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Abstract

Peptides often suffer from short in vivo half-lives due to proteolysis and renal clearance that limit 

their therapeutic potential in many indications, necessitating pharmacokinetic (PK) enhancement. 

D-peptides, composed of mirror-image D-amino acids, overcome proteolytic degradation but are 

still vulnerable to renal filtration due to their small size. If renal filtration could be slowed, D-

peptides would be promising therapeutic agents for infrequent dosing, such as in extended-release 

depots. Here, we tether a diverse set of PK-enhancing cargoes to our potent, protease-resistant D-

peptide HIV entry inhibitor, PIE12-trimer. This inhibitor panel provides an opportunity to evaluate 

the PK impact of the cargoes independently of proteolysis. While all the PK-enhancing strategies 

(PEGylation, acylation, alkylation and cholesterol conjugation) improved in vivo half-life, 

cholesterol conjugation of PIE12-trimer dramatically improves both antiviral potency and half-life 

in rats, making it our lead anti-HIV drug candidate. We designed its chemical synthesis for large-

scale production (CPT31) and demonstrated that the PK profile in cynomolgous monkeys supports 

future development of monthly or less frequent depot dosing in humans. CPT31 could address an 

urgent need in both HIV prevention and treatment.
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INTRODUCTION

Peptides are an increasingly important class of therapeutics. They have several advantages 

over small molecules, including increased target affinity and specificity, as well as an ability 

to disrupt protein-protein interactions, which are often considered “undruggable” by small 

molecules1. Peptides also have advantages over protein therapeutics in that they are 

chemically synthesized (allowing simplified, modular assembly and manufacturing), and 

their smaller size allows access to sterically restricted targets and deeper tissue penetration.

Despite these advantages, peptide therapeutics face considerable pharmacokinetic (PK) 

challenges since they can be rapidly degraded by proteases as well as cleared by the kidney, 

leading to short half-lives (e.g., the HIV entry inhibitor enfuvirtide/Fuzeon2). To overcome 

the problem of protease degradation, our group focuses on the development of D-peptides, 

which are chemically synthesized with D-amino acids and are the mirror images of natural 

L-peptides3. D-peptides are intrinsically protease-resistant due to their inability to interact 

with protease active sites4,5. Our most advanced D-peptide is a broadly potent inhibitor of 

HIV entry and provides a unique vehicle with which to test PK-enhancing strategies in the 

absence of proteolysis6.

Our D-peptide inhibitor, PIE12 (Pocket-specific Inhibitor of Entry), targets a highly 

conserved hydrophobic pocket on gp41, the HIV Env subunit responsible for mediating 

membrane fusion between the virus and host cell6,7. This pocket is exposed transiently 

during viral entry, highly conserved, and functionally critical. PIE12 was trimerized on a 

scaffold with three equivalent, short, and discrete polyethylene glycol (PEG) arms whose 

length was optimized to harness avidity when binding trimeric gp41. PIE12-trimer has sub-

pM binding affinity to trimeric gp41 and blocks all major circulating clades of HIV-1 with 

mid-pM to low-nM potency. For attaching potential potency and PK-enhancing cargoes, we 

added a fourth arm with an orthogonal reactive group. Previously, to this fourth arm we 

attached the membrane-localizing cargoes cholesterol and alkyl chains that were predicted to 

localize the inhibitor to sites of viral entry and saw an increase in antiviral potency up to 

160-fold6. Here, we comprehensively study the effect of the membrane-localizing and other 

cargoes on the in vivo pharmacokinetic properties of PIE12-trimer to determine the optimal 

combination of potency and pharmacokinetic enhancement.

Both preclinical and clinical research have highlighted a variety of promising PK-enhancing 

cargoes. For example, PEG conjugation improves in vivo drug half-life by increasing drug 

size and reducing renal filtration and is found in 15 FDA-approved products8–11. Recently, 

attachment of a 2 kDa PEG to anti-HIV enfuvirtide led to improved in vivo half-life12. 

Acylation extends half-life, primarily due to the interaction of the fatty acid moiety with 

human serum albumin (HSA), and is seen in the once-daily dosed diabetes therapies 
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liraglutide and insulin degludec13. Additionally, acylation has been shown to increase the 

half-life and improve potency of enfuvirtide-like peptides14,15. As it is likely that the 

aliphatic chain of the fatty acid is responsible for the HSA interaction16, and alkanes only 

differ from fatty acids in the lack of the terminal carboxylic acid, we also explore the PK 

effect of alkane conjugation. Cholesterol conjugation is being investigated for both cancer 

therapeutics and siRNA delivery17, and has been shown to decrease in vivo clearance rates 

of siRNA 30-fold in mice, likely due to serum protein binding18. Specifically for targeting 

HIV, cholesterol conjugation has been shown to not only increase half-life, but also to 

increase antiviral potency as it delivers entry inhibitors to lipid rafts on cellular membranes, 

the site of viral entry6,19. We tested the effect of each of these strategies in the context of our 

HIV D-peptide inhibitor to determine the clearance-reducing potential endowed by PK-

enhancing groups without the need to consider concurrent changes in sensitivity to 

proteolysis.

In this study, we were ultimately interested in identifying the cargo that best pairs potency 

enhancement and improved in vivo half-life of PIE12-trimer to produce an HIV drug 

conducive to infrequent dosing. An enduring global epidemic, HIV/AIDS claims over 1 

million lives annually. Although modern antiretroviral therapy has managed this chronic 

infection in many patients, side effects and drug resistance are obstacles that still lead to 

poor treatment adherence and failure for many. The field is especially enthusiastic about the 

potential of long-acting therapies to improve patient compliance and outcomes20, and a 

combination of two long-acting drugs is currently in clinical trials21. Therefore, the future of 

anti-HIV therapy is expected to include the option for monthly or less frequent injections of 

multiple antiretrovirals, and a long-lasting PIE12-trimer entry inhibitor would be an ideal 

candidate for such regimens. Additionally, an infrequently dosed, highly potent anti-HIV 

agent such as PIE12-trimer could be an ideal preventative for use in pre-exposure 

prophylaxis (PrEP).

In this work we show that all of the tested modifications (PEGylation, acylation, alkylation, 

and cholesterol conjugation) are capable of enhancing the in vivo survival of a D-peptide 

drug in the absence of proteolysis. Cholesterol conjugation provides the combined benefits 

of highly improved potency (>100-fold) and half-life. After identifying cholesterolated 

PIE12-trimer as our final PK-enhanced candidate, we redesigned its synthesis for 

manufacturing scalability, resulting in our lead molecule, CPT31. Surprisingly, the small 

chemical change in the 4-arm scaffold of CPT31 compared to a previous compound led to an 

even further reduced clearance rate in rats. Importantly, we studied CPT31’s 

pharmacokinetics in a non-human primate model, and the results support the feasibility of 

extended-release (depot) formulation for monthly or less frequent dosing.

MATERIALS AND METHODS

Synthesis of PIE12-trimer and PIE12-trimer conjugates

PIE12 (Ac-HPCDYPEWQWLCELGK, all D-amino acids, except Gly) was synthesized 

using standard Fmoc methods by RS Synthesis (Louisville, KY) or in-house using a Prelude 

automated synthesizer (Gyros Protein Technologies). PIE12-trimer andmaleimide-PEG24-

PIE12-trimer were synthesized as previously described6. PIE12-trimers were conjugated to 

Redman et al. Page 3

Mol Pharm. Author manuscript; available in PMC 2019 March 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



membrane-anchoring cargoes in a similar manner by reacting maleimide-PEG24-PIE12-

trimer (3 mM) with 4.5 mM thiocholesterol (Sigma Aldrich #136115), 1-hexadecanethiol 

(Sigma Aldrich #52270), or 1-octadecanethiol (Sigma Aldrich #01858) in 

dimethylacetamide (DMAC) with Et3N (200 mM) for 60 min at RT, then purified by RP-

HPLC to produce cholesterol-PIE12-trimer (Chol-PIE12-trimer), C16-PIE12-trimer, 

andC18-PIE12-trimer, respectively. Palmitate-conjugated PIE12-trimer was synthesized by 

first reacting maleimide-PEG24-PIE12-trimer (3 mM) with D-cysteine (4.5 mM) in DMAC 

with Et3N (200 mM) for 60 min at RT, then purified by RP-HPLC. The resulting product, 

Cys-PEG24-PIE12-trimer (2 mM), was then reacted with palmitic acid NHS ester (5 mM, 

Sigma Aldrich #P1162) in DMAC with Et3N (500 mM) for 45 min at RT, then purified by 

RP-HPLC. Chol-PEG5K-PIE12-trimer was synthesized by reacting Cys-PEG24-PIE12-

trimer (2 mM) with maleimide-PEG5K-NHS (3 mM, JenKem #A5003) followed by 

thiocholesterol (4.5 mM), then purified by RP-HPLC. Forty kDa PEG-PEG24-PIE12-trimer 

(PEG40-PIE12-trimer) was synthesized by reacting Cys-PEG24-PIE12-trimer (2 mM) with 

excess NHS-PEG5-NHS (ChemPep #281903), purified by RP-HPLC, reacted with 2.5 mM 

40 kDa Y-branched PEG-amine (JenKem, A0010), then purified by RP-HPLC. Peptides and 

all final products, except PEG40-PIE12-trimer, were verified by mass spectrometry (Sciex 

3000 triple quadrupole): PIE12 (calculated mass 2290.58 Da, observed mass 2290.2 Da), 

PIE12-trimer (calculated mass 7154.07 Da, observed mass 7156.0 Da), Chol-PIE12-trimer 

(calculated mass 8837.22 Da, observed mass 8839.4 Da), C16-PIE12-trimer (calculated 

mass 8693.25 Da, observed mass 8694.3 Da), C18-PIE12-trimer (calculated mass 8722.3 

Da, observed mass 8724.6 Da), Palm-PIE12-trimer (calculated mass 8794.4 Da, observed 

mass 8795.0 Da), Chol-PEG5K-PIE12-trimer (calculated mass 13986.74 Da, observed mass 

13943.6 Da, due to the polydispersity of the PEG5K). Polydispersity in the PEG40 conjugate 

prevented obtaining a mass for this product.

Synthesis of Fmoc-PEG27-triNHS, the heterotetrameric scaffold for CPT31

Fmoc-PEG27-COOH (Polypure, #15137-2790, 10 mmol) and 1-

[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-

oxidhexafluorophosphate (HATU, Chempep, 120801, 10 mmol) were suspended in 40 ml 

dimethylformamide (DMF). To this was added N,N-diisopropylethylamine (Sigma Aldrich, 

D125806, 10 mmol), followed by aminotriester (Frontier Scientific, #NTN1963, 20 mmol). 

This solution was stirred for 3 hours before purification by flash chromatography (Biotage 

Zip column) using a gradient of ethanol in dichloromethane (DCM). The product, Fmoc-

PEG27-triester, was dried by rotary evaporation to yield a viscous amber oil at 90% yield. 

This material was dissolved in DCM (5 ml/g) and placed on ice with stirring. To this 

solution, 20 equivalents of trifluoroacetic acid (TFA) was added dropwise, and the reaction 

was stirred for 30 min before warming to RT. After 1 h, the reaction was purified by reverse-

phase chromatography (Biotage C18 flash column) using an acetonitrile gradient in water, at 

a yield of 95%. The product was lyophilized, then dried repeatedly from toluene. The 

resulting Fmoc-PEG27-triacid was suspended in acetonitrile to a concentration of 500 mM, 

to which N,N’-disuccinimidyl carbonate (Sigma Aldrich, #225827) was added to 1650 mM, 

followed by triethylamine to 400 mM. The reaction was stirred for 45 min at 45°C, then 

purified using flash chromatography (Biotage ZIP column) using a gradient of ethanol in 

DCM at a yield of 90%, for a final yield of 75%. Intermediate and final products were 
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verified by mass spectrometry (Agilent 6130B single quadrupole): Fmoc-PEG27-triester 

(calculated mass 1942.35 Da, observed mass 1942.5 Da), Fmoc-PEG27-triacid (calculated 

mass 1772.94 Da, observed mass 1773.2 Da), Fmoc-PEG27-triNHS (calculated mass 

2063.99 Da, observed mass 2064.5 Da).

Synthesis of Cholesteryl-PEG4-NHS, for cholesterol attachment to CPT31

Fmoc-PEG4-COOH (ChemPep, #280109) was suspended in DCM to a concentration of 200 

mM. To this, 5 equivalents of N,N-Diisopropylethylamine (DIPEA, Sigma Aldrich) were 

added, then the solution was added to 2-chlorotrityl chloride resin (Aapptec, #RTZ001). The 

mixture was agitated with argon gas for 2 h, then washed with DCM (3×) followed by 

DCM:methanol:DIPEA (17:2:1), then DCM (3×). To this, a solution of 

DMF:DCM:piperidine (1:1:1) was added to remove the Fmoc protecting group, and the 

reaction was agitated with argon gas for 40 min before being washed sequentially with 

DMF, DMF:DCM (1:1), and DCM. Two equivalents of cholesteryl chloroformate (Sigma 

Aldrich, #C77007) and 3 equivalents of DIPEA in DCM were added to the resin. The 

reaction was agitated with argon gas for 12 h, then washed with DCM. Cleavage of the 

cholesteryl-PEG4-COOH was carried out in 100 ml 5% TFA in DCM with agitation for 2 h. 

The resulting solution was dried by rotary evaporation to yield a viscous oil, then purified by 

flash chromatography (Biotage ZIP Sphere column) using a gradient of ethanol in DCM at a 

yield of 68%.

Cholesteryl-PEG4-COOH was then dissolved in acetonitrile to a concentration of 800 mM 

before adding 1.1 equivalents of N,N’-disuccinimidyl carbonate (DSC, Sigma Aldrich, 

#225827) followed by 0.8 equivalents of triethylamine. The solution was heated to 45°C and 

stirred for 60 min before purification by flash chromatography (Biotage ZIP sphere column) 

using a gradient of ethanol in DCM. The resulting product was dried extensively by rotary 

evaporation to yield a viscous yellow oil. Final product yield was 56%. Intermediate and 

final product were verified by mass spectrometry (Agilent 6130B single quadrupole): 

Cholesteryl-PEG4-COOH (calculated mass 677.95 Da, observed mass 677.5 Da) and 

Cholesteryl-PEG4-NHS (calculated mass 775.02 Da, observed mass 774.5 Da).

Synthesis of CPT31

PIE12-2 monomer (Ac-HPCDYPEWQWLCELG-PEG4-K) was synthesized by 

Ambiopharm (North Augusta, SC) using all D-amino acids (except Gly). PIE12-2 was 

suspended in DMAC buffered with triethylamine (150 mM) to a concentration of 20 mM. To 

this, Fmoc-PEG27-triNHS was added to a concentration of 6.06 mM. The reaction proceeded 

for 2 h at RT before piperidine was added to 30%, and the reaction was mixed for 40 min to 

remove the Fmoc group. NH2-PEG27-PIE12-trimer was then purified by RP-HPLC (Waters 

X-Bridge C18). This product (10 mM) was reacted with cholesteryl-PEG4-NHS (12 mM) in 

DMAC buffered by triethylamine (150 mM) for 90 min and purified by RP-HPLC (Waters 

X-Bridge C18) to generate CPT31 (cholesterol-PIE12-trimer with PEG31 fourth-arm 

spacer). Peptides, intermediates, and final product were verified by mass spectrometry 

(Agilent 6130B single quadrupole): PIE12-2 (calculated mass 2041.89 Da, observed 2041.9 

Da), NH2-PEG27-PIE12-trimer (calculated mass 8369.53 Da, observed mass 8368.73 Da), 

and CPT31 (calculated mass 9029.46 Da, observed mass 9029.7 Da).
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Pseudovirion Entry Assay

Pseudovirion assays in Table 1 were performed as previously described7,22. Briefly, a six-

point dilution series of each inhibitor was generated in quadruplicate on HOS-CD4-CCR5 

monolayers in 96 well plates, after which JRFL luciferase reporter pseudovirions were 

added. After 2 days, cells were lysed using GloLysis buffer (Promega), and BrightGlo 

luciferase substrate (Promega) was added. Luminescence was read on a PolarStar Optima 

(BMG) plate reader and normalized to uninhibited controls. Inhibition curves were plotted 

and fit to a standard IC50 equation for normalized data [(1 − c/(IC50 + c)], weighting each 

point by its standard error (with a minimum 1% error allowed) using KaleidaGraph 

(Synergy Software). Reported IC50 values are the average of at least two independent 

quadruplicate assays, and the standard error of the mean (SEM) is reported.

Rodent Pharmacokinetics

Initial in-life rodent studies were performed at Navigen (Salt Lake City, UT). For each study, 

three Sprague Dawley rats (0.22-0.44 kg) were dosed as shown in Table 2. At each 

timepoint, plasma was obtained using lithium heparin. For Chol-PIE12-trimer, Chol-PEG5k-

PIE12-trimer, and CPT31 data presented in Table 3, in-life studies were conducted at Calvert 

Laboratories (Scott Township, PA). Male rats per route were dosed with either Chol-PIE12-

trimer (n=3), Chol-PEG5k-PIE12-trimer (n=3), or CPT31 (n=2) formulated at 2 mg/mL in 

50 mM HEPES (pH 7.4). For both subcutaneous (SC, lower lumbar region) and intravenous 

(IV, bolus injection into lateral tail vein) administration, a dose of 1 mg/kg was delivered, 

and plasma (K2EDTA) samples were collected via jugular vein catheter at time points from 

5 min to 24 h for the IV group and 15 min to 48 h for the SC group. Plasma samples were 

stored at −80 °C and shipped to Navigen on dry ice for bioanalysis. Compounds evaluated 

were stable in plasma at the storage and shipment conditions.

Non-human Primate Pharmacokinetics

The in-life portion of this study was performed by Calvert Laboratories. Three male 

cynomolgus monkeys (3.4-3.9 kg) were administered CPT31 (2 mg/ml in 50 mM HEPES, 

pH 7.4) intravenously as a single bolus injection (saphenous vein) at a dose of 1 mg/kg (0.5 

ml/kg). One ml blood samples were collected by venipuncture of a femoral vein at 0.083, 

0.167, 0.25, 0.5, 1, 2, 4, 8, 16 and 24 h post-dose into chilled tubes containing K2EDTA. 

Plasma was stored at −80 °C until bioanalysis.

Following a 13-day washout period, study animals were administered a single SC dose of 

CPT31 (10 mg/ml in 50 mM HEPES, pH 7.4) between the shoulder blades at a dose of 3 

mg/kg. Plasma samples were collected pre-dose and 0.25, 0.5, 1, 2, 4, 8, 16, 24, 48 and 72 h 

post-dose and treated as described above. The pre-dose sample confirmed drug levels were 

below the lower limit of quantitation (5 nM). Compounds evaluated were stable in plasma at 

the storage and shipment conditions.

Quantitative Bioanalysis - PIE12-trimer conjugates (Navigen studies)

Samples were spiked with an internal standard (IS), then precipitated with two volumes of 

98% acetonitrile/2% formic acid. Supernatants were analyzed by LC/MS/MS using an 

Agilent HPLC system (Waters X-Bridge BEH C18 column) paired to an AB Sciex API 3000 
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triple-quad mass spectrometer using MRM methods. Lipid conjugates required lower source 

temperatures (300°C vs 500°C) for improved reproducibility. For all studies, the column was 

regenerated after each group of three rats by running an isocratic gradient of 25% water/25% 

methanol/25% isopropanol/25% acetonitrile for 30 min.

Mass transitions and IS were as follows for each analyte: PIE12-trimer (1431.7/180.1 Da, 

IS: ΔHP-PIE12-trimer – a light version of PIE12-trimer where the N-terminal residues were 

deleted6), palmitate-PEG24-PIE12-trimer (1466.5/554.4 Da, IS: C8-PEG24-PIE12-trimer), 

C16-PEG24-PIE12-trimer (1450.1/453.4 Da, IS: C18-PEG24-PIE12-trimer), C18-PEG24-

PIE12-trimer (1454.5/481.3 Da, IS: C16-PEG24-PIE12-trimer) and Chol-PIE12-trimer 

(1474.2/1694.9 Da, IS: Chol-PEG12-PIE12-trimer – an analog to Chol-PIE12-trimer, but 

synthesized using Malemide-PEG12-triNHS, Quanta BioDesign 10676 as previously 

described6).

Quantitative Bioanalysis - Chol-PIE12-trimer in rat plasma (Calvert study)

Fifty-microliter aliquots of plasma for each time point were precipitated with 3 volumes of 

ice-cold acetonitrile containing 2% formic acid (v/v) and 1.56 μM Chol-PEG12-PIE12-

trimer (IS). Following centrifugation, 8 μL of supernatant were injected onto a Poroshell 300 

SB-C8 column (2.1 × 75 mm, 5 μm) (Agilent). Analyte (Chol-PIE12-trimer) and IS were 

separated on an Agilent 1290 UHPLC system using a gradient consisting of 0.2% formic 

acid in 5 mM aqueous ammonium acetate buffer and 0.2% formic acid in acetonitrile/

isopropanol (1:1) at a flow rate of 0.65 mL/min. The column temperature was maintained at 

70 °C. Ions were formed by a dual electrospray source operated in positive-ion mode and 

detected on an Agilent quadrupole time-of-flight (Q-TOF) mass spectrometer (6540A). 

Extracted-ion chromatograms were processed with MassHunter Quantitative Analysis 

software (Agilent V. B.06). A m/z of 1476.7156 with a m/z window of 40 ppm was used to 

extract the peak area for Chol-PIE12-trimer. This ion corresponds to the second most 

abundant C13 isotope peak in the 6+ charge state cluster and represents the M+7 isotope of 

the (M+5H+NH4)6+ ion cluster. A m/z of 1662.5882 with a m/z window of 200 ppm was 

used to extract the peak area for Chol-PEG12-PIE12-trimer. This ion corresponds to the most 

abundant C13 isotope peak in the 5+ charge state cluster and represents the M+6 isotope of 

the (M+5H)5+ ion cluster. Plasma concentrations were determined from peak area ratio of 

analyte/IS compared against an 8-point calibration curve spanning a concentration range of 

15.6 to 2,000 nM. Two quality control samples (100 and 400 nM) were prepared 

independently of the calibration curve and analyzed in triplicate to define limits of 

variability, with minimum acceptable determined concentrations ±20% of calculated 

concentration.

Chol-PEG5k-PIE12-trimer in Rat Plasma (Calvert Study)

Samples were processed as described above with subtle variations including: 2.5 volumes of 

acetonitrile containing 2% trifluoroacetic acid (v/v) was used for plasma protein 

precipitation, 370 nM Chol-PEG12-PIE12-trimer IS was used, 10 uL of supernatant was 

injected, and the UHPLC flow rate was 0.7 mL/min. Due to the polydispersity of the 5kDa 

PEG, three separate m/z ions of 1074.2127, 1157.9981 and 1159.3843 each with a m/z 

window of 200 ppm were used to extract the peak area for Chol-PEG5k-PIE12-trimer. These 
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ions correspond to the 14+ and 13+ charge states. A m/z of 1662.5882 with a m/z window of 

100 ppm was used to extract the peak area for Chol-PEG12-PIE12-trimer. This ion 

corresponds to the most abundant C13 isotope peak in the 5+ charge state cluster and 

represents the M+6 isotope of the (M+5H)5+ ion cluster. Plasma concentrations were 

determined from peak area ratio of analyte/IS compared against an 8-point calibration curve 

spanning a concentration range of 15.6 to 2,000 nM. Three quality control samples (40, 400, 

and 1,200 nM) were prepared independently of the calibration curve and analyzed in 

triplicate to define limits of variability, with minimum acceptable determined concentrations 

±20% of calculated concentration.

CPT31 in Rat Plasma (Calvert Study)

Samples were processed as described above with subtle variations including: 5 volumes of 

acetonitrile containing 1% formic acid (v/v) was used for plasma protein precipitation, no 

internal standard was used or needed, 1 μL of supernatant was injected onto a Poroshell 120 

EC-C8 column (2.1 × 5 mm, 2.7 μm), and a gradient consisting of 20 mM aqueous 

ammonium bicarbonate buffer and acetonitrile at a flow rate of 0.45 mL/min was used. The 

column temperature was maintained at 40 °C. A m/z of 1508.7473 with a m/z window of 40 

ppm was used to extract the peak area for CPT31. This ion corresponds to the second most 

abundant C13 isotope peak in the 6+ charge state cluster and represents the M+7 isotope of 

the (M+5H+NH4)6+ ion cluster. Plasma concentrations were determined from the peak area 

of analyte compared against an 8-point calibration curve spanning a concentration range of 5 

to 4,000 nM. Three quality control samples (15, 150 and 3,000 nM) were prepared 

independently of the calibration curve and analyzed in duplicate to define limits of 

variability, with minimum acceptable determined concentrations ±20% of calculated 

concentration.

CPT31 in Monkey Plasma (Calvert Study)

The internal standard, CPT31-IS was synthesized with an additional glycine on each 

PIE12-2 monomer (three in total), increasing the molecular mass by 171.1 Da. Plasma 

aliquots (200 μl) were spiked with CPT31-IS to a concentration of 60 or 150 nM, then 

precipitated with 2% NH4OH in acetonitrile (500 μl). Following centrifugation, the 

supernatant was applied to a strong anion exchange solid-phase extraction 96-well plate 

(SOLAμ SAX, 2 mg/ml 96-well plate). The anion exchange plate was first conditioned with 

400 μl 2% NH4OH in methanol, followed by 400 μl of 2% NH4OH in water. The 

precipitated supernatant (500 μl) was then loaded into each well, followed by washing with 

500 μl 2% NH4OH in water, then 500 μl methanol. Sample was eluted using two 50 μl 

aliquots of 2% formic acid in methanol.

LC-MS analysis was conducted using the Agilent instruments described above. Sample (1 

μl) was injected at a flow rate of 0.45 ml/min on a Thermo Scientific Accupore 150 C4 

column (2.1 × 50 mm, 2.6 μm), using a gradient of 20 mM ammonium bicarbonate (pH 7.9) 

in water and acetonitrile. Samples were analyzed against a standard curve of CPT31 from 5–

2,000 nM. Three quality control samples (15, 150 and 1,500 nM) were prepared 

independently of the calibration curve and analyzed in duplicate to define limits of 
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variability, with minimum acceptable determined concentrations ±20% of calculated 

concentration.

Pharmacokinetic Data Fitting

All bioanalytical data was fit using noncompartmental analysis with Phoenix edition v.6.4 

WinNonlin (Pharsight, Cary, NC).

Animal Studies

All animal studies were performed in accordance with protocols approved by the IACUCs at 

the University of Utah or Calvert.

RESULTS

Conjugate Syntheses

PIE12-trimer comprises three PIE12 monomers, each containing a unique primary amine 

(C-terminal Lys), coupled to a scaffold using a homobifunctional PEG4-NHS ester 

crosslinker. The 4th arm of our previously reported 4-arm scaffold6 is composed of a PEG24 

spacer that terminates in a maleimide (thiol-reactive) group (Fig. 1A). The length of the 4th-

arm PEG was empirically optimized to best bridge the distance between the membrane and 

the gp41 pocket drug target6. The orthogonal maleimide reactivity provides a convenient 

way to couple various cargoes to PIE12-trimer to explore their effect on potency and PK 

properties of the molecule. PEG, fatty acids, alkyl chains and cholesterol were selected from 

among clinical and promising preclinical PK-enhancing moieties (Fig 1B).

For our PEGylation strategy, we coupled a 40 kDa Y-branched PEG (similar to the PEG in 

PEGASYS, a PEGylated interferon that slows human clearance of interferon 100-fold23) to 

PIE12-trimer’s 4th arm (PEG40-PIE12-trimer). For acylation, we attached palmitate (a fatty 

acid with 16 carbon atoms) using Cys as a bridge to generate the necessary reactivity with 

the 4-arm scaffold (Palm-PIE12-trimer). Alkanes with chain lengths of 16 and 18 carbons 

were conjugated to PIE12-trimer by reacting commercially available thio-alkanes with the 

maleimide on the scaffold (C16-PIE12-trimer and C18-PIE12-trimer). Finally, cholesterol 

conjugation was achieved by coupling thiocholesterol to the scaffold maleimide (Chol-

PIE12-trimer; previously known as Chol-PEG24-PIE12-trimer from our study investigating 

the ideal PEG length for potency enhancement6).

Antiviral Potency

Previously, we demonstrated that membrane-localizing cargoes, such as alkanes and 

cholesterol, enhanced the anti-HIV potency of PIE12-trimer, presumably by concentrating 

the inhibitor at the membrane site of viral entry6. Since our ultimate goal is to produce an 

inhibitor for clinical use, it was important to determine the impact of each of our conjugates 

on antiviral potency. We determined the IC50 of viral entry for each conjugate using an HIV 

pseudovirus harboring a primary strain Env (JRFL) that is relatively insensitive to entry 

inhibitors. The majority of the conjugates (acylated, alkylated and cholesterol-conjugated; 

all of which are predicted to interact with lipid bilayers) improved antiviral potency, ranging 

from ~4-fold (for Palm-PIE12-trimer) to ~100-fold (for Chol-PIE12-trimer) (Table 1). The 
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two alkane conjugates (C16-PIE12-trimer and C18-PIE12-trimer) similarly boosted potency 

by ~20-fold. The only conjugate that was detrimental to antiviral activity was PEG40-

PIE12-trimer (>30-fold loss of activity, likely due to steric interference surrounding the gp41 

pocket24,25).

Rat Pharmacokinetics

To investigate the pharmacokinetics of each of our conjugates, we dosed Sprague Dawley 

rats in-house with both subcutaneous (SC) and intravenous (IV) administrations of our 

compounds and analyzed the plasma drug concentration at various time points using a 

quantitative LC/MS/MS bioanalytical assay (Table 2). In addition to improving potency, all 

of the lipid-based conjugates (acylated, alkylated and cholesterol-conjugated) also extended 

half-life and reduced clearance rate. Specifically, Palm-PIE12-trimer and Chol-PIE12-trimer 

showed a similarly increased IV half-life (3-fold) and significantly reduced clearance 

(~14-18-fold). Both Palm-PIE12-trimer and Chol-PIE12-trimer were highly bioavailable 

(100% and 73%, respectively) upon SC dosing with ~3-fold extension of apparent half-life 

(based on terminal-phase elimination). The alkane conjugates (C16-PIE12-trimer and C18-

PIE12-trimer) demonstrated modest increases in half-life upon IV or SC dosing (<2-fold) 

and moderately reduced clearance rates (5-8-fold), likely due to increased plasma protein 

binding.

Preliminary rat PK experiments with the 40 kDa PEG (PEG40) attached to PIE12-monomer 

showed a ~15-fold increase in circulating half-life compared to PIE12-monomer. We would 

expect a similar circulating half-life improvement in the context of PIE12-trimer. However, 

PEG40-PIE12-trimer was >3500-fold less potent than our best conjugate, Chol-PIE12-trimer 

(Table 1). This result, coupled with its increased mass, would lead to significantly increased 

depot dosing requirements, so this construct was not pursued further.

Engineering of Chol-PIE12-trimer

With a combination of the best improvement in potency and among the best improvements 

in PK, Chol-PIE12-trimer became our molecule of interest for further development. 

Therefore, our next steps were to attempt further optimization of its pharmacokinetic 

properties as well as its synthetic design to facilitate larger-scale production for continued 

preclinical and future clinical studies.

Hoping to harness the PK-enhancing effect of PEG without the steric consequences on 

potency, we added 5 kDa of linear polydisperse PEG to Chol-PIE12-trimer. In Chol-PEG5k 

PIE12-trimer, the linear PEG was inserted on the 4th scaffold arm, between PIE12-trimer 

and thiocholesterol. Previously, we demonstrated that increasing the length of the PEG 

spacer between thiocholesterol and PIE12-trimer had little effect on potency6. As expected 

from this trend, the potency of Chol-PEG5k-PIE12-trimer is similar to that of Chol-PIE12-

trimer (Table 1).

As with our earlier conjugates, we investigated the pharmacokinetics of this new conjugate 

in rats with both SC and IV dosing, and analyzed the plasma drug concentration with 

quantitative LC/MS/MS (Table 3). The animal portion of the study was performed at Calvert 

Laboratories with a slightly modified protocol, and the bioanalytical assay was updated from 
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the earlier study. Due to the changes, we repeated the Chol-PIE12-trimer experiments to 

have a more accurate side-by-side comparison. The repeat Chol-PIE12-trimer data are 

similar to the original except for Co and its derived parameters, due to earlier sampling 

times.

For both IV and SC administration, the added 5 kDa PEG resulted in a prolonged half-life 

(3.5-fold and 1.8-fold, respectively) when compared to Chol-PIE12-trimer (Table 3). 

However, the volume of distribution (Vd) is 2.1-fold higher for Chol-PEG5k-PIE12-trimer. 

The increased Vd partially offsets the benefit of slowed clearance. Furthermore, 

bioavailability was significantly decreased to 34%, suggesting that the added PEG mass is 

responsible for additional metabolism/sequestration in the subcutaneous space or lymphatic 

system. Taken together, the beneficial half-life effects of the added PEG were insufficient to 

warrant the added synthetic complexity associated with the 5 kDa PEG, which, unlike the 

original PEG24 4th arm, is polydisperse. Therefore, we did not pursue this molecule further.

With Chol-PIE12-trimer as our empirically determined lead candidate, it was important to 

design its chemical synthesis to facilitate production of material for toxicology, efficacy in 

non-human primates, and, ultimately, human clinical studies. Our original scaffold, with the 

fourth arm functionalized with a maleimide group for reaction with thiols, was efficient for 

rapidly testing our PK cargoes. However, this scaffold is not ideal as a drug substance 

because the maleimide-thiol reaction introduces a heterogeneous stereocenter. We 

redesigned the scaffold to avoid such a stereocenter while simultaneously simplifying 

synthesis, improving yield and scalability, and reducing cost (of both the scaffold and final 

product) (Fig 2).

The revised scaffold comprises three short arms functionalized with NHS esters and a fourth 

arm (a high-quality monodisperse PEG27) terminating with an Fmoc-protected unique 

primary amine. After reaction of PIE12 monomer with the three NHS esters and removal of 

the Fmoc on the 4th arm, this trimer intermediate is purified by HPLC. Next, cholesterol-

PEG4-NHS ester is conjugated to the primary amine on the fourth arm. Purification of the 

trimer intermediate simplifies synthesis since the main contaminant, PIE12-dimer (caused 

by competing hydrolysis of the NHS esters on the scaffold during trimerization), can be 

readily separated by HPLC purification prior to conjugation with cholesterol. After 

cholesterol conjugation, there is a dramatic shift to a later HPLC retention time, but much 

less separation between dimer and the correct trimer final product. Additionally, the location 

of the PEG linker on each of the three peptide arms was relocated from the Lys sidechain 

(PIE12GK-PEG4), which required orthogonal protection during solid-phase peptide 

synthesis, to the peptide backbone (PIE12G-PEG4-K, called PIE12-2 for simplicity), which 

was accomplished using a standard Fmoc-PEG4-acid reagent. The optimized molecule, 

CPT31 (Cholesterol-PIE12-trimer-PEG31), has a 4th arm that separates cholesterol from the 

trimer by 31 PEG units (vs. 24 in Chol-PIE12-trimer), lacks any heterogeneous 

stereocenters, and is easier and more efficient to produce. Like Chol-PIE12-trimer, CPT31 is 

soluble in standard aqueous buffers (e.g., PBS, HEPES) at physiological pH to ~40 mg/ml.

Somewhat surprisingly, the modest modifications of CPT31 compared to Chol-PIE12-trimer 

result in improved PK properties (Table 3). CPT31’s IV and SC half-lives in rats increase 2-
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fold and 1.4-fold, respectively, compared to Chol-PIE12-trimer. Additionally, the potency of 

CPT31 against the HIV JRFL strain is also slightly improved (Table 1).

NHP Pharmacokinetics

The ultimate goal for CPT31 is clinical use as an extended-release anti-HIV therapy (in 

combination with other extended-release antiretrovirals) and/or preventative. Therefore, it is 

critical to determine if its in vivo profile is compatible with infrequent dosing in humans. To 

pursue this question, we determined the PK profile of CPT31 in non-human primates 

(NHPs). These results will also inform future efficacy studies for preventing and treating 

SHIV in this definitive animal model. Three male cynomolgus monkeys were dosed IV at 1 

mg/kg. After a 2-week washout period, these animals were dosed SC at 3 mg/kg (a high 

dose for evaluating therapeutic efficacy in NHPs). CPT31 found in plasma samples collected 

over a time course of 24 (IV study) and 72 (SC study) hours was quantitated by our 

bioanalytical assay. These data are shown in Fig. 3 and summarized in Table 4. CPT31 has 

slightly more favorable PK properties in NHPs than predicted from simple allometric scaling 

of the rat data, with longer IV and SC half-lives, increased bioavailability, and reduced 

clearance. Allometric scaling of the results are supportive of the feasibility of extended 

release human dosing. Although this study was not designed to assess toxicity, no adverse 

events were observed.

DISCUSSION

The therapeutic promise of peptides for potently and specifically blocking protein/protein 

interfaces has yet to be fully realized due to their in vivo instability caused by proteolysis 

and renal filtration. We are developing D-peptide therapeutics that inherently address 

protease instability. However, for long-term dosing, small D-peptides still require strategies 

to slow clearance via renal filtration. Using our most advanced D-peptide inhibitor, PIE12-

trimer, that potently blocks all clinically relevant strains of HIV, we tested the effect of a 

panel of cargoes on proteolysis-independent in vivo clearance rates. These cargos included 

various lipid moieties (including palmitate, variable-length alkyl groups, and cholesterol) as 

well as a Y-branched 40 kDa PEG. The goal was to identify the best cargo to balance 

potency, pharmacokinetics, and scalability for manufacturing. A successful preclinical 

candidate will advance knowledge of PK-enhancing peptide modification as well as 

contribute to the nascent field of D-peptide-based therapeutics.

Acylation, and to a lesser extent the related alkylation, improved the PK properties of PIE12-

trimer. Although these strategies were pursued primarily due to predicted HSA binding, 

other potential PK benefits of these modifications include self-association to prolong 

absorption from the subcutaneous space and interaction with cell membranes15,26,11. Based 

on the improvement in anti-HIV potency for each of these conjugates, at least transient 

interaction with the cell membrane, which would enrich the inhibitor at the site of viral 

entry, appears likely. Indeed, the additional hydrophobicity of C16-PIE12-trimer presumably 

increases membrane affinity, explaining the improved antiviral potency compared to Palm-

PIE12-trimer. The significantly longer half-life of palmitoylated vs. thio-alkylated 

conjugates is surprising. Interestingly, the inhibitor containing the more hydrophobic alkane, 
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C18-PIE12-trimer, also showed prolonged absorption from the subcutaneous space, but this 

effect did not increase the apparent terminal half-life upon SC dosing compared to palm-

PIE12-trimer, since the latter had a lower clearance rate. Therefore, purely based on 

clearance, acylation appears to be the better choice for prolonging in vivo peptide survival.

Of the strategies we tested, PEGylation yields the greatest enhancement in half-life, but at 

the cost of a significant potency loss. PEG has a large hydrodynamic radius relative to its 

mass and primarily improves half-life by increasing drug size beyond the cut-off for 

effective renal filtration. For a target like the HIV gp41pocket that is sterically hindered24,25, 

the increased drug size is not compatible with effectively targeting the site of action. 

Interestingly, the potency of the gp41-targeting enfuvirtide is diminished by conjugation to 

even modest-sized PEG12. Therefore, although this modification is common in FDA-

improved products and likely the superior option for less sterically hindered targets, we 

abandoned it for our purposes. Additionally, due to the results seen with the PEG conjugate, 

we did not test alternate PK-enhancing strategies such as conjugation to bulky HSA or Fc 

domains.

Conjugation to cholesterol yielded the best overall results for PIE12-trimer, with 100-fold 

improved potency and the slowest clearance of the lipid-based conjugates. Cholesterol has 

proven to be especially valuable for potency and PK enhancement in the context of viral 

entry inhibitors, even antibodies, as it likely enriches the inhibitors in lipid rafts where viral 

entry occurs and in which cholesterol is naturally enriched28–30. Additionally, it is possible 

that the cholesterol may also enhance the binding of the inhibitor to the prehairpin-

intermediate target. Cholesterol is known to weakly interact with HSA31, and its affinity is 

lower than that of palmitate. Therefore, its interaction with cell membranes is likely to 

contribute to the PK enhancement. Although cholesterol conjugation is not yet utilized in 

any FDA-approved products, it is increasingly popular in preclinical research on cancer and 

siRNA therapeutics. Indeed, a cholesterol-conjugated miRNA to treat scleroderma is in early 

clinical trials (MRG-201) and will help establish the safety of this strategy32. Interestingly, 

in many of the current preclinical strategies utilizing cholesterol for target delivery, the 

conjugated product is a pro-drug with a labile linkage17. In CPT31, the cholesterol is crucial 

for delivery to the drug active site, and therefore our cholesterol conjugation strategy is 

designed for stability. Due to its successes in preclinical studies for a wide variety of 

therapeutic areas, including this study, cholesterol conjugation is likely to be an increasingly 

utilized strategy for enhancing peptide therapeutics.

All of our lipid-based conjugates demonstrate a decreased volume of distribution compared 

to Chol-PIE12-trimer. Currently, we cannot predict the significance of these findings 

because it is not clear which tissue compartments must be accessed for successful inhibition 

of HIV. Many anti-HIV drugs are highly HSA-bound33,34, but they remain effective in 

preventing and treating HIV (e.g., emtricitabine, a component of Truvada®). Ultimately, 

therapeutic efficacy in an animal model (such as SHIV inhibition in NHP) will be necessary 

to demonstrate the ability of CPT31 to access relevant viral reservoirs in vivo.

Importantly, once we decided on cholesterol as our PIE12-trimer conjugate, we optimized its 

chemical synthesis to produce our final drug candidate, CPT31. CPT31 incorporates design 
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elements that simplify its synthesis, improve scalability, and eliminate heterogeneity 

compared to our original compound, Chol-PIE12-trimer. Somewhat unexpectedly, CPT31 

has improved PK as well as slightly increased antiviral potency. A possible explanation for 

this observation is that the bulky maleimide group adjacent to thiochoesterol in Chol-PIE12-

trimer hinders cholesterol insertion into the membrane and that the modified cholesterol 

linkage improves membrane association.

The future for injectable HIV drugs lies in extended-release dosing to remove the daily pill 

burden, increasing patient compliance and virologic control. Therefore, our minimum goal 

for CPT31 is to achieve monthly dosing via a sustained-release formulation. Such a 

formulation could be paired with promising long-acting HIV drugs such as cabotegravir 

(GSK744) from GlaxoSmithKline35–42 and rilpivirine (TMC278) from Tibotec38,39,43–46 for 

treatment or potentially used as monotherapy for PrEP (pre-exposure prophylaxis). 

Critically, the NHP pharmacokinetic evaluation described here supports the feasibility of this 

dosing goal. Allometric scaling of our NHP PK data to humans predicts a feasible CPT31 

monthly depot dose of 42 mg (calculation assumptions: target in vivo drug level of 0.22 

μg/mL (24 nM, 4X serum-adjusted IC90), projected human clearance rate of 3.0 mL/hr/kg 

(allometric scaling factor going from monkeys to humans is 0.3247), 70 kg weight, 30 days/

month (720 h), and 80% bioavailability (Table 4)). CPT31’s low-mid pM potency in vitro, 

low clearance rate, and excellent bioavailability in non-human primates make it a very 

promising preclinical candidate for the treatment and/or prevention of HIV-1. Future studies 

will evaluate CPT31’s in vivo efficacy against SHIV in the NHP animal model and animal 

toxicology.
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ABBREVIATIONS

CPT31 Cholesterol-PIE12-trimer-PEG31

FDA Food and Drug Administration

HIV human immunodeficiency virus

IS internal standard

LC/MS/MS liquid chromatography, tandem mass spectrometry

NHP non-human primate

PEG polyethylene glycol

PIE pocket-specific inhibitor of entry
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PK pharmacokinetics

RP-HPLC reversed-phase high performance liquid chromatography

RT room temperature
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Figure 1. 
Schematic of PIE12-trimer and Conjugates: A) Maleimide-PEG24-PIE12-trimer, which is 

functionalized for conjugation with thiol-containing PK-enhancing cargoes, B) the PK-

enhancing thiol cargoes used to make (from top to bottom): PEG40-PIE12-trimer, palm-

PIE12-trimer, C16-PIE12-trimer, C18-PIE12-trimer, Chol-PIE12-trimer and Chol-PEG5k-

PIE12-trimer.
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Figure 2. 
Streamlined Synthesis Strategy for CPT31. First, the PEG scaffold is assembled by adding 

the PEG27 spacer arm with an Fmoc-protected amine. The three carboxylic acids are then 

deprotected and activated to NHS esters, which are used to couple three PIE12-2 monomers. 

Finally, the Fmoc is removed to expose the amine and allow coupling to a cholesterol-PEG4-

NHS ester to produce CPT31.
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Figure 3. 
CPT31 Pharmacokinetics in Cynomolgous Monkeys. Characterization of single-dose PK 

curves for A) intravenous (1 mg/kg) and B) subcutaneous (3 mg/kg) dosing of CPT31 in 

three animals. The same animals were used for both studies with an intervening two-week 

washout period.
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Table 1

Antiviral Potency of Conjugates

Compound JRFL(nM)

PIE12-trimer 2.1 ± 0.28*

PEG40-PIE12-trimer 71 ± 8.5

Palm-PIE12-trimer 0.54 ± 0.029

C16-PIE12-trimer 0.11 ± 0.012*

C18-PIE12-trimer 0.087 ± 0.012*

Chol-PIE12-trimer 0.022 ± 0.0018

Chol-PEG5k-PIE12-trimer 0.030 ± 0.0010

CPT31 0.015 ± 0.0062

*
(from ref.6)
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