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Abstract

Therapeutic protein products can cause adverse immune responses in patients. The presence of 

sub-visible particles is a potential contributing factor to the immunogenicity of parenterally-

administered therapeutic protein formulations. Silicone oil microdroplets, which derive from 

silicone oil used as a lubricating coating on barrels of prefilled glass syringes, are often found in 

formulations. In this study, we investigated the potential of silicone oil microdroplets to act as 

adjuvants to induce an immune response in mice against a recombinant murine protein. Antibody 

responses in mice to subcutaneous injections of formulations of recombinant murine growth 

hormone (rmGH) that contained silicone oil microdroplets were measured and compared to 

responses to oil-free rmGH formulations. When rmGH formulations containing silicone oil 

microdroplets were administered once every other week, anti-rmGH antibodies were not detected. 

In contrast, mice exhibited a small IgG1 response against rmGH when silicone oil-containing 

rmGH formulations were administered daily, and an anti-rmGH IgM response was observed at 

later time points. Our findings showed that silicone oil microdroplets can act as an adjuvant to 

promote a break in immunological tolerance and induce antibody responses against a recombinant 

self-protein.
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INTRODUCTION

The presence of sub-visible particles in injectable formulations of therapeutic proteins has 

been identified as a risk factor for unwanted immunogenicity.1–11 These particles can be 

composed of protein and/or foreign materials that may be introduced during manufacturing 

or shed into formulations from product storage containers. For example, particles composed 

of foreign material including glass flakes shed from glass vials and stainless steel 

microparticles eroded from filler pumps have been found in drug products.12, 13 Studies 

conducted in mice have shown that glass particles or stainless steel particles in protein 

formulations can act as adjuvants and enhance antibody responses against co-administered 

proteins.14–16

Silicone oil microdroplets are another type of sub-visible particle found in protein 

formulations. Silicone oil is the lubricant typically used in glass prefilled syringes in order to 

allow smooth movement of the plunger through the syringe during administration to 

patients.17 Prefilled syringes are commonly used for storage and delivery of therapeutic 

protein products. Their reduced handling requirements, ease of administration, reduced risk 

of contamination, and elimination of the need for overfill make prefilled syringes a popular 

choice among producers and consumers.17, 18 Because prefilled syringes function as a 

storage container as well as a delivery device, therapeutic proteins within these syringes are 

exposed to silicone oil for their entire shelf life.19 During storage, shipping, and 

administration to the patient, silicone oil can be shed from the syringe barrel wall, forming 

microdroplets of silicone oil within the protein formulation.18, 20

Silicone oils are also used in breast implants. Breast implants are constructed of an outer 

shell made of silicone elastomer and a silicone oil filler material.21 Breast implant 

augmentation and reconstruction is the second most common plastic surgery procedure in 

the United States, with over 280,000 surgeries conducted in 2014.22 Silicone-filled breast 

implants may rupture or leak, releasing silicone oil microdroplets to the surrounding tissue. 

Concerns persist that rupture or leakage of silicone oil from breast implants may induce 

autoimmune responses in patients.23

The instability of proteins in the presence of silicone oil has been a concern in the 

biopharmaceutical industry for decades.24–26 Studies have shown that proteins of many 

types readily adsorb to silicone oil including monoclonal antibodies, fusion proteins, and 

enzymes.27–31 Silicone oil may cause protein aggregation and/or perturbations in protein 

structure.27–29, 31–33 Also, visible particulates have been observed in protein formulations 

stored in siliconized syringes.31, 34, 35

It is unknown whether protein instability in the presence of silicone oil might increase the 

risk of immunogenicity. However, insights may be gained from studies on vaccines. In 

vaccine formulations, particulate adjuvants that adsorb antigen are regularly added in order 

to increase immunogenicity of the antigen.36 Two common vaccine adjuvants are Freund’s 

adjuvant and MF59, which are both emulsions composed of oil and water and include 

surfactant for stabilization. Complete Freund’s adjuvant (CFA) and incomplete Freund’s 

adjuvant (IFA) contain high oil contents and are only approved for use in animal models. 
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MF59 is an oil-in-water emulsion that was approved for use in humans in Europe and is 

found in several vaccines, including the influenza vaccine.37 We hypothesize that the 

silicone oil microdroplets present in therapeutic protein formulations may act in a fashion 

similar to that of these oil-based vaccine adjuvants and augment immune responses to 

administered proteins.

Several animal studies have been conducted to examine the effects of silicone oil 

microdroplets on the immunogenicity of proteins. In these studies, the proteins tested were 

recognized as foreign to the animal model used. In the 1990’s, a study showed that antibody 

responses in rats injected with a bovine serum albumin (BSA) solution containing silicone 

oil were stronger than antibody responses in mice injected with a silicone oil-free BSA 

solution.38 Recently, a study found that mice injected with ovalbumin formulations 

containing silicone oil microdroplets elicited robust antibody responses against ovalbumin; 

the adjuvant effect of the added silicone oil was equivalent to that of aluminum hydroxide, 

the common microparticle-based vaccine adjuvant.39 Another study reported that BALB/c 

mice (which do not produce IgG2c antibodies) exhibited enhanced immune responses when 

the mice were injected with a murine monoclonal IgG2c antibody in a formulation that 

contained silicone oil microdroplets.40

Many therapeutic proteins are engineered to be identical to their endogenous counterparts 

and thus might not be expected to be immunogenic. However, even these protein products 

can cause adverse immune response in patients and result in production of anti-drug 

antibodies (ADAs).41, 42 ADAs may decrease the efficacy of the drug product and/or induce 

severe side effects in patients.42, 43 Antibody formation in patients has been reported for a 

number of recombinant therapeutic protein products on the market, including recombinant 

human insulin, recombinant human growth hormone, recombinant interferon-beta, and anti-

tumor necrosis factor-alpha monoclonal antibodies such as adalimumab and infliximab.44–51 

As discussed above, silicone oil microdroplets can act as an adjuvant to elicit antibody 

responses against foreign proteins, but it is unknown whether their presence in formulations 

of therapeutic proteins with less inherent immunogenicity -such as recombinant proteins that 

are nominally identical to endogenous proteins- can produce a similar adjuvant response.

In this study, we investigated the capability of silicone oil microdroplets to induce an 

antibody response in mice against recombinant murine growth hormone (rmGH). Murine 

growth hormone is produced constitutively in mice, and thus the nominally identical rmGH 

would be expected to be immunologically well-tolerated in mice. In Study 1, we measured 

antibody responses in mice to two injections of rmGH formulations that contained silicone 

oil microdroplets. The second injection was administered two weeks after the first injection. 

In Study 2, we measured antibody responses in mice after daily injections of rmGH 

formulations containing silicone oil microdroplets. We also monitored changes in antibody 

responses at later time points after additional injections of the formulations to mice for 

Study 2. Immune responses were characterized by measuring antibodies against rmGH in 

mouse serum using enzyme-linked immunosorbent assays (ELISAs).

Characterization of formulations included size-exclusion high-performance liquid 

chromatography (SE-HPLC) to determine the fraction of rmGH adsorbed to silicone oil 
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microdroplets and soluble aggregate levels within the formulations. Endotoxin levels in 

samples prepared for injection were measured. Particle concentrations in formulations were 

monitored with microflow digital imaging. Tertiary structure changes in rmGH adsorbed to 

silicone oil microdroplets were examined using intrinsic fluorescence quenching.

MATERIALS AND METHODS

Materials

Medical grade silicone oil (Dow Corning® 360, 1000 cSt) was purchased from Nexeo 

Solutions (Denver, Colorado). Chemicals obtained from Sigma Aldrich (St. Louis, Missouri) 

included sodium phosphate monobasic, sodium phosphate dibasic, MES hydrate, glycerol, 

Antifoam 204, chloramphenicol, dithiothreitol (DTT), ethylenediaminetetraacetic acid 

(EDTA), and bovine serum albumin (BSA). Materials purchased from Fisher Scientific 

(Waltham, Massachusetts) included acrylamide, urea, ampicillin sodium salt, isopropyl β-

D-1-thiogalactopyranoside (IPTG), reduced glutathione, sodium chloride, sodium 

hydroxide, tris, Tween 20®, 10 x phosphate buffered saline (PBS), sulfuric acid, HyClone™ 

water for injection (WFI), and microhematocrit capillary tubes for mouse blood collection. 

Acetic acid and hexanes (95% n-hexane) were from Avantor Performance Materials (Center 

Valley, Pennsylvania). Yeast extract was purchased from Becton Dickinson and Company 

(Franklin Lakes, New Jersey). EMPROVE® sucrose and 33 mm diameter syringe filters with 

0.22 μm pore size PVDF membranes were purchased from EMD Millipore (Billerica, 

Massachusetts). Toyopearl Super Q-650M resin was purchased from Tosoh Bioscience 

(King of Prussia, PA) and packed in a XK 50 column (GE Healthcare Bio-Sciences, 

Piscataway, New Jersey). Phenyl Sepharose™ High Performance resin was purchased from 

Fisher Scientific (Waltham, Massachusetts) and packed in a XK 26 column (GE Healthcare 

Bio-Sciences, Piscataway, New Jersey). Amicon Ultra-15 centrifugal filter units containing 

an Ultracel regenerated cellulose membrane with 10,000 kDa NMWL were also purchased 

from EMD Millipore (Billerica, Massachusetts).

For Study 1, peroxidase goat anti-mouse IgG1, IgG2a, IgG2b, IgG2c, and IgM were 

purchased from Jackson ImmunoResearch Laboratories, Inc. (West Grove, Pennsylvania), 

and peroxidase-conjugated goat anti-mouse IgG3 was purchased from Life Technologies 

(Grand Island, New York). For Study 2, goat anti-mouse IgG1, IgG2a, IgG2b, IgG3, IgM, 

and horse radish peroxidase conjugated rabbit polyclonal to goat IgG were purchased from 

Abcam (Cambridge, United Kingdom).

For both studies, 1-Step™ Ultra TMB and Immulon® 4HBX 96 well plates were obtained 

from Thermo Scientific (Waltham, Massachusetts). Non-siliconized HSW Norm-Ject® 

sterile 1 mL syringes (Henke Sass Wolf, Tuttlingen, Germany) were used for injections 

through BD™ 25G 5/8 inch sterile needles (Becton Dickinson and Company, Franklin 

Lakes, New Jersey) and non-siliconized HSW Norm-Ject® sterile 10 mL syringes were used 

for sample preparation. Goldenrod™ animal lancets were obtained from Braintree Scientific, 

Inc. (Braintree, Massachusetts). Acrodisc® unit with a Mustang® E membrane were 

purchased from Pall Corp. (Port Washington, New York)
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Expression and Purification of rmGH

rmGH was expressed in E.coli and purified as described previously 52, with minor 

modifications. A Rosetta-DE3 E.coli strain that contained a pET21a+/mGH plasmid was 

stored at −80°C until use. The E.coli cells were inoculated in 3 mL of enriched media that 

contained 100 mM MES (pH 6.5), 4% (w/v) yeast extract, 1% (w/v) sodium chloride, 1% 

(v/v) glycerol, 50 μg/mL chloramphenicol, 50 μg/mL ampicillin and 0.01% (v/v) Antifoam 

204. The 3 mL culture was incubated overnight in a shaker at 275 rpm and at 37°C in a 10 

mL sterile tube. The next day, the 3 mL culture was transferred into a 250 mL baffled flask 

that contained 25 mL of enriched media. The 25 mL cell culture was incubated in a shaker at 

275 rpm for 2 h at 37°C. Next, the cell culture was transferred into 3 L of the enriched media 

in a BioFlo® 110 fermenter (New Brunswick Scientific Co., Edison, New Jersey) with 

controlled temperature, pH, and dissolved oxygen. The pH was controlled by addition of 3 

M hydrogen chloride or 2 M sodium hydroxide. The optical density of the cell culture was 

measured at 600 nm using a Lambda 35 UV/VIS spectrometer (PerkinElmer Instruments, 

Waltham, Massachusetts).

When the cell culture reached the desired optical density between 5 and 10, expression of 

rmGH was induced by addition of isopropyl β-D-1-thiogalactopyranoside (IPTG) to 0.75 

mM. After an induction period of 3 h, cells were harvested by centrifugation at 4,500 rpm 

for 20 min. Cell pellets were resuspended in lysis buffer that contained 50 mM tris (pH 8.0), 

50 mM NaCl, 1 mM EDTA and 1 mM DTT. Cells were lysed by two passes through a high 

pressure homogenizer (GEA Niro Soavi, Panda Plus, Columbia, Maryland) at a pressure of 

800 to 1,000 bar. After cell lysis, inclusion bodies that consisted of large insoluble 

aggregates of rmGH were collected by centrifugation at 15,000g for 40 min at 20°C. The 

supernatant was discarded, and the pellet that contained inclusion bodies was resuspended in 

sterile water and stored at −80°C.

Inclusion bodies were solubilized and rmGH was refolded at a protein concentration of 1 

mg/mL (determined by SDS-PAGE densitometry) in a buffer containing 100 mM tris (pH 

9.0), 2 M urea and 0.5 mM reduced glutathione. To foster protein disaggregation and 

refolding, the suspension of inclusion bodies was incubated at 200 MPa for 12–16 hours 

overnight in a PreEMT™ E150 high-pressure protein refolding apparatus (BaroFold Inc., 

Boulder, Colorado).

After pressure treatment, solubilized and refolded rmGH was purified using anion exchange 

chromatography followed by hydrophobic interaction chromatography. The solution that 

contained soluble rmGH and host cell proteins was loaded onto a 100 mL Toyopearl® Super 

Q 650M column that was equilibrated in Buffer A composed of 20 mM tris (pH 8.0) at a 

flow rate of 2 mL/min. rmGH was eluted from the column using a 100 min linear gradient at 

a flow rate of 5 mL/min of Buffer A to Buffer B, which was composed of 40 mM tris (pH 

8.0), 0.5 M NaCl and 0.4 M urea. Fractions were collected every 2 minutes in 10 mL glass 

tubes and analyzed using SDS-PAGE. Fractions that contained only monomeric and 

aggregated rmGH were pooled and prepared for hydrophobic interaction chromatography. 

NaCl was added to the pooled fractions to achieve a final concentration of 2 M, and the 

solution was loaded onto a Phenyl Sepharose™ High Performance column that was 

equilibrated in buffer that contained 20 mM sodium phosphate (pH 7.4) and 2 M NaCl. 
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rmGH was eluted from the column using a 30 min linear gradient to sterile buffer composed 

of 20 mM sodium phosphate (pH 7.4) at a flow rate of 5 mL/min. Fractions were collected 

every 2 minutes in 10 mL glass tubes and analyzed using SDS-PAGE. Final fractions that 

contained purified monomeric rmGH in 20 mM sodium phosphate (pH 7.4) were pooled.

Lastly, purified rmGH was concentrated and filtered before storage at −80°C. First, the 

pooled rmGH solution was centrifuged at 4,000g for 10 min at 4°C to remove particulates. 

Next, 15 mL of the rmGH solution was added to each Amicon Ultra-15 centrifugal filter unit 

that contained an Ultracel regenerated cellulose membrane with 10,000 kDa NMWL. 

Centrifugation was performed at 4,000g for 15 min at 4°C, and retentate containing 

concentrated rmGH solution at 0.5 – 1.0 mg/mL was transferred to a separate tube. 

Concentrated rmGH solution was then drawn into 10 mL non-siliconized sterile syringes 

without a needle attached and filtered through a 33 mm diameter syringe filter with a 0.22 

μm pore size PVDF membrane. rmGH stock solution was stored in 0.5 mL aliquots in 1.5 

mL polypropylene microcentrifuge tubes at −80°C until further use. Purified rmGH was 

thawed and analyzed by SE-HPLC and circular dichroism spectroscopy. SE-HPLC data and 

circular dichroism spectra collected were similar to results previously published for rmGH in 

Fradkin et al.52

Sample Preparation (rmGH)

Aliquots of rmGH stock solution in 20 mM sodium phosphate buffer (pH 7.4) were thawed 

at room temperature and centrifuged at 5,000g for 5 min at 4°C to remove particulates. 

Endotoxin was removed from rmGH solutions using an Acrodisc® unit with a Mustang® E 

membrane using a syringe at 1 mL/min. Endotoxin levels in prepared solutions were 

determined using a QCL 1000™ Limulus Amebocyte Lysate test kit (LONZA, Basel, 

Switzerland). Samples for injection into mice were prepared by filtration and 

ultracentrifugation as previously described in Chisholm et al.39 rmGH concentration was 

determined by measurement of the absorbance at 280 nm using a PerkinElmer Lambda 35 

UV/VIS spectrometer (Waltham, Massachusetts) and the extinction coefficient of 0.73 mL/

(mg·cm).

Preparation of Silicone Oil Emulsions

Silicone oil emulsions were prepared using two techniques. “High concentration” silicone 

oil emulsions were created by passage of a 5% (v/v) silicone oil in deionized water mixture 

through an Emulsiflex™ C5 high pressure homogenizer (Avestin, Inc., Ottawa, Canada). The 

protocol followed was previously described in Chisholm et al.39 Silicone oil emulsions that 

contained lower amounts of silicone oil that were approximately equivalent to the amounts 

found in commercial siliconized syringes, were created directly from commercially-

available siliconized syringes and are referred to as “low concentration” silicone oil 

emulsions. BD Lo-Dose™ U-100 insulin syringes (Becton-Dickinson, Franklin Lakes, New 

Jersey) were filled with 20 mM sodium phosphate buffer (pH 7.4) containing 9% (w/v) 

sucrose and were sonicated for 2 h using a Branson 3510 sonicator (Danbury, Connecticut) 

as described previously.39
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Characterization of Silicone Oil Emulsions

The concentration of silicone oil in the prepared emulsions and the particle size distributions 

of silicone oil droplets in the emulsions were determined. The silicone oil concentrations 

were measured using hexane extraction and analysis by Fourier transform infrared (FTIR) 

spectroscopy as described previously.39 Samples were prepared in triplicate and loaded onto 

a VariGATR™ crystal (Harrick Scientific Products Inc., Pleasantville, New York), and 

absorbance was measured at 1220–1300 cm−1 using a Nicolet 6700 FT-IR spectrometer and 

OMNIC 8.3 software (Thermo Scientific, Waltham, Massachusetts). Collected spectra were 

analyzed using GRAMS/AI software version 9.1 (Thermo Fisher Scientific Inc., Waltham, 

Massachusetts). Particle size distributions of silicone oil droplets in the emulsions were 

measured in triplicate by light scattering. A Beckman Coulter LS230 (Fullerton, California) 

was used to measure the particle size distribution of the “high concentration” silicone oil 

emulsion created using a high pressure homogenizer. The protocol was described previously 

in Ludwig et al.27 The “low concentration” silicone oil emulsion prepared in commercial 

syringes was too dilute for analysis with a Beckman Coulter LS230. Alternatively, particle 

size distributions were measured using a DynaPro Dynamic Light Scattering instrument 

(Wyatt/ ProteinSolutions, Dernbach, Germany) and analyzed using Dynamics V6™ version 

6.3.40 software (Proterion Corp., Piscataway, New Jersey) as described previously.39 The 

silicone oil surface area per volume of emulsion was calculated from the particle size 

distribution of silicone oil microdroplets and silicone oil concentration assuming spherical 

droplets.

Adsorption of rmGH to Silicone Oil Microdroplets

rmGH formulations containing silicone oil microdroplets were prepared as described in 

Chisholm et al.,39 with minor modifications. For Study 1, emulsions of silicone oil 

microdroplets were added to rmGH formulations in order to achieve a final rmGH 

concentration of 0.1 mg/mL in 20 mM sodium phosphate buffer (pH 7.4) containing 9% 

(w/v) sucrose. Formulations for Study 2 were prepared at 0.02 mg/mL rmGH in 20 mM 

sodium phosphate buffer (pH 7.4). No surfactants were added to any formulations in these 

studies. To determine rmGH adsorption isotherms, samples at a total volume of 1 mL were 

prepared which contained rmGH at 0.1 mg/mL and various concentrations of silicone oil 

emulsion. Formulations that contained rmGH and silicone oil microdroplets were rotated 

end-over-end at 8 rpm for 1 h at room temperature to allow rmGH adsorption to the 

microdroplets. Also, oil-free rmGH formulations were rotated end-over-end and treated in an 

identical fashion as all other samples in order to serve as a control. The fraction of rmGH 

adsorbed to silicone oil microdroplets in each sample was determined using SE-HPLC as 

previously described.39

Size-Exclusion High-Performance Liquid Chromatography

The amounts of monomer and high molecular weight species (HMWS) in rmGH samples 

were determined by SE-HPLC. Following previously described methods,39 a TSKgel 

G3000SWXL column (TOSOH Biosciences, Montgomeryville Pennsylvania) was used with 

a Beckman System Gold® HPLC (Beckman Coulter, Fullerton, California), System Gold® 

Chisholm et al. Page 7

J Pharm Sci. Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



168 detector, and 32 Karat™ analysis software. Chromatograms were analyzed in 

GRAMS/AI software version 9.1 (Thermo Fisher Scientific Inc., Waltham, Massachusetts).

Particle Analysis (FlowCAM)

Particle concentrations in formulations were measured using a microflow digital imaging 

technique, FlowCAM® (Fluid Imaging Technologies, Scarborough, Maine), as previously 

described.35 The instrument detects particles in the micron range between 2 – 100 μm. 

Triplicate measurements were made for each sample.

Intrinsic Fluorescence Quenching of Adsorbed rmGH

Tertiary structure changes in rmGH following adsorption to silicone oil microdroplets were 

examined using intrinsic fluorescence quenching of rmGH tryptophan residues. rmGH 

contains a single tryptophan (Trp) residue. Following previously described methods,29 a 

SLM Aminco Fluorimeter (SLM Instruments, Urbana, Illinois) was used to monitor the 

fluorescence intensity. Samples and controls included native rmGH, rmGH adsorbed to 

silicone oil microdroplets for 2 hours, rmGH adsorbed to silicone oil microdroplets for 1 

week and rmGH unfolded in 8 M urea with 25 mM DTT. Samples were analyzed in 

triplicate. Data were graphed on a Stern-Volmer plot as previously described.39 The slope of 

all points in the plot was used to determine the Stern-Volmer constant (Ksv) which indicates 

the relative accessibility of solvent to the single Trp residue in rmGH.

Immunogenicity Testing in Animals

Animal experiments described in protocol 1210.03 were approved by the University of 

Colorado Institutional Animal Care and Use Committee. Four or five mice were housed in 

each sterile, air-filtered cage with food and water available ad libitum. Mice were allowed to 

acclimate for a minimum of one week before the start of a study.

For Study 1, adult female CB6F1 (BALB/c x C57BL/6) mice of age greater than six weeks 

were purchased from Charles River Laboratories, Inc. (Wilmington, Massachusetts). 

Subcutaneous injections were administered to mice in the scruff of the neck on days 1 and 

15. Formulations were prepared the same day as injection. Samples were administered using 

non-siliconized syringes, and each injection of 200 μL contained 20 μg of rmGH. Groups of 

eight mice were treated with formulations of rmGH, rmGH that contained silicone oil 

microdroplets at a higher concentration of 3.7 ± 0.5 mg/mL, or rmGH that contained a lower 

concentration of 0.12 ± 0.04 mg/mL silicone oil microdroplets extracted from commercial 

syringes. Also, control groups of mice were injected with buffer or with rmGH-free buffer 

that contained silicone oil microdroplets at 3.7 ± 0.5 mg/mL. Submandibular blood draws 

were performed before the start of the study to serve as a baseline for each mouse, as well as 

on day 11 and 29 to capture primary and secondary immune responses. Blood samples were 

collected in sterile microcentrifuge tubes that were then placed on ice. Subsequently, blood 

samples were centrifuged at 15,000 rpm for 10 min at 4°C, and the serum supernatant was 

collected and stored in aliquots at −80°C until further analysis.

For Study 2, adult female BALB/c mice greater than six weeks of age were purchased from 

Charles River Laboratories, Inc. (Wilmington, Massachusetts). Subcutaneous injections were 

Chisholm et al. Page 8

J Pharm Sci. Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



administered daily to mice in the scruff of the neck on days 1 to 5, days 8 to 12, and days 15 

to 19. All formulations were prepared on day 1 and stored at 4°C over the course of the 

study until they were injected into mice. Samples were administered using non-siliconized 

syringes, and each injection of 100 μL contained 2 μg of rmGH. Groups of eight mice were 

treated with formulations of buffer, buffer that contained silicone oil microdroplets at 1.16 

± 0.04 mg/mL, rmGH, or rmGH that contained silicone oil microdroplets at 1.16 ± 0.04 

mg/mL. A silicone oil concentration of 1.16 mg/mL was chosen which corresponds to a 

silicone oil microdroplet-to-rmGH ratio of 0.45 m2/mg in order to have essentially no un-

adsorbed rmGH remaining in solution. Silicone oil microdroplets for Study 2 were created 

using a high pressure homogenizer. Blood was collected from the retro-orbital venous sinus 

of each mouse using capillary tubes before the start of the study to serve as a baseline for 

each mouse, as well as on day 8 and 22 to capture primary and secondary immune 

responses. Again, blood samples were collected in sterile microcentrifuge tubes, which were 

then placed on ice and centrifuged as described above. Serum was obtained and stored in 

aliquots at −80°C until further analysis. In the extended experimental duration for Study 2, 

mice were allowed a 2-week hiatus from injections after which five additional daily 

subcutaneous injections were administered at days 36 to 40. Blood was collected at day 36, 

43, and 50.

Anti-rmGH ELISA

Antibodies specific to rmGH were measured using indirect ELISA. A similar protocol was 

followed to that published in Chisholm et al.39 Immulon® 4HBX plates were coated with 5 

μg/mL rmGH in 20 mM tris at pH 8.5 (100 μL/well) and incubated overnight at room 

temperature with gentle agitation. Plate wells were drained and then treated with blocking 

solution (PBS pH 7.4, 2% BSA, 0.05% Tween 20®) for 1.5 h. Next, plates were washed 

three times with wash buffer (PBS pH 7.4, 0.05% Tween 20®). On a separate plate, serum 

samples were pretreated in 300 mM acetic acid for 1 h and then the pH was adjusted to 7.4 

with 1 M tris buffer (pH 9.5).53 After acid treatment and pH adjustment, 50 μL of each 

serum sample were transferred to the first row of the ELISA plate and serially diluted down 

the plate which contained 50 μL of dilution buffer in each well (PBS pH 7.4, 2% BSA, 

0.05% Tween 20®). After primary incubation for 1 h, plates were washed five times with 

wash buffer. Next, secondary incubation was performed using two slightly different methods 

for the two animal studies. The CB6F1 (the F1 generation from a BALB/c x C57BL/6 cross) 

mouse strain used in Study 1 can produce both IgG2a and IgG2c immunoglobulin isotypes 

because the IgG2a immunoglobulin isotype is encoded by the parental BALB/c mouse strain 

and the IgG2c isotype is derived from the C57BL/6 strain. The BALB/c mouse strain cannot 

produce the IgG2c isotype, and, therefore we did not test for the IgG2c isotype in the 

ELISAs conducted for Study 2. In Study 1, goat anti-mouse antibodies conjugated to 

horseradish peroxidase of subclass IgG1, IgG2a, IgG2b, IgG2c, IgG3, or IgM were diluted 

in blocking solution and used for secondary incubation as previously described.39 In Study 

2, unconjugated goat anti-mouse antibodies of subclass IgG1, IgG2a, IgG2b, IgG3, IgM 

were diluted in blocking solution and used for secondary incubation for 1 h (50 μL/well). 

Plates were then washed five times with wash buffer. Next, horse radish peroxidase 

conjugated rabbit polyclonal antibody to goat IgG was diluted in blocking solution and 

added to the wells (50 μL/well) for incubation for 1 h.
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For both Study 1 and Study 2, a final wash step was performed where plates were washed 

five times followed by addition of 50 μL of TMB substrate solution to each well. After 25 

min, 30 μL of 0.5 M sulfuric acid was added to each well to stop the reaction. Absorbance 

was measured at 450 nm using a Vmax® microplate reader (Molecular Devices Corporation, 

Sunnyvale, California). Absorbance values were converted into endpoint titers, which we 

defined as the reciprocal of the highest dilution that gave a signal above the cutoff value. 

Cutoff values for individual mice were calculated using a statistically defined endpoint titer 

determination method54 and values for pretreatment blood drawn at day 0 from each mouse. 

For graphical presentation of the results, murine serum samples that were negative for 

antibodies were assigned an arbitrary titer value of one.

Statistical Analysis

SigmaPlot® 12.2 software (Systat Software Inc., San Jose, California) was used to perform 

statistical analyses. Nonparametric Mann-Whitney tests were performed to determine 

statistical differences in titer values between experimental groups. The sample size for each 

experimental group was equal to eight. Differences between experimental groups with p 

values less than 0.05 were considered significant.

RESULTS

Characterization of Silicone Oil Emulsions

The concentration of silicone oil in “high concentration” emulsions created with the high 

pressure homogenizer was determined by FTIR spectroscopy. Silicone oil emulsions used 

for Studies 1 and 2 contained 5.4 ± 0.8 mg/mL and 8.7 ± 0.3 mg/mL silicone oil, 

respectively, before dilution into rmGH formulations. “Low concentration” emulsions used 

for Study 1 were created by sonicating siliconized syringes and contained 0.16 ± 0.05 

mg/mL silicone oil before dilution into rmGH formulations. The particle size distributions of 

silicone oil microdroplets in the “low concentration” and “high concentration” emulsions 

were obtained by light scattering and were indistinguishable from those published in 

Chisholm et al.39 The mean diameter of silicone oil microdroplets in the emulsions was 0.13 

± 0.04 μm.

Characterization of rmGH Formulations containing Silicone Oil

Figure 1 shows the fraction of rmGH adsorbed to silicone oil microdroplets as a function of 

silicone oil surface area per mg rmGH. As expected, the fraction of adsorbed rmGH 

increased as the surface area of silicone oil increased. A silicone oil microdroplet-to-rmGH 

ratio (surface area/mass) of 0.35 m2/mg was required to adsorb the majority of the soluble 

rmGH (fraction adsorbed greater than 0.95). No soluble HMWS were detected in oil-free 

rmGH formulations or rmGH formulations that contained silicone oil microdroplets at the 

various concentrations (data not shown). In Study 1, 0.1 mg/mL rmGH formulations 

prepared using “high concentration” silicone oil emulsions had a final silicone oil 

concentration of 3.7 ± 0.5 mg/mL, whereas rmGH formulations prepared with “low 

concentration” emulsions had a final silicone oil concentration of 0.12 ± 0.04 mg/mL. The 

fraction of rmGH adsorbed to silicone oil microdroplets in the “high concentration” or “low 

concentration” formulations were 0.82 ± 0.08 and 0.10 ± 0.05, respectively. In Study 2, 
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formulations contained a lower concentration of rmGH at 0.02 mg/mL. A sufficient amount 

of silicone oil microdroplets (corresponding to a silicone oil microdroplet-to-rmGH ratio of 

0.45 m2/mg) was added to rmGH formulations in order to have essentially no un-adsorbed 

rmGH remaining in solution. rmGH formulations contained silicone oil microdroplets at a 

final concentration of 1.16 ± 0.04 mg/mL in Study 2.

Particle concentrations in samples administered to mice in Study 1 were monitored using 

microflow digital imaging with FlowCAM®. Figure 2 shows that oil-free rmGH 

formulations contained 103 – 104 particles/mL in the 2 – 100 micron size range. Particle 

concentrations in formulations that contained silicone oil microdroplets were two to four 

orders of magnitude higher than formulations of oil-free rmGH. Additionally, particle 

concentrations in rmGH formulations that contained silicone oil microdroplets did not 

change significantly during 1 week of storage at 4°C (data not shown).

Figure 3 displays images taken using FlowCAM® that were used to evaluate morphologies 

of particles present in the formulations. In all formulations that contained silicone oil, the 

majority of the particles were spherical in shape and assumed to be silicone oil droplets. 

Most particles consisted of single droplets in suspension. For particles in formulations of 

rmGH that contained silicone oil, the droplets of silicone oil were presumably coated with 

adsorbed rmGH. A small fraction of particles in the formulations of rmGH that contained 

silicone oil were aspherical, and likely proteinaceous in nature.

In Study 1, endotoxin levels55 in the various formulations containing buffer, buffer and 

silicone oil microdroplets at high concentration, or buffer with rmGH were 0.1 EU/mL, 0.7 

EU/mL, and 0.1 EU/mL, respectively. rmGH formulations that contained silicone oil 

microdroplets at high concentration or syringe-extracted silicone oil microdroplets at low 

concentration had endotoxin levels of 1.0 EU/mL and 0.2 EU/mL, respectively. In Study 2, 

endotoxin levels in formulations of buffer and silicone oil microdroplets or buffer with 

rmGH were 0.1 EU/mL and 0.3 EU/mL, respectively.

Detection of Tertiary Structure Changes in Adsorbed rmGH Using Intrinsic Fluorescence 
Quenching

The Stern-Volmer plots for native rmGH, rmGH adsorbed to silicone oil microdroplets after 

2 hours of incubation, rmGH adsorbed to silicone oil microdroplets after 1 week of 

incubation, and rmGH unfolded in 8 M urea 25 mM DTT are shown in Figure 4. The Stern-

Volmer constant (Ksv) reflects the relative accessibility of solvent to the Trp residue in 

rmGH. As expected, the Stern-Volmer constant of unfolded rmGH (Ksv = 10.4 ± 0.4) was 

markedly higher than that of native rmGH (Ksv = 1.7 ± 0.2), indicating a greater 

accessibility of solvent to Trp when rmGH is unfolded. When rmGH was incubated with 

silicone oil microdroplets for 2 hours or 1 week, the Stern-Volmer constants were similar 

(Ksv = 2.2 ± 0.1 and 1.4 ± 0.1, respectively) to that for native rmGH in the absence of 

silicone oil. The minimal changes in Stern-Volmer constants of incubated samples suggest 

that rmGH adsorbed to silicone oil retains near-native tertiary structure over time.
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Immunogenicity of rmGH Formulations Containing Silicone Oil

Study 1—In Study 1, mice were administered with formulations of buffer, buffer that 

contained silicone oil microdroplets, rmGH, rmGH that contained a low concentration of 

silicone oil microdroplets, or rmGH that contained a high concentration of silicone oil 

microdroplets. Silicone oil microdroplets were added to rmGH formulations the same day as 

injection. As expected given that rmGH is a recombinant self-protein, no anti-rmGH 

antibodies were detected in mice injected with buffer, buffer that contained silicone oil or 

buffer with rmGH alone. Also, when administered with low or high concentrations of 

silicone oil microdroplets, rmGH formulations did not induce an anti-rmGH antibody 

response in mice. Anti-rmGH antibody titers were insignificant for IgG1, IgG2a, IgG2b, 

IgG2c, IgG3, or IgM in mouse serum samples taken on day 11 and day 29 (data not shown). 

These results show that immunological tolerance to rmGH remained intact in mice 

administered once every other week with formulations of rmGH alone or rmGH with 

silicone oil microdroplets.

Study 2—In Study 2, mice were given daily administrations of rmGH formulations that 

were oil-free or that contained silicone oil microdroplets. Table 1 shows the number of mice 

out of the total number of mice in each group showing anti-rmGH antibodies at day 22. 

Mice administered with rmGH alone did not produce an anti-rmGH antibody response in a 

significant number of mice, again indicating that the rmGH was recognized by the immune 

system as “self” and that immunological tolerance was intact. In contrast, half of the mice 

injected with rmGH formulations that contained silicone oil microdroplets produced 

antibodies against rmGH of the IgG1 subclass. Anti-rmGH IgG2a, IgG2b, IgG3, or IgM 

were not detected in a significant number of mice at day 22. Additional groups of mice were 

injected daily with rmGH-free control formulations of buffer or buffer that contained 

silicone oil microdroplets and, again as expected, did not produce an anti-rmGH antibody 

response. Figure 5 shows anti-rmGH IgG1 antibody titers for each mouse at day 22. Mice 

treated with rmGH formulations that contained silicone oil microdroplets exhibited low 

IgG1 antibody titers against rmGH which were significantly higher than antibody titers in 

mice treated with rmGH alone (p = 0.032). No significant levels of anti-rmGH titers for 

IgG2a, IgG2b, IgG3 or IgM were detected at day 8 or day 22 (data not shown).

Study 2 was extended to monitor changes in antibody response after additional daily 

injections administered on days 36 to 40. No significant differences were detected in anti-

rmGH IgG1, IgG2a, IgG2b, or IgG3 titers between day 22 and day 50. Interestingly, an IgM 

response was induced at later time points in mice treated with rmGH formulations that 

contained silicone oil microdroplets. Table 2 shows the number of mice out of the total 

number of mice in each group showing anti-rmGH IgM antibodies at days 8 through 50 

treated with formulations of rmGH or rmGH that contained silicone oil microdroplets. Over 

half of the mice injected with rmGH formulations that contained silicone oil microdroplets 

produced an IgM response at later time points. Figure 6 shows that anti-rmGH IgM titers 

increased in mice administered with rmGH formulations that contained silicone oil 

microdroplets at day 43 and 50 (p = 0.004, p = 0.012) whereas mice treated with rmGH 

alone did not exhibit an increased IgM response.
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DISCUSSION

In the abbreviated dosing regimen used in Study 1, immunological tolerance to rmGH was 

not broken and mice did not produce detectable anti-rmGH IgG or IgM antibodies when 

injected with formulations of rmGH alone or rmGH with silicone oil microdroplets, even at 

the highest microdroplet concentration tested (3.7 ± 0.5 mg/mL). In a previous study,39 

formulations that contained a foreign protein, ovalbumin, and silicone oil microdroplets 

were prepared in a similar manner and administered to mice following an identical dosing 

regimen. Ovalbumin formulations that contained silicone oil microdroplets elicited a robust 

anti-ovalbumin antibody response in mice.

A well-known key factor that affects the immunogenicity of therapeutic protein products is 

the origin of the therapeutic protein, and whether the protein is recognized as self or foreign 

by the immune system.41, 56 Aggregated forms of foreign therapeutic proteins may generate 

strong immune responses, whereas aggregated forms of therapeutic versions of endogenous 

proteins sometimes may not generate strong responses, depending on immunological 

tolerance to the endogenous protein.56 Likewise, we found that the ability of silicone oil 

microdroplets to act as adjuvants and augment antibody responses against administered 

proteins is highly dependent on the inherent immunogenicity of the protein of interest.

When mice were injected more frequently with formulations of rmGH that contained 

silicone oil microdroplets, immunological tolerance was broken and a weak antibody 

response was generated against the recombinant self-protein. In Study 2, mice were 

administered with rmGH formulations that contained silicone oil microdroplets at a lower 

concentration (1.16 ± 0.04 mg/mL) than in Study 1 and these mice produced an anti-rmGH 

IgG1 response. Levels of endotoxin in formulations for Study 1 and Study 2 were low and 

should not contribute to differences in immunogenicity. The fraction of rmGH adsorbed to 

silicone oil droplets was slightly higher in Study 2, which may affect the level of immune 

response. Still, our findings show that silicone oil microdroplets can act as an adjuvant and 

induce antibody responses against a recombinant self-protein, rmGH.

Immunological tolerance to rmGH was broken when mice were administered with 

formulations that contained silicone oil microdroplets in Study 2, but immunological 

tolerance was maintained in Study 1. The breakage in immunological tolerance observed in 

Study 2 could be due to the change in dosing regimen. Immunological tolerance was broken 

when the injection frequency was increased from a 20 μg injection every other week to daily 

injections of 2 μg each - a total of 5 injections per week. This dosing regimen of multiple 

injections per week at a lower dose was followed in order to mimic a typical daily dosing 

regimen (0.3 mg/kg/week) used for patients treated with recombinant human growth 

hormone.57 A more frequent dosing schedule may increase immunogenicity of the 

therapeutic protein or promote a break in immunological tolerance.1, 41 For example, a study 

with a recombinant interferon-β therapeutic showed that 58% of multiple sclerosis patients 

produced ADAs when subcutaneously administered with interferon-β once per week, 

whereas 89% of patients produced ADAs when injection frequency was increased to three 

times per week.58 Moreover, another study found that mice injected with a recombinant 

interferon-β therapeutic twice per week exhibited higher antibody responses than mice 
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injected with the therapeutic once per week.59 Increased injection frequency may increase 

antigen persistence. In humans, growth hormone has a very short half-life of 2 hours after 

subcutaneous administration.57 Therefore, the administered therapeutic version of growth 

hormone is not exposed to immune cells for long periods of time before clearance. Antigen 

persistence was presumably much higher in Study 2 when the injection frequency was 

increased to 5 times per week.

Alternatively, the increased immune response seen in Study 2 could perhaps have been due 

to silicone oil-induced changes in the rmGH structure during storage, because rmGH was 

incubated with silicone oil microdroplets for longer periods of time compared to Study 1. 

However, we discount this possibility because intrinsic fluorescence experiments showed 

that changes in tertiary structure of rmGH adsorbed to silicone oil microdroplets were 

minimal over the period of a week. Also, particle concentrations in rmGH formulations that 

contained silicone oil microdroplets did not change over the period of a week.

rmGH formulations used for Study 1 and Study 2 do not contain surfactant. Surfactants are 

commonly included in commercial formulations. Previous studies have shown that 

surfactant decreased the amount of protein adsorbed to silicone oil microdroplets for 

multiple proteins including bovine serum albumin, lysozyme, trastuzumab, abatacept, and 

albinterferon alpha.27, 31 The amount of protein adsorbed to silicone oil microdroplets may 

or may not affect the immunogenicity of therapeutic protein formulations. In the vaccine 

literature, the relationship between the degree of protein adsorption and immunogenicity has 

been debated for decades.60–62 Although surfactant may decrease the amount of protein 

adsorbed, we cannot assume that decreased adsorption would necessarily correlate to 

decreased immune responses as oil-based vaccine adjuvants including MF59 and Freund’s 

adjuvant contain surfactant and have a long history of eliciting potent immune 

responses.36, 37 The current work does not allow us to determine the specific effect of 

surfactant on the adjuvant potential of silicone oil microdroplets in protein formulations.

The immune system can be activated through a T-cell-dependent B cell activation 

mechanism associated with production of IgG1 and/or T-cell-independent B cell activation 

mechanism associated with production of IgG3.63, 64 The IgG1 response induced by rmGH 

formulations that contained silicone oil microdroplets is characteristic of a T-cell-dependent 

immune response in mice against a foreign protein antigen. Likewise, previous studies 

showed that silicone oil microdroplets in protein formulations that contained foreign protein 

also followed a T-cell-dependent mechanism.39 An IgG3 response was not detected, 

suggesting that silicone oil microdroplets do not promote T-cell-independent antibody 

responses. As expected, silicone oil microdroplets did not induce an IgG2a or IgG2b 

antibody response which are effective anti-pathogen immunoglobulin isotypes.65, 66

The IgM isotype is the initial subclass produced by newly exposed B cells that have not 

undergone isotype switching.67 Typically during the antibody response to a protein antigen, 

isotype switching occurs approximately one week after injection at which point levels of 

IgM would presumably begin to decrease. As expected, mice did not produce anti-rmGH 

IgM antibodies at day 22, and instead produced anti-rmGH IgG1 antibodies indicating that 

class switching had occurred. Surprisingly, IgM was produced at later time points (day 43 
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and 50) in mice treated with rmGH formulations that contained silicone oil microdroplets 

after an additional week of injections. Mice administered with rmGH alone did not produce 

IgM at later time points. In another study, Shomali et al.15 also observed increased IgM 

levels at later times in mice subcutaneously injected with formulations of a murine 

monoclonal antibody adsorbed to glass microparticles. It is unclear why IgM antibodies 

appear against rmGH only at later time points. Perhaps, IgM was induced at later times due 

to a depot effect which is thought to increase antigen persistence at the site of injection. 

Filipe et al.68 studied the bio-distribution of fluorescently-labeled monomeric protein and 

aggregated protein after subcutaneous injection into mice. They found that monomeric 

protein dispersed rapidly from the site of injection, whereas aggregated protein in the micron 

size range remained at the site of injection for over a month. We speculate that rmGH-coated 

microdroplets of silicone oil may remain at the site of injection for longer periods of time 

than un-adsorbed rmGH, thus allowing naïve B cells to be exposed to rmGH for extended 

periods of time and resulting in delayed secretion of IgM.

CONCLUSION

Silicone oil is used in as a lubricant in prefilled syringes as well as a filler material in breast 

implants. In these studies, we found that immunological tolerance to a recombinant self-

protein could be broken when formulations of rmGH that contained silicone oil 

microdroplets were administered daily to mice. Thus, silicone oil microdroplets can act as an 

immunological adjuvant and induce an antibody response against a recombinant self-protein. 

The adjuvant potency of silicone oil appears to be dependent on the inherent 

immunogenicity of the protein of interest, with more potent effects noted with foreign 

proteins. Furthermore, breakage of immunological tolerance to a recombinant self-protein 

may depend on the injection frequency used for administration of the therapeutic. During 

protein formulation development in prefilled syringes or development of breast implants, the 

immunogenicity risk of the product in the presence of silicone oil should be evaluated 

carefully.
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Figure 1. 
Fraction of rmGH adsorbed to silicone oil microdroplets as silicone oil surface area per mg 

rmGH increases. A silicone oil microdroplet-to-rmGH ratio (surface area/mass) of 0.35 

m2/mg was needed to adsorb a fraction of greater than 0.95. Error bars represent the 

standard deviation from the average of three replicates.
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Figure 2. 
Particle concentrations in formulations of buffer, rmGH, buffer that contained emulsified 

silicone oil microdroplets, rmGH that contained emulsified silicone oil microdroplets, and 

rmGH that contained syringe-extracted silicone oil microdroplets. Particle concentrations 

were measured by FlowCAM® which detects particles between 2 – 100 μm in the 

formulations that were injected into mice on day 1 (solid) and day 15 (striped) in Study 1. 

Particle concentrations were two to four orders of magnitude higher for formulations that 

contained silicone oil microdroplets compared to formulations of rmGH. Error bars 

represent the standard deviation from the average of three replicates.
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Figure 3. 
An example of particles observed in formulations of buffer that contained silicone oil 

microdroplets (a) and formulations of rmGH that contained silicone oil microdroplets (b). 

Images were taken using microflow digital imaging with FlowCAM® which detects 

particles between 2–100 μm.
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Figure 4. 
Stern-Volmer plots of inverse relative fluorescence vs. acrylamide concentration for native 

rmGH (black circles), rmGH adsorbed to silicone oil microdroplets for 2 hours (triangles), 

rmGH adsorbed to silicone oil microdroplets for 1 week (squares), and rmGH unfolded in 8 

M Urea 25 mM DTT (diamonds). Stern-Volmer constants were obtained from the slope of 

the plot. Error bars represent the standard deviation from the average of three replicates.
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Figure 5. 
Anti-rmGH IgG1 antibody titers for mice treated with formulations of buffer, buffer that 

contained silicone oil microdroplets, rmGH, and rmGH that contained silicone oil 

microdroplets at day 22 in Study 2. Each data point represents the titer value of an individual 

mouse.
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Figure 6. 
Anti-rmGH IgM antibody titers for mice treated with formulations of rmGH (a) and rmGH 

that contained silicone oil microdroplets (b) at day 8, 22, 36, 43, and 50 in Study 2. Each 

data point represents the titer value of an individual mouse.
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