases. Molecules 2015, 20:15392-15433 https://doi.org/10.3390/molecules200815392.
Baxter, A. A., Poon, .LK.H., Hulett, M.D. The lure of the lipids: How defensins exploit
membrane phospholipids to induce cytolysis in target cells. Cell Death Dis. 2017,
8:€2712, https://doi.org/10.1038/cddis.2017.69.

Ballard, E., Yucel, R., Melchers, W.J.G., Brown, A.J.P., Verweij, P.E., Warris, A.
Antifungal activity of antimicrobial peptides and proteins against Aspergillus fumigatus. J.
Fungi 2020, 6:65, https://doi.org/10.3390/jof6020065.

de la Fuentes-Nunez, C., Silva, O.N., Lu, T. K., Franco, O.L. Antimicrobial peptides: role
in human disease and potential as immunotherapies. Pharmacol. Ther. 2017, 178:132-140,
https://doi.org/10.1016/j.pharmthera.2017.04.002.

Mensa, B., Howell, G.L., Scott, R., DeGrado, W.F. Comparative mechanistic studies of
brilacidin, daptomycin, and the antimicrobial peptide LL16. Antimicrob. Agents

Chemother. 2014, 58:5136-5145, https://doi.org/10.1128/AAC.02955-14.

37



46.

47.

48.

49.

50.

51.

52.

Lima, P.G., Oliveira, J.T.A., Amaral, J. L., Freitas, C.D.T., Souza, P.F.N. Synthetic
antimicrobial peptides: characteristics, design, and potential as alternative molecules to
overcome microbial resistance. Life Sciences 2021, 78:119647,
https://doi.org/10.1016/j.1£s.2021.119647.

Li, J., Fernandez-Millan, P., Boix, E. Synergism between host defense peptides and
antibiotics against bacterial infections. Current Topics Medicinal Chemistry 2020,
20:1238-1263, https://doi.org/10.2174/1568026620666200303122626.

Payne, J.E., Dubois, A.V. Ingram, R.J., Weldon, S., Taggart, C.C., Elborn, J.S., Tunney,
M.M. Activity of innate antimicrobial peptides and ivacaftor against clinical cystic fibrosis
respiratory pathogens. Internat. J. Antimicrob. Agents 2017, 50: 417-435,
https://doi.org/10.1016/j.ijjantimicag.2017.04.014.

Scott, R.W., Tew, G.N. Mimics of host defense proteins; strategies for translation to
therapeutic applications. Current Topics Medicinal Chemistry 2017, 17:576-589,
https://doi.org/10.2174/1568026616666160713130452.

Tew, G.N., Scott, R.W., Klein, M.L., DeGrado, W.F. De novo design of antimicrobial
polymers, foldamers and small molecules: from discovery to practical applications. Acc.
Chem. Res. 2010, 43:30-39, https://doi.org/10.1021/ar900036b.

LyuY, Yang Y, Lyu X, Dong N, Shan A. 2016. Antimicrobial activity, improved cell
selectivity and mode of action of short PMAP-36-derived peptides against bacteria and
Candida. Sci. Rep. 2016, 6:27258, https://doi.org/10.1038/srep27258.

Woodburn, K.W., Clemens, L.E., Jaynes, J., Joubert, L-M., Botha, A., Nazik, H., Stevens,

D.A. Designed antimicrobial peptides for recurrent vulvovaginal candidiasis treatment.

38



53.

54.

55.

56.

57.

58.

59.

Antimicrob. Agents Chemother. 2019, 63: €02690-18,
https://doi.org/10.1128/AAC.02690-18.

Scott, R.W., DeGrado, W.F., Tew, G.N. De novo designed synthetic mimics of
antimicrobial peptides. Curr. Opin. Biotechnol. 2008, 19:620-627,
https://doi.org/10.1016/j.copbio.2008.10.013.

Stevens, D.A., Hope, W. Polyene antifungals. In, Principles and Practice of Infectious
Disease, 10th ed.; M.J. Blaser, J.I. Cohen, S.M. Holland, eds.; Elsevier, pub., Philadelphia,
in press.

World Health Organization Report. WHO fungal priority pathogens list to guide research,
development and public health action. World Health Organization, pub., Geneva
Switzerland, 2022.

CLSI Reference method for broth dilution antifungal susceptibility testing of filamentous
fungi, 3rd Ed., CLSI standard M38; Clinical and Laboratory Standards Institute, Wayne,
PA, pub., 2017

CLSI Reference method for broth dilution antifungal susceptibility testing of yeasts, 4th
Ed., CLSI standard M27; Clinical and Laboratory Standards Institute, Wayne, PA, pub.,
2017

Denning DW, Hanson LH, Perlman AM, Stevens, D.A. In vitro susceptibility and synergy
studies of Aspergillus species to conventional and new agents. Diag. Micro. Infect. Dis.
1992, 15: 21-34, https://doi.org/10.1016/0732-8893(92)90053-v.

Giovati, L., Ciociola, T., Magliani, W., Conti, S. Antimicrobial peptides with antiprotozoal
activity: current state and future perspectives. Future Med. Chem. 2018, 10:2569-2572,

https://doi.org/10.4155/fmc-2018-0460.

39



60.

61.

62.

63.

64.

65.

66.

Mishra, B., Reiling, S., Zarena, D., Wang, G. Host defense antimicrobial peptides as
antibiotics: design and application strategies. Curr. Opin. Chem. Biol. 2017, 38:87-96,
https://doi.org/10.1016/j.cbpa.2017.03.014.

Kuroda, K., Caputo, G.A. Antimicrobial polymers as synthetic mimics of host defense
peptides. WIREs Nanomed. Nanobiotechnol. 2013, 5:49-66,
https://doi.org/10.1002/wnan.1199

Sierra JM, Fusté E, Rabanal F, Vinuesa T, Vifias M. An overview of antimicrobial peptides
and the latest advances in their development. Expert Opin. Biol. Ther. 2017, 17:663-676,
https://doi.org/10.1080/14712598.2017.1315402.

Grigoreva, A., Bardasheva, A., Tupitsyna, A., Amirkhanov, N., Tikunova, N., Pyshniyi, D.,
Kleshev, M., Ryabchikova, E. Changes in the ultrastructure of Candida albicans treated
with cationic peptides. Microorganisms 2020, 8:582,
https://doi.org/10.3390/microorganisms8040582.

Lima, P.G., Souza, P.F.N., Freitas, C.D.T., Oliveira, J.T.A., Dias, L.P., Neto, J.X.S.,
Vasconcelos, [.M., Lopes, J.L.S., Sousa, D.O.B. Anticandidal activity of synthetic
peptides: mechanisms of action revealed by scanning electron and fluorescence
microscopies and synergism effect with nystatin. J. Pep. Sci. 2020, 26:¢3249,
https://doi.org/10.1002/psc.3249.

Delattin, N., De Brucker, K., De Cremer, K., Cammue, B.P.A., Thevissen, K.
Antimicrobial peptides as a strategy to combat fungal biofilms. Current Topics Medicinal
Chemistry 2017, 17:604-612, https://doi.org/10.2174/1568026616666160713142228.
Sheehan, G., Bergsson, G., McElvaney, L. G., Reeves, E.P., Kavanagh, K. The human

cathelicidin antimicrobial peptide LL-37 promotes the growth of the pulmonary pathogen

40



67.

68.

69.

70.

71.

Aspergillus fumigatus. Infect. Immun. 2018, 86:¢00097-18,
https://doi.org/10.1128/IA1.00097-18.

Hacioglu, M., Guzel, C.B., Savage, P.B., Tan, A.S.B. Antifungal susceptibilities, in vitro
production of virulence factors and activities of ceragenins against Candida spp. isolated
from vulvovaginal candidiasis. Med. Mycol. 2019, 57:291-299,
https://doi.org/10.1093/mmy/myy023.

Mercer, D.K., Torres, M.D.T., Duay, S.S., Lovie, E., Simpson, L., von Kockritz-
Blickwede, M., de la Fuentes-Nunez, C., O’Neil, D.A., Angeles-Boza, A. M.
Antimicrobial susceptibility testing of antimicrobial peptides to better predict efficacy.
Front. Cell. Infect. Microbiol. 2020, 10: 326, https://doi.org/10.3389/fcimb.2020.00326.
dos Reis, T.F. , de Castro, P.A., Bastos, R.W., Pinzan, C.F., Souza, P.F.N., Ackloo, S.,
Hossein, M.A., Drewry, D.H., Alkhazraji, S., Ibrahim, A.S., Jo, H., Lightfoot, J.D.,
Adams. E.M., Fuller, K.K., DeGrado, W.F., Goldman, G.H. A host defense peptide
mimetic, brilacidin, potentiates caspofungin antifungal activity against human pathogenic
fungi. Nat Commun. 2023, 14(1):2052. https://doi.org/10.1038/s41467-023-37573-y
Corbett, D., Wise, A., Langley, T., Skinner, K., Trimby, E., Birchall, S., Dorall, A.,
Sandiford, S., Williams, J., Warn, P., Vaara, M., Lister, T. Potentiation of antibiotic activity
by a novel cationic peptide: potency and spectrum of activity of SPR741. Antimicrob.
Agents Chemother. 2017, 61:¢00200-17, https://doi.org/10.1128/AAC.00200-17.
Mensa, B., Kim, Y.H., Choi, S., Scott, R., Caputo, G.A., DeGrado, W.F. Antibacterial
mechanism of action of arylamide foldamers. Antimicrob. Agents Chemother. 2011,

55:5043-5053, https://doi.org/10.1128/AAC.05009-11.

41



72.

73.

74.

75.

76.

77.

78.

Stevens, D.A., Moss, R.B., Hernandez, C., Clemons, K.V., Martinez, M. Effect of media
modified to mimic cystic fibrosis sputum on the susceptibility of Aspergillus fumigatus,
and the frequency of resistance at one center. Antimicrob. Agents Chemother. 2016,
60:2180-2184, https://doi.org/10.1128/AAC.02649-15.

Ferreira, J.A.G., Penner, J., Moss, R.B., Haagensen, J.A.J., Clemons, K.V., Spormann,
A.M., Nazik, H., Cohen, K., Banaei, N., Carolino, E., Stevens, D.A. Inhibition of
Aspergillus fumigatus and its biofilm by Pseudomonas aeruginosa is dependent on the
source, phenotype and growth conditions of the bacterium. PLoS ONE 2015,
10:e0134692, https://doi.org/10.1371/journal.pone.0134692.

Overhage, J., Campisano, A., Bains, M., Torfs, E.C., Rehm, B.H., Hancock, R.E. Human
host defense peptide LL-37 prevents bacterial biofilm formation. Infect. Immun. 2008,
76:4176-82, https://doi.org/10.1128/TA1.00318-08.

Ageitos, J.M., Sanchez-Pérez, A., Calo-Mata, P., Villa, T.G. Antimicrobial peptides
(AMPs): Ancient compounds that represent novel weapons in the fight against bacteria.
Biochem. Pharmacol. 2017, 133:117-138, https://doi.org/10.1016/j.bcp.2016.09.018.
Sahl, H-G., Pag, U., Bonness, S., Wagner, S., Antcheva, N., Tossi, A. Mammalian
defensins: structures and mechanism of antibiotic activity. J. Leukocyte Biol. 2005,
77:466-475, https://doi.org/10.1189/j1b.0804452.

Wu, J., Liu, S., Wang, H. Invasive fungi-derived defensins kill drug-resistant bacterial
pathogens. Peptides 2018, 99:82-91, https://doi.org/10.1016/j.peptides.2017.11.009.
Kratochvil, H.T., Newberry, R.W., Mensa, B., Mravic, M., DeGrado, W.F. Spiers
Memorial Lecture: Analysis and de novo design of membrane-interactive peptides.

Faraday Discuss. 2021, 24:9-48, https://doi.org/10.1039/d1fd00061f.

42



79. Tew, G.N., Liu, D., Chen, B., Doerksen, R.J., Kaplan, J., Carroll, P.J., Klein, M.L.,
DeGrado, W.F. De novo design of biomimetic antimicrobial polymers. Proc. Nat. Acad.

Sci. 2002, 99:5110-5114, https://doi.org/10.1073/pnas.082046199.

43



Publishing Agreement

It is the policy of the University to encourage open access and broad distribution of all
theses, dissertations, and manuscripts. The Graduate Division will facilitate the
distribution of UCSF theses, dissertations, and manuscripts to the UCSF Library for
open access and distribution. UCSF will make such theses, dissertations, and
manuscripts accessible to the public and will take reasonable steps to preserve these
works in perpetuity.

| hereby grant the non-exclusive, perpetual right to The Regents of the University of
California to reproduce, publicly display, distribute, preserve, and publish copies of my
thesis, dissertation, or manuscript in any form or media, now existing or later derived,
including access online for teaching, research, and public service purposes.

DocuSigned by:

Doswid W (arwesd 4/15/2024

A3A445B4TIETADI... Author S|g nature Date

44





