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Abstract

In human immunoglobulin preparations with a concentration of 50 mg/ml aggregate formation below 0.3% is difficult to quantify. Such small
traces may later be responsible for reduced stability and therefore this generation during the process must be prevented. The influence of proces
conditions on the conformational changes and subsequent aggregation of immunoglobulins were assessed by size-exclusion chromatograph
(SEC), UV and static light scattering (LS) detection. This work focused on pH-adjustment experiments since several pH adjustments are
required during the production of intravenous immunoglobulin G. Experiments in a labscale were made varying process conditions in a
narrow range. It was possible to detect differences concerning the formation of aggregates dependent on these small variations of process
conditions.
© 2004 Published by Elsevier B.V.
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1. Introduction steps and virus inactivation/removal st¢pk Each prepara-
tion step can influence the chemical and physical properties
Intravenous immunoglobulin G (IVIG) has been used to of the IgG molecules. The slightly denatured molecules may
treat a variety of disorders such as primary and secondary im-expose more hydrophobic amino acids at the surface and are
munodeficiencies, autoimmune and inflammatory diseasestherefore susceptible to partial aggregation. These so-called
and infectious diseasd4]. High requirements on safety, precursor aggregates can be responsible for posterior aggre-
purity and on a minimal aggregate content are requestedgation. Minimizing the aggregate formation during produc-
from health authorities. In particular, aggregates can be re-tion can be a key achieving a better long-term stability of
sponsible for undesirable side effects in patients such as thethe final product. It is clear that the final IgG solution will
unspecific complement activation which can lead to tachy- always undergo aggregation with time since the folded state
cardia, dyspnea and exanthe[#a The standard separation  of any protein is not infinitely stable in solutidd]. Hence
method analyzing the aggregate content s high-performancea careful examination of stability influencing factors may
size-exclusion chromatography (SEC) combined with UV help to reduce protein instability, one of the major problems
detection. This method meets the detection limits of aggre- in pharmaceutical industr].
gates present in IVIG preparations which are relevant for  The purpose of this work was to characterize process-
the release of IVIG preparations. Therefore, more sensitive induced changes concerning the aggregate formation with
methods concerning aggregate detection are required to opanother detection method in addition to conventional meth-
timize the process steps leading to improved protein stability ods like SEC or sodium dodecyl sulfate—polyacrylamide gel
of the final product. electrophoresis (SDS—PAGE). Describing differences in the
IVIG preparations are primarily produced by cold ethanol aggregate composition of IVIG preparations is extremely
precipitation and the yielded paste is further processed by difficult since the aggregate content is often lower than 0.3%
clear filtration, ultra-/diafiltration, several chromatographic of the total IgG content. Light scattering (LS) is a very sen-
sitive detection method for large molecu[é$, enabling the
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In this work the influence of the pH itself and different tika (Vienna, Austria). For HPLC analysis samples were di-
process conditions during pH adjustments were analyzedluted to 5 mg/ml with water and filtered through a 0,28
concerning aggregate composition. There are several studminisart RC 15 filter (Sartorius, Gottingen, Germany).
ies describing pH effects on IVIG preparatid8s-10]. One
of the major effect of increasing the pH is the spontaneous 3.2. Determination of protein concentration
formation of dimer complexes in human IVIG preparations.
The majority of these dimers are thought to be idiotype  The protein concentration was determined by UV-
(Id)/anti-ld complexes that associate noncovalently via the absorption at 280 nm using an extinction coefficient of
Fab fragmentg§11,12] It has also been reported that the 1.4cn?/g.
aggregate content is reduced by lowering the pH. A turbid-
ity study showed that the highest turbidity was achieved at 3.3. Sze-exclusion chromatography and laser light
pH 8 for an IVIG preparatiof10]. At pH 7 the turbidity scattering analysis
was already ten times higher than at pH 4.25. These find-
ings are in agreement with studies showing the isoelectric High-performance size-exclusion chromatography analy-
point (p) range of human Ig@L3]. It has been reported that  sis was performed using a TSK G3000SW column (60 cm
IgG molecules have an isoelectric point varying from 4.35 x 7.5mm i.d., TosoH Biosep, Montgomeryville, USA) con-
to 9.95, where the majority has & petween pH 7 and 9.  nected to an HPLC workstation (Agilent HP 1100 system).
Since aggregation is increased near the isoelectric point be-The separation was performed at a flow rate of 0.6 ml/min at
cause of reduced electrostatic repulsion it is not surprising room temperature. An aqueous buffer consisting of 20 mM
that human IgG tends to aggregate at physiological pH. In sodium phosphate, 0.1 M sodium chloride at pH 6.8 was
the present study SEC combined with online SLS detection used as eluent. Elution of protein was monitored by a UV
should enable a more detailed description of aggregationdetector, a laser light scattering detector (PN3020, Postnova
during pH adjustments of human IgG solutions. The case of Analytics, Landsberg, Germany) and a differential refractive
non-optimal process conditions during pH adjustment can index detector (PN 3120, Postnova Analytics). The protein
increase the tendency of aggregate formation. In the presentoncentration of the injected samples was 5 mg/ml and the
study it was possible to identify differences of low aggre- sample volume was 50. All reagents used were of analyt-
gated IgG preparations from pH 4.0 to 6.8 concerning ag- ical grade from Merck (Darmstadt, Germany).
gregate formation.

3.4. pH adjustments of an IVIG preparation

2. Theory

The basic light scattering equati¢®y is:

Ke 1 + 2Ac +
- = 2C CRICN
Re My P

(1)

whereK is an optical constant equal to#f#n?(dn/dc)?]/
(»*Na), c the solute concentration in mg/nitg, the excess
intensity of scattered light at the anghe A is the wave-
length,n the refractive index of the solvent,ridic) the re-
fractive index incrementiNa the Avogadro’s numbei,

The pH of 200g of an IVIG preparation was adjusted
from pH 4.0 to 6.8 with a sodium hydroxide (Merck) solu-
tion in a stainless steel container with an internal diameter
of 80 mm at 7C. Afterwards the pH of the IgG solution was
readjusted to pH 4.0 with a hydrochloride solution (Merck,
Darmstadt, Germany). Process conditions were varied con-
cerning the strength of added base or acid, flow rate of added
base and acid and mixing speed. Base and acid were added
with a P1 pump from Pharmacia (Uppsala, Sweden) and
for mixing a propeller mixer with a diameter of 45 mm was
used. During experiments samples were taken and analyzed

the weight-average molecular mads,the second virial co- by SEC-UV-SLS.

efficient andP, is the shape factor which is calculated as

follows: 3.5. Short storage experiments of IVIG preparations
1 167%Rg? . _—

b= 1+ TSIH2 0, 2 Three hundred milliliters of suspended IgG paste (from
)

ethanol precipitation) at pH 4.6 were tempered aC2and
at 10°C for 10h. During storage samples were taken and
analyzed by SEC-UV-SLS.

whereRg is the radius of gyration.

3. Experimental
4. Results and discussion
3.1. Materials
During manufacturing of IVIG preparations several pH
Human IVIG preparations with a protein concentration of adjustments between pH 4.0 and 6.8 are required. In this
30-60 mg/ml were obtained from Octapharma Pharmazeu-work the influence of the pH itself and of the used process
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Table 1

Process conditions during pH-adjustment experiments

Experiment NaOH Flow rate Mixing speed Experimerft HCI Flow rate Mixing speed
(mol/l) (ml/min) (U/min) (mol/l) (ml/min) (U/min)

1 0.1 0.09 200 5 0.3 0.068 200

2 0.1 0.3 75 6 0.3 0.3 75

3 0.5 0.09 200 7 0.5 0.068 200

4 0.5 0.3 75 8 0.5 0.3 75

a Experiments 1-4: after reaching pH 6.8 the pH was readjusted to pH 4.0 with a 0.3M HCI solution, a flow rate of 0.068 ml/min and a mixing
speed of 200 U/min.

b Experiments 5-8: the pH was adjusted from pH 4.0 to 6.8 with a 0.1 M NaOH solution, a flow rate of 0.09 ml/min and a mixing speed of 200 U/min
and afterwards process conditions were varied.

conditions on the aggregate composition should be charac-and 2. The aggregates eluting within the aggregate 1 peak
terized by light scattering detection. It has already been re- are very high-order aggregates which are present in traces
ported that at higher pH the aggregate content of human IgGand can only be detected with the SLS signal. Aggregate
solutions is higher compared to pH of 4&]. 2 represents the aggregate content with a lower molecular

The pH-adjustment experiments were performed by vary- mass compared to aggregate 1 but it is present in higher
ing the molarity and the flow rate of the added base or acid concentrations in the IVIG preparations. The detection limit
and the mixing speed in a narrow randalfle ) to observe for aggregate 2 was 0.02% of the total IgG content with the
changes in aggregate composition. The IVIG preparation UV signal. Unfortunately, the concentration is too low to
used was obtained from the flow through of an ion-exchange calculate the accurate molecular mass of these aggregates.
chromatographic step, which had a very low aggregate con- In Fig. 2 an example is illustrated how aggregates and
tent [7] at the starting pH 4.0. The material was obtained dimers behave over a pHrange from 4.0to 6.8. It can be seen
from a pilot scale batch, which was produced according to clearly that the amount of dimers increases with a higher
a protocol previously described by Buchacher ef3jl. The pH, which has already been reported for human IgG dimer
use of this highly purified IVIG preparation should guaran- complexeg14] due to the formation of Id/anti-ld complexes
tee that influences concerning the aggregate pattern resulf12]. The formation of these dimers follows a linear corre-
exclusively from the pH itself and the applied process con- lation with increasing pH and is completely reversible by
ditions (Table 1. lowering the pH to 4.0Kig. 3). As mentioned above, our

A typical SEC chromatogram derived from these experi- major interest was directed towards the formation of aggre-
ments is shown irFig. 1. The UV signal shows monomers gates. Interestingly, the two aggregate peaks are behaving
and dimers clearly, and a very small peak representing ag-in an opposite manneFig. 2): on the one hand the aggre-
gregate 2 is detectable. In this example the sample consistedjate 1 peak decreases with a higher pH and on the other
of 96.066% monomers, 3.886% dimers and 0.048% aggre-hand the aggregate 2 peak increases with a higher pH. The
gate 2. In addition, two small aggregate peaks are visible increase of the peak area of aggregate peaks can be due to
in the SLS signal, which were attributed to be aggregates 1two reasons or a combination of both (d&gs. (1) and (2)
(1) the concentration of the aggregates increases and/or (2)
the molecular mass of the aggregates increases. The reason
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Fig. 1. SEC chromatograms of human IgG from experiment 8 at pH 5.0. Elution time [min]

The concentration of the sample was 5mg/mlub@f the sample were

injected onto TSK G3000 SW column (TosoH Biosep) at pH 6.8, 0.1 M Fig. 2. SLS signal of SEC chromatograms drawn to a larger scale showing
salt at a flow rate of 0.6 ml/min. The solid line is the SLS signal, the aggregates and dimers of an IVIG preparation at different pH from
dashed-dotted line is the UV signal. experiment 8.



44 K. Ahrer et al./J. Chromatogr. A 1043 (2004) 41-46

® 8 ‘
b -o- pH:4.0-6.8 0.40 - L] Exper!ment4
© 71| = pH:68-4.0 L ® Experiment 1
E .
- 0351
= >
E 5
= =
3 9 0.30 - .
o %)
= — °
2
2 0.25 .
2 . . L] L4 [ ]
©
g 112 : : . : ‘ 0.20 1 : : : : [

4.0 45 5.0 55 6.0 6.5 4.0 4.5 5.0 5.5 6.0 6.5

pH pH
Fig. 3. Formation of dimers with increasing pH and resolution of dimers Fig. 5. Trends of the ratio [SLS}J/[UV] with the pH.

with decreasing pH.

Fig. 4 summarizes the pH-adjustment experiments where
for the increase of aggregates can only be explained for ag-process conditions were varied concerning the pH increment.
gregate 2 of which the concentration can be determined. If For illustrating data concerning aggregate 2 the SLS signal
the molecular mass does not change significantly, the ratiowas evaluated. The percentage of the peak area of aggregate
of the peak areas of the SLS and the UV signals will stay in 2 (total IgG= 100%) is illustrated against the pH. It can be
the same range. The reason why the peak area of aggregatseen clearly that the use of a stronger b&sg.(@4C and D
1 is reduced by increasing the pH cannot be determined dueled to an increased formation of aggregate 2 compared to the
to the missing concentration signal. This phenomenon could experiments with a weaker baséd. 4A and B. The process
be explained by the acid sensitive Fc fragment of the IgG conditions of experiments 1 and 2 did not show a significant
molecule. It has been reported that at a treatment at pH 3.5difference concerning the formation of aggregates although
the Fc fragment undergoes denaturafiph]. It is possible different flow rates and mixing speeds were used. The maxi-
that arising precursor aggregates due to lowering the pH tomum values for the area percentage of aggregate 2 at pH 6.8
4.0 can already be detected with SLS. were 0.81% for experiment 1 and 0.89% for experiment 2.
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For experiment 3 the maximum value of the area percentageage for aggregate 2 is in a range between 0.04 and 1.9%
of aggregate 2 at pH 6.8 was 1.6 and 1.9% for experimentwhereas in the UV signal it is about 0.02-0.3% aggregate 2
4. These values are approximate two times higher than theof the total IgG content. During these experiments the ratio
values from experiments 1 and 2. Comparing experiments 3of the peak areas of the SLS and UV signals was changing
and 4 the use of a different flow rate and mixing speed had indicating variances of the molecular mass of these aggre-
an influence on the formation of aggregate 2. The combina- gates. The trends are shownHig. 5for experiments 1 and
tion of higher flow rate and reduced mixing speed in exper- 4. The addition of base led to a decreased molecular mass
iment 4 led to a higher increase of aggregate 2 compared toof aggregate 2 and an increased concentration of aggregate
experiment 3 due to higher local alkaline conditions. 2. The respective aggregates eluted closely to void volume,

The same evaluation was done with the UV signal where thus a resolution of the various molecular sizes is not pos-
similar curves were obtained (data not shown). The great sible with SEC. Therefore, the ratio of the peak areas of the
difference between the SLS and the UV signals is the re- SLS and UV signals only provides information about the
sponse on aggregate 2. In the SLS signal the area percentehange of the molecular mass of the aggregates.
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In Fig. 6the results for experiments concerning the influ- led to an increased aggregate formation which can cause
ence of acidic conditions on aggregate 1 are summarized.posterior aggregation at some later time.
Comparing the four graphs iRig. 6, it is obvious that an
enhanced growth of aggregate 1 was caused by the use of a
stronger acidFig. 6C and D). Although process conditions ~ References
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