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Abstract

When administered intravenously, various particles and nanomedicines activate complement, 

potentially leading to infusion reactions and other adverse drug reactions. Particles form within 

formulations of therapeutic proteins due to stresses incurred during shipping, handling and 

administration to patients. In this study, IVIg solutions were stored in multiple types of vials and 

prefilled syringes and exposed to agitation and freeze thawing stresses to generate particles. The 

stressed samples were added to human serum to determine whether these particles activated 

complement. Sub-visible IVIg particles ranging in size between 2 and 10 microns activated 

complement in a fashion that was linearly dependent on the number of particles dosed, whereas 

little correlation was found between doses of larger particles (>10 microns) and complement 

activation. Activation of complement by sub-visible particles of IVIg followed the alternative 

pathway, as shown by the release of complement cascade factor Bb and the production of the 

anaphylatoxins C3a and C5a without generation of C4a. The number and the morphology of sub-

visible particles formed depended on the applied stress, formulation and on the container material. 

But the capacity of the 2-10 micron-sized particles to activate complement in human serum 

appeared to depend only on particle concentration.

Introduction

Therapeutic proteins offer effective treatments for a wide range of human diseases. However, 

in a fraction of patients, the safety and efficacy of these medicines are compromised by 

adverse drug reactions (ADRs) that include unwanted immune responses, infusion reactions, 

anaphylaxis, and even death1-13. Some of these ADRs are quite common. For example, 

hypersensitivity reactions following the first exposure to rituximab are reported in about half 

of patients with B-cell malignancies14, 14.5% of patients were reported to experience severe 

infusion reactions in response to the first administration of cetuximab15 and, 12.3% of 

patients receiving infusions of the anti-TNF-α antibody infliximab experienced infusion 
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reactions16. Anaphylaxis, hypersensitivity and increased (undesired) antibody responses all 

can result from complement activation. Complement is normally activated as a biological 

defense mechanism against viral and microbial challenges, but nanoparticles in 

intravenously-administered drug formulations can also activate the complement cascade.
17-23 Once the complement cascade is activated, it can have strong pro-inflammatory and 

anaphylactoid outcomes22. The strength of these responses is driven largely by the extents to 

which C3a and C5a, the two anaphylatoxins of the complement system, are produced. These 

two signaling molecules have the capacity to cause blood vessel dilation, modulate cytokine 

production, cause histamine release and oxidative burst, and act as signals for chemotaxis of 

innate immune cells19, 24, 25.

Although complement activation-driven actions can be very helpful for fighting localized 

microbial infections, they can be detrimental if they occur systemically, as happens in 

complement activation-related pseudoallergy (CARPA). CARPA is an infusion reaction that 

has been associated with intravenous administration of various liposomal26, 27 and micellar 

formulations of drugs, as well as to administration of nanoparticles17 and therapeutic 

antibodies22, 28-30. CARPA can provoke severe cardiopulmonary responses including 

anaphylactic cardiogenic shock and death22, 28.

Therapeutic proteins readily aggregate to form soluble oligomers and sub-visible particles 

during production, shipping, storage and administration to patients31. These aggregates are a 

risk factor for unwanted immune responses, which can lead to loss of therapeutic efficacy 

and other adverse reactions13, 32-34. Protein aggregation is often initiated by interactions 

with interfaces to which proteins are exposed, such as air-water, container-water and ice-

water interfaces. These interfacial stresses can be magnified by handling. For example, 

aggregation of proteins at the container-water interfaces found in silicone oil-lubricated 

syringes can be greatly accelerated by agitation35, 36 and levels of particles within 

therapeutic protein formulations may be dramatically increased by freeze-thawing37, 38.

We hypothesized that, like some nanoparticulate drugs, the particles generated by handling 

of protein formulations may be capable of activating complement. To test this hypothesis, 

we first conducted accelerated stability experiments to generate particles within a polyclonal 

antibody formulation (intravenous immunoglobulin, IVIg) by subjecting the antibody 

formulation to freeze-thawing stresses in multiple types of vials or to stresses caused by 

agitation in multiple types of prefilled syringes. We then tested whether these handling-

induced particles were capable of activating complement when added to human serum 

samples. Complement activation was measured using enzyme-linked immunosorbent assays 

(ELISA) to quantify the levels of C3a and C5a, two key signaling molecules for the pro-

inflammatory properties of complement. In addition, we measured levels of C4a and Bb to 

probe which complement pathways might be activated. Production of C4a is a marker of 

complement activation by the classical or lectin pathways, whereas production of Bb is 

indicative of complement activation via the alternative pathway.
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Materials and Methods

Materials used were of USP grade or higher. Intravenous immunoglobulin (IVIG; 

GAMMAGARD LIQUID®, Shire US Inc., Lexington, MA) was purchased from 

Wardenburg Pharmacy at the University of Colorado at Boulder. Chemicals purchased from 

Sigma Aldrich (St. Louis, Missouri) included sodium phosphate monobasic, sodium 

phosphate dibasic, and glycine. Chemicals purchased from Fisher Scientific (Waltham, 

Massachusetts) included polysorbate 20 (Tween 20™, N.F., Multi-Compendial, J.T. Baker), 

10X phosphate buffered saline, and HyClone™ water for injection (WFI). Siliconized glass 

syringes were BD Hypak SCF 1mL long 27G1/2 (BD Medical-Pharmaceutical Systems, 

Franklin Lakes, NJ). SiOPlas™ syringes (1ml), (SiO2 Medical Products, Inc., Auburn, AL) 

were composed of cyclic olefin polymer (COP) syringe barrels whose interior surfaces were 

coated with a silica-based barrier coating system and an organosiloxane lubricant, both 

applied by plasma enhanced chemical vapor deposition39. SiOPlas™ vials (6ml) were 

composed of COP that was coated on the vial interior with a barrier coating system. 6 mL 

Ompi EZ-fill® borosilicate glass vials (Schott, AG) were provided by SiO2 Medical 

Products, Inc. (Auburn, AL).

Protein Formulation

Prior to use, IVIg was formulated at a protein concentration of 1 mg/mL in either phosphate-

buffered saline at pH 7.4 (PBS), or in 250mM glycine pH 4.25 with 0.02% (v/v) polysorbate 

20 (PS20). To remove any pre-existing particulates, GAMMAGARD LIQUID® samples 

containing 100 mg/mL immunoglobulin G in 250 mM glycine were centrifuged at 20,000 × 

g for 20 minutes at 4°C and the supernatant was used as a stock solution. The IVIg stock 

solution was diluted 1:100 into either 0.22 micron filtered PBS pH 7.4 or 250 mM glycine 

pH 4.25 with 0.02% (v/v) polysorbate 20 to yield a final concentration of 1 mg/mL IVIg.

Accelerated stress testing of IVIg formulations using agitation

Siliconized glass and SiOPlas™ syringes were filled with 1mg/mL IVIg in 250mM glycine 

pH 4.25 with 0.02% (v/v) PS20. Syringes were filled so that a uniform headspace gap of 

4mm was present between the liquid and the stopper (Datwyler Pharma Packaging, 

Pennsauken, NJ). These syringes were rotated end-over end at room temperature for 10 

days, causing the air bubble in the headspace gap to move from one end of syringe to other 

end with each rotation. In a few of the syringes that were tested, the air bubble became 

lodged at one end of the syringe and failed to move as the syringe was rotated. These 

syringes were excluded from further analysis. After the 10 days of end-over-end rotation, 

each formulation was expelled from the syringe through the needle using an automated 

syringe pump at 150 mm/min and sample was collected in pre-rinsed polypropylene tubes 

and tested for sub-visible particle concentrations and for complement activation capacity.

Another set of siliconized glass and SiOPlas™ syringes were filled with 1mg/mL IVIg in 

PBS. These syringes were placed horizontally on an orbital shaker and shaken overnight at 

room temperature. Following shaking, the formulations were expelled from the syringes 

through the needle using an automated syringe pump at 150 mm/min, collected in pre-rinsed 
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polypropylene tubes, and tested for sub-visible particle concentrations and complement 

activation capacity.

Accelerated stress testing of IVIg formulations using freeze thawing

Borosilicate vials (6mL) and SiOPlas™ vials (6mL) were filled with 4 mL of a formulation 

containing 1 mg/mL IVIg in PBS pH 7.4. The contents of the vials were subjected to 1 or 6 

freeze-thaw cycles. In each freeze-thaw cycle, the vials were first dipped in liquid nitrogen 

for 2 minutes, then thawed in a water bath at 30 °C for 14.5 minutes. Each vial was swirled 

gently for mixing prior to next freeze-thaw cycle.

Analysis of sub-visible particle concentrations

Particle concentrations and images of particles in the various stressed formulations were 

obtained using flow imaging microscopy (FlowCAM®, Fluid Imaging Technologies, 

Scarborough, Maine), as previously described.15 Samples that had been subjected to 6 

freeze-thaw cycles contained concentrations of particles that approached or exceeded the 

upper limit for the flow imaging microscopy instrument, and so these formulations were 

diluted 100-fold with phosphate buffered saline, pH 7.4 before analysis. Particle counts in 

the stressed formulations were measured in aliquots that were sampled from the same 

individual syringes and vials that were tested for complement activation. Each sample 

contained a distribution of particle sizes; no effort was made to fractionate the particles prior 

to testing the stressed formulation for their ability to activate complement.

Analysis of soluble protein fractions by size exclusion chromatography

Size exclusion chromatography was used to monitor the retention of monomeric protein and 

the appearance of any soluble aggregates in IVIG samples after application agitation or 

freeze-thawing stresses. A TSKgel G3000SWXL column (TOSOH Biosciences, 

Montgomeryville Pennsylvania) was used with an Agilent 1100 series system (Santa Clara, 

CA). The eluent was monitored at an absorbance of 280 nm in the Agilent ChemStation 

software. The mobile phase of 100 mM sodium sulfate, 100 mM sodium phosphate, and 

0.05% (w/v) sodium azide at pH 6.7 was passed through the system at 0.6 mL/min. Peak 

areas in chromatograms were quantified in GRAMS/AI software version 9.1 (Thermo Fisher 

Scientific Inc., Waltham, Massachusetts). After application of accelerated stress conditions, 

the fractional loss of soluble protein from the (essentially) particle-free, centrifuged and 

filtered starting formulations was quantified using the ratio of the peak areas for stressed vs. 

unstressed formulations.

Complement activation in human serum samples

Samples pooled from three vials or syringes of the various stressed IVIg formulations as 

well as unstressed control samples of each formulation were delivered to Exsera Biolabs 

(Denver, CO) for analysis of their capacity to activate complement. Complement activation 

was measured in normal human serum pooled from three individual donors that had been 

previously screened for normal complement function. Test samples of stressed IVIg 

formulations were diluted tenfold into pooled human serum, mixed and allowed to incubate 

at 37 °C for 30 minutes. After incubation, samples were stored at −80 °C until further testing 
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was conducted. For analysis of complement activation, concentrations of four complement 

cascade activation fragments, C3a, Bb, C4a and C5a, were measured by ELISA using kits 

purchased from Quidel Corporation (San Diego, CA). C4a was chosen because it is a marker 

of activation of the classical or lectin pathway, Bb as a distinct marker of the alternative 

pathway for complement activation, C3a as the central point of complement activation and 

C5a as a marker of terminal complement pathway activation.40 Triplicate ELISA 

measurements were conducted for each of the for complement cascade proteins. In addition 

to testing of stressed IVIG samples, several controls were analyzed. These control samples 

contained pooled serum alone, or samples of serum to which saline solution, phosphate 

buffered saline with zymosan or phosphate buffered saline with heat aggregated 

gammaglobulins were added in a 1:9 ratio. The average of the measurements were plotted 

versus particle sample counts as a fold increase compared to concentrations measured in the 

saline control.

Results

Particle formation during accelerated stress testing of IVIg formulations

As expected, each of the accelerated stress testing methods generated microparticles within 

the tested formulations (Table 1). Freeze thawing of IVIg in PBS pH 7.4 resulted in the 

highest number of sub-visible particles. A single freeze-thaw cycle produced 3.2 × 105 and 

7.1 × 105 particles of size greater than 2 micron in borosilicate and SiOPlas™ vials, 

respectively. Particles larger than 10 microns were also produced, with 8×103 particles 

detected in borosilicate vials and 5.1×104 particles found in SiOPlas™ vials.

Application of multiple freeze thaw cycles further increased particle numbers by about an 

order of magnitude (Table 1). After six cycles, particle concentrations in borosilicate vials 

and SiOPlas™ vials had increased to 4.8×106 and 2.1×106 particles/mL of size greater than 

2 microns, respectively. Particles larger than 10 micron were also generated, with 2.3 ×105 

and 3.6×105 in borosilicate and SiOPlas™ vials, respectively.

The number of particles produced as a result of agitation stresses depended on the container 

type and also on the type of agitation that was applied41. Overnight agitation of IVIg 

formulations in PBS pH 7.4 using an orbital shaker generated 2.4×106 particles of size 

greater than 2 microns in siliconized glass syringes, and 6.0×105 particles/mL in 

corresponding SiOPlas™ syringes (Table 1). As was the case with the freeze-thaw studies, 

roughly an order of magnitude fewer large particles (>10 micron) were formed in syringes of 

both types.

End-over end rotation for ten days was the gentlest accelerated stability test that was applied. 

After IVIg formulations in glycine pH 4.25 underwent end-over-end rotation for 10 days, 

only 3×103 and 1.03 ×105 particles/mL in the particle size range greater than 2 microns were 

detected in SiOPlas™ and siliconized glass syringes, respectively. Correspondingly few 

particles larger than 10 micron were also generated, with 2.0 × 103 and 90 particles/mL 

detected in siliconized glass and SiOPlas™ syringes, respectively.
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Collections of typical flow imaging microscopy images of particles produced by the various 

accelerated stress methods are presented in Figure 1. Samples stressed by freeze-thawing in 

vials predominately contained aspherical microparticles characteristic of proteinaceous 

aggregates (Figure 1a), whereas samples stressed by agitation in siliconized glass syringes 

(Figure 1b) contained numerous spherical particles characteristic of droplets of lubricants. 

Agitation in the SiOPlas™ syringes (Figure 1c) produced particles of various morphologies 

that may have comprised both irregularly-shaped protein aggregates and spherical droplets 

of silicone oil.

For all of the accelerated stress conditions tested, size exclusion chromatographic analysis 

showed that only minimal (<5%) amounts of insoluble protein were formed. No soluble 

aggregates were detected under any condition. Application of six freeze-thaw cycles to IVIg 

in borosilicate glass vials produced the highest numbers of particles per mL – nearly 5 

million particles greater than 2 microns – but this represented a loss of only 3.7% of the 

original monomeric protein.

Complement activation in human serum in response to particles produced under 
accelerated stress conditions.

Particles of size greater than 2 microns within IVIg formulations that had been subjected to 

accelerated stress conditions activated complement in a linear, dose-dependent fashion when 

the IVIg formulations were diluted ten-fold into human serum (Figures 3-5). Levels of 

complement activation were generally higher in samples with larger numbers of particles of 

size greater than 10 microns, but these larger particles were present at low levels that did not 

allow any clear dose-dependence to be resolved (see Figure 6). .

The observed complement activation was consistent with activation through the alternative 

pathway. No increase over saline control levels was seen for C4a, which is a marker for the 

classical or lectin pathways (Figure 2). In contrast, Bb, a marker of the alternative pathway 

for complement activation, increased linearly (r2=0.94) as the concentrations of particles in 

the size range greater than 2 microns increased (Figure 3).

Increases in concentrations of the anaphylatoxins C3a and C5a were also observed when 

particles were diluted into serum (Figures 4 and 5). As with the Bb response, the fold 

increases vs. saline control were linearly dependent on particle dose, with correlation 

coefficients r2 of 0.85 and 0.99 for C3a and C5a, respectively. Responses to the IVIg 

formulations that were subjected to 6 freeze-thaw cycles in borosilicate glass vials produced 

increases in C3a and C5a concentrations that were 2.4 and 8.9 fold higher than those 

observed in saline controls.

For comparison, positive controls containing 1 mg/mL zymosan or 1 mg/L heat aggregated 

gamma globulins stimulated ca. 11-fold increases (vs. saline) of C3a, Bb, and C4a, and ca 

32-fold increases (vs. saline) in C5a levels.
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Discussion

Sub-visible particles are ubiquitous in formulations of therapeutic proteins, but their levels 

can be greatly increased by stresses encountered during shipping, handling and storage42-44. 

Agitation stresses are incurred as a result of vibration during shipping, and during routine 

handling of liquids. Although liquid formulations of therapeutic proteins are typically 

intended to remain in liquid form at controlled temperature, accidental freezing can occur, 

especially during shipping in containers cooled with gel packs38, or in formulations intended 

for home administration45. In the polyclonal antibody formulations tested here, increased 

levels of particles were seen when IVIg formulations in prefilled syringes were subjected to 

agitation, or when formulations were freeze-thawed in vials. The current study was designed 

to probe whether sub-visible particles in protein formulations are capable of complement 

activation, and so we used a variety of formulations and accelerated stress conditions to 

create samples with a range of particle sizes and concentrations, but we did not attempt to 

elucidate the detailed mechanisms by which each stress fostered particle formation.

The particle concentrations that were observed after freeze-thaw testing depended on both 

the vial type and on the number of freeze thaw cycles to which the formulations were 

subjected. After six freeze-thawing cycles, millions of particles of size greater than 2 μm and 

hundreds of thousands of particles of size greater than 10 μm were produced per mL of 

sample. Interestingly, samples in glass vials that underwent multiple freeze-thawing cycles 

produced more particles than samples frozen in the polymeric SiOPlas™ vials. We speculate 

that the higher numbers of particles in glass vials resulted from higher mechanical stresses 

as ice expanded during freezing in rigid glass vials compared to those experienced in the 

more flexible cyclic polyolefin vials.

The number of particles generated in response to agitation of IVIg formulations in syringes 

depended on the intensity of the applied agitation stress, buffer conditions, and on the 

syringe type. High-intensity, overnight agitation of syringes on a plate shaker generated 

more particles than were created after 10 days of low-intensity, end-over-end rotation of 

syringes. Agitation of silicone oil-lubricated prefilled syringes resulted in the production of 

spherical particles characteristic of silicone oil droplets, as well as smaller numbers of 

aspherical, nearly translucent particles typical of protein aggregates, and particles that 

appear to be composed of both silicone oil droplets and aggregated protein46. Fewer 

particles were produced in the SiOPlas™ syringes, where the plasma-deposited lubricating 

layer was likely less prone than liquid silicone oil lubricating layers to be removed from the 

surface by fluid shear and interfacial tension forces46.

Complement activation is an ADR that has been associated with the presence of 

nanoparticles in a number of nanoparticulate drugs.17, 19, 23, 26, 27, 47-52 Although many 

types of nanoparticles have been shown to activate complement53, there are other 

nanoparticles that exhibit minimal complement activation54. Nanoparticle-induced 

complement activation can occur through the classical, lectin, or alternative pathways53. 

Complement activation through the classical pathway is characteristic of activation by 

antigen-bound IgG. This activation occurs when Fc regions of antigen-bound IgG’s 

assemble to form hexameric complexes.55 In contrast, in the present case the increases in Bb 
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levels in response to particles in IVIg formulations indicated that complement was activated 

via the alternative pathway, likely through non-specific binding that is different from the Fc-

mediated activation characteristic of native IgG function. The structural basis for protein 

particle-induced complement activation via the alternative pathway is not completely 

understood, but for other nanoparticles alternative pathway activation results from non-

covalent deposition of the complement cascade protein C3 on the particle surfaces56.

The complement activation in response to handling-induced particles in IVIg formulations 

was quite strong. Even under the freeze-thawing conditions that produced the highest 

numbers of particles that we tested, most of the protein remained soluble, in monomeric 

form. For example, after 6 freeze-thaw cycles in glass vials, based on monomer loss 

determined from HPLC analysis, only 3.7% of the original 1 mg/mL monomeric protein had 

aggregated, representing on 37 micrograms/mL particles. Yet this small amount of aggregate 

elicited release of Bb, C3a and C5a at a level that was approximately one fourth of the levels 

generated by 1 mg/mL levels of the positive controls zymosan and heat-aggregated gamma 

globulins.

Freeze thawing and agitation stresses applied to IVIg formulations in glass and SiOPlas™ 

containers yielded particle numbers that spanned several orders of magnitude, and different 

characteristic morphologies were observed when the particles were analyzed by flow 

imaging microscopy. However, when examined on a per-particle basis, the propensity of 

particles to activate complement did not depend on particle morphology. It should be noted 

that flow imaging microscopy is sensitive to particle morphological characteristics with 

micron-scale features. It is possible that at a finer scale, protein structures within the various 

particle types might have been similar, thus yielding similar levels of complement activation 

per particle.

Micelles of surfactants such as the polysorbate 20 and polysorbate 80 have been shown to be 

capable of activating complement57. But in the present case, complement activation did not 

appear to be strongly dependent on surfactant concentration, since the particle dose 

dependency was indistinguishable between formulations with and without added polysorbate 

20.

The complement activation that we observed depended linearly on the concentrations of 

particles of size smaller than 10 microns. Complement activation was also generally higher 

in samples that contained the largest numbers of particles of size greater than 10 microns 

(see Figure 6), but these larger particles were found in the various stressed IVIg samples at 

concentrations roughly an order of magnitude lower than the corresponding concentrations 

for smaller, 2-10 micron-sized particles. Thus, our experiments were inconclusive as to 

whether complement activation depended on the doses of particles of size greater than 10 

microns.. It is interesting to note that the smaller submicron particles are not currently 

regulated in protein products for parenteral administration; limits on particle content 

described in United States Pharmacopoeia <USP 787/788> are only for particles of size 

greater than 10 microns and greater than 25 microns. Monitoring particles below <USP 

787/788> size ranges of less than 10 micron may provide insight into potential 

immunogenicity and complement activation capacity of therapeutic protein formulations.
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Caution should be used in extending these results to the prediction of complement 

activation-related ADRs in clinical settings. Thresholds and extents of complement 

activation may vary from patient to patient due to genetic and acquired factors,21, 58-60 

making direct prediction of in vivo responses to particles problematic.61 Furthermore, the 

use of cell-free serum in our in vitro test may underestimate the capacity for particles to 

activate complement; in whole blood, the presence of B cells increases sensitivity to 

complement activation by rituximab in patients.62 Finally, complement activation by 

nanoparticles can be highly material-specific, and particles formed from other protein drugs, 

e.g., monoclonal antibodies, may not behave in a fashion similar to particles found in the 

polyclonal mixture of antibodies present in IVIg.

Conclusions

We observed that as little as a single unintended freeze-thawing of an IVIg formulation 

creates a sufficient number of particles to activate complement in an in vitro serum-based 

assay. Complement activation was directly proportional to particle concentration for 2-10 

micron sized particles in stressed samples, whereas no clear correlation was observed for 

>10 micron particles in the same samples. The level of activated complement was not 

dependent on the specific particle morphologies generated by multiple types of stresses, or 

on the presence of non-ionic surfactants in the formulations. Although these results may not 

be easily extrapolated to quantitatively predict risk of ADRs in patients infused with other 

monoclonal antibody drug products, it is clearly prudent to take steps in handling, storage 

and administration of therapeutic protein products to minimize generation of particles in 

infused therapeutic protein products, and it may be important to monitor particles below 10 

microns in size for insight into immunogenicity.
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Figure 1. 
Flow imaging microscopy of stressed IVIg samples. Collages are randomly-selected set of 

images of particles present in IVIg samples that had been processed by a) overnight shaking 

in glass syringes on an orbital shaker; b) overnight shaking in SiOPlas™ syringes on an 

orbital shaker; c) 10 days of end-over-end rotation in silicone oil-lubricated glass syringes; 

d) 10 days of end-over-end rotation in SiOPlas™ syringes; e) freeze-thawed six times in 

glass vials; f) freeze-thawed six times in SiOPlas™ vials.
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Figure 2. 
Protein particles within IVIg samples did not stimulate release of C4a concentration in 

human serum samples. Concentrations are reported as fold increases vs. C4a levels for saline 

control samples. Particle concentrations refer to concentrations in IVIg formulations prior to 

10-fold dilution into human serum. Line represents a least-squares linear fit, with correlation 

coefficient r2= 0.005.
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Figure 3. 
Effect of sample particle levels on Bb concentration in human serum samples. 

Concentrations are reported as fold increases vs. Bb levels for saline control samples. 

Particle concentrations refer to concentrations in IVIg formulations prior to 10-fold dilution 

into human serum. Line represents a least-squares linear fit, with correlation coefficient r2= 

0.94.
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Figure 4. 
Effect of sample particle levels on C3a concentration in human serum samples. 

Concentrations are reported as fold increases vs. C3a levels for saline control samples. 

Particle concentrations refer to concentrations in IVIg formulations prior to 10-fold dilution 

into human serum. Line represents a least-squares linear fit, with correlation coefficient r2= 

0.85.
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Figure 5. 
Effect of sample particle levels on C5a concentration in human serum samples. 

Concentrations are reported as fold increases vs. C5a levels for saline control samples. 

Particle concentrations refer to concentrations in IVIg formulations prior to 10-fold dilution 

into human serum. Line represents a least-squares linear fit, with correlation coefficient r2= 

0.99.
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Figure 6. 
Effect of concentrations of particles of sizes larger than 10 microns on C5a (filled circles) 

and C3a (open circles) concentrations in human serum samples. Concentrations are reported 

as fold increases vs. C5a and C3a levels for saline control samples. Particle concentrations 

refer to concentrations in IVIg formulations prior to 10-fold dilution into human serum. Line 

represents a least-squares linear fit, with correlation coefficients r2= 0.60 and r2=0.47 for 

C5a and C3a, respectively.
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Table 1.

Concentrations of sub-visible particles in stressed samples submitted for complement activation testing. 

Samples were pooled from three samples from each stress/container combination. Container-to-container 

variation in particle concentrations in samples prior to pooling was <15%.

Applied Stress Container Type /
Buffer Condition

Particles of size 
>2

micron, #/mL

Particles of size 
>10

micron, #/mL

Unstressed Control Polypropylene / 250 mM glycine pH 4.25, 0.02% (v/v) 
polysorbate 20 300 10

Single Freeze Thaw Cycle SiOPlas™ Vial / 250 mM glycine pH 4.25, 0.02% (v/v) 
polysorbate 20 7.1×105 5.1×104

Single Freeze Thaw Cycle Borosilicate Glass Vial / 250 mM glycine pH 4.25, 0.02% (v/v) 
polysorbate 20 3.2×105 8.0×104

Six Freeze Thaw Cycles SiOPlas™ Vial / 250 mM glycine pH 4.25, 0.02% (v/v) 
polysorbate 20 2.1×106 3.6×105

Six Freeze Thaw Cycles Borosilicate Glass Vial / 250 mM glycine pH 4.25, 0.02% (v/v) 
polysorbate 20 4.8×106 2.3×105

Orbital Shaker, Overnight SiOPlas™ Syringe / PBS pH 7.4 2.4×106 1.7 ×105

Orbital Shaker, Overnight Siliconized Glass Syringe / PBS pH 7.4 6.0×105 1.1 ×105

End-over-end rotation, 10 
days

SiOPlas™ Syringe / 250 mM glycine pH 4.25, 0.02% (v/v) 
polysorbate 20 3×103 90

End-over-end rotation, 10 
days

Siliconized Glass Syringe / 250 mM glycine pH 4.25, 0.02% (v/v) 
polysorbate 20 1.0×105 2×103
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