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Abstract

A novel strategy to increase protein expression yield is unintended induction of expression 
in complex media, called auto-induction. This method can be used to express proteins under 
control of the lac promoter without any need to monitor bacterial growth pattern, and addition 
of specific expression inducers such as Isopropyl β-D-1-thiogalactopyranoside (IPTG) at 
proper time. In the present study, a codon optimized gene encoding granulocyte-macrophage 
colony stimulating factor (GM-CSF) was cloned and over-expressed in Escherichia coli BL21 
(DE3) using both conventional inducer-based and auto-induction approaches in a shake flask 
scale and the yield of GM-CSF expression and biomass production was identified. Results 
showed higher biomass production and expression yield for GM-CSF in case of auto-induction 
comparing with IPTG-induction. The auto-induction approach was also performed in a fed 
batch fermentation process in a 2-L bioreactor scale. The feeding strategy yielded an amount 
of 300 mg/L GM-CSF within 20 h of induction. However, most of the over-expressed GM-CSF 
was produced as inclusion bodies and following purification and refolding, a final yield of 
90 mg/L was achieved. These results suggest that auto-induction approach can be effectively 
applied in fed-batch fermentation for the large scale production of GM-CSF; however, further 
optimization of purification process is obligatory to increase the purification yield.
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Introduction

Granulocyte-macrophage colony-stimulating 
factor (GM-CSF) is a member of colony-
stimulating factors which regulates proliferation, 
differentiation, and survival of hematopoietic 
cells including mature neutrophils, macrophages, 
and dendritic cells (1). This cytokine is secreted 
by a large variety of cells including lymphocytes 
(B and T), macrophages, fibroblasts, and 

endothelial cells in response to informatory 
stimuli like cytokines and microbial products 
(2). GM-CSF has been approved for treatment 
of neutropenia due to myelosuppressive 
chemotherapy or bone marrow transplantation, 
peripheral blood stem cell mobilization, 
graft failure and induction therapy for acute 
myelogenous leukemia (AML) (3). Today, two 
GM-CSF analogs are available for clinical 
applications; one of them is a glycosylated protein 
derived from yeast expression system using 
Saccharomyces cerevisiae (Sargramostim™), 
while the other one is a non-glycosylated protein 
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derived from Escherichia coli expression system 
(Molgramostim™) (4, 5). There is no significant 
difference in efficacy and side effects between 
yeast derived and E. coli derived GM-CSF. 
However, non-glycosylated GM-CSF (produced 
in E. coli) shows more in-vitro biological activity 
and less half-life compared with glycosylated 
protein (6).

E. coli is one of the most popular expression 
platforms for production of heterologous 
proteins (7). The advantages of using E. coli 
expression system for production of recombinant 
proteins include well-characterized genetics and 
biochemical properties, easy manipulation and 
scale up, and low cost of high cell density growth 
for expression of higher levels of heterologous 
proteins (8). Many attempts have been made to 
improve productivity and effectiveness of this 
workhorse microorganism (9); however, there is 
no guarantee that a heterologous gene product 
will be expressed in E. coli at high levels and in 
a full biologically active form (10). For example, 
there have been some reports on expression of 
GM-CSF in E. coli, but the expression level was 
usually low due to poor stability of the protein 
expressed in the cytoplasm, and also the post 
induction cell lysis because of the toxicity of the 
recombinant protein (11). 

A novel strategy to increase protein 
expression yield is auto-induction which can 
be used to express proteins under the control of 
the lac promoter without adding IPTG or other 
external inducers (12). Its principle is based on 
using auto-induction media containing multiple 
carbon sources including glucose, glycerol, 
and lactose (13). Glucose prevents expression 
leakage by catabolic repression and allows cell 
growth to saturation without induction. Upon 
depletion of glucose, lactose activates the lac 
promoter to induce the protein expression (14). 
Glycerol and lactose provide sustained growth 
during the induction phase (13). Auto-induction 
cultures are simply inoculated into a suitable 
auto-inducing medium and grown to saturation 
without the need to monitor and add inducer 
at the appropriate cell density, which is much 
more convenient, effective, and economical than 
conventional IPTG induction (15). This novel 
induction strategy is particularly suitable for 
high level expression at high density culture 

and for the expression of toxic proteins (13, 
16). Long et al. reported that auto-induction 
strategy can significantly improve expression of 
recombinant human tissue plasminogen activator 
(tPA), a protease with potential toxicity for host 
bacteria (17). However, this strategy has not yet 
been reported for E. coli expression of GM-CSF 
in shake flask or bioreactor.

In the current study, a codon optimized 
gene encoding GM-CSF was cloned and highly 
expressed in E. coli BL21 (DE3) using both 
conventional IPTG induction-based and auto-
induction approach in a shake flask scale. In 
addition, the auto-induction approach was 
performed in fed batch fermentation in a 2-L 
bioreactor scale. Furthermore, here different 
aspects regarding purification and refolding 
procedures following auto induction of the 
recombinant GM-CSF are reported and 
discussed.

Experimental

Bacterial strain and plasmid
The amino acid sequence of human GM-CSF 

was used to design a codon optimized DNA 
sequence (rGM-CSF) for its expression in E. 
coli. The sequence also included NcoI (5′) and 
XhoI (3′) restriction sites, an amino-terminal 
6xHis-tag and a stop codon. The fragment was 
synthesized by Biomatik Company (Canada) 
and obtained in pET28a expression plasmid 
(Novagen, USA). Finally, E. coli BL21 (DE3) 
was transformed with the recombinant pET28-
GM-CSF and used for subsequent expression 
experiments.

Auto-induction medium 
Auto-induction expression was performed 

in ZYP-5052 medium prepared based on 
Studier‘s method for auto-induction with some 
modification (13). The ZYP-5052 medium 
consisted of the following components (in 
g L-1): 0.5 glucose, 2.0 lactose, 5.0 glycerol, 
10.0 tryptone, 5.0 yeast extract, 7.1 Na2HPO4, 
6.8 KH2PO4, 3.3 (NH4)2SO4, 0.12 MgSO4, and 
1X metal solution. The metal stock solution 
(1,000X) included 50 mM FeCl3, 20 mM CaCl2, 
10 mM each of MnCl2 and ZnSO4, and 2 mM 
each of CoCl2, CuCl2, NiCl2, Na2MoO4, and 
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H3BO3 (Table 1). Kanamycin (Sigma, Germany) 
was used at a concentration of 100 µg mL-1 
(higher concentration of kanamycin is required 
for selection in the phosphate rich medium (e.g., 
ZYP-5052) compared with other media; high 
phosphate decrease the sensitivity to kanamycin 
(13). 

General expression of rGM-CSF
A single recombinant colony was transferred 

to 5 mL of Luria–Bertani (LB) broth containing 
25 µg/mL kanamycin, and the culture was 
incubated at 37 °C and 180 rpm for 16 h. On the 
following day, this culture was added to 50 mL 
fresh LB medium in 150 mL shaker flask and the 
cells were incubated at 37 °C until they reached 
the exponential phase (an OD600 of 0.4-0.6). 
Then, expression of the protein was induced by 
addition of 1 mM IPTG at 37 °C for 3 h.

Small scale auto-induction 
A single recombinant colony was transferred 

to 5 mL of LB broth supplemented with 1% 
glucose and 25 µg/mL kanamycin, and was 
incubated at 37 °C and 180 rpm for 8 h. This 
culture was used to inoculate 50 mL of ZYP-
5052 medium at a ratio of 1:100 and incubated 

overnight at 37 °C.

Large scale auto-induction 
Bioreactor scale cultivation and production 

was performed in a 2-L stirred-tank bioreactor 
(BioTron, Korea) at 37 °C for 25 h. The pre-
inoculum culture was transferred to a 250 
mL shaker flask containing 50 mL LB broth 
supplemented with 1% glucose and shaken at 
37 °C and 180 rpm overnight. This culture 
was inoculated (1:1000) into the bioreactor 
containing 1250 mL of ZYP-5052 medium 
under sterile conditions. During the entire 
process, the dissolved oxygen level (DO) was 
maintained at approximately 30% air saturation 
by automatically adjusting the agitation speed 
and air flow rate. Antifoam (Propylene glycol) 
was added manually when necessary. The 
supplementary medium (112.5 mL), containing 
glycerol and lactose as carbon sources and 
inducer, (NH4)2SO4 as a nitrogen source, and 
Na2HPO4 ,KH2PO4 as buffering agents, was 
added after 7 h as a pulse.

Purification
At the final expression time, the cells were 

harvested by centrifugation at 7,500×g for 10 

Table 1. Composition of media used in this study.

Ingredients 
Auto-induction Conventional

Batch Pulse LB LB with glucose

Yeast extract (g L-1) 5 - 5 5

Tryptone (g L-1) 10 - 10 10

NaCl (g L-1) - - 10 10

Glucose (g L-1) 0.5 - - 10

Lactose (g L-1) 2 66.7 - -

Glycerol (g L-1) 5 162.2 - -

MgSO4 (mM) 1 - - -

Na2HPO4 (g L-1) 7.1 15.8 - -

KH2PO4 (g L-1) 6.8 15.1 - -

(NH4)2SO4(g L-1) 3.3 7.3 - -

1000x trace metal solution 1x - - -

Kanamycin (mg L-1) 100 - 25 25
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min and the pellet was resuspended in cold 
lysis buffer (50 mM Tris, 1 mM DTT and 100 
mM NaCl, pH 8.0), and subsequently disrupted 
through sonication (Hielscher, Germany) in 
an ice-bath. This lysate was incubated in the 
presence of 10 U/mL benzonase (Sigma, USA) 
for 15 min at 25 °C to eliminate DNA and 
RNA. The soluble and insoluble fractions of the 
cell lysate were separated by centrifugation at 
7,500×g for 10 min. The insoluble fraction was 
solubilized with guanidinium lysis buffer and 
centrifuged at 7,500×g for 10 min to remove the 
insoluble debris. The obtained supernatant was 
loaded onto a nickel affinity column (Ni-NTA 
Resin, Invitrogen, USA) and the recombinant 
GM-CSF was purified as described by the 
manufacturer (18). Briefly, the column was 
equilibrated with denaturing binding buffer (8 
M urea, 20 mM sodium phosphate, 500 mM 
NaCl, pH 7.8). Then, the column was washed 
two times with denaturing wash buffer 1 (8 
M urea, 20 mM sodium phosphate, 500 mM 
NaCl, pH 6.0) followed by three washes with 
denaturing wash buffer 2 (8 M urea, 20 mM 
sodium phosphate, 500 mM NaCl, pH 5.3). 
Finally, the recombinant GM-CSF was eluted 
in 1 mL aliquots using denaturing elution buffer 
(8 M urea, 20 mM sodium phosphate, 500 mM 
NaCl, pH 4).

Refolding
The purified rGM-CSF (5 mL) was dialyzed 

against 500 mL of refolding buffer 1 (50 mM 
Tris, 2 M Urea, pH 8) at 4 °C overnight to 
slowly remove urea. The next day, the protein 
solution was dialyzed overnight at 4 °C against 
500 mL of refolding buffer 2 (50 mM Tris, 
0.5 M urea, 0.1 M arginine, 1 mM reduced 
glutathione, 0.1 mM oxidized glutathione, pH 
8). Finally, the dialysis buffer was replaced with 
refolding buffer 3 (50 mM Tris, 250 mM NaCl, 
50 mM arginine, 1 mM reduced glutathione, 0.1 
mM oxidized glutathione, pH 8) and dialyzed 
overnight at 4 °C. 

Analytical methods 
During the bioreactor cultivations, the 

samples were taken every hour for cellular 
growth and protein analysis. The cell growth was 
monitored using measurements of the optical 

density (OD) of culture medium at 600 nm. In 
this regard, the samples were diluted between 
1:1 and 1:20 in 0.9% NaCl solution. 

For determination of dry cell weight (DCW), 
10 mL of the samples were harvested and 
centrifuged at 4 °C and 4,700 rpm. Afterwards, 
the cell pellets were washed with 10 mL of 
0.9% NaCl solution and centrifuged again. The 
supernatants were removed and the cell pellets 
were dried overnight at 80 °C before being 
weighed. Protein expression was evaluated by 
15% sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE) and the protein 
production rate was estimated by densitometry 
analysis of acrylamide gels using TL120 
software (Nonlinear Inc, Durham NC, USA) 
(18). Bovine serum albumin samples with 
known concentration (0.0312, 0.0625, 0.125, 
0.25 and 0.5 mg/mL) were used as standards to 
estimate rGM-CSF concentration on gels. The 
concentration of rGM-CSF after purification 
and refolding was determined according to the 
Bradford method.

Results

Protein expression in shake flask
The rGM-CSF coding sequence was 

synthesized on the basis of codon optimized 
nucleotide sequences corresponding to the 
amino acid sequence of MolgramostimTM and the 
synthesized gene was obtained as an expression 
frame in the pET28a plasmid (pET28-GM-CSF). 
E. coli BL21 (DE3) harboring the pET28-GM-
CSF plasmid was used for over-expression of 
the rGM-CSF using both conventional IPTG 
induction and auto-induction approaches in shake 
flask scale, and the expression was analyzed by 
SDS–PAGE. As it is shown by Figure 1a, both 
approaches led to over-expression of rGM-CSF, 
but the auto-induction produced approximately 
33% more rGM-CSF compared to the IPTG 
induced expression. While the high level of 
rGM-CSF expression (approximately 25% of 
total cellular protein content) could be achieved, 
most of the over-expressed protein was in the 
insoluble fraction. 

The identity of the over-expressed protein 
was verified by Western blotting using anti-6X 
His-tag antibody. Western blot analysis indicated 
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that the expressed rGM-CSF was a His-tagged 
fusion protein with a molecular weight of 16 
kDa (Figure 1b).

Auto-induction of rGM-CSF in a 2-L 
bioreactor

The profiles of auto-induced culture of E. 
coli BL21 (DE3) harboring pET28a (rGM-
CSF) in a 2-L bioreactor was presented in 
Figure 2. The cellular growth and the levels of 
biomass were monitored based on measurement 
of DCW and OD600. OD600 of 1 corresponded to 
approximately 0.395 g of DCW per liter culture 
of E. coli BL21 (DE3). The cellular growth was 
illustrated with a diauxic (two phase) growth 
curve. First, an exponential cell growth was 
observed, as the bacterium consuming glucose 
has the higher maximum specific growth rate. 
The initial carbon source was exhausted after 5 h 
of cultivation and following a lag phase, cellular 
growth continued with a lower growth rate 
because of the application of lactose as the main 
carbon source. In the auto-induction approach, 
the cellular concentration reached an OD600 of 8 

within 25 h of cultivation.
As shown in Figure 3, protein expression 

was induced 5 h after cultivation. It must be 
noted that under auto-induction condition, 
biomass formation continued even following 
expression induction because the cells were 
not exposed to a prolonged induction regimen. 
At 7 h of cultivation, a pulse feeding of a 
solution containing glycerol and lactose as 
carbon sources and inducer, (NH4)2SO4 as a 
nitrogen source, and Na2HPO4, KH2PO4 as 
buffering agents were added, in order to avoid 
reduction of protein synthesis rate as a result 
of insufficient carbon source or inducer. The 
use of this feeding strategy yielded a yield of 
300 mg/L rGM-CSF within 20 h of induction, 
corresponding to a protein-specific production 
rate of 95 mgprotein/g DCW.

Purification and refoding of GM-CSF
Purification of rGM-CSF was performed 

using Ni-NTA affinity chromatography under 
denaturing condition which led to about 90% 
purity (Figure 4), and overall yield of rGM-

Figure 1. (a) Proteins were separated on a 15 % SDS-PAGE and visualized by Coomassie brilliant blue R250 staining. Lane 1: total 
protein, after induction with 1 mM IPTG for 3 h at 37 °C IPTG-induction; Lane 2: total protein after auto-induction for 8 h at 37 °C; 
Lane 3: soluble cytoplasmic fraction following auto-induction for 7 h at 37 °C; Lane 4: soluble cytoplasmic fraction after induction 
with 1 mM IPTG for 3 h at 37 °C; Lane 5: insoluble cytoplasmic fraction after induction with 1 mM IPTG for 3 h at 37 °C; Lane 6: 
insoluble cytoplasmic fraction following auto-induction for 7 h 37 °C. (b) Western blot analysis with anti-His antibody. Total protein 
extracted from E. coli BL21 (DE3) containing pET28a (rGM-CSF) after induction (lane 1) and before induction as negative control 
(lane 2). rGM-CSF (16 kDa) is denoted by arrows.

a b
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CSF was 38 mg/g DCW. While rGM-CSF 
was mainly expressed as inclusion bodies 
(insoluble proteins), most of it was purified 
by Ni-NTA affinity chromatography and the 
yield of this procedure was 44.4% (Table 2). 
The denatured rGM-CSF was dialyzed against 
buffers containing arginine, and reduced and 
oxidized glutathione to slowly reduce the urea 
concentration of the protein solution which 
resulted in high refolding yield of 75% at high 
protein concentrations (Table 2).

Discussion 

Considering the wide range of GM-CSF 
therapeutic applications, various strategies for 
production of proper amounts of this protein with 
reasonable costs have been considered. Here, we 
reported high-yield production of rGM-CSF in 
E. coli by an auto-induction strategy for the 
first time. To the best of our knowledge, this 
is the first study that described the scale-up of 
GM-CSF auto-induction from shake flask to 
fed-batch bioreactor scale. 

The yield of GM-CSF production reported by 

most of the published approaches is diverse and 
often contradictory. Over-expression of GM-CSF 
in cytoplasm of E. coli has been reported to be 
very difficult because bacterial cells stopped 
growing and eventually lysed upon induction 
due to toxicity of the recombinant protein (11). 
Bacterial expression of human GM-CSF was 
firstly described by Burgess and coworkers 
using a temperature inducible plasmid in E. coil 
(19). They reported expression of GM-CSF as 
inclusion bodies which corresponded to 8% of 
total cell protein (19). Oloomi et al. observed 
that GM-CSF accumulated as insoluble inclusion 
bodies with a yield of 1 mg/L of bacterial 
culture (20). Another group reported that 
cytoplasmic expression of GM-CSF using IPTG 
induction yielded 0.4 mg of bioactive protein 
per liter of bacterial culture (21). Furthermore, 
supplementation with a tRNA for a rare codon 
(AGA/AGG), which codes for arginine, 
resulted in 3-4-fold enhancement of GM-CSF 
expression (22). Another study reported that 
gene optimization of the first sixteen N-terminal 
amino acids of GM-CSF led to significant 
increase in its expression level (23). There are 
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also some successful reports on production of 
rGM-CSF as fusion protein. For example, rGM-
CSF was expressed as an intein fusion protein 
in E. coli BL21 (DE3), and E. coli GJ1158, and 
the estimated production yield following intein-
mediated purification reported to be 7 mg/L 

and 20 mg/L, respectively (24). Alternatively, 
we used auto-induction strategy for successful 
over-expression of codon optimized rGM-CSF 
in E. coli cytoplasm which yielded 90 mg/L of 
purified protein. Auto-induction as a convenient, 
economic, and easy automatized method can be 

 

Figure 3. Proteins were separated on a 15% SDS-PAGE gel and visualized by Coomassie 
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Figure 4. SDS-PAGE analysis of the purified rGM-CSF. Proteins were separated on a 15% 

SDS-PAGE gel and visualized by Coomassie brilliant blue R250 staining. Lane 1, 2, 3 and 4 

corresponds to elutions 1-4, respectively. rGM-CSF (16 kDa) is denoted by arrows. 

 

 

 

Figure 4. SDS-PAGE analysis of the purified rGM-CSF. Proteins were separated on a 15% SDS-PAGE gel and visualized by Coomassie 
brilliant blue R250 staining. Lane 1, 2, 3 and 4 corresponds to elutions 1-4, respectively. rGM-CSF (16 kDa) is denoted by arrows.
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applied for high production of GM-CSF and 
other recombinant proteins. 

Grossman et al. observed that production of 
recombinant proteins using T7 expression system 
without application of inducer significantly 
increased as cells grown in complex medium 
enter the stationary phase (25). However, here 
we observed that auto-induction started when 
cells were at the late exponential growth phases 
(4-5 h). This indicated that auto-induction could 
start within a few hours and did not necessarily 
occur upon approach to saturation and high 
density culture which usually took long time.

Scale-up of the auto-induction procedure 
from shake flasks to bioreactors is not always 
straightforward, because of various factors 
affecting cell growth and protein expression, 
such as the rate of aeration and pH, which are 
not well monitored and controlled in shake 
flasks (26). In this study we used ZYP-5052 
medium (50 mM phosphate) which prevents pH 
decrease to a level that stops cell growth during 
fermentation. High buffering capacity of this 
media led to small variation in pH and the final 
saturated cultures had a pH greater than 6.0. 
Based on oxygen saturation, E. coli cells prefer 
utilization of glycerol or lactose as a carbon 
source (27). The level of oxygen saturation in 
auto-induction culture can affect the yield of 
biomass and protein production (13). Ukkonen 
et al. used ZYM-5052 auto-induction medium 
(lower phosphate salts concentration and lower 
buffering capacity compared with ZYP-5052 
medium) and reported higher cell density and 
lower expression yield for high oxygenation 

conditions (Maximum oxygen transfer rate 
(OTRmax)∼120 mmol L−1 h−1) compared to 
moderately aerated conditions (OTRmax∼30 
mmol L−1 h−1) (28). Under highly aerated 
conditions, glycerol is mainly utilized as a carbon 
source and prevents lactose consumption. Also, 
cultivation using a high lactose medium increases 
lactose induction and utilization. Auto-induction 
medium applied in this study, ZYP-5052, with 
0.5 g/L glucose, 2 g/L lactose and 5 g/L glycerol 
necessitated well-controlled rate of aeration (13). 
Therefore, throughout the bioreactor cultivation, 
DO was maintained at approximately 30% air 
saturation to provide sufficient oxygen leading 
higher cell density culture compared to shake 
flask (an OD600 of 8 compared with an OD600 of 
2, respectively). However, Mayer and coworkers 
(29) performed cultivation and production of 
recombinant PDI-A protein in a highly aerated 
condition (80%) using a low lactose auto-
induction medium with an enzymatic glucose 
releasing system, and without glycerol. They 
obtained high cell (OD600 = 25) and product 
(1.3 g/L) yields without oxygen limitation (29). 
They concluded that unlike glycerol-based 
auto-induction systems, this system, tolerates 
different oxygen saturation conditions (29).

Conclusion

In the present study, we reported an effective 
strategy for over-expression of rGM-CSF 
in cytoplasm of E. coli. The over-expressed 
protein mainly aggregated as inclusion bodies 
which can be purified using one-step affinity 

Table 2. Summary of the yields of rGM-CSF expressed by auto-induction method including data of various steps of purification and 
refolding.

Procedure rGM-CSF (mg) Purity (%) Yield (%)

Whole cell lysatea 15 25 100

Soluble protein 1.5 1.5 10

Insoluble protein 13.5 24 90

Denaturing NI-NTA 
purification 6 90 44.4

Refolding 4.5 92 75
aFrom pellet obtained from 50 mL of cell culture.
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chromatography under denaturing conditions 
and subsequently refolded in-vitro by slow 
dialysis against buffers containing arginine and 
a combination of reduced and oxidized thiols. 
Moreover, we successfully scaled up auto-
induction of GM-CSF from shake flask to fed-
batch bioreactor. A pulse feeding of lactose and 
glycerol was used to provide adequate inducer 
and carbon source during 25 h of cultivation. 
Considering different therapeutic and research 
applications of GM-CSF, the auto-induction 
approach has the potential to be used for 
economical production of this protein in large 
amounts. Furthermore, the efficiency of the 
purification and refolding procedures are going 
to be evaluated by undergoing studies on the 
structure and biological activity of the purified 
rGM-CSF.

Acknowledgment 

This work was financially supported by the 
Isfahan University of Medical Sciences (Grant 
No. 194044).

References

Andersen DC and Krummen L. Recombinant protein 
expression for therapeutic applications. Curr. Opin. 
Biotechnol. (2002) 13: 117-23.
Sørensen HP and Mortensen KK. Advanced genetic 
strategies for recombinant protein expression in 
Escherichia coli. J. Biotechnol. (2005) 115: 113-28.
Rosano GL and Ceccarelli EA. Recombinant protein 
expression in Escherichia coli: advances and 
challenges. Front. Microbiol. (2014) 5: 1-2. 
Vasina JA and Baneyx F. Expression of aggregation-
prone recombinant proteins at low temperatures: A 
comparative study of the Escherichia coli cspA and 
tac promoter systems. Protein Expr. Purif. (1997) 9: 
211-8.
Bergès H, Joseph-Liauzun E and Fayet O. Combined 
effects of the signal sequence and the major chaperone 
proteins on the export of human cytokines in 
Escherichia coli. Appl. Environ. Microbiol. (1996) 
62: 55-60.
Sivashanmugam A, Murray V, Cui C, Zhang Y, Wang 
J and Li Q. Practical protocols for production of very 
high yields of recombinant proteins using Escherichia 
coli. Protein Sci. (2009) 18: 936-48.
Studier FW. Protein production by auto-induction in 
high-density shaking cultures. Protein Expr. Purif. 
(2005) 41: 207-34.
Wong P, Gladney S and Keasling JD. Mathematical 
model of the lac operon: Inducer exclusion, catabolite 
repression, and diauxic growth on glucose and lactose. 
Biotechnol. Prog. (1997) 13: 132-43.
Grabski A, Mehler M and Drott D. The overnight 
express autoinduction system: High-density cell 
growth and protein expression while you sleep. Nat. 
Methods (2005) 2: 233-5.
Tyler RC, Sreenath HK, Singh S, Aceti DJ, Bingman 
CA, Markley JL and Fox BG. Auto-induction medium 
for the production of [U-15 N]-and [U-13 C, U-15 
N]-labeled proteins for NMR screening and structure 
determination. Protein Expr. Purif. (2005) 40: 268-78.
Long X, Gou Y, Luo M, Zhang S, Zhang H, Bai 
L, Wu S, He Q, Chen K and Huang A. Soluble 
expression, purification, and characterization of active 
recombinant human tissue plasminogen activator by 
auto-induction in E. coli. BMC Biotechnol. (2015) 
15: 1.
Akbari V, Sadeghi HMM, Jafarian-Dehkordi A, Chou 
CP and Abedi D. Optimization of a single-chain 
antibody fragment overexpression in Escherichia coli 
using response surface methodology. Res. Pharm. Sci. 
(2015) 10: 81-9.
Burgess AW, Begley CG, Johnson GR, Lopez AF, 
Williamson DJ, Mermod JJ, Simpson RJ, Schmitz 
A and DeLamarter JF. Purification and properties 
of bacterially synthesized human granulocyte-
macrophage colony stimulating factor. Blood (1987) 
69: 43-51.
Oloomi M, Bouzari S and Rechinsky VO. Purification 
and characterization of the cloned human GM-CSF 
gene expressed in Escherichia coli. Med. J. Islam. 

(7)

(8)

(9)

(10)

(11)

(12)

(13)

(14)

(15)

(16)

(17)

(18)

(19)

(20)

Metcalf D. The molecular biology and functions of the 
granulocyte-macrophage colony-stimulating factors. 
Blood (1986) 67: 257-67.
Bhattacharya P, Budnick I, Singh M, Thiruppathi 
M, Alharshawi K, Elshabrawy H, Holterman MJ 
and Prabhakar BS. Dual role of GM-CSF as a pro-
inflammatory and a regulatory cytokine: Implications 
for immune therapy. J. Interferon Cytokine Res. (2015) 
35: 585-99.
Hong WK, Kufe DW, Hait W and Pollock RE. (eds.). 
Holland Frei cancer medicine eight. Vol. 8. 8nd ed. 
PMPH-USA Ltd., Shelton CT (2010) 686-710.
Waller EK. The role of sargramostim (rhGM-CSF) as 
immunotherapy. Oncologist (2007) 12: 22-6.
Correale P, Campoccia G, Tsang K, Micheli L, Cusi 
M, Sabatino M, Bruni G, Sestini S, Petrioli R and 
Pozzessere D. Recruitment of dendritic cells and 
enhanced antigen-specific immune reactivity in cancer 
patients treated with hr-GM-CSF (Molgramostim) and 
hr-IL-2: Results from a phase Ib clinical trial. Eur. J. 
Cancer (2001) 37: 892-902.
Moonen P, Mermod JJ, Ernst JF, Hirschi M and 
DeLamarter JF. Increased biological activity of 
deglycosylated recombinant human granulocyte/
macrophage colony-stimulating factor produced by 
yeast or animal cells. Proc. Natl. Acad. Sci. U. S. A. 
(1987) 84: 4428-31. 

(1)

(2)

(3)

(4)

(5)

(6)



 Malekian R et al. / IJPR (2019), 18 (1): 469-478

478

This article is available online at http://www.ijpr.ir

Repub. Iran (1999) 12: 353-7.
Schwanke RC, Renard G, Chies JM, Campos MM, 
Batista EL Jr, Santos DS and Basso LA. Molecular 
cloning, expression in Escherichia coli and production 
of bioactive homogeneous recombinant human 
granulocyte and macrophage colony stimulating 
factor. Int. J. Biol. Macromol. (2009) 45: 97-102.
Hua Z, Wang H, Chen D, Chen Y and Zhu D. 
Enhancement of expression of human granulocyte-
macrophage colony stimulating factor by argU gene 
product in Escherichia coli. Biochem. Mol. Biol. Int. 
(1994) 32: 537.
Yin J, Sun Y, Zhang Y, Shi J and Wang G. [Modification 
of N-terminal cDNA of hGM-CSF and high-expression 
in E. coli]. Zhongguo Yi Xue Ke Xue Yuan Xue Bao 
(1999) 21: 31-6.
Babu KS, Muthukumaran T, Antony A, Samuel SPS, 
Balamurali M, Murugan V and Meenakshisundaram S. 
Single step intein-mediated purification of hGMCSF 
expressed in salt-inducible E. coli. Biotechnol. Lett. 
(2009) 31: 659-64.
Grossman TH, Kawasaki ES, Punreddy SR and 
Osburne MS. Spontaneous cAMP-dependent 
derepression of gene expression in stationary phase 

(21)

(22)

(23)

(24)

(25)

plays a role in recombinant expression instability. 
Gene (1998) 209: 95-103.
Deacon SE, Roach PC, Postis VL, Wright GS, Xia 
X, Phillips SE, Knox JP, Henderson PJ, McPherson 
MJ and Baldwin SA. Reliable scale-up of membrane 
protein over-expression by bacterial auto-induction: 
From microwell plates to pilot scale fermentations. 
Mol. Membr. Biol. (2008) 25: 588-98.
Blommel PG, Becker KJ, Duvnjak P and Fox BG. 
enhanced bacterial protein expression during auto-
induction obtained by alteration of lac repressor 
dosage and medium composition. Biotechnol. Prog. 
(2007) 23: 585-98.
Ukkonen K, Mayer S, Vasala A and Neubauer P. Use 
of slow glucose feeding as supporting carbon source in 
lactose autoinduction medium improves the robustness 
of protein expression at different aeration conditions. 
Protein Expr. Purif. (2013) 91: 147-54.
Mayer S, Junne S, Ukkonen K, Glazyrina J, Glauche F, 
Neubauer P and Vasala A. Lactose autoinduction with 
enzymatic glucose release: Characterization of the 
cultivation system in bioreactor. Protein Expr. Purif. 
(2014) 94: 67-72.

(26)

(27)

(28)

(29)


