
Berunda Polypeptides: Biheaded Rapamycin Carriers for 
Subcutaneous Treatment of Autoimmune Dry Eye Disease

Changrim Lee†, Hao Guo†, Wannita Klinngam†, Srikanth R. Janga‡, Frances Yarber‡, 
Santosh Peddi†, Maria C. Edman‡, Nishant Tiwari⊥, Siyu Liu†, Stan G. Louie†, Sarah F. 
Hamm-Alvarez*,†,‡, J. Andrew MacKay*,†,‡,§

†Department of Pharmacology and Pharmaceutical Sciences, School of Pharmacy, University of 
Southern California, Los Angeles, California 90089, United States

‡Department of Ophthalmology, USC Roski Eye Institute, Keck School of Medicine, University of 
Southern California, Los Angeles, California 90089, United States

§Department of Biomedical Engineering, Viterbi School of Engineering, University of Southern 
California, Los Angeles, California 90089, United States

⊥Department of Pathology, Keck School of Medicine, University of Southern California, Los 
Angeles, California 90089, United States

Abstract

The USFDA-approved immunosuppressive drug rapamycin (Rapa), despite its potency, is limited 

by poor bioavailability and a narrow therapeutic index. In this study, we sought to improve 

bioavailability of Rapa with subcutaneous (SC) administration and to test its therapeutic feasibility 

and practicality in a murine model of Sjögren’s syndrome (SS), a systemic autoimmune disease 

with no approved therapies. To improve its therapeutic index, we formulated Rapa with a carrier 

termed FAF, a fusion of the human cytosolic FK506-binding protein 12 (FKBP12) and an elastin-

like polypeptide (ELP). The resulting 97 kDa FAF (i) has minimal burst release, (ii) is 

“humanized”, (iii) is biodegradable, (iv) solubilizes two Rapa per FAF, and (v) avoids organic 

solvents or amphiphilic carriers. Demonstrating high stability, FAF remained soluble and 

monodisperse with a hydrodynamic radius of 8 nm at physiological temperature. A complete 

pharmacokinetic (PK) analysis of FAF revealed that the bioavailability of SC FAF was 60%, with 

significantly higher blood concentration during the elimination phase compared to IV FAF. The 

plasma concentration of Rapa delivered by FAF was 8-fold higher with a significantly increased 

plasma-to-whole blood ratio relative to free Rapa, 24 h after injection. To evaluate therapeutic 

effects, FAF–Rapa was administered SC every other day for 2 weeks to male non-obese diabetic 

(NOD) mice, which develop an SS-like autoimmune-mediated lacrimal gland (LG) inflammation 

and other characteristic features of SS. Both FAF–Rapa and free Rapa exhibited 
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immunomodulatory effects by significantly suppressing lymphocytic infiltration, gene expression 

of IFN-γ, MHC II, type I collagen and IL-12a, and cathepsin S (CTSS) activity in LG compared to 

controls. Serum chemistry and histopathological analyses in major organs revealed no apparent 

toxicity of FAF–Rapa. Given its improved PK and equipotent therapeutic efficacy compared to 

free Rapa, FAF–Rapa is of further interest for systemic treatments for autoimmune diseases like 

SS.

Graphical Abstract

Keywords

elastin-like polypeptides; FK506-binding protein; rapamycin; dacryoadenitis; lacrimal gland; 
Sjögren’s syndrome; cathepsin S; non-obese diabetic mouse

INTRODUCTION

Rapamycin (Rapa), also known as sirolimus (an oral formulation of Rapa), is a macrolide 

first isolated from Streptomyces hygroscopicus.1 In the human body, Rapa binds to cytosolic 

FK506-binding proteins (FKBPs), where the complex targets and inhibits mammalian Target 

Of Rapamycin (mTOR) to alter interleukin-2 (IL-2)-mediated signal transduction.2 This 

inhibition of IL-2 signaling can cause cell cycle arrest in the G1/S phase of T-lymphocytes, 

thereby suppressing their activation and proliferation.3–5 As a result of its cytostatic and 

immunosuppressive properties, Rapa is approved by the USFDA to suppress kidney 

transplant rejection (Wyeth Pharmaceuticals Inc., approved in 1999)6 and to treat 

lymphangioleiomyomatosis, a rare progressive lung disease (Pfizer Inc., approved in 2015).7 

Despite its potency, its use is associated with severe adverse events such as pulmonary- and 

nephrotoxicity8,9 and metabolic complications.10 Moreover, Rapa’s narrow therapeutic 

index, low water solubility (2.6 μg/mL),11 low oral bioavailability (<14%),12 and extremely 

low plasma-to-whole blood ratio13 often necessitates therapeutic drug monitoring.

Efforts to improve the therapeutic index of Rapa include development of more water-soluble 

analogues (or Rapalogs) such as everolimus, temsirolimus, and ridaforolimus or formulation 

strategies to control its release. The ability to overcome dose-limiting factors may expand its 

use for new indications including autoimmune diseases such as rheumatic diseases, 

sclerosis, or Sjögren’s syndrome (SS).14,15 From our hypothesis that reformulated Rapa for 

SC administration will improve poor oral bioavailability and exhibit therapeutic efficacy that 
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is comparable to or better than unformulated Rapa, the research described here focuses on 

how a polypeptide fusion carrier, Berunda (two-headed) polypeptide, can improve 

pharmacokinetic parameters and affect the therapeutic potential of Rapa toward autoimmune 

LG inflammation (dacryoadenitis) in a murine model of SS.

To facilitate the absorption of Rapa without rapid burst release, genes encoding FKBP12 (12 

kDa) were genetically fused to the N- and C-terminus of the 73 kDa ELP named A192 

(amino acid sequence: (Val–Pro–Gly–Ala–Gly)192) to create a soluble, biocompatible, and 

biodegradable 97 kDa fusion Rapa carrier named FAF16 (Figure 1). FKBP12 is a member of 

the endogenous cytosolic immunophilin family of proteins that presents the highest affinity 

for Rapa (EC50 = 3.8 nM) and the strongest inhibition (IC50 = 0.7 nM) toward mTOR.17 The 

strong binding between FKBP12 and Rapa enables site-specific, affinity-mediated 

encapsulation of Rapa to FAF (FAF–Rapa), which brings Rapa’s approximate solubility up 

to that of FAF. ELPs are recombinant polypeptides comprised of pentameric repeats, (Val–

Pro–Gly–Xaa–Gly)n. Hydrophilicity of the guest residue (Xaa), number of repeats (n), ELP 

concentration in the solution, and ionic strength can be modulated individually or 

simultaneously to control the reversible phase transition properties of the given ELP.18 For 

this particular study, 73 kDa ELP that contains alanine as a guest residue is chosen to retain 

high drug and carrier solubility at physiological temperatures and avoid burst renal 

clearance. ELP-mediated phase separation was optimized to purify the construct.

SS is a systemic and chronic autoimmune disease with no approved therapies that affects 

about 4 000 000 people in the US.19 Lymphocytic infiltration and inflammation in the 

lacrimal gland (LG) and salivary gland (SG) cause severe dry eye and dry mouth, 

respectively. Mild-to-moderate dry eye symptoms can be treated with ophthalmic solutions 

such as Restasis (cyclosporine A)20 or Xiidra (lifitegrast);21 however, these topical 

formulations are not often efficacious, because they target local ocular surface inflammation 

and not the source of dryness, the inflammation of the LG. These topical formulations also 

have poor patient compliance due to burning and itching on the ocular surface.22 Progression 

of SS not only damages visual and oral health but also affects kidney, lung, liver, and 

thyroid, which necessitates management at the systemic level.23 While several reports from 

others24–26 and by us27,28 showed subconjunctival, intra-LG, topical, or IV delivery of 

reformulated Rapa exhibits therapeutic efficacy toward dry eye symptoms, this manuscript 

characterizes SC delivery of Rapa through the FAF carrier to diversify options for this 

particular route of administration. While nothing would be easier than topical 

administration, systemic delivery is likely more efficacious at treating symptoms of SS that 

occur throughout the body. For our purpose, male non-obese diabetic (NOD) mice were 

selected as a well-established model of autoimmune dacryoadenitis in SS.29–33 Male NOD 

mice spontaneously develop autoimmune dacryoadenitis (or autoimmune inflammation of 

the LG) by 8–12 weeks of age and are used as models of the ocular manifestations of SS.34 

In contrast, female NOD mice spontaneously develop autoimmune sialoadenitis by 12–16 

weeks of age and are used as models of the oral manifestations of SS.35

This study suggests that FAF is a pharmacokinetically suitable SC Rapa carrier. FAF–Rapa 

was also therapeutically efficacious in that it significantly suppressed LG lymphocytic 

infiltration, inflammatory and fibrotic gene expression, and cathepsin S (CTSS) activity (a 
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biomarker of autoimmune disease) in the LG. Collectively, these findings show the potential 

of FAF–Rapa as a SC-injectable biotherapeutic for SS.

EXPERIMENTAL SECTION

Synthesis, Expression, and Purification of FAF.

The pET-25b(+) vector was originally purchased from Novagen (#69753) and further 

modified for ELP fusion cloning.36 FAF was biosynthesized as previously described.16 

Briefly, the gene encoding the human FKBP1237 was cloned to the N- and C-terminus of 

ELP A192 (comprised of 192 repeats with Xaa = Ala). The cloned construct was sequenced, 

transformed into, and expressed in BLR(DE3) competent E. coli (#69053, Novagen, 

Madison, WI), fermented in terrific broth media for 16–18 h at 37 °C without IPTG 

induction. After bacterial cell lysis (S-4000 Ultrasonic Disintegrator Sonicator Liquid 

Processor, Misonix, Inc. NY; Amplitude 9, 18 repeats of 10 s on + 20 s off cycle) and 

clarification of cell debris by centrifugation at 16 100 rcf for 10 min at 4 °C in a Beckman 

J2–21 Centrifuge, the supernatant was subjected to ELP-mediated phase separation in 2 M 

sodium chloride at 37 °C. Coacervates were pelleted at 5000 rcf for 10 min at 37 °C using a 

Sorvall RC-3C Plus Centrifuge immediately after the phase separation was observed (hot-

spin). At the end of the hot-spin, soluble impurities (supernatant) were removed, and FAF 

coacervates (pellet) were resolubilized in ice-cold PBS. Thoroughly resolubilized FAF was 

centrifuged at 16 100 rcf for 10 min at 4 °C in an Eppendorf 5415R Centrifuge (cold-spin). 

At the end of the cold-spin, insoluble impurities (pellet) were again removed by transferring 

the supernatant to a clean tube. Cycles of hot-spin followed by cold-spin were repeated three 

times to achieve the necessary purity (Figure 2A).

Biophysical Characterization of FAF.

The purity of FAF was analyzed using SDS–PAGE. The molar extinction coefficient (ε) of 

FAF was calculated at 20 615 M−1·cm−1.38 Serial dilutions of FAF in Edelhoch buffer were 

prepared, measured, and averaged to acquire the best estimate of FAF concentration in PBS 

using eq 1.38,39

CFAF =
A280 − A333 × 1.929

ε
(1)

The hydrodynamic radius (Rh) of FAF at 20 and 37 °C was determined using dynamic light 

scattering (DLS). Triplicates of sterile filtered (200 nm pore, #PN 4612, Pall Corp., NY) 

FAF, FAF–Rapa, or rhodamine-labeled FAF–Rapa (50 μL of 10 μM) in PBS were loaded 

onto a 384-well plate followed by layering with 15 μL of mineral oil to prevent evaporation, 

and the whole plate was centrifuged for 1 min at 1000 rcf to remove any remaining air 

bubbles. Samples were measured using a Wyatt Dynapro plate reader and analyzed by built-

in software DYNAMICS V7 (Wyatt Tech. Co., CA). Rh was measured first at 20 °C, and 

then, the temperature was immediately increased to 37 °C, where the second measurement 

was made. For the optical density profile, absorbance at 350 nm was measured in a DU800 

UV–vis spectrophotometer (Beckman Coulter, CA) under a temperature gradient of 0.5 °C/

min. The transition temperature at each concentration of FAF was defined as the temperature 
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at which the maximum first derivative was achieved within each optical density profile with 

respect to the temperature. The transition temperature from each concentration was used to 

plot the phase diagram and fit with eq 2.

T t = b − mlog10 CFAF (2)

Encapsulation of Rapa with FAF.

A two-phase solvent evaporation method was employed to bind Rapa to FAF. An aqueous 

phase (PBS) containing 400 μM FAF was mixed with an equal volume of organic phase 

(90% hexane/10% EtOH) containing 630 μM Rapa (molar ratio = 1:1.58). Under constant 

stirring at 29 °C for 20 min to evaporate organic solvents (Laborota 4011 digital rotary 

evaporator, Heidolph Instruments GmbH & Co. KG, Schwabach, Germany), Rapa was 

gradually displaced into the aqueous phase, where it was solubilized through binding to FAF. 

The resulting solution was then centrifuged (16 100 rcf, 10 min, 4 °C), filtered (200 nm 

pore, #PN 4612, Pall Corp., NY), and dialyzed against PBS (>4 h, 4 °C) to remove any 

excess or insoluble Rapa and residual solvent. To determine the encapsulation efficiency, 30 

μM FAF in MeOH was injected into a C-18 reverse phase (RP)-HPLC column (150 × 4.6 

mm, particle size = 5 μm, YMC CO. Ltd., Japan) and eluted in a H2O/MeOH gradient from 

50 to 100% over 15 min. The chromatogram was monitored at 280 nm at a flow rate of 0.75 

mL/min. Linear standard curves were created between the logarithm of the area under the 

curve (AUC) vs logarithm of either FAF concentrations (12.5, 25, 50, 75, 100 μM) or Rapa 

concentrations (6.25, 12.5, 25, 50, 75, 100 μM). FAF and Rapa concentrations in the sample 

were calculated based on their respective calibrated standard curve. The molar ratio of Rapa 

to FAF was 1.76:1 (encapsulation ratio of Rapa to FKBP = 0.88:1). The loading of Rapa to 

FAF was 1.64% (w/w).

Pharmacokinetic Study of FAF.

Procedures and analysis were adopted and modified from methods previously described by 

MacKay et al.40 FAF–Rapa in PBS was incubated with NHS–rhodamine (#46406, Thermo 

Fisher, IL) for 1.5 h at room temperature under constant rotation and excess dye was 

removed using a desalting column (#87772, Thermo Fisher, IL). The labeling efficiency was 

measured as 100% using eq 3 (FAF to rhodamine = 1:1), where the εrhodamine is 80 000 (M
−1 cm−1) at 555 nm, and the concentration of CFAF was measured before labeling to be 200 

μM. Fluorophore labeling did not alter the Rapa encapsulation ratio, which was confirmed 

by RP-HPLC.

labeling efficiency =
OD555, Rho − FAF
εrhodamineCFAF

(3)

To measure the pharmacokinetics of the carrier, rhodamine-labeled Rho–FAF–Rapa (1.0 mg 

of Rapa/kg of BW) was injected either intravenously (IV, n = 4) via tail vein or SC (n = 5) at 

the right flank of the animal. A blood sample (20 μL) was collected from the tail vein at 5 

min (3 min for IV) and 30 min as well as 1, 2, 4, 8, 12, 24, 36, 48, and 72 h after injection 

and immediately diluted into heparinized PBS (1000 U/mL, #H4784, Sigma, MO). The 
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blood was centrifuged (16 100 rcf, 10 min, 4 °C), and plasma was stored at −20 °C for 

further analysis. Collected plasma samples were loaded onto a 384-well plate (#784076, 

Greiner Bio One International GmbH, NC), and fluorescence intensity was determined 

(Synergy H1 Hybrid Multi-Mode Reader, BioTek Instruments, Inc., VT; Ex: 542 nm/Em: 

585 nm). A linear standard curve was created between the logarithm of the background-

subtracted fluorescence vs. logarithm of the FAF concentrations (13.7, 41.2, 123.5, 370.4, 

1111.1, 3333.3, 10 000.0 nM). FAF concentration was then calculated based on fluorescence 

intensity.

Both noncompartmental and compartmental methods were applied to analyze the PK 

profiles of FAF after IV or SC administration. Noncompartmental analysis was primarily 

based on the determination of the area under the plasma concentration curve (AUC) and the 

area under the moment curve (AUMC), which were first estimated by the trapezoidal 

method. The mean residence time (MRT) of both IV and SC and the SC mean absorption 

time (MAT) were calculated as follows

MRT = AUMC/AUC (4)

MAT = MRTSC − MRTIV (5)

Using these estimates of AUC, the plasma clearance (CL) of both IV and SC and the SC 

bioavailability (F) were estimated as follows

CL/F = dose/AUC (6)

F = AUCSC/AUCIV (7)

Similarly, kelimination and T1/2,elimination were estimated in each individual mouse by fitting 

the last three time points to the following equation.

Cp, Rho − FAF − Rapa = Ae
−keliminationt

(8)

T1/2, eliminiation = 0.693/kelimination (9)

The volume of distribution of both IV and SC was estimated as follows

Vd = CL/kelimination (10)

To obtain pharmacokinetic parameters for the compartmental analysis, the data set of each 

individual mouse was fit to either a one-compartment (IV) or three-compartment (SC) 

pharmacokinetic model using SAAM II (University of Washington, WA). It was not possible 

to account for the late peak times observed using a one-compartment model of absorption 

from the injection site; however, the data was well-fit by two-step absorption from the SC 

injection site to an intermediate interstitial compartment and then to the plasma 
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compartment. To estimate the magnitude of the absorption parameters in the SC data set, it 

was necessary to assume that the kinetic rate constant kinjection site→interstitial fluid is equal to 

kinterstitial fluids→systemic circulation, which is denoted as kabsorption (kabs). The dose and the 

plasma concentrations were fit to these models to determine the volume of distribution (Vd), 

elimination rate constant (kelimination), and kabs. On the basis of these fit parameters, the 

maximum plasma concentration (Cmax), clearance (CL), and elimination half-life 

(T1/2,elimination) were estimated for individual mice. Average values for Vd and kelimination 

from the IV data set were adopted to perform fits for the SC data sets. Equations used for 

compartmental analyses are as follows

CL = keliminationVd (11)

AUC/F = dose/CL (12)

T1/2, absorption = 0.693/kabsorption (13)

F = kabsorption/ kabsorption + kdegradation (14)

To optimize administration frequency through modeling, average plasma concentration from 

five mice administered with SC Rho–FAF–Rapa were solved with fixed values of Vd, 

kabsorption, kelimination, and kdegradation, as reported in Table 2 using SAAM II.

Plasma and Whole Blood Levels of Rapa.

To measure the relative plasma and whole blood levels of Rapa, 1.0 mg of Rapa/kg of BW of 

rhodamine-labeled FAF–Rapa or free Rapa was injected either IV (n = 5 and n = 4, 

respectively) via tail vein or SC (n = 4, each) at the right flank of the animal. Blood was 

collected using a heparinized syringe at 24 h after injection via cardiac puncture. The 

collected blood was split into a “whole blood sample” and a “plasma sample”. For whole 

blood, three cycles of freeze–thaw using −80 °C were applied to lyse RBCs, to release RBC-

bound Rapa, and stored at −20 °C for further LC–MS analysis. For plasma samples, samples 

were centrifuged (16,100 rcf, 10 min, 4 °C) and the supernatant (plasma) was stored at 

−20 °C for further LC–MS analysis. For LC–MS analysis, 25 μL of internal standard (1000 

ng/mL Prograf (Tacrolimus), Astellas Pharma US, Inc., IL) was added to a 50 μL plasma 

sample followed by 350 μL of acetonitrile. The entire mixture was vortexed and then 

centrifuged (16 100 rcf, 5 min, 4 °C). A 40 μL aliquot of supernatant was transferred to 

HPLC microvials, and 30 μL was injected into the LC–MS. The same method was used to 

analyze the whole blood samples. For the standard curve, 50 μL serial dilutions of free Rapa 

or FAF–Rapa were added to a mixture of 25 μL of internal standard (1000 ng/mL of 

Tacrolimus), 50 μL of blank mouse plasma, and 300 μL of acetonitrile to generate 16, 80, 

400, 2000, 10 000 ng/mL Rapa standard solutions. Samples were admixed thoroughly and 

centrifuged (16 100 rcf, 5 min, 4 °C). A 40 μL aliquot of supernatant was transferred to 

HPLC microvials, and 30 μL was injected into the LC–MS. Fluorescence intensity measured 
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from the same plasma sample (Synergy H1 Hybrid Multi-Mode Reader, BioTek Instruments, 

Inc., VT; Ex: 542 nm/Em: 585 nm) was used to calculate the Rapa to FAF ratio in vivo.

Therapeutic Study in Male Non-Obese Diabetic (NOD) Mice, a Model of SS.

Methods described here are adopted and adjusted from the methods used by Shah et al.28 

The male NOD mice were bred in-house from breeding pairs purchased from Taconic 

(strain: NOD/MrkTac, Taconic Biosciences, Inc., NY). Analysis and treatments were 

initiated when animals were 13–15 weeks of age, when SS-like autoimmune dacryoadenitis 

is established. A total of 60 mice were randomly assigned to four different groups receiving 

either vehicle, free Rapa, carrier (FAF only), or FAF–Rapa SC at a dose of 1.0 mg of 

Rapa/kg at the right flank of the animal, every other day for 2 weeks (seven injections). 

Treatments were formulated as follows. For the vehicle, 1 mL of polysorbate 80 

(EM8.22187.0500, EMD Millipore, MA) was mixed with 9 mL of endotoxin-free water to 

generate 10% polysorbate 80. A 1 mL aliquot of polyethylene glycol (PEG) 400 (#202398, 

Sigma, MO) was also mixed with 9 mL of endotoxin-free water to generate 10% PEG 400. 

From each dilution, 2.5 mL was mixed together (10% polysorbate 80 + 10% PEG 400, 5 

mL) and further diluted with 20 mL of endotoxin-free water to generate a 2% polysorbate 80 

+ PEG 400 solution. For free Rapa, 100 mg of rapamycin (R-5000, LC Laboratories Inc., 

MA) was dissolved in 100% EtOH to make 50 mg/mL stock. A 100 μL aliquot of 50 mg/mL 

stock was mixed with 4.9 mL of polysorbate 80 + PEG 400 mixture (1:1 ratio) to make 1.0 

mg/mL rapamycin stock. A 5 mL aliquot of this stock was further diluted with 20 mL of 

endotoxin-free water to generate a 0.2 mg/mL Rapa stock in 2% polysorbate 80 + PEG 400 

solution. For FAF Rapa, based on the molar ratio of Rapa to FAF (1.76:1), a dose of 1.0 mg 

of Rapa/kg of BW was delivered (i.e, 1.64 mg of FAF–Rapa was injected to a 30 g mouse to 

deliver 1.0 mg of Rapa/kg of BW). For carrier (FAF only), the same amount of FAF without 

Rapa was injected to serve as a control. Injection volumes varied from 100–160 μL per 

injection based on the weight of individual mouse. On the basis of a power calculation using 

the variance within the LG infiltration in the NOD mice, the therapeutic study was designed 

as n = 15 per treatment group. All animal use was in full compliance with policies approved 

by the University of Southern California Institutional Animal Care and Use Committee 

(IACUC) and the ARVO statement for the Use of Animals in Ophthalmic and Vision 

Research.

Quantitative Real-Time PCR.

To analyze expression of genes of interest after experimental treatments, total RNA was 

isolated from half of the LG using the RNeasy plus Universal Mini Kit (#73404, Qiagen, 

Germany). The LG was cut into half immediately after collection and stored in an ice-chilled 

bead-prefilled tube (#Z763780, Sigma, MO) supplemented with 900 μL of lysis reagent 

(provided with the kit). Tissues were homogenized (BeadBlaster 24 High-Throughput 

Benchtop Homogenizer, Benchmark Scientific, Inc., NJ; speed: 7, cycle: 2, time: 1 min, 

intermission: 30 s), and clarified lysates were further processed in accord with the 

manufacturer’s protocol. Complementary DNA was prepared from 4 μg of RNA using the 

quantitative real-time PCR (qRT-PCR), which was performed with the TaqMan gene 

expression assays on the QuantStudio 12K Flex Real-Time PCR System for 384-well block 

(#4471134, Applied Biosystems, CA) using the following probes: TNF-α 
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(Mm00443258_m1), IFN-γ (Mm01168134_m1), Akt3 (Mm00442194_m1), MHCII 

(Mm00439216_m1), CTSS (Mm01255859_m1), Col1A1 (Mm00801666_g1), and IL-12a 

(Mm00434165_m1). The GAPDH (Mm99999915_g1) was used as a control gene. Each 

reaction (10 μL) consisted of 0.5 μL of cDNA from the reverse transcription reaction, 4 μL 

of nuclease-free water, 0.5 μL of assay primer, and 5 μL of TaqMan Universal PCR Master 

Mix (#4304437, Applied Biosystems, CA). Each sample was run in triplicate. The thermal 

profile consisted of preheating the samples at 105 °C for 10 min followed by 40 repeats of 

95 °C for 15 s + 60 °C for 1 min. The relative expression levels were calculated using the 

built-in comparative CT method (ΔΔCT method) in the default ABI software.

Stimulated Tear Collection and Cathepsin S Activity Analysis in Tears and LG Lysates.

Stimulated tear collection was performed under full anesthesia (intraperitoneal (I.P.) 

injection of 100 mg/kg ketamine + 10 mg/kg xylazine) as a terminal procedure. A small 

bilateral incision on the axis between the outer junction of the eyelid and the ear was made 

to expose the LG on both sides. Then, 3 μL of 50 μM carbachol (#L06674, Alfa Aesar, MA) 

was applied directly onto the LG to stimulate tear secretion, followed by tear collection from 

both eyes by placing 2 μL microcapillary tubes (#1-000-0020, Drummond Sci. Co., PA) at 

the tear meniscus in the medial canthus for 5 min. The stimulation was performed for a total 

of three times. Collected tears were recorded as a function of the length in the capillary tube 

in millimeters and then converted to microliters (1 mm = 0.625 μL). After tear collection, the 

LG was cut into half and placed in an ice-chilled bead-prefilled tube (D1032–10, Benchmark 

Scientific, NJ) supplemented with 300 μL of lysis buffer (provided with the kit). Tissues 

were homogenized (BeadBlaster 24 High-Throughput Benchtop Homogenizer, Benchmark 

Scientific, Inc., NJ; speed: 7, cycle: 2, time: 1 min, intermission: 30 s). The homogenate was 

centrifuged at 6000 rcf for 10 min at 4 °C. The supernatant was separated carefully and 

analyzed immediately. Cathepsin S (CTSS) activity analysis was measured using the 

cathepsin S Activity kit (#K144–100, BioVision Inc., CA). Clarified LG lysate (10 μL) was 

mixed with 40 μL of lysis buffer, and 50 μL of reaction buffer were added on a 96-well plate 

in duplicates. A 100 μL aliquot of stimulated tear fluid diluted in CTSS reaction buffer was 

also added on the same 96-well plate in duplicates. CTSS substrate (2 μL) was added to all 

wells and incubated at 37 °C for 1 h. The amount of resulting fluorescence was measured 

with a microplate reader (SpectraMax iD3, Molecular Devices, CA). After the experiment, 

the Bio-Rad protein assay was performed to measure total protein concentration, and the 

activity was normalized to 50 μg of total protein for both tears and lysates.

Histopathology Analysis and Serum Chemistry.

Lung, spleen, kidney, liver, and one of each pair of LGs from every mouse was collected at 

the conclusion of the study for histopathology and immediately fixed with 10% neutral 

buffered formalin (#5701, Thermo Fisher, IL), stored at 4 °C overnight, and then transferred 

to 70% EtOH. All organs in 70% EtOH were outsourced for paraffin embedding, sectioning, 

standard H&E staining, and imaging (HistoWiz Inc., NY). For LG, sections from the 25th, 

50th, and 75th percentile regions through each gland were selected for quantitation, and the 

area of the LG occupied by infiltrating lymphocytes was quantified by three blinded 

reviewers for the best estimation of percentage area of infiltrates per gland as previously 

described.27,28 The percentage area infiltrated was calculated by measuring the area of the 
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infiltrate divided by the whole area of the gland using ImageJ (v2.0.0, NIH, MD). For lung, 

spleen, kidney, and liver, two consecutive sections at the 50th percentile regions through 

each organ were stained and analyzed by a blinded, trained pathologist for any signs of acute 

toxicity. For serum chemistry, blood collected via cardiac puncture at the conclusion of the 

study was spun-down (2000 rcf, 10 min, 4 °C) to separate serum and outsourced on the day 

of collection for standardized analysis (Antech Diagnostics, CA).

Statistics.

All statistical analyses were performed using SPSS v21 (SPSS Inc., IL). A two-way ANOVA 

served as a primary statistical method to compare the overall effect of the drug and the 

carrier. If a particular data set showed a significant interaction between Rapa and FAF, then 

the data was further analyzed either by one-way ANOVA or a Kruskal–Wallis nonparametric 

test based on Levene’s test. For two-group comparisons, a two-tailed, independent t test was 

used to compare differences. A p-value less than 0.05 was considered a significant 

difference.

RESULTS

Biophysical Characterization of FAF, a FKBP-ELP Fusion Protein Polymer That Carries 
Rapa.

FAF was heterologously overexpressed from a seamlessly cloned synthetic gene in E. coli 
that encodes the full-length human FKBP12 protein at both the N- and C-terminus of ELP 

A192 (Table 1). Purification was done via inverse transition cycling,36 a standard 

nonchromatographic method of ELP fusion protein purification that utilizes ELP-mediated 

phase separation from cleared bacterial lysates supplemented with 1–2 M NaCl to induce the 

Hofmeister effect.41 Three rounds of purification yielded ~90 mg/L of FAF with >98% 

purity, verified by SDS–PAGE (Figure 2A). The precise determination of molecular weight 

by MALDI-TOF for FAF was reported previously.16 From dynamic light scattering (DLS) 

analysis, the purified product was consistent with a monomeric and monodisperse 

population with a hydrodynamic radius of 8 ± 1 nm from 20 to 37 °C, which suggests that 

FAF remains stable and soluble at physiological temperatures (Figure 2B). The solubility 

profile and biophysical characteristics of FAF did not change after Rapa encapsulation or 

fluorescent dye labeling (Table 1). To determine the Tt of FAF, optical density at 350 nm 

over a range of temperatures was measured (Figure 2C). Fusion of FKBP to ELP did not 

affect the negative correlation between the Tt and the ELP concentration,18 and the phase 

diagram was fit by eq 2. This fit yielded a slope, m, of 5.76 (2.23–8.32, 95% CI) °C per 10-

fold decrease in concentration and an intercept at 1 μM, b, of 65.7 °C (60.34–69.89, 95% 

CI). This fit allows estimation of Tt over a range of concentrations; furthermore, at no 

measured plasma concentrations (1–100 μM) in the in vivo therapeutic studies would FAF 

be expected to phase separate (Figure 2D).

SC Administration Significantly Improves the Pharmacokinetic Profiles of FAF.

To date, an accurate pharmacokinetic profile for SC FAF has not been reported; therefore, to 

estimate the bioavailability and PK parameters for FAF, 1.0 mg of Rapa/kg of BW of Rho–

FAF–Rapa was injected either IV via tail vein (n = 4) or SC at the right flank (n = 5) of male 
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NOD mice. Fluorescence intensities were analyzed from collected plasma samples at the 

designated time points and used to plot the plasma FAF concentration–time profile (Figure 

3A). The collected data set from each individual mouse was further analyzed using both 

compartmental and noncompartmental analyses to estimate all relevant pharmacokinetic 

parameters. For compartmental analysis, a one-compartment model was adopted to interpret 

IV FAF–Rapa, whereas a three-compartment model was necessary to fit the delayed peak for 

SC FAF–Rapa (Figure 3B). A simple two-compartment model with only one absorption 

compartment was unable to fit the observed data. The simplest model that fit SC data was a 

three-compartment model, which includes an interstitial fluid compartment as an 

intermediate absorption compartment. This observation is consistent with previous reports of 

SC-administered biotherapeutics.42 One acceptable interpretation of this model would be 

initial absorption into interstitial fluid, possibly the lymphatic system, followed by a second 

absorption process into the systemic circulation. For the best fit of all data sets, it was 

necessary to assume that both absorption processes were on the same order of magnitude. 

Had either absorption step been much slower than the other, it would have become rate-

limiting, and the simpler two-compartment model would fit the data.43 On the basis of this, 

we assumed that the kinetic rate constant kinjection site→interstitial is equal to 

kinterstitial fluid→systemic circulation, of which both are designated as kabsorption (kabs, Figure 3B, 

Table 2). To allow for loss of Rho–FAF–Rapa prior to appearance in the plasma, a kinetic 

constant of removal from the interstitial fluid is denoted as kdegradation. IV FAF–Rapa 

showed a monoexponential elimination after 8 h of a plateau; however, this phenomenon 

was not captured by the compartmental model parameter estimates. Thus, parameter 

estimates from both compartmental analysis and noncompartmental analysis are reported 

(Table 2). It should be noted that the statistically significantly higher plasma concentration 

of SC FAF–Rapa compared to IV FAF–Rapa during the elimination phase (36~72 h, Figure 

3A) suggests that FAF may be a more effective carrier for sustained release when given SC 

versus IV.

Using acquired compartmental parameters, the administration frequency of FAF–Rapa was 

explored for a 2 week study (Figure 3C). On the basis of modeling, the plasma concentration 

of Rapa reached its peak concentration of 3.47 μM at 12 h, becoming 10-fold lower at 45.6 h 

and 100-fold lower at 69.6 h after administration. Therefore, a 48 h interval between doses 

prevents either progressive accumulation of FAF–Rapa in the body (24 h interval) or much 

more complete clearance of FAF–Rapa before the next dose (72 h interval).

For SC FAF–Rapa, absorption proceeded during the first 24 h, while the maximum 

concentration (Cmax) was reached 12 h after injection, followed by a monoexponential decay 

thereafter (Figure 3A). This behavior can be explained by a mean absorption time of 9.6 h 

and mean residence time of 20.3 h for SC FAF–Rapa (Table 2). The bioavailability of SC 

FAF–Rapa was 52.7–65.5% (Table 2), without apparent loss of Rapa during the absorption 

process (Figure 3D). After 24 h, SC FAF–Rapa maintained its mean loading stoichiometry 

of 1.77 ± 0.3, which exactly matched the initial molar ratio of 1.76:1, whereas some of the 

Rapa was dissociated from FAF when delivered IV. This difference may be due to immediate 

dilution into plasma for IV FAF–Rapa, versus retention in the injection site during the nearly 

10 h absorption process for SC FAF–Rapa. Nonetheless, there was undetectable 
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displacement of Rapa from FAF during absorption, which might otherwise have been a 

limitation of SC administration.

We next explored how FAF affects levels of Rapa in vivo. To do so, 1.0 mg of Rapa/kg of 

BW of free Rapa or Rho–FAF–Rapa was delivered either IV or SC. Blood was collected and 

Rapa concentrations in the plasma and in the whole blood were compared by LC–MS 

analysis, 24 h after injection. FAF delivery resulted in an 8-fold higher plasma Rapa 

concentration compared to that of the free formulation (Figure 3E). Consistent with the 

elevated plasma concentrations for Rho–FAF–Rapa beyond 24 h (Figure 3A), SC delivery 

also increased the Rapa concentration by 1.8-fold compared to IV administration (Figure 

3E).

The presence of at least two types of FKBPs in erythrocytes, cytosolic FKBP12 and 

membrane-bound FKBP13, can fractionate Rapa in systemic circulation by extraction into 

red blood cells (RBC).44 The interaction between Rapa and RBCs is problematic in that it 

elicits hematologic toxicities which can cause discontinuation of the treatment.10 We wanted 

to test whether site-specific encapsulation of Rapa to our carrier, thus masking Rapa’s 

binding motif to FKBPs, effectively inhibits Rapa–RBC interaction in vivo. We observed a 

significant improvement in the plasma-to-whole blood ratio of Rapa when delivered by FAF. 

The plasma-to-whole blood ratio of free Rapa was 0.9:1 for IV and 1:1 for SC, but this ratio 

increased to 1.4:1 for IV (1.5-fold increase) and 1.5:1 for SC (1.5-fold increase) when 

delivered by FAF (Figure 3F). These elevated ratios are consistent with the retention of Rapa 

in the plasma by FAF even 1 day after administration of the formulation.

Rapa Significantly Suppresses Lymphocytic Infiltration in the LG.

To evaluate the effect of SC FAF–Rapa and free Rapa on the characteristic autoimmune 

dacryoadenitis associated with SS, one of each pair of LGs collected from control and 

treated mice at the conclusion of the study were sectioned and histopathologically quantified 

to compare the extent of lymphocytic infiltration (Figure 4A). Relative to healthy LG, an 

inflamed LG shows evidence of lymphocytic infiltration throughout the whole organ (Figure 

4B, outlined in blue). Both FAF–Rapa (9 ± 5.6%) and free Rapa (7 ± 3.7%) significantly 

suppressed lymphocytic infiltration in the LG compared to FAF alone (15 ± 8.4%) or vehicle 

(21 ± 10.3%, percent area covered, mean ± SD) control (Figure 4C). The ability of FAF–

Rapa to suppress lymphocytic infiltration did not differ from free Rapa.

SC Rapa Modulates Gene Expression of Proteins Involved in Inflammation, Antigen 
Presentation, and Fibrosis.

The health of the LG is not only governed by lymphocytic infiltration but also fibrosis, 

autophagy, and levels of cytokines.45 Elevations in gene expression of major 

histocompatibility complex II (MHC II) in various autoimmune and inflammatory diseases 

is well-known,46 a factor that may drive lymphocytic infiltration in the LG.47,48 Moreover, 

major proinflammatory cytokines, such as IL-12a, IFN-γ, and TNF-α, are significantly 

elevated in the inflamed LG.49–51 The downregulation of genes encoding these proteins was 

seen in our previous gene expression profiling in the LG upon mTOR inhibition by IV Rapa 

treatment.27 We analyzed the expression profiles of genes responsible for autoimmune 
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activation and inflammation to assess changes in immune and inflammatory environments 

with treatment with free Rapa or FAF–Rapa. Indeed, with both treatments, a decrease in 

lymphocytic infiltration in the LG was linked with decreased gene expression levels of MHC 

II, IL-12a, and IFN-γ (Figure 5A–C). Rapa caused no difference in the gene expression level 

of TNF-α (Figure 5D).

One of the hallmarks of the LG in SS patients is degradation of extracellular matrix and 

deposition of collagen, leading to LG fibrosis.52 An antifibrotic effect of Rapa on renal,53 

skin,54 cardiac,55 pulmonary,56 and hepatic57 fibrosis models has been reported, with a 

common feature manifested as a decrease in type I collagen expression, and its secretion to 

and deposition at the extracellular space. To see whether free Rapa and FAF–Rapa 

suppresses LG fibrosis, we analyzed the gene expression level of type I collagen, α1 

(Col1A1) in the LG. Free Rapa-and FAF–Rapa-delivered SC significantly lowered gene 

expression of Col1A1 (p < 0.001, Figure 5E), which suggests Rapa may protect the LG from 

fibrosis. This is consistent with our previous findings from topical instillation of Rapa as an 

ophthalmic emulsion or IV administration via micellar FKBP-ELP fusion protein 

(unpublished data). Although more studies are required, we propose that Rapa may act 

through inhibition of mTOR, which decreases type 1 collagen expression and reduces LG 

fibrosis; furthermore, this may proceed via mTOR’s kinase activity toward LARP6 as 

recently reported by Zhang and Stefanovic.58

Gene expression changes in Akt3 were collected as a surrogate marker for autophagy. The 

role of autophagy in LG inflammation is controversial, as some researchers show autophagy 

is highly activated or at least dysregulated in the inflamed LG, thus worsening the disease,59 

whereas others report that activation of autophagy during the disease progression can aid the 

gland in processing accumulated cell debris, thus promoting its health.60 Our previous gene 

expression profiling showed downregulation of Akt3 in the LG upon IV Rapa treatment,27 

associated with induction of autophagy. This change was reconfirmed in a recent topical 

Rapa study over a 12 week period;28 however, no significant gene expression change was 

observed in the LG in this 2 week treatment (Figure 5F).

We did not observe an enhanced effect of FAF–Rapa compared to free Rapa on 

proinflammatory gene expression profiles, suggesting that FAF–Rapa is similar in effect to 

free Rapa.

Rapa Reduces Cathepsin S (CTSS) Activity in the LG.

Among several candidates proposed as SS tear biomarkers, cathepsin S (CTSS) activity has 

emerged.61,62 An endolysosomal protease, CTSS is a member of the cysteine cathepsin 

protease family, with dysregulated activity linked to various diseases including cancer and 

autoimmune disorders.63 When it is dysregulated, CTSS may be secreted extracellularly and 

digest various molecules that maintain homeostasis. Its elevated activity has been confirmed 

in clinical studies showing that increased tear CTSS activity distinguishes SS patients from 

patients with non-autoimmune dry eye disease, other autoimmune diseases, and healthy 

controls.61,62 In the NOD mice, CTSS gene expression and activity are increased in LG 

lysates as well as in tears30,64 and its reduction was correlated with the therapeutic activity 

of Rapa.27,28 To see if FAF–Rapa affected LG CTSS, activity in LG lysates from male NOD 
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mice treated with FAF–Rapa was compared with that of controls. Results show that SC 

FAF–Rapa successfully reduced CTSS activity in the LG (Figure 6A) with no significant 

effect on CTSS gene expression in the LG and CTSS activity in tears (Figure 6B,C). The 

ability for FAF–Rapa to reduce CTSS activity was not statistically significantly different 

from that of the free Rapa. The lack of effect on tear CTSS levels may be because the SS-

like disease was not yet fully developed within the cohort of mice enrolled to this study. The 

degree of autoimmune dacryoadenitis in different cohorts of NOD mice can be variable. We 

observed lower LG infiltration by lymphocytes in this cohort (~20%, Figure 4) compared to 

some previous studies in NOD mice (35–45%).27,28 Since disease may not have been as 

developed, CTSS activity might not have been elevated enough in tears to reveal a response 

to Rapa. Another reason might be the bioavailability of SC FAF–Rapa. Compared to 100% 

bioavailability for IV FAF–Rapa, 53–66% bioavailability for SC FAF–Rapa may be 

sufficient only to reduce CTSS activity in the LG. Dosing and administration frequency 

optimization may be able to improve therapeutic efficacy of SC FAF–Rapa to further 

decrease tear CTSS at the ocular surface.

Histopathological Evaluation Reveals FAF–Rapa as a Biocompatible System for SC 
Delivery of Rapa.

At the conclusion of the study, major organs and blood samples were collected for 

histopathological and toxicological evaluation upon FAF–Rapa treatment. Organs subjected 

to H&E staining did not show any evidence of systemic toxicity (Figure 7 and Supplemental 

Table 1), and organ weights remained in the normal range across all treatment groups (Table 

3). Rapa may be favored over calcineurin inhibitors (cyclosporin A or tacrolimus) because of 

its manageable renal toxicity65,66 and thus is approved for use in renal allograft recipients; 

however, concerns regarding nephrotoxicity of Rapa remain.67 On the other hand, Rapa 

damages the liver in humans because of an abundance of FKBP51 in liver tissue, which is 

12:1 in molar ratio to FKBP12;68 thus, Rapa is not indicated for liver transplantation. Its 

hepatotoxicity has been verified in mouse models.69,70 To observe if FAF–Rapa induced any 

systemic toxicity during our therapeutic study, serum alanine aminotransferase (ALT), 

alkaline phosphatase (ALP) (indicators of liver damage), blood urea nitrogen (BUN), and 

creatinine levels (indicators of kidney damage) were analyzed.71,72 As compared in Table 3, 

there was no apparent nephro or hepatotoxicities upon FAF–Rapa treatment in this study. 

Free Rapa- and FAF–Rapa-treated groups showed a trend to an increase ALT, which was 

statistically insignificant. It should be noted that 1 out of 15 mice treated with FAF–Rapa 

showed an unusually high level of ALT (824 IU/L), which led to an overall higher value for 

the FAF–Rapa group; however, the ALP, BUN, creatinine, and BUN/creatinine ratio of this 

particular mouse remained normal. One parameter that was significantly different for the 

FAF–Rapa-treated group compared to the other three groups was a body weight change. 

Only FAF–Rapa-treated mice experienced a body weight loss over a 2 week period. This 

may be due to a significantly increased blood concentration of FAF–Rapa compared to free 

Rapa (Figure 3E).

Termination of Rapa Treatment Resolves Hyperglycemia.

One side effect associated with Rapa or Rapalogs (temsirolimus, everolimus, and 

ridaforolimus), also seen with other mTOR inhibitors, is metabolic complications, such as 
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hyperglycemia, hypercholesterolemia, and hypertriglyceridemia.10 It has been reported that 

about 70% of patients who received Rapalogs experienced all-grade metabolic disorders of 

any kind, of which 25% are all-grade hyperglycemia. Within this 25%, only 7% of patients 

are diagnosed with grade 3–4 (250–500 mg/dL or higher), while the majority experienced 

mild-to-moderate hyperglycemia.73 To distinguish the elevated glucose level as a result of 

spontaneous development of diabetes in male NOD mice74 from Rapa treatment, blood 

glucose levels were monitored before and after the study. FAF–Rapa-treated mice 

experienced elevated blood glucose, even compared to free Rapa-treated mice (Figure 8A). 

Among 15 mice treated with FAF–Rapa, 6 mice were identified as hyperglycemic (>250 mg/

dL). The mean difference in blood glucose before and after treatment with FAF–Rapa (n = 

15) was +150 ± 99 mg/dL, whereas this value was +49 ± 62 mg/dL for free Rapa-treated 

mice (n = 15) (Mean ± SD). Mice treated with vehicle (+19 ± 85 mg/dL, n = 15) or carrier 

(+12 ± 36 mg/dL, n =15) did not show significant differences in blood glucose before and 

after the treatment. While the FAF–Rapa-treated population had a higher incidence of body 

weight loss and blood glucose, within individual subjects, there was no correlation between 

the percent body weight change and the severity of hyperglycemia (Figure 8B and Table 3).

In the clinic, hyperglycemia can be resolved by a combination of dietary control, oral 

medication, and insulin, as recommended by the American Diabetes Association 

(www.diabetes.org).73,75 To confirm that FAF–Rapa-induced hyperglycemia was reversible, 

we replicated the treatment procedure described in Figure 1 in age-matched male NOD mice 

and healthy Balb/C mice and monitored their blood glucose changes during and after the 

treatment (Figure 8C,D). The glucose levels in male NOD mice upon FAF–Rapa treatment 

showed a heterogeneous characteristic of that seen in the human population. One (M1) 

mouse with a high baseline blood glucose progressed to levels consistent with diabetes, 

which may be representative of a subset of human populations with baseline-elevated blood 

glucose, which have a higher incidence of hyperglycemia and diabetes with this drug.76 Two 

(M2, M4) out of five mice were unaffected by FAF–Rapa. Two mice (M2, M4) with elevated 

blood glucose upon treatment showed levels restored to normal immediately after FAF–Rapa 

was removed. The lag time of 4–5 days until restoration to the baseline is consistent with the 

pharmacokinetic behavior of SC FAF–Rapa presented in Figure 3A Unlike the NOD mice, 

BALB/c mice did not experience hyperglycemia under the same treatment schedule. This 

suggests that the observed elevated glucose level is not a result of spontaneous development 

of diabetes in male NOD mice and the metabolic complications induced by SC FAF–Rapa 

are not permanent and can be managed with conventional methods. While the NOD mouse 

is also a model of T-cell-mediated type I diabetes, it remains unclear how FAF–Rapa-

mediated hyperglycemia would progress in otherwise healthy humans.

DISCUSSION

The subcutaneous (SC) space has long been favored for drug delivery, whereby the injection 

site behaves as a drug depot. In comparison to intravenous (IV) administration, SC delivery 

is fast and can be performed easily at home.77 For example, a recent study compared IV to 

SC administration of trastuzumab in HER2-positive breast cancer patients. When 

administered SC, trastuzumab showed equivalent pharmacodynamic, pharmacokinetic, and 

safety profiles compared to standard IV administration and was highly preferred by patients. 
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Two principal reasons for this preference were the reduced pain during injection (158 out of 

236 patients, 67%) and the shorter time for injection (5 min per SC injection vs. 30~90 min 

for IV infusions). Given that patients commonly receive 17–25 trastuzumab IV infusions per 

year (every 2–3 weeks), SC injections every 3 weeks were preferred by 91.5% of patients.78 

Another study compared time spent by healthcare professionals and costs for SC and IV 

administration.79 The time spent by healthcare professionals from preparation to 

administration of SC rituximab was only 0.8 h, compared to 3.8 h for IV administration, 

while the time that patients spent in treatment rooms was only 1.2 h for SC administration, 

compared to 4.4 h for IV administration. SC administration decreased the total mean staff 

cost by 140~160 US dollar equivalents per session. While there are oral formulations of 

rapamycin, low oral bioavailability creates unpredictable PK profiles and variability in the 

severity of side effects.8–12 In comparison to drugs with poor oral bioavailability and 

unfavorable pharmacokinetic profiles, SC administration has been reported to improve 

therapeutic index and patient compliance.80 While there are no approved SC formulations 

for rapamycin, this drug has been extensively used in sustained release formulations such as 

from drug-eluting stents.81

Strategies to treat SS are primarily focused on systemic immune suppression. The majority 

of clinical trials have targeted B-cells and T-cells, with fewer focused on proinflammatory 

cytokines, and very few studies have been directed to intracellular pathways.82 In 

considering the targeting of intracellular pathways, JAK-STAT pathway inhibition 

(clinicaltrials.gov identifier: ), CTSS inhibition (), and ubiquitin/proteasome inhibition83 

have been explored but not yet the mTOR pathway. The study described here, to the best of 

our knowledge, is the first report targeting mTOR signaling by an SC Rapa formulation to 

treat autoimmune dacryoadenitis in a murine model of SS. This target, drug, and route of 

administration has never been tested in the clinical or preclinical setting. On the basis of the 

data presented, FAF–Rapa is a highly promising SC-injectable therapeutic candidate for SS. 

As with any other new formulation, extensive preclinical and clinical toxicology studies will 

be required for further development.

To explore pharmacodynamic advantages of using FAF to deliver SC Rapa, we chose to 

compare it to free Rapa solubilized using components (PEG and polysorbate 80) found in 

the oral formulation known as Rapamune. While valuable as a control, solubilization alone 

during SC administration is unlikely to improve its absorption into circulation, entrapment 

by red blood cells, or toxicity profile. Instead, we propose that high affinity binding between 

our FKBP moieties on FAF has the potential to improve SC bioavailability, the plasma-to-

whole blood ratio, and the absolute plasma concentration of Rapa. As a drug carrier, such a 

scenario could be pharmacodynamically advantageous compared to that of a solubilizer-

based formulation. While SC FAF–Rapa achieved higher plasma levels than SC free Rapa 

(Figure 3E), the therapeutic end points related to autoimmune dacryoadenitis explored in 

this manuscript (Figures 4–6) do not distinguish profound differences between the two 

formulations. This lack of difference likely stems from the fact that both FAF–Rapa and free 

Rapa are effective at the relatively high dose evaluated. Even so, the 8-fold increase in the 

absolute plasma level of SC FAF–Rapa compared to free Rapa strongly suggests the drug 

remains bound to the carrier in the blood near Cmax. If true, then it remains plausible that 

FAF–Rapa will remain associated even while interacting with lymphocytes and normal cells 
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of the LG. To support this contention, we recently reported that in vitro cellular uptake of 

FAF–Rapa occurs through macropinocytosis, which differed significantly from simple 

diffusion of free Rapa.84 Further studies must now explore if FAF–Rapa exhibits a 

therapeutic effect at a subtherapeutic dose or frequency of free Rapa. These studies may 

solve the body weight loss (Table 3) and induction of hyperglycemia (Figure 8) observed 

during SC FAF–Rapa treatment. It should be noted that our preclinical study presented here 

collected only Rapa plasma concentrations near the Cmax for FAF, which may be useful for 

translation to clinical settings. Although the dose in this study (1.0 mg of Rapa/kg) cannot be 

directly compared to the clinical dose (0.02–0.04 mg of Rapa/kg), 1.0 mg of Rapa/kg in 

mice achieved a plasma Cmax (0.4 ng of Rapa/mL) that is very similar to plasma Cmax in 

humans (0.5 ng/mL) reported after oral administration of 2 mg of Rapamune.85

In healthy humans, the plasma-to-whole blood ratio of Rapa is about 1:106.86 This extreme 

partitioning to human red blood cells differs significantly from that observed in other 

species, such as rabbits, rats, or mice.87 In male NOD mice, free Rapa gave a plasma-to-

whole blood ratio of only 1:1, which was significantly increased to 1.5:1 when formulated as 

FAF–Rapa (Figure 3F). The observation of 1:1 for the plasma-to-whole blood ratio of Rapa 

in our murine model is similar to that reported by others.88 It has been proposed that other 

isoforms of FKBP could play a role in this difference. For example, cytosolic FKBP12 and 

membrane-bound FKBP13 on RBCs have been proposed to modulate the high plasma-to-

whole blood ratio seen in humans.89 The nucleotide sequences encoding the binding pocket 

for Rapa in human and mouse FKBP12 and FKBP13 are highly conserved, which suggests 

they may have similar affinities.89 There exists the possibility that differential expression or 

cellular localization may also play a role; however, we were unable to find data to support or 

reject this possibility. Another reasonable explanation could be the differential stability of 

Rapa in whole blood between humans and rodents.87 Rapa’s half-life in whole blood taken 

from humans is 135 h, while in whole blood taken from rats, it is only 15 h. This suggests 

that entrapment in human RBCs protects Rapa from degradation better than in the whole 

blood of rodents. Although the exact mechanism underlying differences in plasma-to-whole 

blood ratios of Rapa between humans and other species remains unknown, the fact that this 

study detected a significant 50% increase in plasma-to-whole blood ratio for Rapa (Figure 

3F) suggests that FAF may significantly affect hematologic toxicities of Rapa in humans, 

which commonly result in discontinuation of treatment.10

Current formulations of Rapa (sirolimus) or Rapalogs (everolimus, temsirolimus, 

ridaforolimus) are limited to oral or IV administration. Despite poor bioavailability and 

frequent discontinuation due to side effects, free Rapa (sirolimus) and everolimus, 2 mg/day 

(www.pfizermedicalinformation.com) and 10 mg/day (www.hcp.novartis.com), respectively 

are administered orally to patients. Temsirolimus and ridaforolimus are slightly more water-

soluble and formulated for IV infusion. Temsirolimus is infused as 25 mg/week over 30–60 

min (www.pfizermedicalinformation.com). Ridaforolimus is being tested as an IV infusion 

of 12.5 mg/daily for 5 days every 2 weeks.90,91 Despite the potential opportunities for a SC 

formulation, none of these Rapalogs are given SC because of the lack of an effective carrier. 

The results of this manuscript suggest that FAF–Rapa may represent a first-generation SC 

carrier, which can be further optimized to reduce administration frequency and dose, reduce 

dose-limiting side effects, and increase patient compliance in the clinic.
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ABBREVIATIONS

CTSS cathepsin S

DLS dynamic light scattering

ELPs elastin-like polypeptides

FAF FKBP-A192-FKBP

FKBP FK506-binding protein

ITC inverse transition cycling

IV intravenous

LG lacrimal gland

MHC II major histocompatibility complex II

NOD non-obese diabetic

Rapa rapamycin

RBC red blood cells

SS Sjögren’s syndrome

SC subcutanous

USFDA United States Food and Drug Administration

WB whole blood
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Figure 1. 
Berunda polypeptides are humanized fusions of the FKBP12 protein that promote solvent-

free, burst-free subcutaneous (SC) administration of Rapa to a murine model of autoimmune 

dacryoadenitis. Genes encoding the FK506-binding protein (12 kDa) were fused to each end 

of an ELP called A192 (73 kDa) to create a biheaded, biocompatible, and biodegradable 

drug carrier known as FAF. FAF was expressed via bacterial fermentation, purified at high 

yield by ELP-mediated purification, and used to solubilize Rapa. To explore the 

immunosuppressive properties of this formulation, FAF–Rapa was evaluated after SC 

injection to 14 week old male non-obese diabetic (NOD) mice every other day for 2 weeks. 

Male NOD mice of this age have developed autoimmune inflammation of the lacrimal gland 

(LG), also known as dacryoadenitis, leading to reduced tear production and dry eyes. At the 

termination of the study (Day 16), LG, tears, tissues, and serum were collected and analyzed 

using histology, gene expression, serum biochemistry, and the activity of a tear and tissue 

biomarker for SS known as cathepsin S.

Lee et al. Page 24

Mol Pharm. Author manuscript; available in PMC 2020 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
High molecular weight FAF–Rapa has the purity, size, and concentration–temperature phase 

behavior necessary for stability at body temperature. (A) Identity, purity, and fluorescence of 

FAF, FAF–Rapa, and rhodamine-labeled FAF–Rapa (Rho–FAF–Rapa) were analyzed by 

Coomassie blue staining and fluorescence imaging of SDS–PAGE. (B) Dynamic light 

scattering shows that all three formulations (Table 1) remain monodisperse at 37 °C (10 μM, 

PBS). (C) Optical density of FAF was monitored as a function of temperature at 350 nm to 

confirm solubility in PBS at physiological temperatures (shaded area). The Tt of FAF at 25 

μM was 57.0 °C. (D) Using optical density, the phase transition temperature was plotted vs. 

concentration as a phase diagram, below which FAF remains soluble (n = 3, Mean ± SD). 

The shaded area indicates physiological temperatures. Dotted lines show a 95% confidence 

interval (CI) of the mean.
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Figure 3. 
Pharmacokinetic analysis reveals that SC administration of FAF–Rapa improves 

pharmacokinetic properties of Rapa. (A–D) 1.0 mg of Rapa/kg of BW of Rho–FAF–Rapa 

was injected either IV (n = 4) or SC (n = 5) to male NOD mice. (A) Data for the first 10 h 

are shown in the inset. SC administration yielded significantly higher Rho–FAF 

concentrations at 36, 48, and 72 h (Mean ± SD). A Student’s t test was used to compare 

groups. (B) Data were well-fit by either a one-compartment (IV) or three-compartment (SC) 

pharmacokinetic model as indicated. kabs = kabsorption. (C) On the basis of these parameters, 

pharmacokinetic modeling was performed to explore several dosing options prior to 

initiating a therapeutic study. (D–F) Male NOD mice were injected with 1.0 mg of Rapa/kg 

of BW as free Rapa IV (n = 4), free Rapa SC (n = 4), FAF–Rapa IV (n = 5), or FAF–Rapa 

SC (n = 4). Plasma and whole blood samples were collected via cardiac puncture after 24 h. 

(D) For each sample, Rapa concentration analyzed by LC–MS was compared with its 

fluorescence intensity analyzed by a plate reader to measure the Rapa to FAF ratio (min, 

mean, and max are depicted). A Student’s t test was used to compare groups, which revealed 

that at 24 h, SC administration retained nearly the starting ~2:1 ratio of Rapa:FAF, while 

FAF–Rapa-administered IV had lost about half of the bound drug. (E) Rapa concentration 

from each sample was analyzed by LC–MS (Mean ± SD). A Student’s t test and one-way 

ANOVA were used to compare groups. (F) For each sample, Rapa concentration in the 

plasma was compared to that of the whole blood (WB) (min, mean, and max are depicted). 

A two-way ANOVA was used to compare groups, which revealed that FAF reduces 

accumulation of Rapa in blood cells compared to the free drug.
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Figure 4. 
Rapa reduces lymphocytic infiltration in the LG of male NOD mice. (A) One of each pair of 

LGs from each mouse in the cohort was collected at the conclusion of the study. The 25th, 

50th, and 75th percentile sections from each LG were quantified by three blinded observers 

to determine the average percentage area of infiltrate per gland (n = 15). (B) Inflamed LGs 

show areas of purple nuclear staining, which indicate foci of infiltrating lymphocytes 

(outlined in blue). Lymphocytic infiltration was reduced by FAF–Rapa (middle panel). The 

scale bar represents 200 μm. (C) The percentage area of infiltration was calculated using 

ImageJ (Mean ± SD).
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Figure 5. 
Gene expression profile of proteins involved in inflammation, antigen presentation, and 

autophagy in LG of male NOD mice treated with subcutaneous Rapa. One of each pair of 

LGs from mice in the treatment cohorts was collected at the conclusion of the study for 

mRNA extraction. Extracted mRNAs were reverse transcribed to cDNA and further 

analyzed by quantitative real-time PCR. Gene expression levels were normalized to vehicle 

(mean ± SD, n = 9). Two-way ANOVA was used to compare effects of drug and carrier. On 

the basis of a significant interaction between Rapa and FAF for Col1A1 (p = 0.025), one-

way ANOVA and post hoc comparisons revealed significant differences between vehicle vs 

FAF–Rapa (p = 0.003); free Rapa vs FAF (p = 0.007); and FAF vs FAF–Rapa (p < 0.001).
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Figure 6. 
Rapa suppresses proteolytic CTSS activity in the LG but not in the tears. At the conclusion 

of the 2 week study, LG and tears were collected immediately after euthanasia for CTSS 

activity and gene expression analysis. (A) A significant decrease in CTSS activity was 

observed in the LG lysates after SC Rapa treatments (n = 9). (B) No statistical significance 

was observed for CTSS gene expression level in the LG over a 2 week period (n = 12). (C) 

No statistical significance was achieved for CTSS activity in tears over a 2 week period (n = 

9). Two-way ANOVA was used to compare the effects of the drug and carrier (Mean ± SD).
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Figure 7. 
Histopathology of mouse organs reveals no systemic toxicity of FAF–Rapa at a therapeutic 

dose. At the conclusion of the study, organs and bloods from mice were sampled upon 

euthanasia. Organs were fixed, paraffin-embedded, sectioned, and stained with H&E. 

Kidney (n = 3), spleen (n = 3), lung (n = 3), and liver (n = 5) were analyzed by a blinded, 

trained pathologist. Images of organs from one representative mouse from each group were 

selected by a pathologist and shown. Black bar represents 100 μm.
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Figure 8. 
FAF–Rapa induces temporary hyperglycemia in NOD mice that resolves after termination of 

the treatment. (A) At the conclusion of the study as described in Figure 1, blood glucose 

levels of individual mice were measured. The dotted line shows 250 mg/dL, which is a 

criterion for hyperglycemia. A Kruskal–Wallis nonparametric test was performed based on a 

statistical significance achieved by Rapa treatment (Vehicle + FAF vs free Rapa + FAF–

Rapa, p < 0.001) and significant interaction between Rapa and FAF (p = 0.004) using two-

way ANOVA (Mean ± SD, n = 15). Results of the Kruskal–Wallis nonparametric test are 

presented. (B) Each mouse treated with FAF–Rapa was further analyzed to correlate percent 

body weight change to blood glucose change, before and after the treatment. Mice with final 

blood glucose less than 200 mg/dL (circle), between 200 and 250 mg/dL (triangle), and 

above 250 mg/dL (square) were plotted. (C,D) In two additional studies, FAF–Rapa was 

administered as described in Figure 1 (shaded area) to either (C) male NOD mice (n = 5) or 

(D) male Balb/C mice (n = 5), and the blood glucose levels of individual mice (M1~M5) 

were monitored for 2 weeks after termination of the treatment.
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Table 1.

Biophysical Characteristics of FAF, FAF–Rapa, and Rhodamine-Labeled FAF–Rapa

Rh (nm)
c
 at

label formulation composition
a

MW (kDa)
b

20 °C 37 °C

FAF FKBP–G(VPGAG)192–FKBP 96.6 8 ± 1 8 ± 1

FAF–Rapa Rapa/FKBP–G(VPGAG)192–FKBP/Rapa 98.3 9 ± 2 8 ± 0.3

Rho–FAF–Rapa rhodamine–[Rapa/FKBP–G(VPGAG)192–FKBP/Rapa] 98.8 9 ± 1 7 ± 0.3

a
FKBP amino acid sequence: GVQVETISPGDGRTFPKRGQT 

CVVHYTGMLEDGKKFDSSRDRNKPFKFMLGKQEVIRGWEEGVAQMSVGQRAKLTISPDYAYGATGHPGIIPPHATLVFDVELLKLE. 
G(VPGAG)192Y is the amino acid sequence of the elastin-like polypeptide, A192.

b
Expected molecular weights for FAF–Rapa and Rho–FAF–Rapa were reported based on observed 1:1 molar ratios of Rapa to FKBP and the 

rhodamine-labeling ratio.

c
Hydrodynamic radii of each formulation (of 10 μM, PBS) were determined in triplicate by DLS (Mean ± SD).
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