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Abstract It has been documented that the purification of in-
clusion bodies from Escherichia coli by size exclusion chro-
matography (SEC) may benefit subsequent refolding and re-
covery of recombinant proteins. However, loading volume
and the high cost of the column limits its application in
large-scale manufacturing of biopharmaceutical proteins. We
report a novel process using polyethylene glycol (PEG) pre-
cipitation under denaturing conditions to replace SEC for rap-
id purification of inclusion bodies containing recombinant
therapeutic proteins. Using recombinant human interleukin
15 (rhIL-15) as an example, inclusion bodies of rhIL-15 were
solubilized in 7 M guanidine hydrochloride, and rhIL-15 was
precipitated by the addition of PEG 6000. A final concentra-
tion of 5% (w/v) PEG 6000 was found to be optimal to pre-
cipitate target proteins and enhance recovery and purity.
Compared to the previously reported S-200 size exclusion

purification method, PEG precipitation was easier to scale
up and achieved the same protein yields and quality of the
product. PEG precipitation also reduced manufacturing time
by about 50 and 95% of material costs. After refolding and
further purification, the rhIL-15 product was highly pure and
demonstrated a comparable bioactivity with a rhIL-15 refer-
ence standard. Our studies demonstrated that PEG precipita-
tion of inclusion bodies under denaturing conditions holds
significant potential as a manufacturing process for bio-
pharmaceuticals from E. coli protein expression systems.

Keywords PEGprecipitation . Inclusionbodies . Therapeutic
protein expression and purification . Denature . Interleukin-15

Introduction

Biopharmaceutical drug development has expanded rapidly as
recombinant proteins, and monoclonal antibodies are validat-
ed as clinical treatments (Zhu 2012). Protein expression sys-
tems involving Escherichia coli are frequently used in bio-
pharmaceutical production because of cost-effectiveness,
rapid production, and convenient handling and disposal.
Heterogeneous expression of biopharmaceuticals in E. coli
can result in the formation of insoluble inclusion bodies
(IBs) (Jiang et al. 2013; Ouellette et al. 2003; Qi et al. 2015;
Rahmen et al. 2015), which require additional protein dena-
turation and refolding steps to retrieve the biologically active
target proteins. Since IBs are often contaminated with bacte-
rial polysaccharides and outer membrane proteins, purifica-
tion of IBs before denaturation/refolding can considerably im-
prove target protein recovery yield. Size exclusion chromatog-
raphy (SEC) has been reported as a useful method to purify
IBs (Palmer and Wingfield 2012), but low loading volumes
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and high costs have significantly limited its industrial applica-
tion. Development of a more efficient, scalable, and cost-
effective process to purify IBs is of critical importance for
biopharmaceutical production using E. coli protein expression
systems.

Recombinant human interleukin 15 (rhIL-15) promotes im-
mune cell proliferation and is relatively non-toxic (Jakobisiak
et al. 2011). The cytokine uniquely activates the development
and activity of both NK cells and CD8+ Tcells (Nabekura and
Lanier 2016; Van den Bergh et al. 2017), as well as promoting
a persistent immune response through its action on memory T
cells (Richer et al. 2015; Schenkel et al. 2016; Wang et al.
2016). In 2008, rhIL-15 was at the top of the National
Cancer Institute’s list of potential biopharmaceuticals for tu-
mor immunotherapy (Cheever 2008). Although IL-15 has
been studied in multicenter clinical trials since 2012 (Croce
et al. 2012), the cytokine is difficult to express in either yeast
or mammalian protein expression systems (Huang et al. 2006;
Sun et al. 2016). The rhIL-15 currently used in clinical devel-
opment is manufactured by an E. coli protein expression sys-
tem (Nellis et al. 2012; Vyas et al. 2012). Because the current
manufacturing process produces a large quantity of host cell
contaminants along with the raw rhIL-15 IBs, S-200 SEC
chromatography was performed under denaturing conditions
to remove these high molecular weight contaminants. Several
problems were observed during the SEC purification of IBs,
including a limited sample loading volume (usually 2–5% of
column volume), extended packing height and slow loading
speed, which led to a significant bottleneck within the
manufacturing process. The development of a process that
replaces SEC and separates IBs from other contaminants
would be beneficial to biopharmaceutical industry.

Polyethylene glycol (PEG) precipitation has been widely
used in purifying biological molecules including recombinant
proteins and antibodies (Gagnon et al. 2014; Li et al. 2011;
Oelmeier et al. 2013). PEG precipitation provides excellent
recovery and purification of macromolecules, and the organic
compound can be removed from the purified target protein
during downstream ion-exchange or hydrophobic interaction
columns that can accommodate large loading volumes (Giese
et al. 2013; Li et al. 2011). Because of these advantages, the
PEG precipitation method may be a suitable alternative to
SEC during the purification of rhIL-15 IBs from E. coli pro-
tein expression systems.

In this report, we describe a novel production process using
PEG precipitation, which successfully produced rhIL-15 with
high purity and biological activity. Comparing to the previous
reported method (Vyas et al. 2012), the PEG precipitation
reduced the purification time by half and cost significantly
less. More importantly, PEG precipitation is scalable to meet
industrial production demands. All these advantages make
PEG precipitation an ideal approach for protein manufactur-
ing and isolation from E. coli protein expression systems.

Materials and methods

Reagents

E. coli BL21 (DE3) and DH5α were purchased from
Microgene Laboratories (Shanghai, China). The anti-IL-15
monoclonal antibody was purchased from R&D Systems
(Minneapolis, MN, USA). The rhIL-15 reference standard
produced by an E. coli protein expression system was a gift
from the Biological Resource Branch of the National Cancer
Institute (Frederick, MD, USA). The rhIL-15 reference stan-
dard for biological activity was purchased from the National
Institute of Biological Standards and Control (NIBSC; code
95/554; UK).

Bacteria fermentation and cytoplasmic protein expression

The coding sequences for human IL-15 were synthesized and
cloned into vector pET28b to construct the plasmid pET28b/IL-
15, which was transformed into E. coliBL21 (DE3) for rhIL-15
expression. Colonies were grown in tryptone Luria-Bertani
(LB) broth (10 g/L tryptone, 10 g/L yeast extract, 10 g/L sodi-
um chloride, supplemented with 100 μg/mL kanamycin). The
0.5 mL aliquot of the overnight culture was used to inoculate a
250-mL flask containing 20 mL soytone LB (10 g/L soytone-
replaced tryptone). When the cell culture reached OD600 = 0.6,
1.0 mM IPTG was added to the culture to induce protein ex-
pression for 3 h.

For large-scale production, a 30 L fermenter (BIOTECH-
30JSA, Shanghai Baoxing Bioengineering Equipment Co.
Ltd., Shanghai, China) was prepared with 15 L of produc-
tion medium (12 g/L soytone, 24 g/L yeast extract, 12 g/L
glycerol, 12.5 g/L potassium phosphate dibasic, 3.8 g/L po-
tassium phosphate monobasic, and 0.1 mL/L polypropylene
glycol P2000 antifoam). The media was supplemented with
0.4 g/L magnesium sulfate heptahydrate and 0.05 g/L kana-
mycin. The culture parameters were set as follows: 37 °C,
pH 7.0, aeration 0.5–1.0 VVM, and dissolved oxygen higher
than 30% of saturation. A seed culture was grown in a flask
overnight and inoculated into the fermenter at a final con-
centration of 2% (w/v). Once the cell density reached
OD600 = 4–6, 1 mM IPTG was added to induce protein
expression. The culture was harvested by centrifugation at
3 h post induction. The fermentation yielded approximately
450 g of cell paste from 15 L of culture. The cell paste was
resuspended at 30% w/v in TES buffer (50 mM Tris-HCl,
20 mM EDTA, 100 mM NaCl, pH 7.4) and homogenized
six times at 700–900 bar (ATS 1500, Shanghai, China). The
IBs were collected by centrifugation at 23,000g, 4 °C for
30 min, washed three times with identical volumes of TES
with 5% Triton X-100, followed by three washes with TES
alone, and then stored at −70 to −90 °C.
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PEG precipitation

Washed IBs were solubilized for 2 h in denaturing buffer I
(50mMTris-HCl, 5 mMEDTA, 7M guanidine hydrochloride
[GdnHCl], pH 8.5, and 100 mM dithiothreitol) at 10 mL/g
IBs. The supernatant was collected after centrifugation at
23,000g, 4 °C for 30 min. Several 2× PEG 6000 stock solu-
tions (2–40% w/v) were prepared and added to the solubilized
inclusion bodies. The mixtures were incubated at 4 °C for 2 h
to precipitate rhIL-15. After centrifugation at 23,000g, 4 °C
for 30 min, the PEG-precipitated proteins were collected and
dissolved in denaturing buffer II (50 mM Tris-HCl, 5 mM
EDTA, 7 M GdnHCl, pH 8.0, and 6 mM dithioerythritol) at
the same volume as denaturing buffer I and gently solubilized
for another 2 h. After centrifugation at 23,000g, 4 °C for
30 min, the supernatant was collected.

SEC purification of denatured IBs

The washed IBs were dissolved directly in denaturing buffer II
at 10 mL/g IBs and gently solubilized for another 2 h before
centrifugation to collect the supernatant. An S-200 column
with 120 mL column volume (CV) was equilibrated with de-
naturing buffer II until the UV280 reached baseline. For each
run, about 5 mL (4% of CV) of sample would be loaded on the
column. Peaks were collected based on the absorbance
(UV280), and the fractions were analyzed by SDS-PAGE
and HPLC. To concentrate rhIL-15 and minimize the subse-
quent refolding volume, centrifugal ultrafiltration was per-
formed using a Centriprep YM-10 (Millipore, Billerica, MA,
USA).

Refolding

RhIL-15 refolding was conducted by drop-wise dilution of
proteins (solubilized in denaturing buffer II) into chilled
refolding buffer (100 mM Tris, 2 mM EDTA, 500 mM L-
arginine, pH 9.5, with 1 mM oxidized glutathione and 1 mM
reduced glutathione). Proteins were diluted 1:50 and stirred
vigorously at 4 °C for 2–5 h. The pH was adjusted to 7.4 with
6 M HCl, and the conductivity was adjusted to 120 mS/cm
with adjustment buffer (100 mM Tris, 2 mM EDTA, 500 mM
L-arginine, 4 M NaCl, pH 7.4).

Chromatography purification of rhIL-15

Refolded rhIL-15 was purified by hydrophobic interaction
(HIC), ion exchange (IEX), and size-exclusion chromatogra-
phy. HIC resin (Butyl Sepharose HP, XK16/20, 1.6 × 6-cm
bed) was equilibrated with five CVs of buffer (100 mM Tris,
2 mM EDTA, 500 mM L-arginine, 1.2 M NaCl, pH 7.4).
Refolded rhIL-15 was loaded onto the column at 60 cm/h,
followed by a wash with five CVs of HIC buffer A

(100 mM Tris, 2 mM EDTA, 500 mM L-arginine, 1.2 M
NaCl, pH 7.4) and three CVs of HIC buffer B (20 mM Tris,
1.2 M NaCl, pH 7.4). The rhIL-15 was eluted using a 10 CV
linear gradient to 100% of HIC buffer C (20 mM Tris, 1.2 M
NaCl, pH 7.4 to 20 mM Tris, 100 mM GdnHCl, pH 7.4) at a
flow rate of 30 cm/h. A sample of eachmain peak fraction was
analyzed by SDS-PAGE and ExRP-HPLC to determine purity
and the level of deamidation.

IEX resin (Source 15Q, GE Healthcare, Tricon 5/200,
0.5 × 20-cm bed) was equilibrated with five CVs of IEX
buffer A (50 mM Tris, 1 mM EDTA, 100 mM NaCl, pH
7.4). The HIC pool was adjusted to 11 ± 1 mS/cm with
50 mM Tris, 1 mM EDTA, pH 7.4, and loaded onto the IEX
column at 600 cm/h, followed by a 10 CV wash. A 40 CV
elution gradient was run at 300 cm/h up to 45% IEX buffer B
(50 mM Tris, 1 mM EDTA, 1 M NaCl, pH 7.4). Main frac-
tions were analyzed by SDS-PAGE. The eluted fractions were
analyzed by ExRP-HPLC, and the non-deamidated proteins
were selected and diluted with adjustment buffer (50 mMTris,
1 mM EDTA, pH 7.4) to achieve a conductivity of 10–14 mS/
cm before being loaded onto a pre-packed Q Sepharose XL
(QXL) column (CV = 1 mL). The column was pre-equilibrated
with IEX buffer C (50 mMTris, 1 mMEDTA, 100 mMNaCl,
and pH 7.4) and eluted directly with IEX buffer D (50 mM
Tris, 1 mM EDTA, 1 M NaCl, pH 7.4). The fractions were
collected. The main peak fractions were loaded onto a pre-
packed Superdex™ 75-pg column (HiLoad™ 16/600, 120 mL,
GE) using 25 mM sodium phosphate, 500 mM NaCl, pH 7.4.
Collected fractions were sampled for quality analysis.

SDS-PAGE and Western blot

Samples taken at various stages of purification were analyzed
by SDS-PAGE using 4–12% Bis–Tris polyacrylamide gels
(Invitrogen, Carlsbad, CA, USA) to assess and identify the
approximate molecular weight (MW) of rhIL-15. For
guanidine-containing samples, cold ethanol precipitation was
performed to extract proteins before loading (Sun et al. 2016).
For Western blot of rhIL-15, electrophoresed samples were
transferred to a PVDF membrane at 200 mA for 60 min.
The membrane was incubated with mouse anti-human IL-15
(1:2000; R&D Systems Inc., Minneapolis, MN, USA) and
goat anti-mouse IgG-HRP (1:10,000; Kirkegaard and Perry
Laboratories Inc., Gaithersburg, MD, USA) for immuno-
characterizing. Enhanced chemiluminescence (ECL)
Western blot detection reagents (Merck Millipore, Billerica,
MA, USA) were used to visualize proteins following the man-
ufacturer’s instructions.

ExRP-HPLC

An expanded resolution reverse-phase HPLC method (ExRP-
HPLC) was used to define the deamidation proportion of
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rhIL-15. An Agilent HPLC 1260 system (Agilent, Santa
Clara, CA, USA) was fitted with two tandem-plumbed C18
columns (X-Bridge BEH300, C18, 3.5 μm, 250 mm, Waters,
Milford, MA, USA). Mobile phases were 0.08% TFA and
0.02% formic acid in HPLC-grade water or acetonitrile.
Elution was performed at 0.14-mL/min flow rate and moni-
tored at 210 nm (min-%B 0–10, 12–0, 16–47, 116–53, 126–
100, 128–100, 130–0, 142–10). Chromatograms were inte-
grated and the area under the rhIL-15 peak was reported as a
percentage of the total area detected.

SEC-HPLC

SEC-HPLC was used to verify the purity of rhIL-15 final
product. Mobile phase buffers were prepared in 1× PBS
(0.24 g/L KH2PO4, 1.44 g/L Na2HPO4, 8 g/L NaCl, 0.2 g/L
KCl, pH 7.4). Samples were chilled prior to injection (25 μL)
onto the column (G2000SWXL; 5 μm, 0.78 × 30 cm, Tosoh
Biosciences, King of Prussia, PA), at a flow rate of 0.75 mL/
min. Peaks were detected at 280 nm. Gel filtration standards
(Bio-Rad Laboratories, Hercules, CA, USA) were run as

Fig. 1 Schematic diagram of
rhIL-15 purification processes
with PEG precipitation or
SEC200 purification methods

Fig. 2 RhIL-15 IB purification by PEG precipitation or SEC. a PEG
concentrations used to precipitate rhIL-15. Lane M molecular weight
standards, lane R BDP rhIL-15 reference standard (2 μg), lane 0
dissolved IBs in denaturing buffer I, lane S PEG supernatant, lane P
PEG pellet. b The 5% (w/v) PEG precipitation data. Lane M molecular
weight standards, lane R BDP rhIL-15 reference standard (2 μg), lane 1
dissolved IBs in denaturing buffer I, lane 2 precipitate from the IB

dissolution, lane 3 PEG supernatants, lane 4 PEG pellet, lane 5
GdnHCl dissolved PEG pellet, lane 6 precipitate from the PEG pellet
dissolution. c SEC elution profile. Peak fraction b was collected for
further processing. d SDS-PAGE and Western blot analyses of SEC
purification. Lane M molecular weight standards, lane R BDP rhIL-15
reference standard (2 μg), lane 1 dissolved IBs in denaturing II. lanes a–d
peaks eluted in SEC
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controls. The purity of rhIL-15 was calculated as a percentage
of the total peak area detected.

RPLC-MS

To confirm rhIL-15 identities, a Waters VION IMS quadru-
pole time-of-flight (QTOF) mass spectrometer interfaced
with a Waters Acquity ultrahigh-performance liquid chroma-
tography I class system was used for intact mass

measurement. Mobile phases A and B (A 0.1% aqueous
formic acid; B 0.1% formic acid in acetonitrile) were used
with an Acquity UPLC BEH300 C18 (2.1 × 150 mm,
1.7 μm) column. The column was developed at 0.3 mL/
min (min-%B 0–5, 5–5, 6–40, 15–60, 16–90, 20–5) and
heated to 60 °C. Mass spectrometer conditions are as fol-
lows: capillary was 2.0 kV, sampling cone was 60 V, source
temperature was 115 °C, desolvation temperature was
500 °C, and desolvation gas flow was 900 L/min.

Table 1 Cost comparison of PEG precipitation versus SEC for purifying IBs (2 g)

PEG precipitation SEC

Use of chromatography
instrument

No Yes

Use of chromatography
column

No Yes

Regents and costs PEG6000 ~1 ga, <$0.5 GdnHCl ~700 gb, >$30

Procedures and time Precipitation, second solubilization, and two centrifugation
steps, ~5 hc

Four runs of sample loading and ultrafiltration
concentration, ~10 hd

a Two grams of IBs dissolved in 20 mL denaturing buffer; 5% (w/v) of PEG6000 weighs about 1 g
bWe used a pre-packed S-200 column with CVof 120 mL. The sample loading volume was set to be 5 mL for each run, which was about 4%CV. It took
four runs of loading and collecting to complete 20 mL of IB denaturation, using about 1 L of buffer containing 7 M GdnHCl
c Precipitation was for 2 h, the second solubilization of the pellet occurred over 2 h, and each centrifugation step before and after the second solubilization
required 30 min (total time for the process about 5 h)
d The speed at 1 mL/minwas used for SEC. At least 2 h were required to equilibrate column, an extra 2 h was required for every run of the separation, and
0.5–1 h was required for concentration using ultrafiltration (total time for the process about 10 h)

Fig. 3 Purification of rhIL-15 byButyl Sepharose HP chromatography. a
Chromatogram of rhIL-15 purified on a Butyl Sepharose HP column.
Absorbance of fractions was monitored at 280 nm. Peak fractions (a–g)
were pooled for further processing. b Coomassie blue-stained SDS-
PAGE analysis of fractions a–g eluted from Butyl Sepharose HP column.
left panel Non-reducing samples and right panel reducing samples. Lane
Mmolecular weight markers, lane RBDP rhIL-15 reference of 2 μg, lane

P HIC pre-column, lanes a–g HIC elution fractions. c HIC elution
fractions Ba^ through Bg^ were analyzed by ExRP-HPLC, with reference
standards of non-deamidated (BBDP ref^) or partially deamidated BDP
rhIL-15 (Bdeamidated BDP ref^). Peaks are labeled as follows: BN^
indicates non-deamidated rhIL-15, BB^ indicates the isoaspartate form
of deamidated rhIL-15, and BD^ indicates the aspartate form of
deamidated rhIL-15
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In vitro CTLL-2 cell proliferation assay

The potency of rhIL-15 was determined using a colorimetric
cell proliferation assay, which quantifies the IL-15-
dependent CTLL-2 cell proliferation activity (Soman et al.
2009). Briefly, CTLL-2 cells were cultured in RPMI 1640

supplemented with 10% fetal bovine serum (FBS) and
200 U/mL rhIL-2. For the proliferation assay, cells were
washed with rhIL-2 free medium and suspended to a density
of 2 × 105 cells/mL. Recombinant human rhIL-15 samples
were diluted to an initial concentration of 2.595 ng/mL
(20 IU/mL for NIBSC standard) and serially diluted down

Fig. 4 Purification of rhIL-15 by Source 15Q and Superdex 75-pg
chromatography. a Source 15Q elution profile. b Coomassie blue-
stained SDS-PAGE analysis of reducing samples. Lane M molecular
weight markers, lane R BDP rhIL-15 reference standard (2 μg), lanes
a–f respective IEX column fractions. c Superdex 75-pg chromatography
elution profile. d Coomassie blue-stained SDS-PAGE analysis of

reducing samples. Lane M molecular weight markers, lane R BDP
rhIL-15 reference standard (2 μg), lane P Superdex 75 pg pre-column
samples collected from QXL elution, lanes 1–5 fractions 1–5. e ExRP-
HPLC analysis of eluted fractions Ba^ through Bf^. Peaks and reference
standards are labeled as in Fig. 3

Fig. 5 Purification and purity analysis of rhIL-15 from SEC purified IBs.
a Chromatography profiles of (1) Butyl Sepharose HP, (2) Source 15Q,
and (3) Superdex 75 pg (3). b SDS-PAGE analysis of reduced samples
from Superdex 75 pg. Lane Mmolecular weight markers, lane R rhIL-15

reference standard (2 μg), lane P Superdex 75 pg pre-column samples,
lanes 1–4 fractions 1–4. c ExRP-HPLC analysis of the deamidation
proportion in the rhIL-15 final product. d SEC-HPLC analysis of purity
of the rhIL-15 final product
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to 0.045 ng/mL in the assay medium. The diluted samples
were to a total of 6 individual wells in the 96-well plate at
50 μL per well. The prepared cell suspensions were seeded
in the wells of the 96-well plate that containing rhIL-15 at
different concentrations to yield a final cell density of
1 × 104 cells/100 μL/well. After 48 h of incubation at
37 °C in 5% CO2/95% humidity, cell viability was measured
using Cell Counting Kit-8 (CCK-8; Donjindo, Japan). The
plate was read at 450 nm, with a reference wavelength of
600 nm. The background readings in the wells with blank
medium were subtracted from the results from the sample
wells. The data was then analyzed using GraphPad Prism
software and the four-parameter fit logistic equation.

In vivo stimulating effect of rIL-15 on memory T cells

Animal experiments were approved by the Animal Care and
Use Committee of Shanghai Jiao Tong University. The spe-
cific pathogen-free, sex-matched, 8- to 10-week old C57BL/6
mice (SLACCAS, Shanghai, China) were held in air-filtered
units at 23 ± 5 °C and 50 ± 15% relative humidity throughout
the experimental period. RhIL-15 was diluted in 0.2%HSA to
serial concentrations of 0, 0.1, 0.5, and 2.5 μg in a volume of
15μL. Diluted rhIL-15 was injected subcutaneously into mice
at days 1, 2, and 3. Mice were sacrificed on day 5, and the
splenocytes were isolated and collected as previously de-
scribed (Qian et al. 2012). Cells were then washed with PBS

Table 2 Summary of the overall
process with PEG precipitation
and SEC chromatography

Total protein (mg) Recovery (%)a Non-deamidation (%)

PEG SEC PEG SEC PEG SEC

Inclusion body 200 200 – – – –

Pre-HIC column 86.27 82.71 – – – –

HIC 37.88 38.56 43.92 46.62 91.58 83.57

Source15Q 20.45 23.74 53.98 61.56 96.77 95.64

QXL 20.57 21.22 100.60 89.37 96.57 97.25

Superdex 75-pg SEC 20.66 19.78 100.42 93.21 95.87 97.13

a The recovery of each step after chromatography purification

Fig. 6 ExRP-HPLC, SEC-
HPLC, and mass spectroscopy
analyses of purified rhIL-15. a
Samples from each purification
step were analyzed by rapid RP-
HPLC. Final product eluted from
Superdex 75 pg was analyzed by
SEC-HPLC for purity (b) and
RPLC-MS for confirmation of
non-deamidated (c) and
deamidated (d) fractions
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containing 0.2% BSA and incubated with anti-mouse CD3-
PE-Cy5, anti-mouse CD8-APC, and anti-mouse CD44-PE for
30 min in the dark. After washes, the cells were fixed and
permeabilized, followed by an incubation with an anti-Ki67
antibody for an additional 30 min. All the fluorescence-
conjugated antibodies and the permeabilization solution were
purchased from BD Pharmingen (Franklin Lakes, NJ, USA).
The stained cells were washed twice and acquired using the
CytoFlex flow cytometer (Beckman Coulter, China).
Frequency of CD3+CD8+CD44+Ki67+ was analyzed as pre-
viously reported (Lu et al. 2012).

Results

RhIL-15 expression and isolation of inclusion bodies

The coding sequence of human interleukin 15 (GeneBank
nos. NM_172174 and NM_000585) was synthesized and
inserted into the protein expression vector pET28b to obtain
pET28b/IL-15, and the optimized stop codon TAATAATGA
was placed at the end of the IL-15 coding sequence (Vyas et al.
2012). As shown in Fig. 1, rhIL-15 IBs were prepared by
either PEG precipitation or SEC. BL21 (DE3) cells were
transformed with pET28b/IL-15 and cultured as described in
the BMaterials and methods^ section (Fig. S1). After cell lysis
and recovery, approximately 35 g of rhIL-15 IBs was recov-
ered from 450 g of cell paste (15 L culture).

PEG precipitation

The rhIL-15 IBs were first denatured by 7MGdnHCl, and the
collected supernatant was analyzed by SDS-PAGE and
Western blot (Fig. 2a, lane 0). Large amounts of

contaminating bacterial proteins and polysaccharides were de-
tected, and it was necessary to remove these contaminants
before the refolding step. To investigate the effect of PEG
precipitation on contaminant removal, several 2× PEG 6000
solutions (from 1 to 20% w/v) were added to the denatured
supernatant and tested for protein recovery (Fig. 2a). We
found that a 5% (w/v) PEG 6000 solution could precipitate
rhIL-15 with the best recovery and remove the majority of the
impurities from the denatured protein solution.

PEG precipitation and the SEC method were compared for
manufacturing costs and process times by running the
methods in parallel using the same batch of IBs. For the
SEC method, an S-200 column was used to purify about
5 mL of samples for each run as described in the BMaterials
and methods^ section. As shown in Fig. 2c, d, peak b
contained most of the rhIL-15 and the least concentration of
high molecular weight contaminants. For PEG precipitation,
10% PEG 6000 (w/v) was added to the denatured supernatant
at a ratio of 1:1. The solution was placed at 4 °C for 2 h for
precipitation of protein. After centrifugation at 4 °C, 23,000g
for 30 min, the pellet was recovered and redissolved in dena-
turing buffer II and incubated for another 2 h before refolding
(Fig. 2b). Both PEG precipitation and S-200 removed most of
the contaminants (Fig. 2b, d). PEG precipitation saved about
50% of the time consumed in processing and 95% of reagent
costs compared to the SEC method (Table 1). In addition, the
procedure of PEG precipitation was relatively convenient and
easy to scale up.

Refolding and purification of PEG precipitated rhIL-15

To validate that PEG precipitation is compatible with conven-
tional chromatography well and facilitate target protein puri-
fication, we performed the downstream purification of rhIL-

Fig. 7 The in vitro evaluation of
rhIL-15 activation of CTLL-2
proliferation. Indicated amounts
of rhIL-15 products purified by
PEG precipitation (a) or SEC (b)
processes, and the NIBSC
standard (c), were added to the
96-well plates containing CTLL-
2 cells at 1 × 104/well. Following
48-h incubation, cell proliferation
was measured by CCK-8 assay.
The data represents one of six
independent experiments. d EC50

values of rhIL-15 products
purified by PEG precipitation or
SEC processes
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15 with steps of chromatography. The PEG precipitated pro-
tein pellet was refolded as described in the BMaterials and
methods^ section and purified by Butyl Sepharose HP chro-
matography (Fig. 3a). SDS-PAGE analysis revealed that HIC
can effectively remove the misfolded rhIL-15 (Fig. 3b, left
panel, lane P, upper band), from the correctly folded, active
rhIL-15. ExRP-HPLC analysis revealed that there are very
low levels of deamidation in all fractions, consisting mainly
of the isoaspartate form (Fig. 3c). Therefore, specific HIC
fractions (a to g) were selected for further purification by
Source 15Q chromatography.

From the Source 15Q column, rhIL-15 eluted as a major
sharp peak (Fig. 4). According to ExRP-HPLC analysis, there
were increasing proportions of deamidated rhIL-15 in the
trailing peak (Fig. 4e, fractions (d–f)). The extra negative
charge contributed by the deamidation likely made the mole-
cules bind more tightly to the resin. The non-deamidated frac-
tions were pooled (Fig. 4a, fractions (a–c)) and concentrated
by QXL chromatography, with further purification by
Superdex-75 chromatography (Fig. 4c). The purified protein
was eluted in 25 mM sodium phosphate and 500 mM sodium
chloride, pH 7.4, and evaluated for bioactivity.

Chromatography of rhIL-15 on an S-200 column was also
performed in parallel. The collected fractions containing rhIL-
15 were refolded and purified by sequential Butyl Sepharose
HP, Source 15Q, QXL, and Superdex 75 pg as described above
(Fig. 5a). The final product from the Superdex 75-pg column
was further analyzed by SDS-PAGE, ExRP-HPLC, and SEC-
HPLC (Fig. 5b–d). Table 2 summarizes the yield, recovery
rate, and deamidation proportion of each chromatography
step. Using the two strategies, purified rhIL-15 can be pro-
duced at comparable yields and qualities, and PEG precipita-
tion can be successfully combined with downstream chroma-
tography steps to produce a highly purified product.

ExRP-HPLC, SEC-HPLC, and RPLC-MS analyses
of rhIL-15 product from PEG-precipitated IBs

To confirm the quality of the product, purified rhIL-15 was
characterized by a panel of assays, including ExRP-HPLC,
SEC-HPLC, and mass spectrometry. ExRP-HPLC was used
to detect deamidation of the pool collected from each chroma-
tography step, with BDP rhIL-15 as reference. Most of
deamidated rhIL-15 was removed by Source 15Q, and <5%
of deamidated rhIL-15 were left in the final product (Table 2
and Fig. 6a). SEC-HPLC analysis demonstrated that the purity
of the product was at the same level with the BDP reference
(Fig. 6b). RPLC-MS analysis was performed and confirmed
that the molecular weight of the PEG process-purified rhIL-15
was 12,900.6 Da. This result matched the expected molecular
weight of 12,900.5 Da. When the sample was partly
deamidated, there was another major species with a molecular
weight of 12,901.2 Da (Fig. 6d), consistent with an amide
(−CONH2) deamidation and formation of a carboxyl group
(−COOH) (Nellis et al. 2012).

The in vitro and in vivo activities of purified rhIL-15

The in vitro activity of the purified rhIL-15 was measured
using a cell proliferation assay and a mouse T cell line
(CTLL-2). RhIL-15 products purified by the parallel PEG
precipitation and SEC procedures were evaluated, and the
rhIL-15 NIBSC standard was used as control. There was no
significant difference between the bio-activities of rhIL-15

Fig. 8 RhIL-15 stimulates mouse memory T lymphocyte proliferation
in vivo. Recombinant rhIL-15 proteins purified by PEG precipitation
were administered subcutaneously to mice at serial dosages of 0, 0.1,
0.5, and 2.5 μg per mouse, once a day for 3 days. a The representative
FACS profile of memory T cells from each treatment group. b Statistical
analysis of the frequency of CD44+Ki67+ proliferating memory
T lymphocytes in the CD3+CD8+ subpopulation. Higher dosages of
rhIL-15 caused a statistically greater proliferative effect on memory
T lymphocytes
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obtained by either purification method, with EC50 of
1.07 × 107 IU/mg for PEG precipitation and 1.13 × 107 IU/
mg for SEC process (Fig. 7).

We further validated the in vivo activity of purified rhIL-15
in mice by subcutaneously administering serial dosages (0,
0.1, 0.5, 2.5 μg per mouse) of the cytokine, once a day for
3 days. Two days after the last administration, the splenocytes
were isolated to determine the frequency of Ki67-positive,
proliferating memory T cells in the CD3+CD8+CD44+ sub-
population. As rhIL-15 dosage increased, the expression of
Ki67 on memory T cells also increased (Fig. 8). The in vivo
stimulation of memory T cells demonstrated that the PEG
precipitation-purified rhIL-15 was biologically active.

Discussion

It has been reported that over 70% of eukaryotic proteins
would aggregate to form inclusion bodies when expressed
heterologously in E. coli (Yang et al. 2011). IBs must be sol-
ubilized and refolded into an active conformation to recover
the target proteins (Tsumoto et al. 2003). Since the efficiency
of refolding is highly dependent on the purity of the IB, it is
important to remove contaminants before or during
denaturation/resolubilization (Kumada et al. 2015; Ouellette
et al. 2003).

When rhIL-15 was expressed in E. coli, there were many
contaminants that co-aggregated with the target protein to
form IBs. In a previously reported strategy, rhIL-15 IBs were
denatured in 7 M GdnHCl and purified by S-200 SEC before
refolding (Nellis et al. 2012; Vyas et al. 2012). Contaminants
with high molecular weights were successfully removed, and
contaminants with low molecular weights were removed in
the downstream chromatography steps. However, due to its
very limited loading capacity (2–5% of CV) and low flow
rate, SEC is difficult to scale up and is rarely used as the first
step in large-scale production. In addition, large amounts of
GdnHCl are required for the preparation of SEC buffers,
which increases cost, buffer viscosity, and difficulties in han-
dling the buffer. Therefore, the SEC step was the bottleneck of
the previous strategy. Development of a simple and cost-
effective method for the purification of rhIL-15 inclusion bod-
ies required substitution of a different procedure in place of
SEC.

In this report, we studied the purification of rhIL-15 IBs
with various concentrations of PEG 6000 (1–20% w/v). Based
on SDS-PAGE and Western blot analyses of purified rhIL-15
(Fig. 2a), PEG 6000 removed most of the contaminants in IBs
at all concentrations tested. Because of the chemical properties
and physical volume of PEG, higher concentrations of PEG
could precipitate more proteins. However, lower concentra-
tions (2.5 and 5% w/v PEG) were able to precipitate the ma-
jority of rhIL-15, and this data was much lower than the

reported 10–20% observed in other studies (Knevelman
et al. 2010; Li et al. 2011). This observation could be due to
the existence of high concentration of GdnHCl.

There are several advantages for using PEG precipitation to
purify IB under denaturing conditions. First, PEG precipita-
tion is a non-specific method to separate proteins by altering
solubility of interested protein relative to those of many other
proteins and macromolecules in a cell extract system (Sim
et al. 2012). Compared to other precipitants such as ammoni-
um sulfate ((NH4)2SO4) and polyethyleneimine (PEI), PEG is
easy to remove and compatible with multiple types of chro-
matography, including HIC, CIEX, and AIEX (Zhao et al.
2012). Additionally, PEG precipitation works on highly con-
centrated protein solutions, so the working volume and protein
mass can be controlled to ensure high scalability. Several re-
ports have confirmed that PEG precipitation can be used to
perform a rapid, scalable, and cost-effective purification of
target proteins after cell lysis (Branston et al. 2015; Sim
et al. 2012; Zhao et al. 2012). Furthermore, it has been recent-
ly reported that PEG with long chains prevented denatured
protein from aggregation, which can benefit refolding pro-
cesses in biopharmaceutical manufacturing (Yamamoto et al.
2017).

To evaluate the purification efficiency of PEG precipita-
tion, we also performed the SEC purification of rhIL-15 IBs
in our lab according to a previously reported methodology
(Chertova et al. 2013). We used a pre-packed S-200 column
with a CVof 120 mL, which could handle only about 5 mL of
denatured IB for each run. This method required almost 1 day
to complete the production steps, including buffer preparation,
column manipulation, and subsequent ultrafiltration to further
concentrate the protein (Table 1). Compared to the SECmeth-
od, PEG precipitation takes about half of the time and <5% of
the cost of materials. As a primary capture method, PEG pre-
cipitation does not use expensive columns or the sophisticated
AKTA system, which further reduces production costs. To
evaluate the product quality of the two strategies, we
established a series of analysis methods including ExRP-
HPLC, SEC-HPLC, RPLC-MS, and the CTLL-2 cell-based
proliferation assay. Our assay data demonstrated that the two
processes resulted in similar product yield, purity, and bioac-
tivity (Table 2). All the above results confirmed that PEG
precipitation could purify high-quality target proteins with
improved efficiency compared to SEC.

In conclusion, the PEG precipitation-based IB purification
method has been developed and applied to the production of
recombinant protein rhIL-15 under denaturing conditions. For
the purification of rhIL-15 IBs, PEG precipitation can replace
the previously reported S-200 chromatography with improved
efficiency, reduced cost, and ease of operation. Our work dem-
onstrated that PEG precipitation, in combination with dena-
turants, provides a new strategy for the purification of inclu-
sion bodies. This application could potentially be applied in
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large-scale industrial production of biotechnological drugs
from E. coli protein expression systems.
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