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Abstract

During manufacture, therapeutic proteins may be exposed to ultraviolet (UV) radiation. Such

exposure is of concern because UV radiation may cause photooxidative damage to proteins, which

in turn could lead to physical changes such as aggregation and enhanced immunogenicity. We

exposed murine growth hormone (mGH) to controlled doses of UV radiation, and examined the

resulting chemical, physical and immunogenic changes in the protein. mGH chemical structure

was analyzed by mass spectrometry after UV irradiation. Photooxidation products detected by

mass spectrometry included methionine sulfoxide formed at Met[127] and Met[149] residues, and,

tentatively assigned by MS/MS analysis, ether cross-links between original Ser[78] and Cys[188],

and Cys[206] and Ser[213], and a thioether cross-link between Cys[17] and Cys[78] residues,

transformation of Cys[189] into Ala, and various hydrolytic fragments. Physical damage to UV-

irradiated mGH was monitored by infrared spectrometry, chromatographic analyses, and particle

counting by microflow imaging. UV radiation caused mGH to aggregate, forming insoluble

microparticles containing mGH with non-native secondary structure. When administered

subcutaneously to Balb/c or Nude Balb/c mice, UV-irradiated mGH provoked antibodies that

cross-reacted with unmodified mGH in a fashion consistent with a T-cell dependent immune

response. In wildtype Balb/c mice, titers for anti-mGH IgG1antibodies increased with increasing

UV radiation doses.
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Introduction

Therapeutic proteins are known to aggregate in response to common stresses that may be

encountered throughout their product life cycle. Ultraviolet (UV) light is one such stress to

which therapeutic proteins may be exposed during processing, storage and consumer use. In

addition, it has been proposed that biotechnology products be exposed to UV irradiation for

viral decontamination. [1] UV exposure can also occur during storage and consumer use if

products are not completely isolated from light.

Proteins may be chemically damaged when exposed to light (for a review of light-induced

chemical damage pathways, see Kerwin et al., 2007) [2]. In turn, chemically damaged

protein molecules may have a greater propensity to aggregate. [3, 4] Chemically degraded

proteins may be immunogenic [5, 6] and protein impurities at levels < 1% may induce

immune responses. [7] Furthermore, aggregated proteins have long been known to be

immunogenic in humans [8–11], and more recently aggregation of therapeutic proteins and

immunogenicity have been associated in a number of studies conducted in mice. [7, 12, 13]

Another recent study [14] showed that exposure of naive human peripheral blood

mononuclear cells to aggregated therapeutic antibodies stimulated their innate immune

response.

We hypothesize that exposure of therapeutic proteins to UV light could lead not only to their

photodegradation, but also to aggregation and concomitant enhancements in their

immunogenic potential.

In this study, we exposed murine growth hormone (mGH) to UV light, characterized the

products of photodegradation by mass spectroscopy and measured the resulting levels of

protein aggregates. In addition, we performed in-vivo testing of the immunogenicity of

samples of mGH exposed to UV at λ = 254 nm for various intervals of time by measuring

levels of antibodies produced that were cross-reactive against unmodified mGH. To gain

insight into the role of T-cells in the immune responses to photodegraded mGH, we tested

the immunogenicity in both Balb/c and T-cell deficient Nude Balb/c mice.

Materials and Methods

Materials

mGH was produced recombinantly in E. coli and purified as described previously. [15]

Limulus Amebocyte Lysate (LAL) tests were performed to ensure the purified mGH had

endotoxin levels below the preclinical USP endotoxin limit of 5 EU/kg. [16] VETone™

saline for injection, lot 7J004 (MWI Veterinary Supply, Meridian, ID) was purchased from

the University of Colorado apothecary. 4-hydroxy-3-nitrophenylacetic hapten conjugated to

aminoethylcarboxymethyl-Ficoll (NP28-Ficoll) (F1420-10 lot 021292-03), 4-hydroxy-3-

nitrophenylacetic hapten conjugated to chicken gamma globulin (NP39-CGG) (N5055-5, lot

028021-06) and 4-hydroxy-3-nitrophenylacetic hapten conjugated to bovine serum albumin

(NP14-BSA) (N5050-10, lot 025060-04) were purchased from Biosearch Technologies

(Novato, CA). Goat anti-mouse IgG1 (ab9165, lot 862097), goat anti-mouse IgG3 (ab9166,

lot 892368), goat anti-mouse IgM (ab9167, lot 815738) and HRP conjugated rabbit anti-goat
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IgG (ab6741, lot 871673) were purchased from Abcam (Cambridge, MA). 3,3′,5,5′

tetramethylbenzidine was purchased from KPL (Gaithersburg, MD). All other reagents were

from Fisher Scientific (Pittsburgh, PA).

Sample Preparation

A stock preparation of mGH (0.26 mg/ml) in acetate buffer pH 4.75 was stored at 4 °C and

was used to prepare all samples of mGH. For photo-irradiation, the samples were placed in

quartz tubes. The headspaces above the samples were gently flushed with Ar prior to

photoirradiation. mGH was exposed to ultraviolet light at λ = 254 nm with a dose rate of

4.93 × 10−8 einstein s−1 (UVLMS-38 EL Series 3-UV lamps, 8-watt, UVP Upland, CA) for

10, 30 and 60 minute intervals. All samples were kept at 4 °C or aliquoted and stored at −20

°C. The geometry of a representative sample was a cylinder with a diameter of 1 cm and a

height of 1 cm. The irradiated surface area (half of the sides + top of the cylinder) was 2.35

cm2. An 8 Watt lamp emits 2.22 × 1019 photons s−1. Our actinometry measurements show

that only 4.93 × 10−8 einstein s−1 (or 2.97 × 1016 photons s−1) are going through the

solution. Therefore the solution is exposed to 0.012 W per 2.35 cm2, or 51 W m−2. Thus, 10,

30, and 60 minutes of exposure correspond to 8.5 Wh m−2, 25.5 Wh m−2, 51 Wh m−2,

respectively. The limit of irradiance in the ICH Q1B is 200 Wh m−2.

Size Exclusion High Performance Liquid Chromatography

Size-exclusion high performance liquid chromatography (SE-HPLC) analysis was

conducted using a Superdex™ 75 10/300 GL column on an Agilent 1100 series HPLC

system (Agilent Technologies, Inc., Santa Clara, CA, USA). Samples were centrifuged at

1,700 g for 5 minutes prior to injection. Triplicate 100 μl injections of each sample were

analyzed. Isocratic chromatography was performed at room temperature with a flow rate of

0.8 ml/min using phosphate buffered saline pH 7.4 as the mobile phase. UV absorbance at

280 nm was monitored using the Agilent UV diode array detector for 50 minutes. The

chromatograms were analyzed in Chemstation software (Agilent Technologies, Inc., Santa

Clara, CA, USA) by integration to determine areas for respective peaks. Peak area

percentages are reported relative to stock sample peak areas as calculated by:

(1)

Peak area percentages of insoluble aggregates determined by mass balance:

(2)

95 % confidence intervals were calculated from the triplicate injections of each sample on

the SE-HPLC. SE-HPLC analysis was performed throughout the course of the study to

ensure that aggregate content did not change during intermediate storage before animal

studies or further characterization experiments were conducted.
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Particle Analysis

Particle analysis was performed using Micro-Flow Imaging™ on a DPA 4100 (Brightwell

Technologies, Inc., Ottawa, Ontario, Canada) as described earlier. [7] Briefly, in order to

obtain a clean baseline and optimize illumination, water was filtered through a 0.2 micron

filter and used to flush the system prior to sample analysis. Three aliquots (0.5 ml) of each

preparation were analyzed at a flow rate of 0.1 ml/min through a high magnification flow

cell using the “set-point 3” configuration, which allows detection of particles 1–50 μm. Prior

to analysis, samples were slowly inverted 10 times to ensure suspension of particles.

Negative controls using protein-free buffer were also analyzed to eliminate any buffer

influence on particle detection. The data obtained were number counts per volume per 0.25

micron diameter size bins.

Infrared Spectroscopy

Infrared spectra for insoluble aggregates of mGH formed by ultraviolet exposure were

acquired using a Bomem™ IR spectrometer (Quebec, Canada) and a deuterized triglycine

sulfate KBr detector. A variable path length CaF2 cell was used for all the measurements.

Suspensions were centrifuged at 1,700 g for 5 minutes and the supernatant removed.

Aggregates were resuspended in buffer to ensure analysis of aggregates only. Buffer

corrections were made by subtracting spectra measured on buffer samples. The methods

used to obtain and analyze spectra have been described previously. [17] All mathematical

manipulations of spectra were performed in GRAMS software (Thermo Electron Corp.,

Waltham, MA).

Reverse-Phase High Performance Liquid Chromatography

Reverse-phase high performance liquid chromatography (RP-HPLC) experiments were

conducted using a Jupiter 300Å 5 μm C4 column (Phenomenex, Torrance, CA) on an

Agilent 1100 series HPLC system (Agilent Technologies, Inc., Santa Clara, CA, USA).

Samples were centrifuged at 1,700 g for 5 minutes prior to injection. 100 μl injections of

each sample were analyzed in triplicate. Mobile phase A was water containing 0.1%

trifluoroacetic acid, and mobile phase B was acetonitrile containing 0.1% trifluoroacetic

acid. The column was equilibrated for 10 minutes at 100% mobile phase A followed by a

linear gradient from 0 to 100% mobile phase B over 45 minutes; followed by 10 minutes of

100% B to wash any remaining protein from the column. UV absorbance at 214 nm was

monitored using the Agilent UV diode array detector for 65 minutes. The chromatograms

were analyzed in Chemstation software (Agilent Technologies, Inc., Santa Clara, CA, USA)

by integration to determine areas for respective peaks.

Sample Preparation for Mass Spectroscopy

After photo-irradiation the samples were diluted (1/10) by mixing 100 μL of each with 900

μL ammonium bicarbonate buffer (50 mM, pH 8.0) containing DTT (500 μM). The samples

were incubated at 45°C for 30 min. The final samples were diluted (1/10) in 900 μL of a

digestion buffer consisting of 0.1 μg/μL of trypsin in ammonium bicarbonate buffer (50 mM,

pH 8.0). The samples were incubated at 37°C overnight.
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Mass Spectrometry

Capillary UPLC-ESI-MS data were obtained by means of a UPLC Acquity

Chromatographer (Waters, Milford, MA) combined with a Q-TOF-2 (Micromass Ltd.,

Manchester, U.K.) hybrid mass spectrometer operated in the MS1 mode and acquiring data

with the time-of-flight analyzer. The instrument was operated for maximum resolution with

all lenses optimized on the [M + 2H]2+ ion from the cyclic peptide Gramicidin S. The cone

voltage was 35 V and Ar was admitted to the collision cell at a pressure that attenuates the

beam to about 20% and the cell was operated at 12 eV (maximum transmission). Spectra

were acquired at 16,129 Hz pusher frequency covering the mass range 350–2000 amu (amu

= atomic mass unit) and accumulating data for 3 sec per cycle. Time to mass calibration was

made with CsI cluster ions acquired under the same conditions.

On the Q-TOF-2, the samples were injected onto the capillary column (C18, 250 × 0.5 mm,

Vydac, Grace, Deerfield, IL), and eluted with a linear gradient delivered at a rate of 50 μL

min-1. Mobile phases consisted of water/formic acid at a ratio of 99.9%, 0.1% (v:v) for

solvent A and acetonitrile/formic acid at a ratio of 99.9%, 0.1% (v:v) for solvent B. The

following gradient was set: 99% of solvent A for 1 min, followed by an increase of solvent

B from 1 to 65% within 190 minutes.

MS/MS spectra of peptides were re-analyzed by means of an LTQ-FT hybrid linear

quadrupole ion trap Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometer

(Thermo-Finnigan, Bremen, Germany) [18]. Peptides were separated on a reverse-phase LC

Packings PepMap C18 column (0.300 × 150 mm, Dionex, Thermo Scientific, West Palm

Beach, FL) at a flow rate 10 μL/min with a linear gradient rising from 0 to 65% acetonitrile

in 0.06% aqueous formic acid over a period of 55 min using LC Packing Ultimate

Chromatograph (Dionex, Thermo Scientific, West Palm Beach, FL). LC-MS experiments

were performed in a data-dependent acquisition manner using Xcalibur 2.0 software

(Thermo Scientific, West Palm Beach, FL). Five most intensive precursor ions in a survey

MS1 mass spectrum acquired in the Fourier transform-ion cyclotron resonance over a mass

range of 300–2000 m/z were selected and fragmented in the linear ion trap by collision-

induced dissociation. The ion selection threshold was 500 counts.

The MS/MS spectra were analyzed with the software MassMatrix. [19–22] MassMatrix was

used to generate the theoretical fragment tables of the b and y ions of the different oxidized

and cross-linked products. The theoretical fragments were compared to the experimental

MS/MS spectra to validate the structures, which were taken into consideration only if the

difference between the theoretical and the experimental m/z of the parent ion (and the

fragment ions) was strictly below 0.1 Da. Collision-induced dissociation (CID) of the

peptide ions was acquired after an attenuation of the parent ion of 35%. The mass window to

collect the parent ion was fixed to 0.1 Da.

Immunogenicity testing in animals

All animal experiments were approved by the institutional animal care and use committee

(IACUC). The animals were housed in sterile, air-filtered cages with food ad libitum. Four

animals were housed per cage and were marked with ear tags.
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All samples were tested for immunogenicity in adult (≥ 6 weeks of age) Balb/c or Nude

Balb/c mice (Charles River, Wilmington, MA). At the start of the study, Day 1, blood was

obtained from the retro-venous orbital from the mice so that each mouse served as its own

baseline. For five days a week for three weeks (Days 1–5, Days 8–12, Days 15–19), groups

of 8 mice were then given subcutaneous injections of 2 μg of mGH diluted in saline for

injection. This dosing schedule was chosen to roughly mimic the typical dosing schedule

used in human patients who are injected 6 days per week at a dose of ca. 0.3 mg/kg/week.

One group of mice received injections of 5 μg of NP-CGG, an antigen known to provoke T-

cell dependent immune responses, [23] and another group received injections of 5 μg NP-

Ficoll, an antigen that provokes direct B-cell responses that are T-cell independent. [24–27]

Mice were bled through the retro-venous orbit on days 8, 22, 39 and 50.

Antibody Assay

The collected sera were tested for IgG1-, IgG3- and IgM-specific antibody responses using

an enzyme-linked immunoassay (ELISA), as described previously7. The wells of Immulon 4

High Binding Affinity plates (ISC Bioexpress, Kaysville, UT) were incubated with 100 μl of

diluted stock mGH (10 μg/ml) or 100 μl of NP-BSA standard (10 μg/ml) at lab temperature

overnight with gentle agitation. The wells were then drained and washed three times with

PBS containing 0.05% polysorbate 20. After the final wash, the wells were tapped dry on a

paper towel. The wells were then blocked with 300 μl of 2% bovine serum albumin (BSA)

in PBS for 1 hour. After incubation with the blocking solution, the wells were washed three

times with a solution of PBS containing 0.05% polysorbate 20. Wells in rows A-H were then

loaded with 50 μl of 1 M Tris, pH 9.5. Serum samples were incubated for 1 hr in 300mM

acetic acid, and then 50 μl aliquots were diluted 1:50 into the 50 μl of Tris pH9.5 in row A.

Using a multichannel pipette, 50 μl of the diluted sera from row A were transferred to the

wells in row B. The solution in row B was then mixed by drawing up and expelling 50 μl (5

times) into the wells before transferring 50 μl to wells in row C. The 2X dilutions were

continued through row G. The plates were then sealed and allowed to incubate at lab

temperature for 60 minutes. Then, the wells were washed five times with a solution of

0.05% polysorbate 20 in PBS and tapped dry on a paper towel. The wells were incubated

with 50 μl of a goat polyclonal antibody specific to mouse IgG1 (Abcam, ab9165), mouse

IgM (Abcam ab9167) or mouse IgG3 (Abcam, ab9166) diluted 1/5000 in PBS with 0.05%

polysorbate 20. After 1 hour, the wells were washed five times with 0.05% polysorbate 20 in

PBS and tapped dry on a paper towel. The wells were subsequently incubated with 50 μl of

horse radish peroxidase conjugated rabbit polyclonal to goat IgG (Abcam, ab6741) diluted

1/5000 in PBS, 0.05% polysorbate 20 for 60 minutes. The plates were then washed five

times with 0.05% polysorbate 20 in PBS and tapped dry, followed by the addition of 50 μl of

3,3′,5,5′ tetramethylbenzidine to each well. After 20 minutes, 30 μl of 0.5 M sulfuric acid

was added to the wells to stop the reaction. The absorbance was recorded with a Molecular

Devices (Sunnyvale, CA) “V max” kinetic plate reader at a wavelength of 450 nm and a

reference wavelength of 595 nm. Sera were determined to be positive for immune response

if the absorbance at a dilution of 1/20 was greater than or equal to two times the absorbance

readings from 1/20 dilutions of serum taken at day 1 prior to any mGH administration. The

ELISA responses for positive sera are reported in titers. Titers were determined by serial

dilutions of positive sera until absorbance readings were less than or equal to two times the
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absorbance reading for initial day 1 values. Non-responders were assigned a titer value of 20

and all values for animals (n=8) were averaged for data analysis. Statistical analysis was

performed using a Kruskal-Wallis non-parametric one-way ANOVA test. When comparing

means, probabilities of [p] < 0.1 were significant based on the 90 % confidence interval

chosen.

Results

Identification of the photoproducts by mass spectrometry

Seven different photoproducts (referred as products 1, 2, 3a, 3b, 4, 5a, 5b) were detected

and tentatively characterized by mass spectrometry. The LC-MS analyses of the non-

irradiated and the irradiated samples are presented in the Supplementary Information (Figure

S1). The mass spectra and the discussion of the fragmentation patterns are presented in the

Supplementary Information (Figures S2–S9). The amino acid residues involved in the

different photoproducts are labeled in the sequence of mGH (Chart 1). In brief, when mGH

was exposed to UV, we observed the formation of methionine sulfoxide at Met[127]

(product 1) and at Met[149] (product 2). Our mass spectrometry analysis also suggests that

Cys[78] and Ser[188] or Cys[78] and Cys[189] could be connected through an ether or a

thioether bond, respectively (products 3a and 3b). The transformation of Cys[189] into

Ala[189] was observed (product 4). The residues Cys[206] and Ser[213] or Cys[206] and

Cys[214] are probably cross-linked through an ether or a thioether bond (products 5a and

5b). In addition to the modifications observed on the side chains of the Met, Cys and Ser

residues, we also observed the hydrolysis of the peptide bonds between residues Asn[124]/

Ser[125] and Gln[146]/Ala[147] (Figures S7 and S8).

SE-HPLC

Soluble aggregates were not detectable by SE-HPLC in any of the mGH preparations,

including the untreated mGH control. Insoluble aggregates were removed by centrifugation,

and the remaining monomer in the supernatant was quantified by SE-HPLC (Figure 1).

Irradiated samples were visually cloudy and pellets were observed upon centrifugation. By

mass balance, any loss of monomer was then assigned to insoluble aggregates. The loss of

monomeric mGH (and hence the level of insoluble aggregates) increased with exposure time

to ultraviolet radiation. The monomer loss after 10 minutes of UV exposure was 12% in

comparison to the untreated mGH control. The increased exposure times of 30 and 60

minutes resulted in monomer losses of 50% and 69% respectively. The error of calculated

monomer losses from triplicate injections was equal to or less than 3%.

Particle Analysis

The counts of particles of sizes from 1 to 50 micron were determined for the mGH stock and

mGH treated with UV. The total number of particles for the mGH stock was 238 ± 293

particles/ml. Exposure of mGH to UV radiation for 10, 30 and 60 minutes resulted in

increases in particle counts per ml to 12,900 ± 200, 20,000 ± 300 and 31,100 ± 700,

respectively. The distributions of particle counts for each sample are shown in Figure 2.

Before exposure to UV irradiation, only particles ≤ 10 micron in size were detectable in the

mGH stock samples. After UV irradiation, the samples had significant increases in the
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number of particles less than 10 microns in diameter, as well as significant increases in

number counts of particles greater than 10 microns in diameter.

RP-HPLC

Reverse phase high performance liquid chromatographic (RP-HPLC) analysis of samples

after centrifugation to remove insoluble aggregates indicates that the stock mGH contains a

small amount (8 ± 2%) of soluble impurities (Figure 3). The amounts of impurities detected

by RP-HPLC analysis in each sample were within error of one another. After irradiation, no

new peaks were observed in the chromatograms, and the levels of the impurity peaks did not

change. Similar to SEC analysis, for irradiated samples we were only able to detect

significant changes in native protein peak area After 10 minutes of exposure to UV radiation

at 254 nm, SEC analysis of samples showed that the peak area for monomeric mGH

decreased by 12 %, whereas the RP-HPLC analysis indicates a native protein peak area loss

of 28%. The impurities detected in the sample that was photoirradiated for 10 minutes were

still only 9% of the total peak area of the sample. After 30 minutes of UV exposure, RP-

HPLC detected a 48% loss of native protein peak area, similar to SEC analysis of 50%

monomer loss, but again, no significant increase of degraded soluble species were detected

by RP-HPLC. After 60 minutes of UV exposure, a 76% loss of native protein peak area was

detected by RP-HPLC analysis, compared to the 69% loss of monomer observed in SEC.

Similar to the other UV-exposed samples, this sample also did not exhibit a formation of

soluble degraded species detectable by RP-HPLC, with impurities of only 10% of total area.

Thus, for all UV exposure times, the level of impurities detected by RP-HPLC in the soluble

protein fraction remained essentially constant, in spite of large amounts of insoluble

aggregates that were formed.

Infrared Spectroscopy

The stock mGH used in this study has a relatively low solubility (ca. 1 mg/ml) and therefore

could not be concentrated sufficiently to obtain a high quality infrared spectrum of the

soluble protein. Because it has been reported that infrared spectra for native mGH can be

obtained by IR analysis of mGH adsorbed to alum [7], we first measured the IR spectrum of

protein from the stock solution after concentrating it by adsorbing it to alum and collecting

the protein-coated particles by centrifugation. The second derivative infrared spectrum for

mGH obtained in this fashion shows a strong negative band at 1654 cm−1, consistent with

the expected highly α-helical structure of mGH (Figure 4). The UV treated mGH samples

had sufficient insoluble protein aggregate present that these samples were simply

centrifuged and supernatant removed prior to IR analysis. In the spectra for protein in the

insoluble aggregates formed after UV exposure, the intensity of the band at 1654 cm−1 was

diminished and the band was broadened, indicating perturbation of mGH secondary

structure. (Figure 4)

Antibody Responses to Native and UV-Irradiated mGH

After the first week of injections of native and UV-treated mGH (serum collected at day 8),

no significant antibody responses were detected (Figure 5a). Mice injected with NP-Ficoll or

NP-CGC produced antibody responses. The Balb/c mice had higher responses than the Nude

Balb/c mice and were able to produce robust responses against both NP-Ficoll and NP-
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CGG. In contrast the Nude Balb/c mice, which lack T-cells and therefore cannot mount T-

cell-mediated responses, could only respond significantly to NP-Ficoll.

On day 22, immune responses were more prevalent in both mouse strains (Figure 5b). In the

Balb/c mice, the IgG1 titers on day 22 for the mGH treated with UV for 10, 30 and 60

minutes are all significantly higher than the titers of IgG1 for mice injected with untreated

mGH (p = 0.036, 0.007 and 0.008, respectively). Low levels of immune responses were

detected in some of the mice injected with untreated mGH. This is likely due to low levels

of undetected impurities (such as nanoparticles that were observed in similar preparations

even after centrifugation [34]) and not a consequence of the mice being intolerant to growth

hormone, which is produced endogenously in these mice.. If the mice were intolerant to the

protein, we would have expected to see antibody produced at day 8 (Figure 5A), similar to

that observed in mice treated with the positive controls. The IgG1 titers on day 22 for the

mice injected with UV-treated samples of mGH increased with increasing UV exposure

time, such that 30 minute exposure time results in higher titers than 10 minutes (p = 0.105)

and 60 minute exposure time results in higher titers than 10 and 30 minutes (p = 0.011 and

0.021, respectively). The IgM and IgG3 titers produced by the Balb/c mice against the

untreated mGH and mGH treated with UV samples were not statistically different at day 22

(p ≥ 0.12).

The Nude Balb/c mice did not produce statistically different (p ≥ 0.4) IgG1 day 22 titers in

response to injections of the untreated mGH and mGH treated with UV. Nude Balb/c mice

produce higher titers of IgM when injected with untreated mGH than when injected with

mGH treated with UV for 10 or 30 minutes (p = 0.0001 and p = 0.018 respectively).

However, the IgM titers produced in Nude Balb/c mice injected with mGH treated with UV

for 60 minutes are not statistically different from titers in mice injected with untreated mGH.

Similar to IgG1 titers produced in Nude Balb/c mice on day 22, the IgG3 titers were not

statistically different among the different mGH sample groups. The lack of statistically

significant and/or different immune responses in Nude Balb/s mice injected with mGH

samples and NP-CGG suggests that these samples do not induce immune responses via the

T-independent pathway.

In Balb/c mice, NP-CGG injections produced antibodies of IgG1, IgM and IgG3 isotypes.

Injections of NP-Ficoll produced titers IgG3 that were roughly equivalent to those produced

from NP-CGG injection, but IgM titers were higher and IgG1 titers were lower in response

to injections of NP-Ficoll versus those resulting from NP-CGG injections.

In contrast, NP-CGG injections in Nude Balb/c mice produced low titers of IgG3 and

negligible IgM compared to Balb/c mice. Both mouse strains showed similar IgG1, IgG3

and IgM titers in response to NP-Ficoll injections. The T-independent positive control of

NP-Ficoll resulted in immune responses that were predominantly IgM in both Nude Balb/c

and Balb/c mice. This antibody profile typical to T-independent immune responses was not

observed among any of the groups injected with mGH (treated or untreated).

Serum samples taken on days 39 and 50 showed results for all treatments and both mouse

strains (Figures 5C and 5D) that were similar to those described for samples collected on
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day 22. The antibody responses of mice at day 57, after being subjected to a secondary

administration of material are shown in Figure 6. As expected, we observe an increase in

antibody titers for the positive control groups in the Balb/c mice. The only significant

increase in antibody titers observed in the Nude Balb/c sera were for the mice injected with

NP-Ficoll (B-cell +). We did not observe a significant increase in antibody titers for mice

injected with mGH (treated or untreated). This could be a consequence of not enough time

provided between the secondary administration of material and the blood draw, or it could

be indicative in a lack of T-cell memory in the immune response.

Discussion

Exposure of mGH to UV light results in a wide spectrum of chemical modifications. These

modifications include formation of MetSO at Met[127] and Met[149], the tentative

formation of two new thioether and/or ether crosslinkages (e.g., between Cys[78] and

Ser[188], Cys[206] and Ser[213], and between Cys[17] and Cys[78]), and a number of

hydrolytic fragments. Due to the large number of UV-induced chemical modifications, we

are not able to determine which modification(s) lead to the increased levels of insoluble

aggregates and to the cross-reactive immune response seen as a function of increasing UV

exposure time.

Before exposure to UV light, mGH samples exhibited ca. 10% levels of chemically modified

species, as determined by RP-HPLC. Such levels are consistent with similar levels of

chemical modification seen in commercial recombinant human GH preparations [35, 36],

and the large heterogeneity of expression forms seen in autologous human growth hormone.

[37, 38] Interestingly, although exposure to UV light caused a large fraction of the mGH to

aggregate, the level of modified species in the remaining soluble fraction that could be

detected by RP-HPLC was essentially unchanged, consistent with the suggestion that

degradation products resulting from UV irradiation formed large insoluble aggregates that

could not by detected by HPLC methods.

Exposure of mGH to ultraviolet radiation resulted in aggregate levels in the form of

insoluble particulates that increased with longer exposure time. Monomer loss from the

samples was found to be 12, 50 and 69% with 10, 30 and 60 minute exposure times to UV at

254 nm, respectively. In-vivo testing of the immunogenicity of these samples in Balb/c and

Nude Balb/c mice showed that responses to the UV-treated mGH samples were UV dose-

dependent, provoking higher antibody titers as aggregation levels (and oxidative damage)

increased.

Balb/c and Nude Balb/c mice were both used in this study to determine if immune responses

to mGH were T-cell dependent. A T-cell positive control of NP-CGG and a B-cell positive

control of NP-Ficoll were both injected into the two strains of mice to determine if

differences of antibody types could be observed with the two pathways of immunogenicity.

Predominance of IgM and IgG3 isotypes is an indicator of T-cell independent B-cell

activation [39–41], whereas a predominant IgG1 antibody response is known to be

characteristic of T-cell dependent responses. [42] Our results are in agreement with the

literature in that injections of NP-Ficoll, the B-cell positive control, resulted in very high
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levels of IgM and lower levels of both IgG1 and IgG3 in both strains of mice. Also as

expected, minimal IgM responses to injections of the T-cell positive control in the T-cell

deficient Nude Balb/c strain were observed. Injections of both untreated and UV-treated

mGH produced immune responses characteristic of T-cell dependent antigens, with higher

titers of IgG1 in Balb/c mice as compared to Nude Balb/c mice.

The IgG1 response against mGH increased in a dose-dependent fashion with increasing

mGH exposure to UV radiation. Because both chemical damage and concomitant

microparticle formation resulted from UV irradiation, it cannot be deduced whether the

heightened immune response was initiated by chemical damage, the presence of

microparticulate aggregates, or both.

This study shows that UV exposure is risk factor that can increase immunogenicity of a

therapeutic protein. However, based on the present study, it is not clear what level of UV

exposure might be required to significantly alter the immunogenicity of an actual therapeutic

protein product. The mGH dosing schedule and dose administered to mice (0.5 mg/kg/week)

was roughly equivalent (albeit for a much shorter treatment period) to the typical human

therapeutic dosing schedule and human therapeutic dose used for the treatment of growth

hormone deficiency with human growth hormone (hGH). Although the maximum irradiation

applied to the samples (51 Wh m−2) was lower than the limit of irradiance in the ICH Q1B

(200 Wh m−2), the UV irradiation applied to the mGH samples far exceeded UV levels to

which bulk hGH might likely be exposed, and as a result both levels of photooxidation and

resulting microparticulate aggregate levels were much higher than those that might typically

be found in a therapeutic product. However, protein adsorbed on windows of UV-based

chromatography column effluent monitors, on the walls of glass containers or on the interior

surfaces of glass chromatography columns may well experience much higher doses that

those experienced by protein molecules in the bulk [2]. In addition, many factors that may

influence the immunogenic potential of aggregates such as the effects of chronic

administration of aggregates and size-dependent biodistribution patterns of injected

aggregates remain unknown. Prudence thus dictates that exposure of therapeutic proteins to

UV radiation should be avoided to minimize potential for unwanted immunogenicity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Abbreviations

mGH Murine growth hormone

UV Ultraviolet

MS Mass Spectrometry

Met Methionine

Cys Cysteine

Ser Serinine
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Ala Alanine

Asn Asparagine

Gln Glutamine
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Highlights

• Murine growth hormone (mGH) was exposed to UV radiation.

• Irradiated mGH formed Met-sulfoxides, ether linkages, aggregates, and

fragments.

• Immunogenicity of irradiated mGH was tested in Balb/c and Nude Balb/c mice.

• Irradiated mGH induced antibody production typical of T-cell dependent

responses.
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Figure 1.
Size exclusion chromatogram for mGH stock and mGH exposed to λ = 254 nm for 10, 30

and 60 minutes represented by black, medium grey, dark grey and light grey lines,

respectively.
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Figure 2.
Particle counts for mGH stock (A), and ultraviolet irradiated mGH stock for 10 (B), 30 (C)

and 60 (D) minutes.
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Figure 3.
Reverse phase HPLC chromatogram for mGH stock and mGH exposed to λ = 254 nm for

10, 30 and 60 minutes represented by black, dark grey, medium grey and light grey lines,

respectively.
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Figure 4.
Second derivative infrared spectroscopy for mGH stock and ultraviolet irradiated mGH

stock. Spectra for mGH and irradiated protein for 10, 30 and 60 minutes are represented by

light grey, black line, medium grey line and dark grey line, respectively.
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Figure 5.
Antibody responses from day 8 (14a), 22 (14b), 39 (14c) and 50 (14d) sera samples. Each

bar is an average of 8 mice. Error bars shown are 95 percent confidence intervals. Bars

marked UV 10, UV 30, and UV 60 represent titer for mice injected with mGH exposed to

UV radiation for 10, 30, and 60 minutes, respectively. Bars marked “T-cell +” represent

titers from mice injected with NP-CGG; bars marked “B-cell +” represent titers for mice

injected with NP-Ficoll.
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Figure 6.
Antibody responses from day 57 sera samples, after secondary administration of antigen.

Each bar is an average of 8 mice. Error bars shown are 95 percent confidence intervals. Bars

marked UV 10, UV 30, and UV 60 represent titer for mice injected with mGH exposed to

UV radiation for 10, 30, and 60 minutes, respectively. Bars marked “T-cell +” represent

titers from mice injected with NP-CGG; bars marked “B-cell +” represent titers for mice

injected with NP-Ficoll.
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Chart 1.
Sequence of mGH. The red colored residues indicate modification of the side chain. The

green colored residues indicate the site of an hydrolysis of the peptide bond.
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