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Abstract
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It is very challenging to develop protein drugs for the treatment of brain diseases; this is due to
the difficulty in delivering them into the brain because of the blood-brain barrier (BBB). Thus,
alternative delivery methods need further exploration for brain delivery of proteins to diagnose
and treat brain diseases. Previously, ADTC5 and HAV6 peptides have been shown to enhance
the in vivo brain delivery of small- and medium-size molecules across the BBB. This study was
carried out to evaluate ability of ADTC5 and HAV6 peptides to enhance delivery of proteins
of various sizes, such as 15 kDa lysozyme, 65 kDa albumin, 150 kDa IgG mAb, and 220 kDa
fibronectin, into the brains of C57BL/6 mice. Each protein was labeled with IRdye800CW, and a
quantitative method using near IR fluorescence (NIRF) imaging was developed to determine the
amount of protein delivered into the brain. ADTC5 peptide significantly enhanced brain delivery
of lysozyme, albumin, and IgG mAb but not fibronectin compared to controls. In contrast, HAV6
peptide significantly enhanced the brain delivery of lysozyme but not albumin and IgG mAb.
Thus, there is a cut-off size of proteins that can be delivered by each peptide. The distribution of
delivered protein in other organs such as liver, spleen, lung, kidney, and heart could be influenced
by HAV6 and ADTC5. In summary, ADTC5 is a better BBB modulator than HAV6 in delivering
various sizes of proteins into the brain, and the size of the protein affects its brain delivery.
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INTRODUCTION
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Currently, protein drugs are a successful class of therapeutics for treating a wide variety
of diseases such as cancers, infectious agents, genetic disorders, and autoimmune diseases
(e.g., type-1 diabetes (T1D), rheumatoid arthritis (RA), and multiple sclerosis (MS)). Protein
therapeutics are normally developed with a specific and known mechanism of action and
have reduced toxicity compared to small molecule drugs.1 Some proteins such as brain
derived neurotrophic factor (BDNF),2 nerve growth factor (NGF),3 and insulin-like growth
factor 1 (IGF-1)4 have been investigated for inducing neuroregeneration in brain diseases
such as MS and Alzheimer’s (AD). Unfortunately, previous attempts to deliver proteins
via the systemic circulation have met with only limited success due to the presence of the
blood-brain barrier (BBB), which prevents them from entering the brain.5–7 Monoclonal
antibodies (mAbs), the fastest growing type of drugs, have also been investigated to treat
brain diseases.8 Several mAbs such as anti-Nogo-A,9 anti-LINGO-1,10 sHIgM22,11 and
VX15/250312 have been evaluated in clinical trials for inducing remyelination in MS
patients; however, the clinical trials for most of these molecules were terminated due to
their lack of efficacy in MS patients. A similar fate befell amyloid beta (Aβ) mAbs, which
failed to effectively treat AD patients. Although many reasons could contribute to these
failures, one potential problem is their inability to cross the BBB effectively from the blood
into the brain.
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The BBB is a selective barrier between the blood stream and the brain that prevents
unwanted molecules from entering the brain. Many drug molecules cannot readily cross
the BBB because the molecules need to have appropriate physicochemical properties for
crossing the BBB. Most molecules that can passively cross the BBB can be predicted
using the Lipinski’s rule of five.13 Because proteins do not satisfy this rule, BBB passive
diffusion of proteins is very limited unless the protein has its own transporter on the
endothelial microvessels for its transcytosis across into the brain. Therefore, there is a need
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to develop methods to improve protein delivery into the brain in a non-invasive manner.
Currently, many invasive ways such as intracerebral ventricular (ICV) delivery have been
used to directly administer protein drugs into the brain in critical brain diseases. One of
the limitations of the direct delivery method is the potential increase in brain infection and
inflammation due to exposure to the outside environment. Currently, many non-invasive
methods are being developed for enhancing brain drug delivery utilizing prodrug technology,
receptor-mediated transcytosis mechanisms,7 microbubble enhanced diagnostic ultrasound
(MEUS) system,14 intranasal delivery,15 and BBB modulation.16, 17 A BBB modulation
method called “osmotic BBB delivery” has been successfully used to deliver antitumor
drugs for treating brain tumor patients.18 The osmotic BBB delivery method utilizes a
hypertonic mannitol solution to disrupt the intercellular junctions of the BBB by shrinking
the microvessel endothelial cells to allow anticancer drugs to passively penetrate the
paracellular pathway of the BBB. Thus, the clinical success of the osmotic method provides
impetus to investigate other ways to modulate the intercellular junctions of the BBB to
improve brain delivery.
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One way to modulate the BBB intercellular junctions in a controlled and selective way is by
inhibiting cadherin-cadherin interactions that mediate cell-cell adhesion. Thus, we designed
cadherin peptides such as HAV6 and ADTC5 to inhibit cadherin-cadherin interactions in
a dynamic and equilibrium fashion to increase the porosity of the paracellular pathways
reversibly and allow molecules to cross the BBB from the blood stream into the brain.
HAV6 peptide can enhance the in vivo brain delivery of small molecules (e.g., 14C-mannitol,
3H daunomycin, and gadopentetic acid (Gd-DTPA), IRdye R800, adenanthin), and large
molecules (e.g., 25 kDa IRdye800CW-polyethylene glycol and 65 kDa galbumin).19–24
Similarly, ADTC5 peptide enhances brain delivery of 14C-mannitol, Gd-DTPA, 8–12
amino acid peptides, and galbumin.17, 22 Recently, HAV6 has been shown to effectively
deliver adenathin, an anticancer agent, into the brain to suppress medulloblastoma brain
tumor in mice.24 In addition, HAV6 also significantly enhanced oral and brain delivery of
eflornithine, an efflux pump substrate, in rats.25 These data support the idea that modulation
of cadherin-mediated cell-cell adhesion in the intercellular junction can improve drug
delivery across the biological barriers (i.e., intestinal mucosa barrier and BBB).
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In this study, the modulatory activities of HAV6 and ADTC5 were compared for brain
delivery of different sizes of proteins such as 15 kDa lysozyme, 65 kDa albumin, 150
kDa IgG mAb, and 220 kDa fibronectin. To accomplish this, the proteins were conjugated
with IRdye800CW on lysine residues and the protein brain depositions were determined
quantitatively using NIRF imaging. The quantification method was developed and validated
using standard curves of homogenized brain containing the IRdye800CW-conjugate protein.
The method of validation to generate quantitative data for delivered protein was carried
out by determining the stability, accuracy, precision, and linear dynamic range of the
quantitation method. This study provides the difference between the effectiveness of HAV6
and ADTC5 for delivering different sizes of proteins as well as the size limit of the protein
that each peptide can deliver through the BBB. The effects of each peptide on depositions
of each protein in different organs, including liver, kidney, heart, spleen and lungs, were also
determined.
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MATERIALS AND METHODS
Chemicals, Reagents, and Animals.
Gyros Protein Technologies, Inc. (Tucson, AZ) was used as a vendor to purchase amino
acids and coupling reagents for the automated peptide synthesizer. IRdye-800CW-NHS ester
and IRdye-800CW Donkey anti-Goat IgG were purchased from LI-COR, Inc. (Lincoln,
NE). Sigma Aldrich Chemical Company (St. Louis, MO) and Fisher Scientific, Inc.
(Hampton, NH) were used as suppliers or proteins and reagents in this study. Protocols
used for all animal studies have been approved by the Institutional Animal Care and Use
Committee (IACUC) at The University of Kansas. All animals were cared by the Animal
Care Unit personnel at The University of Kansas under the supervision of Veterinarians.
Peptide Synthesis and Purification.
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The synthesis of the linear or cyclic peptides (Table 1) was accomplished using a Tribute
solid-phase peptide synthesizer from Gyros Protein Technologies, Inc. (Tucson, AZ). A TFA
solution containing scavengers was used to cleavage the peptide from the resin followed
by addition of the TFA solution into cold diethyl ether to precipitate the peptide. To form
cyclic ADTC5 peptide with a disulfide bond, the linear precursor was dissolved in high
dilution using bicarbonate buffer solution at pH 9.0 followed by bubbling air into the
peptide solution. The resulting oxidation reaction contained a high yield of the desired
cyclic monomer with minimal amounts of side products (e.g., dimers and oligomers). The
monomer was isolated from the mixture using a semi-preparative C18 column Waters
XBridge C18 (19 mm × 250 mm, 5 μm particle size; Waters Corporation, Milford, MA))
in HPLC. The purity of each isolated fraction was determined by analytical HPLC using
C18 column (Luna C18 (4.6 mm × 250 mm, 5 μm particle size, 100 Å; Phenomenex, Inc.,
Torrance, CA)). The identity of each peptide was confirmed by mass spectrometry.
Conjugation of Proteins with IRdye-800CW-NHS Ester.
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Lysozyme, albumin, and fibronectin used in this study were conjugated with IRdye-800CW
according to the manufacturer’s instructions. Briefly, dyes were reacted with 1 mg/mL of
protein in PBS with 10% potassium phosphate buffer, pH 9 (v/v) for 2 h at 25 °C. The
resulting conjugates were purified using a spin column called Zeba Spin Desalting Column
with 7 kDa molecular weight cut-off (Fisher Scientific, Inc. (Hampton, NH)). The purity
of each conjugate was determined using SDS-PAGE, and the conjugate band was scanned
(Excitation = 778 nm; Emission = 794 nm) with an Odyssey CLx NIR scanner to ensure that
there was no free IRdye-800CW in the protein conjugate solution. Once any free dye was
removed, the degree of labeling was determined using a UV spectrophotometer (Varian Cary
100, Agilent) to measure the fluorophore absorption and the protein absorbance at 280 nm,
corrected for the fluorophore.
The protein concentration is calculated using the formula,
P rotein Conc .

A280 − 0.03 × A780
mg
=
× MW P rotein × Dilution F actor
mL
εP rotein
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in which 0.03 was utilized as a correction factor for IRDye-800CW absorbance; the
absorbance at 280 nm equals to 3.0% of the absorbance at 780 nm. εProtein was designated
as the molar extinction coefficient of the protein and molecular weight of the protein was
designated as MWProtein.
NIRF Method to Quantify Protein Amount in the Brain.
Preparation of Stock and Standard Curves.—The stock solution for IRDye800CW
protein (i.e., lysozyme, 70 μg/mL) was prepared and stored at –80 °C. The stock solution
was later diluted with PBS to make the required standard solutions. To produce a standard
calibration curve, 200 μL of blank brain homogenates was spiked with 10 μL standard
solutions of various concentrations to yield a linear range from 0.5 to 50 ng/mL. The same
method was employed for the sample’s quality control (QC).
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Accuracy and Precision.
For precision studies, IRDye-800CW-lysozyme was used. Brain homogenates were spiked
with protein at concentrations between 0.5 and 50 ng/mL for determining the intra-day and
inter-day, accuracy and precision.
Evaluation of Method Stability.
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To evaluate stability of the quantitative method, IRDye-800CW-labeled lysozyme was used
in spiked brain homogenates under various temperature and storage conditions. Three sets
of samples were prepared to evaluate these various conditions. First, the samples were
incubated at room temperature for 6 h before analysis. Second, the samples were incubated
at −20 °C for 24 h with subsequent unassisted thawing at room temperature. Third, the
samples were subjected to three freeze-thaw cycles between −20 °C and room temperature
over a 24-h period prior to analysis. These stability studies were accomplished using protein
concentrations from 0.5 to 50 ng/mL and three repeats for each sample group.
Brain Delivery IRdye800CW-labeled IgG mAb using ADTC5 in SJL/elite Mice.
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For initial evaluation of whether a cadherin peptide can deliver proteins into the brain,
IRdye800CW donkey-anti-goat IgG mAb was administered via i.v. with and without
ADTC5 peptide in 5–8-week-old SJL/elite mice. Two groups of healthy SJL/elite mice were
injected with (a) a mixture of IgG mAb (26.8 nmol/kg) and ADTC5 peptide (13 μmol/kg) (n
= 5) and (b) IgG mAb alone (26.8 nmol/kg) (n = 4). After 15 min in the systemic circulation,
the mice were euthanized using CO2 inhalation followed by brain perfusion using PBS to
remove the remaining protein in the BBB microvasculature. Next, the brains were isolated
followed by NIRF imaging using Licor Odyssey CLx (Licor, Lincoln, NE). Eight optical
sections were taken at 0.5 mm increments beginning from the bottom surface of the brain to
a depth of 4 mm. The optical sections were summed to yield a fluorescence intensity value
per each brain.
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Comparison of HAV6 and ADTC5 in Delivering Various Sizes of Proteins into C57BL/6
Mice.
The BBB modulatory activities of ADTC5 and HAV6 to enhance brain delivery of
IRdyeR800CW-labeled lysozyme, albumin, IgG mAb, and fibronectin were compared in
C57BL/6 mice with 3 animals per group. The proteins with or without 13 μmol/kg HAV6
or ADTC5 were administered via tail vein injection. For lysozyme, the delivered doses
were 21.6 and 54 nmol/kg. For albumin, IgG mAb, and fibronectin, the dose used was 21.6
nmol/kg. Fifteen minutes after IgG mAb administration with or without peptide, the animals
were sacrificed and PBS with 0.5% Tween-20 was administered for cardiac perfusion to
remove the remaining protein in the BBB microvessels. The brain and other organs such as
lung, heart, spleen, liver and kidney were harvested and rinsed with PBS. Protein depositions
in the brain and other organs were quantified by NIRF imaging using an Odyssey CLx NIRF
scanner.
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A second quantification method was done using brain homogenates. In this case, the brains
were homogenized in 2.0 mL PBS by mechanical disruption and 200 μL of homogenized
brain (n = 8) was aliquoted to a 96-well plate followed by quantification using the Odyssey
CLx scanner. The signal intensity was compared to calibration curve and normalized to brain
weight and homogenate volume.
Brain Perfusion.
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After euthanasia using CO2 chamber, mice were immediately subjected to cervical
dislocation followed by removal of IRdye800CW-labeled protein from the brain capillaries
using perfusion solution. In this case, a solution containing PBS with 0.2% Tween-20 was
transcardially perfused to remove the remaining protein molecules in the brain endothelial
microvessels. After perfusion, the brain was removed from the skull and subjected to
capillary depletion.
Capillary Depletion Method.
Parallel capillary depletion experiments were performed as described by Triguero et
al.26 to ensure that there was no trapping of the delivered molecules in the BBB
microvessel endothelial cells. IRdye800CW-labeled protein was added and mixed into brain
homogenates; then, the mixture was divided into two sets. A 500 μL set of homogenates was
mixed with 500 μL of PBS while another set of 500 μL homogenates was mixed with 500
μL of 26% dextran solution. Both sets were centrifuged at 5,400 g for 15 min at 4 °C and
200 μL of supernatant was collected for analysis using the Odyssey CLx scanner.
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Statistical Analysis.
The data from the brain delivery of various sized molecules were analyzed and compared
using ANOVA with Student–Newman-Keuls for indication of statistical significance. The
criterion for statistical significance was selected for the p-value of less than 0.05.
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RESULTS
Peptide Synthesis and Purification.
The Fmoc solid-phase synthesis method was used to make linear precursor to ADTC5 and
HAV6 peptides. ADTC5 was cyclized using air oxidation in a high dilution solution at pH
9.0 to give mostly the desired cyclic monomer. A semi-preparative HPLC with C18 column
was used to purify both ADTC5 and HAV6 peptides with >96% purity of each peptide as
determined by C18 column in analytical HPLC. The mass spectra for both purified peptides
show exact masses of 650.2869 Da for sodium adduct of HAV6 and 795.2778 Da for sodium
adduct of ADTC5 (Table 1).
Synthesis and Purification of IRdye800CW-labeled Proteins.
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To make IRdye800CW-labeled lysozyme, albumin, or fibronectin, IRdye800CW-NHS was
reacted to free amino groups of the respective protein to form stable conjugates. To purify
the protein conjugates, the excess of IRdye800CW-NHS was removed from the reaction
mixture using a Pierce Zeba desalting spin column with a cut-off molecular weight of 7 kDa.
The purified conjugates were evaluated with SDS-PAGE scanned with an Odyssey CLx NIR
imager. Lysozyme and albumin conjugates showed a single band while fibronectin had a
faint lower fragment band; all proteins have the appropriate mass without unreacted IRdye
(Figure 1). The final protein concentrations for lysozyme, albumin, and fibronectin were
determined to be 1.35, 1.68, 2.30 mg/mL, respectively.
Initial Brain Delivery of IRDye800CW-IgG mAb by ADTC5 in SJL/Elite Mice.
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In this study, IgG mAb was administered via i.v. in SJL/elite mice in the absence or presence
of ADTC5 peptide. Prior to injection, IgG mAb identity was evaluated using SDS-PAGE gel
and showed a major band at ~150 kDa with very light bands for ~100 kDa heavy and ~50
kDa light chains (data not shown). There was no observation of the band for IRDye800CW
alone. To remove the excess IgG mAb from the brain capillaries, the mice were perfused
with PBS + Tween-20 perfusion solution. After brain extraction, the brain scans of mice
treated with IgG mAb alone showed very low NIRF image in eight different levels of brain
scans (n = 4) (Figure 2A). In contrast, the mouse brains administered with IgG mAb and
ADTC5 showed strong NIRF signals on eight different brain scan levels (n = 5) (Figure
2A). Quantitative accumulation of NIRF signals from all scan levels indicated that the brains
from mice treated with IgG mAb + ADTC5 had a significantly higher signal intensity than
those of mice treated with IgG mAb alone (Figure 2B). In summary, ADTC5 increases the
brain delivery of IgG mAb in C57BL/6 mice.
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Method Development and Validation of NIRF Quantification.
Linearity, Accuracy, and Precision.—The lowest limit of detection (LLOD) and intra
day as well as inter-day precision and accuracy were determined using a calibration curve
generated with concentrations from 0.5 to 50 ng/mL (Table 2). The calibration curve was
generated by plotting concentrations of standard vs. NIRF intensity from the Odyssey CLx
imaging system (Figure 3). The resulting standard curve has good linearity with R2 ≥ 0.98
and LLOD of 0.3 ng/mL. Three different protein concentrations were used to determine
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intra-day and inter-day accuracy and precision and for obtaining %RSD and %RE (Table 2).
The acceptable analytical method was determined when the %RSD and %RE values were
less than 15%.
Stability Assay.—The stability of the analyte during evaluation was investigated using
IRDye800CW-lysozyme in three concentrations at two temperatures and a freeze-thaw
condition (Table 3); in different analyte concentrations, the %RSD was less than 15% at
room temperature for 6 h. Thus, this condition was used in this study. In contrasts, the two
other conditions were determined to be unacceptable for this study because the %RSD was
higher than 15%.
Comparison of HAV6 and ADTC5 in Enhancing Brain Delivery of Various Proteins.
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In this study, the activities of HAV6 and ADTC5 peptides to deliver various sized proteins
(i.e., lysozyme, albumin, IgG mAb, and fibronectin) in C57BL/6 mice were compared in
a quantitative manner. The intensities of lysozymes at various concentrations in the brain
homogenates are shown in Figure 2A. Figure 2A also shows the examples of NIRF scans
of brain homogenates from animals treated with lysozyme alone, lysozyme + HAV6, and
lysozyme + ADTC5. The resulting calibration curve generated from 0.5 to 50 ng/mL of
lysozyme produced a linear curve with R2 ≥ 0.99 (Figure 2B). Similar calibration curves
were generated for albumin and IgG mAb. The amount of protein in the brain was
determined by interpolation of NIRF intensity of the brain homogenate into the standard
curve.

Author Manuscript
Author Manuscript

Brain Delivery of 15 kDa Lysozyme and Peripheral Organ Distributions.—The
first delivery of lysozyme was carried out at a dose of 21.6 nmol/kg with 13 μmol/kg
of HAV6 or ADTC5 peptide, and no significant improvement was observed in the brain
compared to lysozyme alone (data not shown). Next, the dose of lysozyme was increased
to 54 nmol/kg with 13 μmol/kg of HAV6 or ADTC5 peptide (Figure 4). Prior to brain
extraction for NIRF imaging, the mice were perfused to remove the remaining lysozyme
in the brain capillaries. Through visual observation, the NIRF brain images of mice treated
with HAV6 + lysozyme and ADTC5 + lysozyme appeared to show higher intensity than
those treated with lysozyme alone (Figure 4A). The NIRF intensity of the ADTC5 group
was higher than that of HAV6 group. Quantitatively, the average amount of lysozyme in the
ADTC5 group (37.8 ± 7.1 pmol/g brain) was significantly higher than that in the HAV6
group (8.3 ± 2.5 pmol/g brain, p <0.05) (Figure 4B, Table 4). The lysozyme amounts in the
brains of both peptide groups were higher than that of control group, which was below the
detection limits. The results suggest that ADTC5 is a better BBB modulator than HAV6.
To ensure that the brain perfusion procedure eliminated any residual molecule in the BBB
microvessels, the brain capillary depletion was carried out using the brain homogenates. The
capillary depleted samples were compared to non-depleted samples. The difference between
the capillary depleted and non-depleted samples was less than 1.9%, indicating the that the
perfusion method was satisfactory in removing almost all the labeled protein from the brain
capillaries.
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The effects of HAV6 and ADTC5 in lysozyme distributions in kidney, lung, heart, spleen,
and liver were also determined. Visually, the most intense NIRF images were in the
kidney in all three groups, with the highest image intensity on ADTC5 group (Figure 4C).
Quantitative data confirmed that lysozyme deposition in the kidney was the highest in the
ADTC5-treated group, followed by the HAV6-treated group and control (Figure 4D). It is
not surprising that the lysozyme undergoes glomerular filtration in the kidney because of its
molecular weight being lower than 65 kDa.
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Brain Delivery of 65 kDa Albumin and Peripheral Organ Distributions.—To
evaluate molecules larger than lysozyme, 65 kDa albumin was delivered using HAV6
and ADTC5 in C57BL/6 mice compared to control (i.e., albumin alone) (Figures 5A,
B). The calibration curve was generated with 0.5 to 500 ng/mL labeled albumin in brain
homogenates to generate a good linearity with R2 ≥ 0.98. Prior to quantification of albumin
deposition, the brains were subjected to perfusion process to remove the remaining albumin
in the brain microvessels. The mice treated with albumin + ADTC5 showed a significantly
higher albumin deposition (40.7 ± 7.4 pmol/g brain) compared to albumin alone (11.8 ±
1.0 pmol/g; p < 0.05). Although it was not significant, the HAV6 group showed a trend of
enhanced brain with brain deposition of 15.5 ± 3.1 pmol/g compared to control (11.8 ± 1.0
μmol/g brain (p = 0.20)). These data also showed that ADTC5 was a better BBB modulator
than HAV6 in delivering albumin.
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The effects of HAV6 and ADTC5 peptides in the distribution of albumin in different
organs were evaluated using NIRF quantitative imaging (Figures 5C, D). The data indicated
that HAV6 (p = 0.04) and ADTC5 (p = 0.04) significantly enhanced the distributions of
albumin into the liver compared to control. There was no significant difference in albumin
depositions between the liver ADTC5 group and the HAV6 group (p = 0.15). Although the
deposition in spleen is lower than in liver, the HAV5 and ADTC5 groups both enhanced the
deposition of albumin in the spleen compared to control.
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Brain Delivery of 150 kDa IgG mAb and Peripheral Organ Distributions.—
Because many mAbs have been utilized as therapeutics, there is high interest in improving
their brain delivery. For quantitative determinations, a calibration curve for mAb was
prepared with concentrations ranging from 10 to 200 ng/mL of IRDye800CW-IgG mAb
spiked into blank brain homogenates. The calibration curve showed good linearity with R2
≥ 0.99. The mice were perfused to remove any residual IgG mAb in the brain capillaries to
avoid additional NIRF signal from protein in the capillaries. As in the previous study in SJL/
elite, NIRF imaging signals from mAb in the brains of ADTC5 + mAb-treated mice were
higher than those of mAb-treated mice in C57BL/6 mice (Figure 6A). The amounts of mAb
in the brains of mice treated with ADTC5 + mAb (13.3 ± 0.7 pmol/g) were significantly
higher compared to those of HAV6 + mAb (3.42 ± 0.5 pmol/g; p < 0.05) and mAb alone
(4.0 ± 0.4 pmol/g; p < 0.05; Figure 6B). HAV6 peptide was not able to deliver mAb (p
> 0.05) compared to control mAb (Figure 6B). The enhancement of mAb brain deposition
by ADTC5 is about three times that of control. ADTC5 showed a trend to enhance the
distribution of mAb into liver compared to HAV6- (p = 0.06) and control-treated animals
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(p = 0.06) (Figures 6C, D). The distributions of mAb in HAV6- and control-treated animals
were about the same (p = 0.54).
Brain Delivery of 220 kDa Fibronectin and Peripheral Organ Distributions.—To
find the larger limit of pore sizes made by ADTC5 peptide, the brain delivery of fibronectin
(220 kDa) was evaluated in the presence and absence of ADTC5 (Figure 7A, B). HAV6 was
not investigated for delivering 220 kDa fibronectin because it cannot deliver 150 kDa mAb.
ADTC5 did not enhance brain delivery of 220 kDa fibronectin because the NIRF signals
for the ADTC5 + fibronectin group (35.498 ± 3.001 × 103A.U.) was not different than that
of fibronectin alone group (33.026 ± 2.080 × 103 A.U.) (Figure 7A, B). The distributions
of fibronectin were mostly in the liver, and ADTC5 did not influence the distribution of
fibronectin in other organs (Figure 7C, D).
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DISCUSSION

Author Manuscript

Proteins have been successfully used to treat many diseases, and some proteins such as
mAbs have been evaluated to treat brain diseases such as brain tumors (e.g., glioblastoma)
as well as neurodegenerative diseases, including Alzheimer’s, multiple sclerosis (MS), and
Parkinson’s. Unfortunately, many proteins, including mAbs that were developed to treat
brain diseases, have failed in clinical trials. One of the reasons is the inefficiency of proteins
to cross the BBB sufficiently to exude their activities in the brain. The BBB plays a vital
role in restricting unwanted molecules from reaching the brain for regulating the internal
environment of the brain.27 Various approaches have been investigated to deliver drugs to
the brain following systemic administration. Our approach is to use cadherin peptides to
modulate cadherin-cadherin interactions to create larger pores in the intercellular junctions
to allow proteins to enter the brain in a non-invasive manner. In an initial proof-of-concept,
ADTC5 peptide was used to deliver IRDye800CW-IgG mAb in SJL/elite mice. The brains
of animals treated with ADTC5+IgG mAb had high NIRF intensities while very low NIRF
intensities were observed in the brains of animals treated with IgG mAb alone (Figure 2).
With the initial data, the next step was to compare the effectiveness of HAV6 and ADTC5
peptides in enhancing the brain delivery of various sized proteins such as 15 kDa lysozyme,
65 kDa albumin, 150 kDa IgG mAb, and 220 kDa fibronectin. It was proposed that each
peptide has different BBB modulatory activities in delivering different sizes of proteins. In
addition, each peptide creates a maximum pore size opening in the paracellular pathway so
there is a cut-off size of proteins that can pass through the BBB. Thus, it was necessary to
develop a rapid method to quantitatively determine the amount of protein delivered into the
brain. Finally, the effects of each peptide on the distributions of i.v. administered proteins in
organs other than the brain were evaluated.
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Prior to evaluating the delivery of various sized proteins, 150 kDa IR800-IRdye-IgG mAb
was administered via i.v. tail-vein injection to SJL/elite mice in the presence (n = 5) and
absence (n = 4) of ADTC5 peptide (13 μmol/kg) and allowed to circulate for 15 min (Figure
2). The brains of mice administered mAb alone (n = 4) showed very low background
intensity NIRF (Figure 2A, left images), suggesting that little or no mAb entered the brain.
The brains of mice administered mAb + ADTC5 showed high NIRF intensity, suggesting
that ADTC5 enhanced mAb brain delivery (Figure 2A, right images). The mean pixel
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NIRF intensity was significantly higher (4.7 times higher) in mAb + ADTC5-treated mice
compared to those from mice injected with mAb alone (Figure 2B). Because IgG mAb
can be delivered to the brain, a NIRF quantitative method was developed to determine the
amounts of delivered proteins in the brain per gram of brain (pmol/g brain).
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To develop a simple, rapid, and quantitative method to determine the amount delivered
protein in the brain, NIRF imaging method was used in this study. Calibration curves
were developed for each delivered protein. Homogenized brain samples were spiked with
different concentrations of standard labeled proteins, and fluorescence intensities were
determined using with the Odyssey CLx scanner (Figure 3A). Good linearity for the
calibration curve was achieved with R2 ≥ 0.98. The amount of delivered protein in the
brain in pmol/g brain can be determined by interpolating the NIRF intensity from the brain
homogenate into the calibration curve (Figure 3B). The NIRF method was validated using
IRDye800CW-lysozyme QC samples; in this case, the stability, accuracy, and precision were
determined over the range of calibration curve as suggested by FDA guidelines.27 Thus, less
than 15% RSD and RE for intra-day and inter-day precision and accuracy variability were
taken to be accurate and precise for the NIRF method (Table 2). Only the brain homogenates
that were kept at room temperature for 6 h showed %RSD values under 15%; thus, this
condition was used for all analyses. In contrast, the other two conditions were deemed to be
unstable for the protein in brain extracts. Therefore, all the analyses were done within the
time frame of 6 h. With a linear calibration curve and lower %RSD and %RE values for
precision and accuracy, the developed NIRF imaging method was very sensitive and reliable
for detecting and quantifying the delivered labeled proteins.
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To carry out the in vivo brain delivery experiments, the protein was administered via
i.v. with and without BBB modulators (i.e., HAV6 or ADTC5) followed by allowing the
delivered protein to remain in the systemic circulation for 15 min. The animal was then
euthanized, followed by perfusion of the brain capillaries to eliminate the remaining protein
in the blood vessels. In addition, capillary depletion experiments were performed to check
whether the optimized perfusion procedure removed the residual IRdye800CW-labeled
proteins from the microvessel endothelial cells in the brain that could create false positives.
For IRdye800CW-lysozyme, there was 1.9% difference in the quantitation of lysozyme
in the brains with and without capillary depletion. This result suggests that the perfusion
method was effective in removing the residual protein from the brain capillaries. In addition,
during brain delivery of 220 kDa fibronectin, the NIRF fluorescence images of the brain
did not show any signal of IRdye800CW-fibronectin that show brain capillaries delivered
with and without ADTC5. This results also support that the perfusion method removed
fibronectin from the brain microvessels. To quantify the protein deposition, the brain was
isolated and homogenized followed by transferring the homogenates into a 96-well plate.
The intensity of NIRF from the protein in the homogenate was detected by scanning with the
Odyssey CLx scanner and the intensity was normalized by weight of the brain. Previously,
the NIRF method has been used to quantify study IRDye800CW mAb distribution ex vivo in
tissues. The method was deemed to be accurate and sensitive when compared to a commonly
used reference method called gamma ray quantification.28 Comparison of NIRF and gamma
ray quantification data sets using the Bland-Altman method concluded that the results from
quantification using NIRF are the same as those using the gamma ray method.28
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Comparison between the activities of ADTC5 and HAV6 in modulating the BBB provides
insight into the paracellular pore size openings and potential use of each peptide in
delivering various sized proteins into the brain. In this study, ADTC5 peptide can effectively
improve the delivery of lysozyme, albumin, and IgG mAb into the brains compared to
control; however, ADTC5 cannot enhance the delivery of 220 kDa fibronectin. Using a
15-min circulation time, the results suggest that ADTC5 created pores large enough to allow
proteins with the largest size between 150 and 220 kDa to penetrate the BBB. Using the
same experimental conditions, HAV6 significantly enhanced the brain delivery of lysozyme
but not albumin and IgG mAb, indicating that the pore-size opening in the BBB paracellular
pathways was smaller than that crated by ADTC5. In summary, the modulatory activity of
ADTC5 is distinctly different than that of HAV6; thus, this difference can be used to deliver
selected groups of proteins, depending on the therapeutic need.
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Although lysozyme is smaller than albumin and IgG mAb, no observable lysozyme was
found in the brains when delivered with a dose of 21.6 nmol/kg along with HAV6 or
ADTC5 at 13 μmol/kg (data not shown). In contrast, the lysozyme was observed in the
brain when it was delivered at a higher dose (54 nmol/kg) along with HAV6 or ADTC5
at 13 μmol/kg (Figure 4). The depositions of lysozyme were significantly higher in the
brain when delivered with ADTC5 compared to HAV6 peptide (Figure 4A, B). In addition,
the amounts of lysozyme in the brains were slightly lower than albumin when delivered
using HAV6 or ADTC5, although the administered dose of lysozyme was higher than
that of albumin (Table 4). One of the explanations for the need of a higher dose of
lysozyme is the rapid clearance of lysozyme in the kidney because of glomerular filtration.
The depositions of lysozyme in the kidney were higher than in other organs (i.e., heart,
lung, spleen, and liver) (Figures 4C, D). It is interesting to find that ADTC5-treated mice
have significantly enhanced deposition of lysozyme in the kidney compared to control,
suggesting that ADTC5 affected cadherin interactions in the kidney. In contrast, HAV6
did not significantly enhance the amount of lysozyme in the kidney compared to control.
Previously, low molecular weight proteins (LMWP) have been shown to be suitable carriers
for specific renal drug delivery due to their high accumulation in kidney. They are freely
filtered in the glomerulus and subsequently accumulate specifically in the proximal tubular
cells, utilizing receptor-mediated endocytosis.29, 30 Conjugation of the antihypertensive drug
captopril and the analgesic drug naproxen to lysozyme resulted in a 6–to–60-fold enriched
accumulation in the kidney.31 Taken together, the results suggest that the brain delivery of
lysozyme or other proteins is influenced by its kidney clearance, resulting in a decrease in
systemic concentration for penetration into the brain.
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Albumin has been explored as a drug carrier where several strategies have been developed
including various forms of physical and covalent binding (e.g., albumin-drug and peptide
conjugate) as well as drug encapsulation in albumin nanoparticles.15, 32–34 Falcone et
al. showed an improved brain uptake of radioactive-labeled albumin in CD1 mice when
administered via intranasal delivery;15 however, there is no clear mechanism for the way
that albumin can be transported into the brain. The paracellular brain delivery of albumin
using ADTC5 and HAV6 was compared and quantified by NIRF imaging. It showed a
significantly higher brain deposition of albumin in the presence of ADTC5 compared to
control and HAV6 peptide (Figure 5A, B). In contrast, the HAV6-treated group did not have
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significantly higher brain deposition of albumin compared to a control group (i.e., albumin
alone). Although, using the current conditions, HAV6 peptide did not enhance the delivery
of albumin, our previous data showed that HAV6 peptide could significantly enhance the
delivery of 65 kDa galbumin (a gadolinium complex conjugated to albumin) into the brain
compared to control as detected using magnetic resonance imaging (MRI) in living mice.22
In the MRI study, the dose of HAV6 peptide (10 μmol/kg) was similar to the current study
dose, but the dose of galbumin in the MRI study was 27 times higher (600 nmol/kg) than
the dose (21.6 nmol/kg) in the current study.22 The circulation time of the MRI study was 51
min compared to 15 min in the current study. Therefore, the high dose of galbumin provides
a more pronounce amount of galbumin in the brain as detected by MRI. The MRI studies
suggested that ADTC5 was a better enhancer of galbumin brain delivery than HAV6, and
this previous finding was confirmed by the current findings when ADTC5 was compared to
HAV6 in delivering IRdye800CW-albumin (Table 4). ADTC5 significantly enhanced brain
deposition of albumin while HAV6 did not (Figure 5A, B). In summary, the data indicated
that ADTC5 is a better modulator for large proteins compared to HAV6 peptide, and the
dose of delivered molecules influences the transport of molecule across the BBB. The results
also suggest that both peptides created different populations of small, medium, and large
pore sizes, but ADTC5 created a higher population of large pores than did HAV6 peptide.
Thus, ADTC5 allows larger molecules to penetrate the BBB compared to HAV6.
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The enhancement of IgG mAb brain delivery using ADTC5 or HAV6 was evaluated. Due
to their size, passive diffusion of IgG mAb across the BBB was very minimal and normally
antibody brain concentrations are 1,000 times lower than in the bloodstream. Here, brain
delivery of IgG mAb was significantly improved by ADTC5 in C57BL/6 mice but not by
HAV6 (Figure 5A, B; Table 4). The results support a proposal that each peptide has a limit
of size cut-off for delivering various sized proteins. In the future, the effects of circulation
time and multiple injections of proteins will be explored in the future to determine the
optimal delivery protocol for mAbs or other proteins. This method can also be used to
rapidly screen the modulatory activity of new peptides in improving brain protein delivery.
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The data from mice treated with both peptides suggest that there is a cut-off size for each
peptide in delivering molecules to the brain. ADTC5 peptide did not enhance the delivery
of fibronectin (220 kDa), suggesting that the molecular size cut-off for ADTC5 is 220
kDa. The molecular cut-off is important to limit the number of unwanted molecules or
proteins from penetrating the BBB and potentially generating side effects. It is interesting
to find that both HAV6 and ADTC5 exuded BBB modulation temporarily and reversibly
in a short duration. Previously, ADTC5 and HAV6 have been shown to modulate the BBB
immediately, allowing delivered molecules to enter the brain within 3 min.17, 20, 22 The
modulation of the BBB by HAV6 within the span of less than 1 h would allow a small
molecule such as Gd-DTPA (547 Da) to enter the brain.20 In contrast, HAV6 did not allow
65 kDa galbumin to enter the brain after a 10-min delay between delivery of HAV6 and
galbumin.22 Pretreatment of mice with ADTC5 produced a longer opening (between 2
and 4 h) than with HAV6 for a small molecule such as Gd-DTPA.17 However, with large
molecules (e.g., galbumin, 65 kDa), ADTC5 showed an enhancement only after a 10-min
delay of pretreatment with peptide but no enhancement after a 40-min pretreatment.22 The
duration of paracellular pathways opening of the BBB created by ADTC5 is longer for all
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types of molecules compared to HAV6.22 For ADTC5 peptide, the BBB opening lasted for
a smaller time frame for a large molecule than for a small molecule. More importantly, the
BBB seals back to its original position after the clearance of the peptide, which is a crucial
parameter in delivering selected proteins into the brain.17, 22 Our previous studies using
transmission electron microscopy showed that after modulation of the BBB with cadherin
peptides (i.e., ADTC5) there are no detectable differences in the morphology of brain
microvessel endothelial cells compared to that of unmodulated control.17 We also found that
vesicular activity appeared to be similar in both vehicle and peptide-treated mice.17 Taken
together, these results suggest that each peptide creates different mechanism of modulatory
activity that translate to generation of various pore sizes in the intercellular junctions. One
hypothesis is that BBB modulation by the peptide generates sub-populations of intercellular
junction pores with various sizes such as small, medium, and large pores. It is proposed
that the large pores collapse faster than medium and small pores and these large pores are
converted to medium and small pores. Subsequently, the medium pores collapse to small
pores in a time-dependent manner. Finally, the intercellular junction is resealed to the normal
condition. In the future, we will investigate the kinetics of these pore conversions.
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Evaluations of ADTC5 and HAV6 peptides in other organs are necessary to assess their
applicability as drug delivery enhancers because cadherin-mediated cell-cell adhesion is
present in other organs (i.e., kidney, lung, spleen, liver, and heart). Modulation of cadherin
cadherin interactions in other organs may lead to increased permeability to other parts of
the body, which can lead to off-target site delivery as well as side effects in the host.
Therefore, it is necessary to find out the effects of each peptide on the deposition of
delivered proteins in other organs. The results could also be utilized to design better and
selective BBB modulators that will not affect other organs. As mentioned previously, 15 kDa
lysozyme is highly accumulated in the kidney compared to other organs (i.e., heart, spleen,
lungs, and liver) for all three groups (i.e., control, HAV6-, and ADTC5-treated groups).
ADTC5-treated groups had significantly higher lysozyme kidney deposition compared to
control while HAV6-treated groups did not. ADTC5-treated groups for all other proteins
larger than lysozyme have higher deposition in the liver compared to control but lower
deposition in kidney, spleen, lung, and heart. For HAV6-treated groups, only albumin has
higher deposition in the liver compared to control, and there were no significant differences
in other organs. There was no enhancement of fibronectin deposition in the liver of ADTC5
treated groups. In summary, ADTC5 has influenced in depositions of delivered proteins
in kidney or liver while HAV6 has influence in protein deposition in kidney and liver for
lysozyme and albumin, respectively.
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Unlike hypertonic mannitol solution in osmotic BBB modulation, HAV6 and ADTC5
peptides modulate the BBB by selectively binding to the EC1 domain of E-cadherins
to inhibit cadherin-cadherin interactions in equilibrium-type fashion. In mice in vivo
studies, the tight junctions of the BBB that are modulated by ADTC5 had returned to
normal between 2- to 4-h after treatments with ADTC5 peptide, suggesting the selective
and reversible nature of the BBB opening cadherin peptides.17 The inhibition of cadherin
cadherin interactions increases the pore size opening at the BBB intercellular junctions. We
have shown that in vivo modulations of the BBB by HAV6 and ADTC5 are dose dependent,
suggesting both peptides target cadherins on the intercellular junctions.17, 20 NMR studies
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indicated that both HAV6 and ADTC5 bind to different binding sites on the EC1 domain
of E-cadherin protein.35 To evaluate the effects of BBB modulator on brain toxicity, the
influence of HAV6 in inducing brain inflammation and astrogliosis was determined by
monitoring the expression upregulation of glial fibrillary acidic protein (GFAP) in astrocytes
and ionized calcium binding adaptor molecule 1 (Iba1) in microglia.24 The brains of
mice treated with HAV6 did not show increased expressions of either GFAP and Iba1,
suggesting that there were no inflammation and astrogliosis due to HAV6 treatments.
Iba1 upregulation has been used as indicator for CNS inflammation due to microglia and
macrophage activation. GFAP is a marker of astrogliosis due stimulation of astrocyte growth
in neuroinflammation.36, 37 In conclusion, modulation of the BBB by HAV6 peptide did not
generate inflammation; this presumably due to short-term, reversible, selective modulation
of the BBB.
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Both HAV6 and ADTC5 peptides bind to the EC1 domain of E-cadherin at different
binding sites as determined using heteronuclear single quantum correlation (HSQC) NMR
spectroscopy and molecular docking experiments. ADTC5 binds to I4, P5, P6, S8, and P10
residues on the N-terminal β sheet of the EC1 domain while HAV6 binds to the Y36, I38,
F77, S78, and I94 residues of the EC1 domain.35 Using the X-ray structure of C-cadherin as
a model, it is proposed that HAV6 peptide binds to the EC1 domain and blocks the EC1-EC2
cis-cadherin derived from two cadherins on the same cell membranes.38, 39 In contrast,
ADTC5 binds to the domain-swapping region of EC1 and inhibits EC1-EC1 trans-cadherin
interactions from the opposite cells.35 Because ADTC5 blocks trans-cadherin interactions,
its effects on the intercellular junctions presumably are more pronounced than those of
HAV6, which inhibits cis-cadherin interactions. Experimentally, our data for all proteins
indicate that ADTC5 has higher modulatory activity and longer duration of BBB modulation
than HAV6, and these observations could partly be explained by their binding mechanisms.

CONCLUSION
ADTC5 can deliver 15 kDa lysozyme, 65 kDa albumin, and 150 kDa mAb IgG but not
220 kDa into the brain of C57BL/6 mice while HAV6 can enhance only brain delivery of
lysozyme. Each peptide creates cut-off size of proteins that can be delivered into the brain.
HAV6 peptide only allows molecule less than 65 kDa to enter the brain while ADTC5 can
deliver molecules of less than 220 kDa to enter the brain. ADTC5 and HAV6 peptides could
enhance the depositions of delivered proteins in the kidney and liver. Finally, the NIRF
imaging method is a very useful and rapid method to quantitively determine the amounts of
delivery of proteins in the brain. In the future, we will design peptides that are more selective
to the cadherins in the intercellular junctions of the BBB over the other organs.
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Figure 1.

SDS PAGE gels IRdye800CW-labeled (A) 15 kDa lysozyme, (B) 65 kDa albumin, (C) 150
kDa IgG mAb, and (D) 220 kDa fibronectin that are imaged using an Odyssey CLx imaging
system to determine protein purity and the absence of unconjugated IRdy800cw.
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The effect of ADTC5 (13 μmol/kg) on improving the brain delivery of IRdye800CW-IgG
mAb (26.8 nmol/kg) in SJL/elite mice. (A) The image shows whole brain fluorescent of
mice that received IRDye800cw-IgG mAb alone (left; n = 4) and IRDye800cw-IgG mAb
+ ADTC5 (right; n = 5). (B) Mean fluorescence intensity of IRDye800cw-IgG mAb for
quantitative comparison of NIRF signals between mice that received IRDye800cw-IgG
mAb+ADTC5 vs. IRDye800cw-IgG mAb alone. Asterisk (*) was used to designate a
significant difference between the ADTC5 group and the control group when p < 0.05.
Error bars show the mean ± SE for both groups.
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Figure 3.

Development of the quantification method and standard curve for IRdye800CW-lysozyme
using NIRF image of brain homogenates in a 96-well plate scanned using Odyssey CLx
imaging system. (A) Examples of scanned images of brain homogenates from various
concentrations of standard samples as well as samples from HAV6- and ADTC5-treated
mice. Each well was scanned to obtain the NIRF intensity. (B) An example of calibration
curve for lysozyme (R = 0.988) was generated by plotting the concentrations of spiked
standard against the fluorescence intensity. The concentrations of lysozyme in the brains
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of HAV6- and ADTC5-treated mice were determined by interpolating the fluorescence
intensity in the standard curve.
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Figure 4.

Qualitative and quantitative comparisons of IRdye800CW-lysozyme (54 nmol/kg)
depositions in the brain and other organs when administered alone and along with
HAV6 and ADTC5 peptides (13 μmol/kg). (A) Qualitative comparison of NIRF brain
images from control, HAV-, and ADTC5-treated animals. (B) Quantitative comparisons
of lysozyme brain depositions in pmol/g brain for control, HAV6-, and ADTC5-treated
mice. (C) Representative lysozyme depositions in heart, kidney, lung, spleen, and liver. (D)
Comparisons of lysozyme depositions in various organs using tissue NIRF signal intensities.
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A significant difference between peptide and control groups with p < 0.05 was designated
using an asterisk (*) symbol (n = 3). The mean ± SE was used in the error bars for all
groups.
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Figure 5.

Qualitative and quantitative comparisons of IRdye800CW-albumin (21.6 nmol/kg)
depositions in the brain and other organs when administered alone and along with
HAV6 and ADTC5 peptides (13 μmol/kg). (A) Qualitative comparison of NIRF brain
images from control, HAV-, and ADTC5-treated animals. (B) Quantitative comparisons
of albumin brain depositions in pmol/g brain for control, HAV6-, and ADTC5-treated
mice. (C) Representative lysozyme depositions in heart, kidney, lung, spleen, and liver. (D)
Comparisons of albumin depositions in various organs using tissue NIRF signal intensities.
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Asterisk (*) symbol was used to indicate a significant difference with p < 0.05 (n = 3). Error
bars were used as the mean ± SE for all groups.
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Qualitative and quantitative comparisons of IRdye800CW-IgG mAb (21.6 nmol/kg)
depositions in the brain and other organs when administered alone and along with HAV6
and ADTC5 peptides (13 μmol/kg). (A) Qualitative comparison of NIRF brain images
from control, HAV-, and ADTC5-treated animals. (B) Quantitative comparisons of IgG
mAb brain depositions in pmol/g brain for control, HAV6-, and ADTC5-treated mice. (C)
A representative of IgG mAb depositions in heart, kidney, lung, spleen, and liver. (D)
Comparisons of IgG mAb depositions in various organs using tissue NIRF signal intensities.
A significant difference was designated using asterisk (*) with p < 0.05 (n = 3). The mean ±
SE was used for error bars.
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Qualitative and quantitative comparisons of IRdye800CW-fibronectin (21.6 nmol/kg)
depositions in the brain and other organs when administered alone and along with ADTC5
peptide (13 μmol/kg). (A) Qualitative comparison of NIRF brain images from control- and
ADTC5-treated animals. (B) NIRF intensities of brain homogenates from ADTC5-treated
and control mice. (C) A representative of fibronectin depositions in heart, kidney, lung,
spleen, and liver. (D) Comparisons of fibronectin depositions in of various organs using
tissue NIRF signal intensities. Asterisk (*) implied a statistical significance difference
between two groups with p < 0.05 (n = 3). The mean ± SE was utilized in the error bars.
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BBB Modulator Peptides
Peptide

Sequence

Mass (Da)

Exact Mass

ADTC5

Cyclo(1,7)Ac-CDTPPVC-NH2

772

795.2778 (with Na+ adduct)

HAV6

Ac-SHAVSS-NH2

627

650.2869 (with Na+ adduct)
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Precision and Accuracy
Intra-day

Inter-day

Concentration (ng/mL)
%RSD

%RE

%RSD

%RE

0.5

15.1

7.1

10.5

6.4

5.0

4.6

−2.8

3.4

5.8

50.0

2.8

5.4

3.8

1.6
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Stability of Protein
%RSD
Concentration (ng/mL)
Room Temp. (6 h)

–20 °C (24 h)

Three freeze-thaw cycles

0.5

7.7

16.2

23.1

5.0

5.4

18.5

8.5

50.0

3.7

25.1

18.4
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Quantitative Amounts of Proteins in the Brain
Protein

Group

pmol/g brain

Lysozyme

Control

0±0

Albumin

IgG mAb

HAV6

8.3 ± 2.5

ADTC5

37.8 ± 7.1

Control

11.8 ± 1.0

HAV6

15.5 ± 3.1

ADTC5

40.7 ± 7.4

Control

4.0 ± 0.4

HAV6

3.4 ± 0.5

ADTC5

13.3 ± 0.7
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