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Abstract

While biologic drugs such as proteins, peptides, or nucleic acids have shown promise in the 

treatment of neurodegenerative diseases, the blood-brain barrier (BBB) severely limits drug 

delivery to the central nervous system (CNS) after systemic administration. Consequently, drug 

delivery challenges preclude biological drug candidates from the clinical armamentarium. In order 

to target drug delivery and uptake into to the CNS, we used an in vivo phage display screen to 

identify peptides able to target drug-uptake by the vast array of neurons of the autonomic nervous 

system (ANS). Using next-generation sequencing, we identified 21 candidate Targeted ANS-to-

CNS uptake Ligands (TACL) that enriched bacteriophage accumulation and delivered protein-

cargo into the CNS after intraperitoneal (IP) administration. The series of TACL peptides were 

synthesized and tested for their ability to deliver a model enzyme (NeutrAvidin-horseradish 

peroxidase fusion) to the brain and spinal cord. Three TACL-peptides facilitated significant active 

enzyme delivery into the CNS, with limited accumulation in off-target organs. Peptide structure 

and serum stability is increased when internal cysteine residues are cyclized by perfluoroarylation 

with decafluorobiphenyl, which increased delivery to the CNS further. TACL-peptide was 

demonstrated to localize in parasympathetic ganglia neurons in addition to neuronal structures in 

the hindbrain and spinal cord. By targeting uptake into ANS neurons, we demonstrate the potential 
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for TACL-peptides to bypass the blood-brain barrier and deliver therapeutics into the brain and 

spinal cord.
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The inability of biologic drugs to cross the BBB has severely limited the therapeutic options 

for neurodegenerative diseases of the CNS, such as Alzheimer’s Disease (AD), Parkinson’s 

Disease (PD), and amyotrophic lateral sclerosis (ALS).1–5 In an effort to circumvent the 

BBB, research efforts have used attempted to utilize sequential metabolism, chemical 

disruption, and focused ultrasound to transiently disrupt the BBB for drug delivery.6–12 

Similar efforts have exploited receptor-mediated uptake and transcytosis13,14 across the 

brain endothelium to treat brain-afflicting diseases like AD.15–19 Still, delivery challenges 

restrict and preclude many promising biological drug candidates from being translated into 

the clinic.20 Therefore, additional technologies to target tissue uptake and promote biologic 

drug delivery to the CNS, without compromising the integrity of the BBB, would 

significantly enhance the development of drugs to cure or treat neurodegenerative diseases.
13,21

For decades, viruses (e.g. pseudorabies virus; PRV, and herpes simplex viruses) have been 

known to enter the CNS by retrograde axonal transport after infection via peripheral lesions. 

Pseudorabies virus (PRV) has been widely used to map synaptically linked neural circuits 

and has demonstrated the ability to traffic within the sympathetic and autonomic nervous 

system.22–24 Consequently, viruses have been engineered for remote gene transfer in animal 

models of disease,25–28 and virus chimeras have been used in gene therapy experiments to 

treat spinal muscular atrophy, chronic pain and amyotrophic lateral sclerosis.29–35 In 

addition, a growing effort has begun to explore virus serotypes that show improved delivery 

into the CNS,36–39 and to discover targeting ligands that promote uptake and delivery via 
peripheral neurons.40
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Given the diversity of viruses that demonstrate robust delivery into the CNS after remote 

administration, we expanded on our previous effort to elucidate CNS targeting ligands and 

performed an in vivo phage display screen to discover peptide-ligands to enrich therapeutic 

delivery into the CNS.41–44 In attempt to exploit a CNS delivery mechanism analogous to 

PRV, an in vivo phage display screen was designed to identify peptide ligands that mediate 

M13 bacteriophage delivery into the CNS after intraperitoneal (IP) administration. 

Importantly, the screen strategy was adopted to elucidate peptide ligands that target drug-

uptake by the vast array of ANS neurons within the peritoneum to enhance delivery into the 

CNS, versus other peripheral routes (e.g. intramuscular injection). Furthermore, delivery via 
the ANS could facilitate efficient drug delivery into the brain or spinal cord without the toxic 

side-effects observed with excessive blood volume dosing. Moreover, the ANS is comprised 

of sympathetic and parasympathetic neurons, IP delivery could target a branch of the ANS to 

enhance delivery to the spinal cord and/or specific brain regions. Here, we report the 

identification of peptide targeting ligands that transit the ANS and enrich delivery into the 

CNS. After initial discovery of peptide sequences by phage display, synthesized peptide 

ligands were engineered to further enhance CNS delivery and peptide stability. We show 

accumulation of CNS targeting ligands and model protein cargo within the parasympathetic 

ganglia and along ANS neuronal processes. Thus, we demonstrate the potential for Targeted 

ANS-to-CNS uptake Ligand (TACL) peptides to utilize the vast network of autonomic 

neurons for biologics delivery into the CNS after IP administration.

Results and Discussion

Next-generation sequencing elucidates targeting peptides with frequency distributions 
exhibiting CNS selectivity.

A functional bacteriophage peptide library selection strategy was developed to identify 

recombinant bacteriophage that exploit autonomic neurons for delivery to the brain and 

spinal cord. A mixture of linear (Ph.D.12) and cyclic (C7C) bacteriophage peptide libraries 

were administered by IP injection and bacteriophage were recovered from the brain, spinal 

cord and heart either 8 or 24 hours post-injection. This selection paradigm was performed 

for three reiterative selection rounds (Supplementary Figure S1). The tissue harvest time was 

selected based on our previous experience with retrograde transport peptides40 as well as 

previous research that reports circulating bacteriophage are cleared from the blood-supply 

within 24 hours.45,46 However, since phage clearance was not monitored in the current 

study, animals were perfused with ≥10-blood volumes of saline to exsanguinate and fully 

dilute the blood supply. Additionally, heart tissue was collected to monitor any non-specific 

bacteriophage carry-over from the blood supply. Next, to identify and quantify phage in each 

lysate, single-stranded phage DNA was purified and PCR amplified with tissue-specific 

barcodes for next-generation sequencing (NGS) analysis (Figure 1A).47 After elimination of 

DNA sequences known to show preferential amplification, C7C bacteriophage with cyclic 

peptides comprised just 2% of the total sequences. Comparing the biodistribution of Ph.D.12 

and C7C phage between the three collected tissue types, highest titers were found in the 

spinal cord (43% and 51%, respectively). Brain tissue showed 23% and 33% respective 

accumulation in contrast to heart tissue (34% and 15%, respectively), which was monitored 

as an off-target control (Figure 1B). The observed accumulation of phage in the CNS 
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compared to the heart, and the increased distribution to spinal cord compared to brain, 

suggest that by the third round of screening significant fractions of bacteriophage were 

trafficking through the ANS to the spinal cord with secondary accumulation in the brain.

Since NGS is able to identify a comprehensive list of phage sequences present within each 

tissue (~1.0×10e6 total yield), selection criterion was established to qualify phage candidates 

based on tissue distribution and enrichment (as a function of NGS read counts) for 

subsequent characterization. From the >900,000 linear and >30,000 cyclic phage recovered, 

we set the selection criteria to filter the NGS data and isolate phage-clones with ≥500 (linear 

peptides) or ≥30 (cyclic peptides) read counts within CNS tissues. At the second step of 

selection, the 71 linear-peptide and 17 cyclic-peptide candidate bacteriophages were pared 

down further to prioritize sequences with ≥10-fold enrichment in brain or spinal cord 

compared to heart, with additional weight applied to prioritize the selection of sequences 

with zero reads within heart lysate. For subsequent comparisons and targeting validation, 

phage clones with elevated off-target enrichment (in the heart) were selected. In total, we 

settle on a list of 6 linear peptide and 15 cyclic peptide-displaying bacteriophage to produce 

high titer clonal populations to administer by IP injection and evaluate tissue biodistribution. 

The NGS distribution of phage-reads in the brain, spinal cord and heart of all 21 candidates 

is shown in Supplementary Figure S2. Selected clones with high NGS representation in the 

CNS (Figure 1C) were produced at high-titer concentrates (107-109 cfu/ml) for IP injection, 

and phage accumulation in the brain and spinal cord was determined 24hours after injection. 

The biodistribution of 5 high-titer clones showed consistent CNS enrichment (Figure 1D: 

TACL05, TACL06, TACL08, TACL10, and TACL12–22).

TACL peptides traffic protein cargo into the central nervous system.

We next sought to determine whether TACL peptides could be used to deliver exogenous 

proteins into the CNS after IP injection. To accomplish this, TACL peptide sequences from 

select phage shown in Figure 1C were synthesized by microwave assisted solid-phase 

peptide synthesis (SPPS), purified and characterized by MALDI-ToF mass spectrometry 

(Table 1). Each peptide was synthesized with biotin at the amino- or carboxy-terminal end; 

however, the location of biotin conjugation did not affect delivery (data not shown). Thus, in 

all subsequent studies, peptides synthesized with amino-terminal biotin were used. To mimic 

the multimeric display of recombinant peptides on the bacteriophage pIII coat-protein, 

NeutrAvidin (NA) was complexed with biotin-TACL peptides prior to IP injection. After 

full-body perfusion with saline, tissues were harvested 24-hours post-injection and 

homogenized in reaction lysis buffer and TACL-mediated protein delivery was quantified in 

each tissue lysate as a function of NeutrAvidin horse-radish peroxidase (NA-HRP) activity. 

As shown, both TACL05, TACL08 increased NA-HRP delivery 2- and 2.3-fold to the spinal 

cord versus control C7con-peptide (p < 0.01; Figure 2A), while TACL06 and TACL10 

trended toward significant CNS accumulation. After normalization against corresponding 

tissues from saline-treated animals (naive tissues) to account for the endogenous peroxidase 

activity of each organ, TACL peptides (TACL05, TACL06, TACL08, and TACL10) did not 

show significant NA-HRP delivery to off-target organs (Figure 2B), aside from elevated 

peroxidase activity observed in liver. Surprisingly, peptides derived from clones with 

elevated off-target (heart; e.g. TACL02) accumulation did not recapitulate prior heart 
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delivery. As shown, TACL10 (SACHQSQSRMCGGGS) showed a similar delivery profile 

and nearly identical peptide sequence to our previously described peptide for Targeted 

Axonal Import (TAxI: SACQSQSQMRCGGGS: >92% homology to TAC10; 13/14 amino 

acids) that localizes to the CNS after intramuscular administration.40 Thus, the TAxI 

sequence, which is a likely consensus sequence for a CNS targeting ligand via ANS or 

somatic nervous system (SNS), was used in subsequent peptide optimization studies.

Peptide stapling via cysteine thiols stabilizes peptide structure and improves serum 
stability.

Despite the predominant recovery of Ph.D.12 (linear peptide library) phage from our in vivo 
screen, few synthesized linear peptides (if any) recapitulated the CNS accumulation 

observed with bacteriophage display (Figure 2A). While puzzling, the disparity in phage 

versus peptide distribution (i.e. Table 1; TACL 12–19) could be a consequence of the 

instability and short half-life of synthetic peptides in vivo. Peptides are known to have 

increased stability and peptidase resistance when immobilized versus free in solution.48–51 

Furthermore, previous research has demonstrated that peptide stability is increased by 

cyclization.52,53 While linear peptides displayed from the Ph.D.12 library were dominantly 

selected by in vivo screening, the isolated cyclic peptide sequences from the C7C library are 

likely a better starting point for applications as in vivo targeting ligands due to the increase 

structural stability of the cyclized peptides.

We hypothesized that peptide stability and resistance to peptidase degradation could increase 

the efficacy of CNS targeting ligands. The C7C library displays peptides cyclized by 

disulfides between cysteines flanking a variable 7-amino acid sequence. However, disulfide 

cyclization can be reversed by thiol-disulfide exchange.54,55 We therefore evaluated alternate 

peptide stapling methods that utilize cysteine perfluoroarylation to produce constrained 

structures56 and improve peptide activity.57 Previously, our lab has demonstrated that 

cysteine perfluoroarylation with decafluorobiphenyl (DFBP) significantly affects peptide 

resistance to degradation and target binding affinity when compared against peptides 

stabilized by disulfides, amides, or triazoles formed by click cyclization strategies.58 

Therefore, TAxI peptide was cyclized by DFBP stapling of flanking cysteines and the 

structure of the cyclized peptide was characterized by circular dichroism (CD) 

measurements. While none of the CD spectra show conversion to an alpha-helix or beta-

sheet conformation,59 a step-wise progression toward a lower percent random-coil 

conformation was observed from linear to disulfide bridge, and DFBP-stapled peptides 

(Figure 3). DFBP-stapled peptides showed less random coil structure than peptides with 

cysteine-cysteine disulfides despite consistent ligation between Cys-4 and Cys-8 and 

suggests that the biphenyl (BP) moiety reduces random-coil anisotropy and imparts 

improved structural stability than disulfide cyclization.60 Thus, DFBP reacted peptides 

displayed more structural stability than disulfide-cyclized peptides.

Given the observed changes in random-coil properties with perfluoroarylation, we 

hypothesized that peptides with alternative cyclization chemistries would show greater 

serum stability.61 As predicted, the linear biotin-TAxI peptide showed early degradation-

products within 2 hours (Figure 4A: 1625 Da = start; 656 Da QSQMR product) and 
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complete loss of intact biotin-TAxI after 4 hours. In comparison, the presence of a disulfide 

linkage in the cyclized TAxI peptide, prolonged biotin-TAxI serum stability. Early 

degradation products at 8 hours show biotin-TAxI disulfide (S-S) undergoes both cleavage 

between the cysteine-linkages (Figure 4B: 1623 Da= start; 1452, 1509, 1531 Da products), 

as well as a n-terminal degradation after reduction of the disulfide bridge (1623 Da), which 

will linearize with changes in the redox environment. Still, intact biotin-TAxI S-S peptide 

persisted in mouse serum for 48 hours. DFPB-stapled biotin-TAxI (b-TAxI BP) serum 

stability was markedly improved and showed few endolytic degradation products until 24 

hours (Figure 4C: 1918 Da = start; 652 Da QMRCGGG product). It should be noted that 

MALDI-ToF measurements are not quantitative and attempts to quantify the extent of 

degradation are highly variable after acetonitrile precipitation and extraction; thus, we could 

not quantitatively compare the improved serum stability (see Supplementary Table S1 for a 

complete fragment list and sequence identification). Nonetheless, by identifying the 

degradation products, we demonstrate that non-reversible cysteine linkages greatly improve 

peptide molecular and serum stability. These results highlight the potential to utilize peptide 

cyclization as a strategy to stabilize linear peptide-candidates shown to enrich phage CNS 

accumulation (i.e. TALC12–22), which warrant further investigation.

Stapled TACL- and TAxI-peptide enhances delivery and shows labeling in ANS neurons.

The ability to deliver proteins into the spinal cord from distal administration sites provides 

tremendous potential for the development of CNS therapeutics.62 After demonstrating the 

molecular structure and stability benefits imparted by DFBP-cyclization, we next examined 

whether perfluoroarylation impacted protein-delivery into the CNS. As with previous 

experiments, 24 hours after IP injection of peptide-neutravidin-HRP constructs (10 μg per 

mouse), CNS tissue was harvested after full-body saline perfusion to quantify protein 

delivery (HRP activity) within heart, brain and spinal cord. With the recent elucidation of 

divergent vagal nerve circuits,63 we further dissected brain tissue and separated the forebrain 

from the hindbrain (i.e. cerebellum and brainstem). Surprisingly, TACL08- and TAxI-

peptide both showed robust delivery of perfluoroarylated versus disulfide cyclized peptide 

into the spinal cord 3.1- and 4.0-fold enrichment, respectively (***, p< 0.001; *, p<0.05, 

n=3). Yet TAxI- and TACL-peptide showed enhanced delivery to different brain regions 

(Figure 5A). TAxI(BP) enhanced NA-delivery 4.0-fold (2X vs. TaxI S-S) to the hindbrain 

with minimal delivery to the forebrain, while TACL08 increased NA-delivery to the 

forebrain when compared against controls, seemingly with no added benefit by DFBP-

cyclization (*, p< 0.05; #, p=0.053; n=3). Therefore, TAxI- and TACL-peptides showed 

differential fore- and hindbrain accumulation, which could have been masked in previous 

studies as a consequence of signal dilution in the whole brain lysate (Figure 2A). Moreover, 

when evaluated against a NA-HRP dilutions series, the levels of HRP activity measured in 

the CNS (after a single IP injection) correlate to a 1×10−6 enzyme dilution. Thus, animals 

injected with a micromolar drug dose IP (e.g. NA: 0.5mg/kg) show picomolar levels of drug 

activity within the CNS, which has been proposed to be sufficient for the delivery of growth 

factors to impact prognosis and disease progression.64–67

In order to verify trafficking of TAxI- and TACL-peptides within the ANS, parasympathetic 

ganglia were isolated from the peritoneal cavity 4–6 hrs after IP injection of peptide-
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NeutrAvidin complexes and stained by immunofluorescence. As shown by confocal 

microscopy, both TAxI- and TACL-NA decorated neuronal cell bodies throughout the 

ganglia. Moreover, high-resolution confocal micrographs showed prominent TAxI- and 

TACL-NA labeling along ganglia-efferent Tuj1+-processes (Figure 5B and C). Together, 

these data demonstrate that IP injection of TAxI- and TACL-loaded NeutrAvidin (NA) 

results in ANS uptake via ganglia in the peritoneal cavity. Next, to confirm neuronal uptake 

in the brain and spinal cord tissue harvested 24-hours post-injection were stained for NA 

delivery. In both brain and spinal tissue, NA localization within cell bodies was sparse yet 

observable within the hindbrain (Figure 5D). Similarly, NA immunoreactivity could be 

observed along neuronal Tuj1-labeled processes and an occasional cell body within spinal 

cord grey matter (Figure 5E, highlighted inset). As expected (based on HRP levels and 

dilution effects), NA immunostaining in the CNS was sparse. While, NA was observed along 

Tuj1+ neuronal process, we did not observe NA colocalization on vascular endothelium (i.e. 
CD31).

Since ANS pathways converge in the brainstem and hindbrain,68 the observed difference in 

forebrain versus hindbrain accumulation was an unexpected result. With the recent 

publication of a polysynaptic vagal-to-striatum circuit,63 the observed difference in 

TACL08- and TAxI-peptide could suggest alternate selective routes of transmission through 

the ANS (i.e. sympathetic vs. parasympathetic neurons). While these results do not rule out 

alternate routes for CNS entry, the data support further development and testing of TACL- 

and TAxI-peptides for CNS drug delivery.

Conclusion

In this study, in vivo bacteriophage peptide library screening was combined with next 

generation sequencing to identify peptides that facilitate drug delivery to the CNS after 

intraperitoneal administration. By targeting the expansive network of autonomic neurons to 

enhance drug uptake, we demonstrate the ability of targeting ligands to utilize the ANS to 

deliver therapeutically viable dosages into the CNS in a minimally invasive manner.64 We 

have identified TACL-peptides that enhance delivery of recombinant bacteriophage and a 

model protein-drug into the brain and spinal cord. Our results reveal that by utilizing 

perfluoroarylation cysteine stapling, an evolved synthesis significantly increased structural 

stability and endopeptidase resistance to further enhance delivery. Thus, TACL peptides 

demonstrate the ability to deliver protein drugs to sites of interest within the CNS, 

potentially avoiding toxicity observed with systemic or direct tissue injection.71,72

Interestingly, the TACL08 and TAxI peptide each showed a distinct distribution within the 

CNS. As demonstrated (Figure 5A), TACL08 enhanced protein delivery into the spinal cord 

and forebrain, while TAxI enhanced protein uptake in the spinal cord and hindbrain. In 

contrast to initial NeutrAvidin delivery (Figure 2), brain tissue was subdivided to quantify 

HRP activity in the fore- and hindbrain. Although speculative, the differences in forebrain 

and hindbrain accumulation suggests a possible preference for parasympathetic versus 
sympathetic neurons. While TAxI and TACL08 each show uptake to the spinal cord via 
parasympathetic ganglia (e.g. celiac ganglia: Figure 5B), differential trafficking via the vagal 

Sellers et al. Page 7

ACS Nano. Author manuscript; available in PMC 2020 November 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



nerve could affect polysynaptic transmission into the striatum (e.g. TACL08) versus the 

brainstem and hindbrain (e.g. TAxI).63

While the mechanism of uptake remains unknown, the potential to target distinct branches of 

the ANS to modulate uptake by the sympathetic ganglia to enhance targeted drug delivery to 

the spinal cord versus brain. A protein-database search revealed TACL08 shares homology 

with receptors (GABA-receptors and a vomeronasal receptor) and intracellular proteins that 

would facilitate uptake and transmission in inhibitory parasympathetic neurons 

(Supplementary Table S2). Preferential uptake and protein delivery to distinct sympathetic or 

parasympathetic neurons suggests that ANS import-ligands could be further tailored to 

specific neuropathies or reward centers in the brain. Thus, TACL08 and TAxI peptide could 

be used for select or broad targeting of drugs to treat neurodegenerative diseases (e.g. 
Alzheimer’s Disease) or reward and addiction disorders (e.g. obesity and/or drug addiction).
69

Methods

Animals

As required, all animal work was review and approved by the University of Washington 

institutional animal care and use committee (IACUC). Mice (C57bl/6 strain) were purchased 

from Jackson Laboratory.

In vivo phage display selection of CNS-targeted phage

For library screening, Ph.D.−12 and C7C phage library (New England Biolabs, USA) were 

mixed, 1.5 × 1013 pfu/mL, and injected intraperitoneally (IP) into C57bl/6 mice (100 μl, n=2 

per group). Prior to tissue harvest, mice were euthanized and perfused with 20 mL saline to 

ensure complete tissue exsanguination. Spinal cord, brain, and cardiac tissue was harvested 

and flash-frozen in DMEM (Invitrogen, Inc.) with 1% BSA (Fisher Scientific). After 

homogenization, tissue homogenates were centrifuged and resuspended in 1% Triton-X 100 

(Sigma-Aldrich, Inc.) and passed through a 25-gauge needle to ensure cell lysis. Similar to 

previous studies, phage titer was quantified and spinal- and brain-tissue homogenate was 

amplified for subsequent screens.38

Phage DNA Isolation and Purification for Next-Generation Sequencing

DNA amplicons were prepared as previously described with some modifications.40,47 

Single-stranded DNA (ssDNA) was isolated from amplified phage eluate after three rounds 

of in vivo phage display using QIAprep Spin M13 Kit (QIAGEN). ssDNA was amplified by 

PCR using primers containing Illumina-compatible sequencing adaptors and sample-specific 

barcodes.

Illumina Next-Generation Sequencing and Data Processing

Sequencing and data processing was performed as previously described with some 

modifications.47 Briefly, phage pools were sequenced on an Illumina MiSeq system. After 

completion, sequence reads were identified and tabulated. The relative abundance of specific 
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recombinant phage was calculated as the fraction of total reads in the library with “PepRS” 

(https://bitbucket.org/stevesal/peprs).

Recombinant Phage Clones

Oligonucleotides encoding the peptides of interest were synthesized Operon (Eurofins) and 

annealed into M13KE dsDNA vector. After transduction into bacterial, phage plaques were 

used to isolate ssDNA and confirm sequences by DNA sequencing prior to production of 

high-titer pools for in vivo usage.

Phage Biodistribution Study

The selected phage clones (Figure S2) were tested for CNS-targeting in adult C57bl/6 mice 

(8 weeks old). Mice injected with (1 ×106, 107, 108, and 109 pfu) were exsanguinated by 

transcardiac saline perfusion (20 mls) prior to vital organs being harvested and snap-frozen 

on liquid nitrogen (n=3–4 per phage clone, one mouse per concentrate). Tissues 

homogenized in PBS+1% BSA (PBSA) were exposed to E. coli ER2738 cultures and 

tittered on IPTG/X-gal plates (according to standard protocols). To account for volume and 

tissue density variability, phage titers were normalized against tissue-lysate protein 

concentration as determined by a standard BCA assay (pfu/mg of tissue).

Peptide synthesis

Peptide synthesis was performed on a CEM microwave peptide synthesizer by standard 

FMOC solid phase peptide synthesis on a Rink Amide resin (Novabiochem). A tri-lysine 

block was appended at the n-terminus to increase peptide solubility, as needed.70 On-resin 

cyclization with decafluorobiphenyl (DFBP) or disulfide formation in solution (0.1M 

Sodium Carbonate) with each peptide proceeded efficiently based on HPLC traces during 

purification.58 Full peptide synthesis schematics are shown in Table1.

Serum Stability

TAxI peptide (30μg) was incubated in normal mouse serum (300 μl) at 37 °C. At 2hr, 4hr, 

8hr, 24hr, and 48hr increments an aliquot of the serum (40 μl) was precipitated with in cold 

ACN (40 μl). The mixture was centrifuged at 15 000 rpm for 5 min. A 50:50 H2O−ACN 

solution was added (1:1 v/v, 80 μl) to each pellet and sonicated for 10 min (to further extract 

residual peptides). The mixture was then centrifuged, and the supernatant was collected and 

pooled with the first sample. The combined supernatants were dried on a Speedvac. The 

peptide pellet was resuspended in ACN/water and sonicated for analysis on MALDI-ToF 

MS. Fragmentation product molecular weights were used by a custom Java program 

(stability.jar) to analyze peptide serum stability, peptide-fragment sequences, and cleavage 

sites. The stability.jar program is hosted on GitHub and is available for download (https://

github.com/juliomarcopineda/peptide-serum-stability/releases).

Circular Dichroism

TAxI peptide was prepared in H2O at 50 μM. CD measurement of the peptides was 

performed on a Jasco 720 circular dichroism spectrophotometer (Jasco Inc., Easton, MD) at 
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25 °C with an average from eight scans. The presented measurements are solvent blank-

subtracted and zeroed to the 270nm measurement.

NeutrAvdidin Biodistribution analysis by ELISA

Prior to injection, NeutrAvidin-HRP (Thermo-fisher, Peirce) was complexed with each 

peptide (4:1 molar ratio) in phosphate buffered saline. Each peptide was synthesized with 

biotin at the amino terminus to facilitate complexation. After 30 minutes at room 

temperature, NA-complexes were isolated from unbound peptide by size-exclusion 

chromatography on a 10 kDa spin-column (Millipore). NA:peptide complexes were eluted 

and brought to volume in saline prior to use. NA:peptide concentration was confirmed by 

absorbance (A280) on a Nanodrop (ThermoFisher, Inc). After IP injection of 

NeutrAvidin:peptide complexes (10μg NA per injection), the organs of exsanguinated mice 

were isolated and snap-frozen with liquid nitrogen. Tissues were homogenized in Reporter 

Lysis Buffer (RLB, Promega) supplemented with Protease Inhibitors (Roche) and DNase 

(1U/ml; Worthington). After centrifugation (21,000 RFC, 10–15 minutes) to remove debris, 

the protein concentration of each tissue lysate was determined by BCA assay. The delivery 

of NA:peptide complexes was quantified by addition of ELISA substrate (R&D Systems) 

and HRP activity was quantified as absorbance units (AUI) at 450 nm (540 nm the 

reference) after 20 (heart, kidney, liver, and spleen) and 40 mins (brain, lung and spinal 

cord). NA-HRP distribution was normalized by protein content (as above). To express the 

level of NA delivery, in all HRP ELISA assays, experimental tissues were normalized 

against HRP activity in tissues from sham treated animals (saline injection: naïve tissue) to 

express values as a ratio above endogenous peroxidase activity (i.e. NA-HRP versus naive 

tissue AUI).

Immunohistochemistry

After treatment and transcardiac perfusion, parasympathetic ganglia embedded in OTC were 

sectioned with a Leica SM1850 cryostat. Primary antibodies previously shown to identify 

neurons (NeuN, Millipore clone A60, MAB377, diluted 1:200; Tuj1, Biolegends, diluted 

1:1000) were used to demonstrate colocalization with NeutrAvidin (goat anti-Avidin; Life 

Technologies, 31850) animals. After rinses in 0.1% Tween-20 TBS, secondary antibodies 

(donkey α-mouse IgG, α-goat, conjugates at 1:500 dilution, Jackson Labs) were applied in 

blocking buffer for 2 hours at room temperature, or overnight at 4°C.

Microscopy

Confocal microscopy with a Nikon TS2000E equipped with a krypton/argon laser, a red 

diode laser, and an infinity-corrected 40X 1.4 NA lens was used to visualize NeutrAvidin 

distribution along neuronal processes. Imaris Software (Bitplane Software) managed digital 

images and reconstructed z-series stacks. Final image presentation was produced with 

Photoshop (Adobe Software).

Statistical analysis

A non-paired students t-test evaluated differences in pair-wise comparisons versus control 

phage distribution. NeutrAvidin tissue biodistribution was analyzed by ANOVA and a 
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Dunnett’s multiple comparison post-hoc analysis was implemented when significant 

differences occurred. For all analyses, statistical significance was accepted at a p value ≤ 

0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Elucidation of targeted ANS-to-CNS uptake ligands (TACL) that enrich bacteriophage 

accumulation in the CNS after uptake into the autonomic nervous system. After three rounds 

of an in vivo screen, bacteriophage isolated from heart, brain, and spinal cord were analyzed 

by NGS to deduce tissue enrichment of a consensus domain (A). While an initial 50:50 mix 

of circular (C7C) and linear (Ph.D.12) phage was injected, only 2% of phage-sequences in 

the final CNS lysate were derived from a C7C background, yet both phage-populations 

yielded 84% and 66% CNS accumulation versus heart tissue (15% and 34%, respectively) 

(B). Based on NGS data, phage candidates for TACL peptides sequences were identified 

with ≥10-fold targeted enrichment in either heart (H; red), brain (B; yellow), spinal cord (S; 

blue) (C). Five bacteriophage clones showed enrichment in brain and spinal cord tissue after 

IP injection (D).
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Figure 2. 
TACL peptides deliver model protein drug cargo into the CNS after IP injection. 

Biotinylated TACL peptides designed and synthesized by standard SPPS protocols, in 

concordance with each respective recombinant phage insert, were complexed with 

NeutrAvidin-HRP to quantify drug-delivery into the heart (red), brain (yellow), or spinal 

cord (blue) 24 hours after IP injection (A). Accumulation in all vital organs (B) was 

quantified by HRP activity and normalized against protein concentration for each NA-HRP 

(clear bars), C7con-NA (dotted bars), and TACL-NA complexes (solid blue bars) that 

showed CNS delivery (***, p<0.0001; *, p<0.01; #, p=0.052. n=3)
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Figure 3. 
Perfluoroarylation of TAxI-peptide reduces random-coil structure. Circular dichroism 

measurements of linear TAxI peptide (reduced; dotted line), circular disulfide-bridge TAxI 

peptide (S-S; dark-green line), and TAxI peptide cyclized by cysteine perfluoroarylation 

(BP; light-green line).
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Figure 4. 
Non-reversible peptide stapling increases peptide stability and protease resistance. MALDI-

ToF spectra of biotin-TAxI (A), biotin-TAxI S-S (B), and biotin-TAxI BP (C) peptides 

incubated in normal mouse serum for 1hr, 2hr, 4hr, 8hr, 24h, and 48 hr. Primary peaks of 

each peptide-fragment and molecular weight is shown. Bottom: predicted amino acid 

sequence of degradation products, based on molecular weight.
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Figure 5. 
Cysteine cyclization by perfluoroarylation enhances TACL- and TAxI-drug delivery into the 

CNS. Biotin-TACL08 and Biotin-TAxI peptide cyclized by disulfide bridge formation (S-S; 

cysteine oxidation) or DFBP-cyclization (BP) were complexed with NA-HRP for IP 

injection. After 24 hours, HRP activity was quantified in heart (red), fore- and hindbrain 

(yellow), and spinal cord (blue) and normalized against endogenous peroxidase in naive 

tissues (A). ***, p<0.001; *, p<0.05; #, p=0.053 versus C7con tissues. n=3. Parasympathetic 

ganglia harvested 4–6 hours post-injection, processed and stained by immunofluorescence to 

visualize NeutrAvidin (red) and neuron-specific class III beta-tubulin (Tuj1, green) 

colocalization in TAxI:NA (B) and TACL:NA (C) injected animals (DAPI, blue). High-

resolution confocal micrographs show TAxI:NA (B, inset) and TACL:NA (C, inset) 

colocalization in neuronal cell bodies (yellow arrows) and along Tuj1+ neuronal processes 

(traced by white arrows). CNS tissue stained with CD31 (blue; vascular endothelium) in 
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hindbrain (D, outlined region) and spinal cord (E, outlined region) reveal NA (red) on Tuj1+-

neurons (yellow arrows) and processes (white arrows, inset). White dotted-box highlights 

region of zoomed insets from (B), (C) and (E). Bar, 10 μm.
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Table 1.

TACL peptide sequences used for NeutrAvidin delivery to the CNS. Phage clones enrichment (by NGS) in the 

Heart, Brain, and Spinal Cord are listed.

Peptide Phage Sequence Weight (g/mol)

Fold Enrichment (NGS)

Heart Brain S.Cord

TACL02 Circular SACNTTLNGLCGGG 1266.4 80X 0 0

TACL05 Circular SACPSHLTKMCGGG 1347.6 2X 120X 0

TACL06 Circular SACSQKNFTHCGGG 1395.5 0 40X 10X

TACL08 Circular SACPLSKGKLCGGG 1276.5 0 60X 90X

TACL10 Circular SACHQSQSRMCGGG 1407.6 20X 0 60X

TACL14 Circular SACTMSTTQVCGGG 1301.5 0 0 40X

TACL12–19 Linear GFPSVRDLSPLRGGGS 1600.8 0 0 1700X

TAC12–19scr Linear SGVPLFDLRPSRGGGS 1600.8 N/A N/A N/A

TACL12–22 Linear WATLDLGPQPYSGGGS 1604.7 0 0 780X

TAxI
† Circular SACQSQSQMRCGGG 1398.6 N/A N/A N/A

C7con Control SACGAGGGAGCGGG 980.04 N/A N/A N/A

†
, peptide sequenced isolated from previously publish phage display screen.
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