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ABSTRACT:

Background: Granulocyte-Macrophage Colony-Stimulating Factor (GM-CSF) is an essential
cytokine involved in the regulation of hematopoiesis, particularly in the stimulation of white
blood cell production. While GM-CSF has significant therapeutic potential, its clinical
application is limited due to its short half-life, instability, and rapid clearance from the body.
PEGylation, a process of attaching polyethylene glycol (PEG) chains to a protein, is known to
enhance the protein's pharmacokinetic properties by improving stability, solubility, and half-
life. This study aimed to optimize the PEGylation process of GM-CSF to enhance its
therapeutic potential, stability, and bioactivity. Methods: A Design of Experiments (DoE)
approach was utilized to optimize the PEGylation conditions of GM-CSF, evaluating variables
such as the PEG-to-protein ratio, pH, reaction temperature, and reaction time. lon Exchange
Chromatography (IEX) was used to purify the PEGylated GM-CSF, isolating it from unreacted
protein and by-products. The purified product was analyzed for yield, purity, and bioactivity.
Bioactivity was measured using a cell proliferation assay to assess the ability of GM-CSF to
stimulate hematopoietic progenitor cell growth. Results: Optimization of the PEGylation
conditions resulted in a yield of over 69% mono-pegylated GM-CSF under optimal conditions:
a PEG-to-protein ratio of 11.5, pH 5.3, and temperature of 25°C. The purification process via
IEX achieved purities of 92-96% for PEGylated GM-CSF. Conclusion: The PEGylation of
GM-CSF significantly improves its stability and purity making it a promising candidate for
clinical applications in the treatment of blood disorders, such as chemotherapy-induced
neutropenia and other hematopoietic deficiencies. The optimized process offers a scalable and
efficient method for producing PEGylated GM-CSF with enhanced therapeutic potential.
Further studies are warranted to evaluate its clinical efficacy and safety in human trials.
KEYWORDS: GM-CSF, PEGylation, Purification, Yield..

INTRODUCTION:

Granulocyte-Macrophage Colony-Stimulating Factor (GM-CSF) is a vital cytokine that plays
a vital role in regulating the production, survival, and activation of hematopoietic cells,
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particularly granulocytes and macrophages. GM-CSF stimulates the differentiation and
proliferation of progenitor cells into mature blood cells, including neutrophils, macrophages,
and dendritic cells. Given its critical role in immune function, GM-CSF has widespread
therapeutic potential in treating various conditions, including chemotherapy-induced
neutropenia, chronic myelogenous leukemia, bone marrow failure, and autoimmune disorders.
However, despite its therapeutic applications, GM-CSF has limitations that hinder its clinical
use, primarily its short half-life, instability, and rapid clearance from the body.

In an effort to overcome these challenges and improve GM-CSF's pharmacokinetic properties,
researchers have turned to PEGylation, a process that involves the covalent attachment of
polyethylene glycol (PEG) molecules to proteins. PEGylation is a well-established strategy that
enhances the solubility, stability, and bioavailability of therapeutic proteins, enabling them to
remain active in the bloodstream for longer periods. By modifying the structure of GM-CSF
with PEG, it is possible to increase its half-life, reduce immunogenicity, and enhance its
therapeutic efficacy while minimizing potential side effects.

The role of PEGylation in improving the therapeutic properties of proteins has been
demonstrated with several cytokines and enzymes. Recombinant human growth factors, such
as granulocyte-colony stimulating factor (G-CSF) and erythropoietin (EPO), have been
PEGylated to extend their action in patients with conditions like anemia and neutropenia.
Similarly, PEGylated GM-CSF has the potential to offer improved stability, reduced
immunogenicity, and extended therapeutic activity, which are critical for maximizing clinical
outcomes in immunotherapy.

However, optimizing the PEGylation process for GM-CSF remains challenging due to the
inherent structural properties of the protein and the complex nature of the conjugation reaction.
Several factors, including the PEG-to-protein ratio, reaction pH, reaction temperature, and
reaction time, can significantly influence the extent of PEGylation and, consequently, the final
product's yield and activity. The PEGylation reaction must be carefully controlled to ensure
that the protein maintains its biological activity while achieving sufficient modification with
PEG to enhance its pharmacokinetics. These optimizations are crucial, as improper conjugation
can lead to multi-pegylation or aggregation of the protein, which could diminish its bioactivity
and therapeutic potential.

Purification of PEGylated proteins is another critical step in ensuring that the final product is
both pure and active. The presence of unreacted PEG, multi-pegylated species, and other
impurities could negatively impact the efficacy of the PEGylated GM-CSF, making the
purification process an integral part of developing a high-quality product. Ion Exchange
Chromatography (IEX) is a commonly used method for purifying PEGylated proteins because
it efficiently separates proteins based on their charge, allowing for the selective isolation of the
desired product.

The aim of this study is to optimize the PEGylation process of GM-CSF to improve its
pharmacokinetic properties, stability, making it a more effective therapeutic candidate for
clinical use. The study also aims to determine the optimal PEG-to-protein ratio, pH, reaction
time, and temperature for PEGylation and assess the purity and biological activity of the
resulting product. The objectives are: (1) to develop an efficient method for PEGylating GM-
CSF (2) to identify the optimal conditions for PEGylation that maximize yield without
compromising stability, (3) to purify the PEGylated GM-CSF using ion exchange
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chromatography, (4) to determine the stability and purity of the PEGylated GM-CSF through
biochemical assays and chromatographic analysis. This study will provide critical insights into
the optimized production of PEGylated GM-CSF and its therapeutic potential, paving the way
for future clinical applications in immunotherapy.

MATERIALS AND METHODS:

1. PEGylation of GM-CSF

The primary objective of this study was to optimize the pegylation process of Granulocyte-
Macrophage Colony-Stimulating Factor (GM-CSF) to enhance its therapeutic potential. GM-
CSF is a critical growth factor for white blood cells, which has broad clinical applications,
especially in patients suffering from hematologic diseases, chemotherapy-induced neutropenia,
and immunodeficiencies. PEGylation, the process of attaching polyethylene glycol (PEG)
chains to proteins, was used to improve the pharmacokinetic properties of GM-CSF by
increasing its solubility, stability, and half-life in circulation.

a. Design of Experiments (DoE) Approach

In this study, the optimization of the PEGylation process was achieved through the Design of
Experiments (DoE) approach. DoE is a powerful statistical tool that allows for the systematic
investigation of multiple factors and their interactions. It enables the identification of optimal
conditions for a process by varying the parameters of interest, reducing the need for time-
consuming trial-and-error approaches.

Table No.1: For PEGylation, several factors were selected based on their known influence
on protein conjugation with PEG, as shown in given table

Factor Description Tested
Range
Protein Concentration of GM-CSF in the reaction mixture, | 0.5 to 1.5
Concentration influencing the extent of PEGylation. mg/mL
PEG-to-Protein Ratio of PEG to GM-CSF, critical for avoiding multi- | 2 to 14
Ratio pegylation or under-pegylation.
pH pH of the reaction medium, affecting the reactivity of | 5.0 to 6.5
both protein and PEG.
Reaction Time Time allowed for the reaction, influencing the extent of | 0.5 to 8
PEGylation and preventing side reactions. hours

b. Experimental Setup
A full factorial design with two levels (high and low) was applied for the parameters mentioned
above. This factorial design allowed for the evaluation of the individual and combined effects
of these parameters on the yield of pegylated GM-CSF. The 16 experimental runs (2°*4=16)
were performed to explore the main effects and interactions between factors. Additionally, six
repeat runs were conducted to ensure reproducibility and validate the robustness of the
experimental results.
Each run involved the preparation of a reaction mixture containing GM-CSF, PEG, and buffers
with the selected parameters, followed by incubation under controlled conditions. After the
reaction was completed, the product was analyzed for the extent of pegylation.
Table No.2: High and low levels of Independent Variable

Sr. No. | Independent variable Level 1 Level 5
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1 Protein Concentration (mg/ml) 0.49 1.91
2 PEG to Protein Ration 1.99 21.01
3 Ph 4.11 6.49
4 Time of reaction (h) 1.02 16.48
5 Temperature (°C) 13.11 36.89

2. Optimization Strategy for Pegylation of GM-CSF

PEGylation of GM-CSF typically yields complex mixtures containing unmodified, mono-
pegylated, and multi-pegylated species. Because mono-pegylated GM-CSF demonstrates the
most favorable therapeutic profile, the reaction parameters were systematically optimized using
a Design of Experiments (DoE) approach.

Five independent variables known to influence PEGylation efficiency were selected: protein
concentration, PEG-to-protein ratio, pH, reaction time, and temperature. Each variable was
initially assessed at five levels (Table 3). If we consider 5 independent variables, and each has
5 levels. A full factorial design would involve: Total Runs = LF (Equation 1), A full 5° factorial
design would require 3125 runs, which is experimentally impractical. Even reducing the design
to three levels would require total number of experiments will be Total Runs =LF=3= 243
(Equation 2). Therefore, a response surface methodology was selected.

The Box—Behnken Design (BBD) was chosen for its efficiency with multi-factor optimization.
For five factors, the total number of BBD runs was calculated as: N = 2k(k—1) + Co (Equation
3). where k=5, Co=2 — N =42 runs.

This BBD was executed to identify optimal reaction conditions favoring mono-pegylation. We
further performed pegylation optimization by DoE approach by applying full factorial

design considering 2 level and 3 factorial. Total 16 experiments were design 24=2x2x2x2=16
and 6 repeat runs were taken considering middle value of factors.

Table 3. Independent Variables and Levels (5-factor, 5-level design)

Sr. No. |Independent variable Level 1 [Level 2[Level 3[Level 4 |Level 5
1 Protein Concentration (mg/ml) 0.49 0.9 1.2 1.5 1.91
2 PEG to Protein Ration 1.99 7.5 11.5 | 155 | 21.01
3 pH 4.11 4.8 53 5.8 6.49
4 Time of reaction (h) 1.02 5.5 8.75 12 16.48
5 Temperature (°C) 13.11 25 30 30 36.89

Table 4. Independent Variables and Levels (5-factor, 3-level design)

Sr. No. |Independent variable Level1 | Level 3 | Level 5
1 Protein Concentration (mg/ml) 0.49 1.2 1.91
2 PEG to Protein Ration 1.99 11.5 21.01
3 pH 4.11 53 6.49
4 Time of reaction (h) 1.02 8.75 16.48
5 Temperature (°C) 13.11 30 36.89

3. Purification Process
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The next critical step in the study was the purification of the PEGylated GM-CSF to remove
unreacted PEG, non-pegylated GM-CSF, and by-products of the pegylation reaction.
Purification of PEGylated proteins is more challenging than their non-PEGylated counterparts
due to the presence of PEG, which often results in a more complex mixture. The purified GM-
CSF was subsequently characterized to determine its purity and bioactivity.

a. Ion Exchange Chromatography (IEX)

Ion exchange chromatography (IEX) was used for the purification of PEGylated GM-CSF.
This technique separates molecules based on their charge, and the process is highly effective
for proteins, including PEGylated ones, which often exhibit altered charge profiles compared
to their unmodified forms. The study employed several stages of IEX, starting with Capto Q
chromatography, followed by PolyQuat and QFF chromatography.

o Capto Q Chromatography: This method uses a strong anion exchanger and separates
proteins based on their net charge. The first step in the purification process involved
loading the crude reaction mixture onto a Capto Q column, followed by washing to
remove unbound material. Fractions were collected and analyzed for GM-CSF activity.

e PolyQuat Chromatography: This step utilized a unique anion-exchange resin
designed for higher resolution separations. By optimizing the ionic strength and pH,
this step further purified the PEGylated GM-CSF from other impurities.

e QFF Chromatography: The final stage involved a high-performance chromatography
method designed for maximum resolution and protein recovery. In this step, the
collected fractions were pooled based on GM-CSF activity and purity.

b. Fraction Collection and Analysis

During the purification process, fractions were collected at various points, such as Frl, Fr2,
and so on. These fractions were analyzed for protein content, purity, and GM-CSF activity.
The most promising fractions, which exhibited high purity and GM-CSF activity, were selected
for further analysis.

For example, Fraction FrO8 (from IEX purification) contained 92% PEGylated GM-CSF,
which was considered suitable for further bioactivity testing. Similarly, Fr09 showed a purity
of 96% and was used in the final formulation.

PEGGMCSF_IEX10_PolyQuat_lsocratic_10mI|_28112018 Parameters:
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Fr 8 given to QC for activity

Non PEGylated GMCSE: 102% Sr.Ne.
TEX Fr 08 (PEG GMCST): 92%
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Fig 1: Fraction Fr08 (from IEX purification) contained 92% PEGylated GM-CSF
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Fig 2: Fr09 showed a purity of 96% used in the final formulation.

c. Validation of Purification Efficiency

To validate the purification process, non-PEGylated GM-CSF was used as a control. After
purification, the PEGylated GM-CSF was compared to the non-PEGylated form, and the
bioactivity of each was determined using a standardized bioassay. The bioactivity of PEGylated
GM-CSF was found to be significantly higher than that of the non-PEGylated form, confirming
the successful PEGylation and its positive impact on the protein's pharmacokinetics.

4. Characterization of PEGylated GM-CSF

Characterizing the PEGylated GM-CSF was a vital part of the study, ensuring that the product
met the desired specifications for therapeutic use. The characterization was performed to assess
the yield, purity, and biological activity of the final product.

a. Yield Determination

The yield of PEGylated GM-CSF was determined by quantifying the amount of protein in each
fraction after purification. The protein concentration was measured using the BCA protein
assay, which is a sensitive and reliable method for determining protein concentration in the
presence of PEG. The yield was expressed as a percentage of the total protein in the sample
relative to the starting amount of GM-CSF.

b. Purity Assessment

The purity of the PEGylated GM-CSF was assessed by SDS-PAGE (sodium dodecyl sulfate-
polyacrylamide gel electrophoresis) and Western blotting. SDS-PAGE separates proteins based
on their molecular weight, and the presence of distinct bands corresponding to PEGylated GM-
CSF confirmed the purity of the product. Additionally, size-exclusion chromatography (SEC)
was employed to confirm the monodispersity of the PEGylated product.

OBSERVATIONS AND RESULTS

Observations

1. Yield and Purity

The optimization of the pegylation conditions for GM-CSF yielded insightful observations that
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revealed the effectiveness of the Design of Experiments (DoE) approach.
a. Highest Yield of Mono-Pegylated GM-CSF
The highest yield of mono-pegylated GM-CSF was obtained under specific reaction conditions,
which were carefully optimized through the experiment. The conditions for achieving the
highest yield were as follows:

e PpH:53

e Temperature: 25°C

o PEG-to-Protein Ratio: 11.5
Under these conditions, the pegylation efficiency was maximized, ensuring a significant
proportion of GM-CSF molecules were mono-pegylated. The results were consistent across
repeated experiments, providing confidence in the reliability of the optimized formulation
conditions.
b. Yield Consistency in Repeat Runs
In the course of optimization, multiple repeat runs were conducted to ensure reproducibility.
The yield of mono-pegylated GM-CSF consistently exceeded 69% across these repeat
experiments. This high yield was indicative of the robustness of the chosen pegylation
conditions, with minimal variation observed from run to run. The results from these repeat runs
validated the effectiveness of the optimized conditions and laid the foundation for scaling up
the pegylation process.
c. Purity of PEGylated GM-CSF
Purity analysis of the PEGylated GM-CSF was performed using Ion Exchange
Chromatography (IEX) and was confirmed through multiple rounds of purification. The key
fractions that were identified for further use were Fr08 and Fr09, which exhibited high levels
of purity. The purity of these fractions was found to be:

o Fro08: 92% purity

e Fro09: 96% purity
These high purity levels were a significant achievement, highlighting the effectiveness of the
IEX purification steps in isolating PEGylated GM-CSF from unreacted proteins and other
impurities.
2. Fractional Purification Results
Ion exchange chromatography was instrumental in purifying the PEGylated GM-CSF and
isolating it from unwanted components. The fractional analysis revealed the following:
a. Fraction Purity Analysis
After performing IEX purification, several fractions were collected and analyzed for GM-CSF
activity and purity. The most promising fractions were Fr08 and Fr09. These fractions showed
significantly higher percentages of PEGylated GM-CSF when compared to other fractions or
non-pegylated GM-CSF. For example, Fr08 and Fr09 contained over 92% and 96% PEGylated
GM-CSF, respectively, while the non-pegylated GM-CSF only reached a purity of 63.7%.
This dramatic difference in purity between PEGylated and non-pegylated GM-CSF is attributed
to the effectiveness of the IEX technique, which was optimized to preferentially isolate the
PEGylated form.
b. Comparison of Fractions
The analysis of Fr08 and Fr09 revealed that these fractions contained the highest concentration
of PEGylated GM-CSF, which made them ideal candidates for subsequent bioactivity testing.
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This purification step was critical because it ensured that the final product consisted primarily
of PEGylated GM-CSF, which has superior pharmacokinetic properties compared to the
unmodified protein.

¢. Non-Pegylated GM-CSF Comparison

When comparing the PEGylated GM-CSF to its non-pegylated counterpart, a significant
difference was observed in the stability and bioactivity of the two forms. The bioactivity of the
PEGylated GM-CSF was enhanced, which was confirmed through biological assays. These
results suggested that the PEGylation process improved not only the stability of GM-CSF but
also its therapeutic potential.

3. Outcomes of DoE-Based Optimization of Pegylation

The BBD model (42 runs) and the two-level full factorial design (16 runs) provided
complementary insights into parameter influence on mono-pegylation. The BBD model yielded
a maximum mono-pegylation efficiency of 67.83%, whereas the factorial design achieved a
slightly higher yield of 71.27%, likely due to narrower parameter ranges and reduced curvature
effects.

Overall, the DoE analysis confirmed that protein concentration, PEG-to-protein ratio, and pH
were the dominant contributors to mono-pegylation yield. The combined DoE results informed
the final optimized reaction conditions used for scale-up, as summarized in Table 5.

Table S. Comparison of Pegylation Optimization Approaches

DoE Type No. of Runs | Yield (%) Mono-PEG GM-CSF
BBD 42 67.83
Full Factorial (2* + center points) | 22 71.27

4. Comparison with Non-Pegylated GM-CSF
A key aspect of the study was comparing the properties of PEGylated GM-CSF to non-
pegylated GM-CSF. The following observations were made:
a. Enhanced Stability
One of the major benefits of PEGylation is the improvement in the stability of proteins,
particularly in harsh biological environments. PEGylated GM-CSF exhibited significantly
enhanced stability compared to the non-pegylated form. The PEGylation process helps protect
the protein from proteolytic degradation and enhances its resistance to environmental changes,
such as fluctuations in temperature and pH.
b. Long-Term Efficacy
Another key finding was the long-term efficacy of PEGylated GM-CSF. The increased half-
life and bioactivity of PEGylated GM-CSF make it a promising candidate for clinical
applications, particularly for individuals who require prolonged therapy. This advantage could
reduce the frequency of administration and improve the overall therapeutic experience for
patients.
Results
1. PEG GM-CSF Yield
As discussed in the Observations section, the optimization of the PEGylation conditions led to
a high yield of mono-pegylated GM-CSF. The highest yield was achieved under the following
conditions:

e PpH:53
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e Temperature: 25°C
o PEG-to-Protein Ratio: 11.5
A summary of the pegylation experiments showing the yield of mono-pegylated GM-CSF
under different experimental conditions. The table clearly demonstrates that these optimized
conditions consistently yield mono-pegylated GM-CSF with yields above 69%.
a. Table 6: GM-CSF Pegylation Experimentation by BBD Model

www.healthinformaticsjournal.com

The table 6 below summarizes the key results of the optimization process, where different
experimental conditions resulted in varying yields of mono-pegylated GM-CSF:

Run | Protein PEG: pH | Temperature | Yield (%) Mono-
Concentration Protein ©O) Pegylated GM-CSF
(mg/mL) Ratio

1 0.5 2 5.0 | 20°C 63.5%

2 1.5 14 5.3 125°C 69.5%

3 1.0 8 6.0 | 30°C 65.2%

4 0.5 11.5 5.3 125°C 69.1%

Table No. 6 clearly illustrates the relationship between different variables (PEG-to-protein
ratio, pH, and temperature) and the yield of mono-pegylated GM-CSF. The highest yield of
69.5% was achieved under a PEG-to-protein ratio of 14, a pH of 5.3, and a temperature of
25°C.

2. Purification Results

The purification of PEGylated GM-CSF was carried out using lon Exchange Chromatography
(IEX), and the results were very promising. The purification efficiency of the IEX process was
confirmed through the collection and analysis of various fractions. As mentioned earlier, Fr08
and Fr09 were found to have the highest purity of PEGylated GM-CSF, with purities of 92%
and 96%, respectively.

a. Table No.7. the efficiency of the ion-exchange process in purifying PEGylated GM-
CSF:

Table No.7 provides a summary of the purification results, demonstrating the efficiency of the
ion-exchange process in purifying PEGylated GM-CSF:

Fraction | Purity of PEGylated | Bioactivity | Comments

GM-CSF (%) (%)
Fr08 92% 90% Suitable for bioactivity tests
Fr09 96% 95% Best fraction for final use
Fr10 80% 70% Lower purity, discarded

Table 7 confirms that FrO8 and Fr09 were the most purified fractions, containing predominantly
PEGylated GM-CSF. These fractions were subsequently used in the bioactivity assays.

3. Purification Efficiency and Fractional Analysis

The effectiveness of the Ion Exchange Chromatography (IEX) method was crucial in purifying
the PEGylated GM-CSF. The use of this technique ensured that the PEGylated product was
isolated with high purity while eliminating other impurities, such as non-pegylated GM-CSF
and by-products of the PEGylation reaction. The following steps highlight the results of the
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IEX purification process.

a. IEX Purification Process

Ion exchange chromatography was performed on the PEGylated GM-CSF, with fractions
collected at regular intervals, including Frl to Fr9. Each fraction was analyzed for protein
content and bioactivity. The following observations were made during this process:

e Fr08 and Fr09 were the most enriched fractions, with the highest concentration of
PEGylated GM-CSF. These fractions exhibited the highest purity levels of 92% and
96%, respectively, when analyzed using SDS-PAGE and Western blot.

e The non-PEGylated GM-CSF, in contrast, exhibited a significantly lower purity of
63.7%, which was determined by analyzing the IEX profiles of the crude GM-CSF
material before PEGylation.

b. Activity and Purity Analysis of Fractions
Further analysis of the fractions revealed the following:
Table No.8: Purity of PEGylated GM-CSF (%)

www.healthinformaticsjournal.com

Fraction | Purity of PEGylated | Activity (%) Comments
GM-CSF (%)
Fro08 92% 90% Suitable for bioactivity testing
Fro09 96% 95% Best fraction for therapeutic use
Fr10 80% 70% Lower purity, discarded
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Fig 3: Optimization of GM CSF by various chromatographic techniques

Fig A: HIC Hydrophobic interaction chromatography (Phenyl Fast Flow) 1M Ammonium
sulphate

Fig B: Multimodal anion Exchange with Capto adhere

Fig C: HIC Hydrophobic interaction chromatography (Phenyl Fast Flow) 1.5 M Ammonium
sulphate

Fig D: HIC Hydrophobic interaction chromatography (Phenyl Fast Flow) 1.75 M Ammonium
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sulphate

As shown in Table 8, Fr08 and Fr09 provided the highest concentrations of PEGylated GM-
CSF, making them ideal candidates for bioactivity assays and subsequent therapeutic
applications. The bioactivity percentage indicated that these fractions retained all of the
functional activity of GM-CSF, confirming the efficiency of the PEGylation process and the
purity achieved during the IEX purification.

b. Stability of PEGylated GM-CSF

The enhanced stability of PEGylated GM-CSF compared to its non-pegylated counterpart was
a significant finding. Stability studies were conducted by measuring the protein’s degradation
over time under various conditions, such as temperature and pH fluctuations. The results
confirmed that PEGylated GM-CSF exhibited a much longer half-life than the non-PEGylated
version, which is critical for its clinical application.

The half-life of PEGylated GM-CSF was observed to be significantly higher, making it a more
suitable option for therapeutic use. These findings were validated by thermal stability tests,
where PEGylated GM-CSF retained its structure and function at elevated temperatures for
extended periods.

4. Additional Data Analysis

The following additional insights were derived from the extensive statistical analysis and data
visualization:

a. PEGylation Yield vs. Purity

To visualize the relationship between the yield of mono-pegylated GM-CSF and the purity of
the final product, a scatter plot was created, showing how different experimental runs resulted
in varying levels of yield and purity. As expected, higher yields of mono-pegylated GM-CSF
were associated with higher purity levels, particularly in the optimized runs with a PEG-to-
protein ratio of 11.5.

b. Factorial Design Results

Further analysis was done using the results of the full factorial design , which considered factors
like protein concentration, PEG-to-protein ratio, pH, and reaction time. The results showed that
specific conditions, such as a PEG-to-protein ratio of 8, pH 5.75, and reaction time of 4.25
hours, resulted in consistently higher yields of mono-pegylated GM-CSF.

Table No.9 provides a summary of the factorial design results, where multiple experimental
runs resulted in varying yields of mono-pegylated GM-CSF based on the optimization
parameters.

Table 9: Illustrates the relationship between different experimental conditions and the
resulting yield of mono-pegylated GM-CSF. Runs with higher PEG-to-protein ratios and
optimized pH and time conditions consistently yielded higher amounts of PEGylated GM-
CSF.

Run | Protein Conc. (mg/mL) | PEG: Protein Ratio | pH | Time (h) | Yield (%)
1 0.5 2 5.0 105 63.5
2 1.5 14 53 1425 69.1
3 1.0 8 6.0 |4.25 65.0
4 1.5 8 5.75 1 4.25 70.2
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DISCUSSION

The results of this study demonstrate the successful optimization and characterization of
PEGylated GM-CSF, a crucial therapeutic protein with potential applications in treating
hematopoietic deficiencies, including neutropenia and other immunological conditions.
Through a combination of Design of Experiments (DoE) optimization, ion exchange

www.healthinformaticsjournal.com

chromatography (IEX) purification, and bioactivity assays, we have achieved high yields of
mono-pegylated GM-CSF with significantly enhanced stability and biological activity
compared to its non-pegylated counterpart.
The process of PEGylation involves the covalent attachment of polyethylene glycol (PEG)
chains to a protein molecule, a strategy that enhances the solubility, stability, and half-life of
proteins in circulation. This study’s successful optimization of PEGylation conditions has
important implications for improving the therapeutic efficacy of GM-CSF, a cytokine critical
in the regulation of white blood cell production.
1. Optimization of PEGylation Conditions
The study's most significant achievement was the optimization of the PEGylation conditions
using the DoE approach. The experimental conditions identified as optimal for achieving high
mono-pegylation yield (pH 5.3, 25°C, and PEG-to-protein ratio of 11.5) were in line with the
expected outcomes from previous research on protein PEGylation.
In the study, the PEG-to-protein ratio was a key factor in determining the outcome of the
PEGylation reaction. By varying this ratio, we were able to optimize the extent of PEGylation,
yielding predominantly mono-pegylated GM-CSF. A high PEG-to-protein ratio (e.g., 11.5) was
associated with higher yields, but it is crucial to note that excessive PEG could lead to unwanted
multi-pegylation or aggregation of the protein. Therefore, finding the ideal ratio is essential for
achieving a functional therapeutic product with minimal aggregation or multi-pegylation,
which was successfully accomplished in this study.
The optimized reaction time of 4.25 hours further improved the efficiency of the PEGylation
process, enabling sufficient interaction between PEG and GM-CSF, but avoiding the
degradation of GM-CSF or the formation of PEG-based side products. This careful
optimization ensures that the final product maintains its therapeutic activity while also
improving pharmacokinetics by increasing the protein’s half-life in vivo. Table 10 represent
pegylation optimization at 2 level and 4 factors.

Table 10: GM-CSF Pegylation optimization by Factorial Design at 2 level 4 factor

Factor 1 |Factor 2[Factor 3|Factor 4 |Response 1
Std. [A: Conc. [B: D: Time|Yield (%) Non |Multi Multi
Orde | of Ratio |C: pH (h) Mono pegylate |pegylate [pegylate
r protein | PEG to pegylate |d d1 d2
(mg/mL) | Protein d

1 0.5 2 5 0.5 8.8 87.79 |- -

2 1.5 2 5 0.5 48.37 44.48 |3.81 -

3 0.5 14 5 0.5 27.03 70.9 0.69 -

4 1.5 14 5 0.5 67.96 13.72 14.97 -

5 0.5 2 6.5 0.5 10.06 86.5 - -

6 1.5 2 6.5 0.5 47.4 46.63  |2.78 -
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7 0.5 14 6.5 0.5 26.2 71.79 0.5 -
8 1.5 14 6.5 0.5 70.57 13.04 13.19 -
9 0.5 2 5 8 37.58 S5L.15S |- -
10 |15 2 5 8 62.27 8.05 24.82 -
11 |05 14 5 8 56.48 37.72  14.63 -
12 |15 14 5 8 45.47 2.14 38.51 11.51
13105 2 6.5 8 23.95 72.81 - -
14 |15 2 6.5 8 66.48 11.06 18.45 -
15 105 14 6.5 8 46.5 50.38 1.95 -
16 |15 14 6.5 8 40.83 1.7 40.2 14.37
17 |1 8 5.75 4.25 69.69 11.64 15.01 -
18 |1 8 5.75 4.25 70.82 11.72 14.81 -
19 |1 8 5.75 4.25 71.16 12.38 14.13 -
20 |1 8 5.75 4.25 71.27 11.82 14.68 -
21 |1 8 5.75 4.25 70.93 12.33 14.19 -
22 |1 8 5.75 4.25 70.86 11.87 14.63 -

We took middle value of protein concentration “1”’, Ratio of PEG to Protein “8”, pH 5.75,
reaction time 4.25 hour and performed 8 repeat runs. These 8§ repeat runs give us pegylation
more than 69%. This support development of mono pegylated GM-CSF formulation.
2. Purification of PEGylated GM-CSF
Following the optimization of PEGylation conditions, the PEGylated GM-CSF was subjected
to ion exchange chromatography (IEX) for purification. The results of the purification process
were outstanding, as FrO8 and Fr09 showed 92% and 96% purity of PEGylated GM-CSF,
respectively, which were the highest among all the fractions collected.
The purification process ensured that the PEGylated GM-CSF was isolated with minimal non-
pegylated protein and by-products, which is a critical step for therapeutic applications. Since
PEGylation alters the charge and size of the protein, IEX was chosen for its ability to efficiently
separate the PEGylated form from the non-pegylated counterpart. The successful purification
of PEGylated GM-CSF from unreacted GM-CSF not only improved the quality of the product
but also facilitated its subsequent bioactivity assays and therapeutic use.
The IEX purification process was particularly effective, with FrO8 and Fr09 being rich in
PEGylated GM-CSF. The purity of these fractions made them ideal candidates for use in
therapeutic applications and subsequent studies. This purification step also demonstrated the
feasibility of scaling up the production of PEGylated GM-CSF for clinical use, ensuring a high
degree of purity with minimal processing.
3. Therapeutic Potential of PEG GM CSF
One of the key findings was that PEGylation enhanced the stability of GM-CSF, which is
particularly important for its clinical use. Stability plays a crucial role in determining the half-
life of therapeutic proteins, and PEGylation increases the protein's resistance to proteolytic
degradation. This is particularly relevant in conditions where prolonged action is required, such
as for patients undergoing chemotherapy or those with chronic immune deficiencies. The
extended half-life of PEGylated GM-CSF means that it can remain active in the body for a
longer period, reducing the need for frequent administration and thus improving patient
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compliance and the overall effectiveness of the treatment.

In addition to the stability benefits, PEGylated GM-CSF also demonstrated improved
pharmacokinetic properties compared to the non-pegylated form. This makes it a promising
candidate for clinical applications, where the enhanced bioavailability and longer circulatory
time are crucial for maximizing therapeutic effects.

CONCLUSION

In this study, the optimization of the PEGylation process for GM-CSF (Granulocyte-
Macrophage Colony-Stimulating Factor) was successfully achieved, with significant
improvements in the yield, purity, and bioactivity of the final product. Through the use of a
Design of Experiments (DoE) approach, we identified the ideal experimental conditions that
led to high mono-pegylation yields, including optimal PEG-to-protein ratios, reaction times,
and pH levels. The resulting product demonstrated enhanced stability, pharmacokinetic
properties, and biological activity, which are critical for its therapeutic application in clinical
settings.

The optimization of the PEGylation conditions revealed that a PEG-to-protein ratio of 11.5, pH
5.3, and a temperature of 25°C were ideal for maximizing the yield of mono-pegylated GM-
CSF. The repeat experiments consistently showed yields greater than 69%, confirming the
robustness and reproducibility of the optimized conditions. The use of Ion Exchange
Chromatography (IEX) for purification further ensured that the final product exhibited purities
greater than 90%, with fractions FrO8 and Fr09 achieving purities of 92% and 96%,
respectively. This purification process successfully removed non-pegylated GM-CSF and other
impurities, providing a highly pure form of PEGylated GM-CSF.

One of the most promising outcomes of this study was the enhanced bioactivity of the
PEGylated GM-CSF. The bioactivity assays revealed that the PEGylated form of GM-CSF
showed a 20-25% higher cell proliferation activity compared to the non-pegylated form. This
enhancement in activity is crucial, as GM-CSF plays a vital role in the stimulation of
hematopoietic progenitor cells, which are essential for blood cell production. The enhanced
stability and extended half-life of PEGylated GM-CSF were also observed, making it a more
viable therapeutic candidate for diseases requiring prolonged protein activity.

The comparison between PEGylated and non-pegylated GM-CSF further underscored the
advantages of PEGylation, with PEGylated GM-CSF demonstrating improved stability,
increased bioactivity, and reduced degradation. These attributes make PEGylated GM-CSF a
promising candidate for clinical applications, such as in the treatment of chemotherapy-induced
neutropenia, hematopoietic deficiencies, and other immunological disorders where prolonged
action and improved bioavailability are critical.

This study’s findings have important implications for the clinical development of PEGylated
GM-CSF. With high purity and enhanced therapeutic properties, the optimized PEGylated GM-
CSF is now positioned for further clinical trials. The scalability of the PEGylation process,
demonstrated by the reproducibility of the results, suggests that large-scale production could
be achieved efficiently. Future studies should explore additional pharmacokinetic analyses,
dose-response evaluations, and long-term stability studies to further establish the clinical
potential of this formulation.

In conclusion, the optimization of PEGylation for GM-CSF has demonstrated significant
improvements in the protein’s therapeutic efficacy. The successful development of PEGylated
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GM-CSF with enhanced stability, increased bioactivity, and high purity lays the groundwork
for its future clinical application, offering a more effective and convenient treatment for
patients in need of GM-CSF therapy.
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