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a  b  s  t  r  a  c  t

Subcutaneous  (SC)  delivery  of biomacromolecular  pharmaceuticals  such  as proteins  often  encounter
barriers  in  the  extracellular  matrix,  especially  the  hyaluronan  (HA)  network.  In this  study,  chimeric
hyaluronidases  were  designed,  prepared  and  tested  for assisting  biopharmaceuticals  in  ID administration
in  mice  as  replacement  of  SC  administration.  The  chimeras  were  hyaluronidase  (rhPH20)  conjugated  with
human  serum  albumin  (rhPH20-HSA)  and  antibody  Fc  fragment  (rhPH20-Fc).  Expression  of  the  new  pro-
tein  was  undertaken  in  CHO  cells  cultured  in a 5-L  disposable  bioreactor.  Purification  was  carried  out  by a
series  of  chromatographic  methods  to obtain  high-purity  products  of  61  kDa  (rhPH20),  79  kDa (rhPH20-
HSA)  and  190  kDa  (rhPH20-Fc).  The  chimeric  proteins  rhPH20-HSA  and rhPH20-Fc  performed  fairly  well
as spreading  factors  in  short-term  trypan  blue  intradermal  (ID)  infusion  in  comparison  with  recombi-
nant  hyaluronidase  (rhPH20).  They  extended  the channel  opening  from  24  h (rhPH20)  to  85–120  h in
ong-acting hyaluronidase
ubcutaneous administration

vivo.  The  specific  activity  of  rhPH20-Fc  was  35,600  U/mg,  higher  than  that  of  rhPH20-HSA  (10,000  U/mg).
Co-administration  of  rhPH20-Fc  with  two biomacromolecular  pharmaceuticals,  Stelara  (150  KDa)  and
TNFRII-Fc-IL1ra  (TFI,  250 kDa),  through  an  ID  route  increased  the bioavailability  from  86%  to  93%  and
from  64%  and  97%,  respectively,  compared  with  rhPH20.  The  pharmacokinetic  profile  of ID administrated
larger  TFI was  significantly  improved  through  cooperation  with  the  long-acting  hyaluronidase.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Subcutaneous (SC) administration for the delivery of biomacro-
olecular pharmaceuticals provides better safety and convenience

han intravenous (IV) administration [1]. However, the bioavail-
bilities of SC-administered molecules would be lower than the
V route in general, especially for macromolecules [2], when in
C administration, the drugs have to pass through the complex

hree-dimensional extracellular matrix (ECM) of the dermis and
hen traverse capillaries or lymphatics in order to reach the general
ardiovascular pool [3].

Abbreviations: SC, subcutaneous; IV, intravenous; ID, intradermal; HA, hyaluro-
an; ECM, extracellular matrix; BTH, bovine testis hyaluronidase; HSA, human
erum albumin; rhPH20, recombinant human PH20; rhPH20-HSA, recombinant
uman PH20-HSA; rhPH20-Fc, recombinant human PH20-Fc; TFI, TNFRII-Fc-IL1 ra.
∗ Corresponding authors at: National Key Laboratory of Biochemical Engineering,

nstitute of Process Engineering, Chinese Academy of Sciences, Beijing, 100190, PR
hina.

E-mail addresses: mzhui@ipe.ac.cn (M.  Hui), zgsu@ipe.ac.cn (Z. Su).
1 These authors contributed equally to this work.

ttp://dx.doi.org/10.1016/j.bej.2016.03.013
369-703X/© 2016 Elsevier B.V. All rights reserved.
Because the hyaluronan network constitutes the main filler in
ECM and serves as a barrier for drug delivery, its breakup could
loosen SC space and therefore enhance molecular dispersion [4].
In the past, hyaluronidases extracted from animal tissues were
used as chaperone factors [5]. However, undefined impurities and
heterogeneous ingredients may  cause inflammation. Thus, these
hyaluronidases were gradually substituted by recombinant human
hyaluronidase rhPH20, which was approved by the FDA in 2005 [6].
As reported, rhPH20 efficiently elevated absolute bioavailabilities
of the small molecules ondansetron, morphine and ceftriaxone to
79% [7], 103% [8] and 107% [9], respectively. For biomacromolecular
pharmaceuticals, however, the results were not as significant as for
the small molecules. Absolute bioavailabilities ranging from 40% to
94% were reported with rhPH20, and required the incorporation of
other substances, such as heparin [10–12].

It is possible that the effect of hyaluronidase on the subcuta-
neous delivery of biomacromolecules is not long enough. Frost

[4] reported that the ECM changes induced by rhPH20 were
almost reversible within 24 h. This period may  be short for macro-
molecules, whose convection and diffusion are much slower than
small molecules. Furthermore, biomacromolecules such as proteins

dx.doi.org/10.1016/j.bej.2016.03.013
http://www.sciencedirect.com/science/journal/1369703X
http://www.elsevier.com/locate/bej
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bej.2016.03.013&domain=pdf
mailto:mzhui@ipe.ac.cn
mailto:zgsu@ipe.ac.cn
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re likely to be metabolized in the SC space. Retention in the SC
pace will lead to longer exposure to catabolic enzymes, while
he promotion of intravascular uptake would reduce degradation.
he extracellular matrix in the dermis has a complex composi-
ion and is made up of an intricate stereochemical structure, which
he drugs have to pass through. Therefore, enough open time and
pace for the ECM “channel” may  be helpful to minimize local
ntrapment and degradation, facilitating the macromolecule dif-
usion to the vascular compartment successfully. The question is

hy rhPH20 has so short an action time. Like other proteins, the
yaluronidase can be damaged in the subcutaneous environment
hrough hydrolysis, enzymatic degradation, antigen-antibody reac-
ions, or macrophage ingestion. Although the mechanism is not
lear, it would be worthwhile to construct a new hyaluronidase
ith better durability than the current product against damaging

actors, prolonging its role as a channel opener.
The strategy in this paper was to conjugate hyaluronidase with

uman serum albumin (HSA) or the IgG Fc portion. HSA is the most
bundant protein in blood plasma and is widely used as a stabiliz-
ng agent for therapeutic proteins in drug formulations. It consists
f three conserved homologous structural motifs, each carrying a
inding site specific for affinity chromatography [13]. Fusion of het-
rologous peptides with the IgG Fc portion provides stability for
atural proteins [14]. Both HSA and Fc fragments have been used

or the conjugation of pharmaceutical drugs and are safe in vivo
15]. Bearing this in mind, we explored whether these reconstruc-
ion techniques could improve stability in the dermis and thus
xert long-lasting effects. Two pharmaceutical proteins, Stelara
150 kDa) and TFI (250 kDa), were chosen as model molecules to
o-administered for pharmacokinetics study. Stelara, also named
s ustekinumab, is used to treat patients with relapsing-remitting
ultiple sclerosis [16]. TFI (TNFR2-Fc-IL-1ra) is a bifunctional lig-

nd with enhanced anti-inflammatory effect [17].

. Materials and methods

.1. Materials

Escherichia coli strain Top10 and the cloning plasmid pMD18-T
ere purchased from Transgene Inc. (Beijing, China) and Takara

io Inc., (Otsu, Shiga, Japan), respectively. The GC-rich vector
MH  and CHO-S cells (routinely cultured in DMEM/F12 or B001
edium) were available in our laboratory. EcoRI and NotI restric-

ion enzymes, T4 DNA ligase and the DNA gel extraction kit were
rom Takara Bio Inc., (Otsu, Shiga, Japan). All cell culture and
ransfection reagents were obtained from Invitrogen Corporation
Carlsbad, California, USA) unless specified. The His-tag affinity
olumns, SP Fast Flow, Q Fast Flow and MabSelect columns were
urchased from GE Healthcare (Piscataway, New Jersey, USA). Goat
nti-human IgG*HRP, mouse anti-His tag and rabbit anti-human
H20 antibody were obtained from Santa Cruz (Santa Cruz, CA,
SA). Bovine testes hyaluronidase (BTH) powder was from Shang-
ai No. 1 Biochemical Pharmaceutical Co. (Shanghai, China). Nude
alb/c mice (6–8 weeks of age) were purchased from Vital River
aboratory Animal Technology Co., Ltd. (Beijing, China). All ani-
al  experiments were in compliance with the Institutional Ethical

ommittee for animal care guidelines.

.2. Gene construction and transformation

The plasmid templates for human hyaluronidase PH20, the Fc

ragment of human immunoglobulin, human serum albumin, the

urine Ig� chain leader sequence and the pMH3 plasmid as expres-
ion vector were obtained from AmProtein Inc. (San Gabriel, CA,
SA). Primers, shown in Table 1, were designed using Vector NTI
g Journal 112 (2016) 32–41 33

and synthesized by Sangon Biotech (Shanghai, China). The pMD18-
T plasmid as cloning vector, EcoRI and NotI restriction enzymes, T4
DNA ligase and the DNA gel extraction kit were purchased from
Takara Bio Inc. (Dalian, China). The E. coli strain Top10 was  from
Transgene Inc. (Beijing, China).

The scheme for gene construction is delineated in Fig. 1. The
gene fragment of PH20 with the EcoR I site synonymously mutated
was constructed by overlay PCR using the touch-down procedure
with the F1, R1, F2 and R2 primers. Then, the rhPH20 sequence was
added with the Ig� signal peptide for protein secretion by overlay
PCR, with the F3, R3, F1 and R2 primers. Available rhPH20 with
the Ig� signal peptide was then used as the template to overlay
with HSA domain I and the Fc fragment of IgG, respectively, for
constructing chimeric genes of rhPH20-HSA and rhPH20-Fc. The
recombinant genes were all flanked on either side by EcoR I and Not
I restriction sites through the PCR primer sequences. The lengths of
the gene fragments were verified by DNA electrophoresis.

The chimeric genes were recycled and subcloned into pMD18-T
through AT ligation. The mixture was  transformed into Top 10 cells
to select positive clones. The fidelity of the genes to their original
design was  verified by PCR, double enzymatic digestion of extracted
plasmid with EcoR I and Not I, and DNA sequencing by Sangon
(Shanghai, China). The recombinant cloning vectors were digested
with EcoR I and Not I, and then the gene fragments were recycled
and ligated to the pMH3 expression vector which was similarly
digested and recycled. The resulting recombinant plasmids were
transformed into CHO host cells along with salmon sperm DNA by
electroporation twice at 160 V, 15 ms  pulses using an electroporator
(Bio-Rad, Richmond, CA, USA).

2.3. Clone screening and recombinant protein expression

For the screening of clones, the transfected cells were main-
tained in DMEM/F12 medium containing 10% fetal bovine serum
(FBS: Invitrogen Life Technologies, Carlsbad, CA, USA) at 37 ◦C, 5%
CO2. Then, 50 mg/L G418 (Sigma-Aldrich, Shanghai, China) was
added two days later. After one week of growth to form visible
colonies, pipet tips were used to pick up the cell clumps and the
contents were transferred into one well of a 96-well tissue culture
plate (Corning, NY, USA). After that, single colonies were enriched
through sub-culturing from 96-well plates into 24-well plates in
D/F12 medium containing 100 mg/L G418 and subsequently into
T25 flasks. The supernatants were collected from either the 96-
or the 24-well plates or T25 flasks for the initial assessment of
hyaluronidase activity by turbidimetry.

These adherent cultured clones were domesticated and propa-
gated in serum-free medium B001 (AmProtein Inc., San Gabriel, CA,
USA) in 40-mL flasks for 2 or 3 weeks. Batch cultures were carried to
test the basic expression level for each clone. Clones with the high-
est expression level were expanded to 1 L spinner flasks, and then
transferred to a 5 L bioreactor at an inoculation density of 2.0 × 106

viable cells per mL  in B001 medium [18]. We  chose single-use biore-
actors to carry out cultivation process for their unique features,
such as simple operation and low shear force. The parameters were
37 ◦C, pH 7.2, DO 10–30% and an air overlay of 0–100 cc/min. When
the cell density reached 5–6 × 106, the temperature was reduced to
34 ◦C, and F001 (AmProtein Inc.) feed medium was added to main-
tain the residual glucose level at 2 g/L. After approximately 10 days
of cultivation, the supernatants were harvested by centrifugation
at 5000 rpm for 6 min  for purification.

2.4. Purification of recombinant hyaluronidases
Chromatography columns (Q Sepharose FF, Phenyl Sepharose
(low sub), SP FF, Blue Sepharose FF, Mabselect and Superdex-200)
and the chromatography system (ÄKTA prime) were products of
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Table 1
List of primers used in PCR and overlay PCR (restriction sites underlined).

Functions Corresponding fragments Primernames Sequences (5′ to 3′) of primers

Restriction site same
sense mutation

PH20-
1

F1 GCTGCTCTGGGTTCCAGGTTCCACTGGTCTGAATTTCAGAGCACCTCCTG
R1 TGAGGTGAAGATAGTCACTTGAGTTCCAGTTTTTCCTTATACACACTC

PH20-
2

F2 CAAGGAGTGTGTATAAGGAAAAACTGGAACTCAAGTGACTATCTTCAC
R2 AAGCGGCCGCGTAGAAAATTTGAGGTTCTTCTGTCTCCATG

Recombination
Ig�-PH20

Ig� F3 CCCCCAAGCTGGAATTCCACCATGGAGAGAGACACACTCCTGC
R3 ATAACAGGAGGTGCTCTGAAATTCAGACCAGTGGAACCTGGAACCCAGAG

PH20 F1 GCTGCTCTGGGTTCCAGGTTCCACTGGTCTGAATTTCAGAGCACCTCCTG
R2 AAGCGGCCGCGTAGAAAATTTGAGGTTCTTCTGTCTCCATG

Recombination
Ig�-PH20-HSA

Ig�-
PH20

F3 CCCCCAAGCTGGAATTCCACCATGGAGAGAGACACACTCCTGC
R4 AGCAACCTCACTCTTGTGTGCATCGTAGAAAATTTGAGGTTCTTCTGTCTCC

HSA F4 TGGAGACAGAAGAACCTCAAATTTTCTACGATGCACACAAGAGTGAGGTTG
R5 AAGCGGCCGCTTACTATCTCTGTTTGGCAGACGAAGC

Recombination
Ig�-PH20-Fc

Ig�-
PH20

F3 CCCCCAAGCTGGAATTCCACCATGGAGAGAGACACACTCCTGC
R6 CGGTGGGCACTCGACGTAGAAAATTTGAGGTTCTTCTGTCTCC

Fc F5 AGACAGAAGAACCTCAAATTTTCTACGTCGAGTGCCCACCGTG
R7 AAGCGGCCGCTTACTATTTACCCGGAGACAGGGAGAG
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Fig. 1. Sketch of construction of recombina

E Healthcare Bio-Sciences (Uppsala, Sweden). The CHT ceramic
ydroxyapatite column was from Bio-Rad (Richmond, CA, USA).

The collected supernatant of 3–3.5 L was filtered through a
upor membrane disc filter of 293 mm in diameter (Pall Life Sci-
nces, Michigan, USA) with sequential membranes which had pore
izes of 0.8 �m,  0.45 �m and 0.22 �m,  respectively. The super-
atant was submitted to tangential flow diafiltration with a Pellicon
assette system (NMWCO of 30 kDa, Millipore, Massachusetts,
SA). The filtrate volume was reduced to 600–700 mL at this step.
he buffer was mainly replaced to 20 mM Tris buffer at pH 7.4 with
0 mM NaCl for rhPH20 and rhPH20-HSA, and the same buffer with
00 mM NaCl for rhPH20-Fc.

The preparation of rhPH20 was initiated using two  tandem
 Sepharose FF columns (20 cm × 2.6 cm I.D.) previously equili-
rated with 20 mM Tris buffer at pH 7.4 with 50 mM NaCl. The
eakly bound fractions were washed out with the same buffer at

H 7.0. The absorbed proteins were eluted at 380 mM NaCl, pH
.0. The eluent was then diluted with 2 M (NH4)2SO4 and 500 mM

aCl2 to a final concentration of 500 mM (NH4)2SO4 and 0.1 mM
aCl2 and then loaded onto a Phenyl Sepharose (low sub) column
20 cm × 2.6 cm I.D.). The flow-through fraction was collected and
iluted with degassed water to a conductivity of 7.5 mS/cm and
es, cloning vectors and expression vectors.

the pH was  adjusted with HAc to 5.4. Afterwards, the solution
was loaded onto an SP fast flow column (20 cm × 2.6 cm I.D.) pre-
equilibrated with 20 mM HAc/NaAc buffer at pH 5.4 with 50 mM
NaCl, and then eluted at 130 mM NaCl in the same buffer. The
eluted fraction was adjusted to pH 7.0 and loaded onto a CHT
ceramic hydroxyapatite column (12 cm × 2.6 cm I.D., Bio-Rad) pre-
equilibrated with 10 mM PB and 1 mM CaCl2 at pH 7.0. The bound
proteins were eluted with 80 mM  PB and 0.1 mM CaCl2 at pH 7.0.

For rhPH20-HSA purification, the protein solution was  loaded
onto a Q Sepharose FF column (20 cm × 2.6 cm I.D.) previously
equilibrated with 20 mM Tris and 50 mM NaCl at pH 7.4. The
weakly bound fractions were washed out with 20 mM Tris and
120 mM NaCl at pH 7.0. The bound proteins were eluted at 450 mM
NaCl at pH 7.0. The eluent was diluted 2.25 times with degassed
water and then loaded onto a Blue Sepharose Fast Flow column
(18 cm × 2.6 cm I.D.) pre-equilibrated with 20 mM Tris and 200 mM
NaCl at pH 7.0. The column was  washed with 200 mM KCl in
pH 7.0 Tris buffer, and the fractions were eluted with 600 mM

KCl in pH 7.0 Tris buffer. The active fractions were then diluted
with 2 M (NH4)2SO4 and 500 mM CaCl2 to a final concentration
of 500 mM (NH4)2SO4 and 0.1 mM CaCl2 and then loaded onto
a Phenyl Sepharose (low sub) column (20 cm × 2.6 cm I.D.). The
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Fig. 2. Construction of fused genes and recombinant vectors. (A)–C): Overlay PCR for (A) PH20 without EcoR I (lane 1: PH20-1, lane 2: PH20-2, lane 3: PH20 without EcoR
I);  (B) Ig�-PH20 (lane 1: Ig�,  lane 2: PH20 without EcoR I, lane 3: Ig�-PH20); (C) Ig�-PH20-HSA (lane 1: Ig�-PH20, lane 2: HSA, lane 3: Ig�-PH20-HSA); (D) Ig�-PH20-Fc
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lane  1: Ig�-PH20, lane 2: Fc, lane 3: Ig�-PH20-Fc). (E)–(G): Cloning vectors and exp
MH3-T-Ig�-PH20/EcoR I+ Not I); (F) rhPH20-HSA (lane 1: pMD18-T-Ig�-PH20-HSA
:  pMD18-T-Ig�-PH20-Fc/EcoR I+ Not I, lane 2: lane 1: pMH3-T-Ig�-PH20-Fc/EcoR 

olumns were washed with 0.25 M (NH4)2SO4 in Tris buffer, and
he fractions were eluted by the same buffer without (NH4)2SO4.

To purify rhPH20-Fc, the solution was loaded onto a Mabselect
olumn (17 cm × 5.0 cm I.D.) in 20 Tris buffer at pH 7.4 with 100 mM
aCl and eluted with a buffer containing 50 mM Arg, 100 mM Gly

pH 3.5) and 0.01% Tween-80. The active fractions were pooled and
oaded onto Q SFF columns (12 cm × 2.6 cm I.D.) pre-equilibrated

ith 20 mM His and 50 mM NaCl at pH 6.0, and eluted with 20 mM
is buffer containing 150 mM NaCl at pH 5.5. The eluent was loaded
nto a Superdex-200 column and eluted with 100 mM phosphate
uffer at pH 7.0.

The purification procedures were controlled by ÄKTA prime, and
he signals at UV–280 nm and the conductivity of the effluent were

onitored. The protein concentration was measured with a Pro-
ein Assay Kit (Bio-Rad, Richmond, CA, USA) with BSA used as the
tandard [19]. The purity of the purified protein was determined by
PLC. It was also subjected to SDS-PAGE and identified by western
lotting.

.5. SDS-PAGE and western blotting

SDS-PAGE was performed as described by Laemmli [20]. Pro-
ein samples were resolved in 8% (w/v) polyacrylamide gel. After
lectrophoresis, the proteins were visualized by staining with
oomassie Brilliant Blue R-250. For western blot analysis, the
roteins resolved in the gel were transferred to polyvinylidene
ifluoride (PVDF) membranes (Millipore, Massachusetts, USA). The

embrane was blocked with 5% BSA in TBST buffer (20 mM Tris-
Cl, pH 8.0, 150 mM NaCl, 0.15% Tween-20) at room temperature

or 1 h, and then incubated with rabbit anti-human rhPH20 (Santa
ruz Biotechnology, Inc., Santa Cruz, CA, USA) (at a dilution ratio of
n vectors for (E) rhPH20 (lane 1: pMD18-T-Ig�-PH20/EcoR I+ Not I, lane 2: lane 1:
 I+ Not I, lane 2: lane 1: pMH3-T-Ig�-PH20-HSA/EcoR I+ Not I); (G)  rhPH20-Fc (lane

 I).

1:1000 in TBST containing 1% BSA) at room temperature overnight.
The membrane was washed three times with TBST buffer and then
incubated with goat anti-rabbit IgG*HRP antibody (ThermoFisher
Scientific, San Jose, CA, USA) (at 1:5000 dilution in TBST containing
1% BSA) at 30 ◦C for 2 h. The membrane was  then washed three
times with TBST followed by detection using HRP.

2.6. HPLC profile

The final purified protein was assayed using a Waters Breeze
HPLC system (Waters Corporation, Milford, MA,  USA) on a
200 mm × 7.8 mm  Protein-Pak 125 column. The column was equi-
librated and eluted with sodium phosphate (pH 7.4) at a flow rate
of 0.5 mL/min. Proteins were detected at 280 nm. Purity was  deter-
mined according to the percentage of the main peak area [21].

2.7. Microtiter-based assay of hyaluronidase activity

Hyaluronidase activity was  conducted viscosimetrically accord-
ing to published recommendations [22]. Briefly, bovine testes
hyaluronidase (BTH: Shanghai No. 1 Biochemical Pharmaceutical
Co., Shanghai, China) powder with an activity of 1500 U/ampoule
was dissolved in sterile water and diluted with 1.3 mg/mL
hydrolyzed gelatin to obtain a series of concentrations of 0, 0.3,
0.6, 0.9, 1.2, and 1.5 U/mL as standards. Twenty-five microliters of
HA (0.25 mg/mL) in an acetate/kalium aceticum buffer was mixed
with 25 �L of enzyme and digested at 37 ◦C for half an hour. Sub-

sequently, two  hundred microliters of acidified bovine serum was
added. This mixture was finally incubated at room temperature for
1 h. High molecular HA formed a complex with the acidified serum
with a maximum absorption at 650 nm.  Because hyaluronidase
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ig. 3. Expression of hyaluronidase under batch-fed cultivation conducted in dis-
osable bioreactors of 5 L (working volume). (A) rhPH20; (B) rhPH20-HSA; (C)
hPH20-Fc.

ctivity leads to a decrease in high molecular HA, complex for-
ation and absorption at 650 nm is reduced depending on the

ncubation time. Hyaluronidase activity was calculated on the basis
f the decrease in absorption at 650 nm.

.8. Interstitial dispersion experiments and reconstruction of
ermis
For interstitial dispersion assays, the Balb/c nude mice
Weitonglihua, Beijing, China) were anesthetized by ethyl ether.
ubsequently, the mice were injected on the back with trypan blue
nd test article (0.5 U of rhPH20, rhPH20-HSA, or rhPH20-Fc, or
g Journal 112 (2016) 32–41

bovine hyaluronidase as positive control) as adjuvant or prepara-
tion as carrier control in a 1-mL syringe with a 27 gauge needle
in a final volume of 50 �L. Afterwards, dye areas were measured at
the specific time points using microcalipers in two dimensions. The
areas were calculated using the formula = ((D1 × D2) × �/4) (where
D1 and D2 are the diameters of the dye front). For dermal bar-
rier reconstitution experiments, hyaluronidase reference standard,
rhPH20, rhPH20-HSA or rhPH20-Fc was injected and marked with
a pen at the exact site [4]. Trypan blue was injected in dermal at
the marked site after 0.5, 1, 24, 48, 72, 96 and 120 h. Dye areas were
measured as above.

2.9. Pharmacokinetics and bioavailability of macromolecules
co-injected with hyaluronidase

Stelara (15 mg/kg) or TFI (5 mg/kg) in 100 �L saline was admin-
istered in four groups of ICR mice (five per group) anesthetized
with ethyl ether via four routes: (1) intravenous injection (group
1); (2) intradermal injection in the dermis received 50 �L carrier
vehicle (PBS) (group 2); (3) intradermal injection in the dermis
treated with 100 units rhPH20 (group 3); (4) intradermal injection
with 100 units rhPH20-Fc (group 4). The treatments were given just
before Stelara/TFI injection. Then, 100 �L of blood was collected via
tail bleed at 1 h, 2 h, 4 h, 6 h, 24 h, 48 h and 96 h. Serum concentra-
tions of intact TFI were measured by ELISA assay with TNFR II and
IL-1ra antibody, respectively. Serum concentrations of intact Ste-
lara were measured by ELISA assay with Fc and F(ab′)2 antibody,
respectively. Pharmacokinetic parameters were established using
the linear trapezoidal method with integration from T0 to infin-
ity based upon the elimination rate constants established from the
intravenous doses.

2.10. Statistical analysis

All statistical analyses were performed using GraphPad Prism 5
software (GraphPad Software, San Diego, CA, USA).

3. Results and discussion

3.1. Construction of recombinant cell lines expressing
hyaluronidase

As shown in Fig. 2A, the newly constructed gene fragment of
PH20 without EcoR I was verified by DNA electrophoresis. Because
EcoR I ligates with the vector backbone afterward cloning, it is nec-
essary to omit the EcoR I site within the original PH20 sequence
through synonymous mutation. Then, as shown in Fig. 2B, Ig� sig-
nal peptide was  successfully added to the N-terminal of PH20. As a
consequence, the fusion proteins would be secreted into the super-
natant during cultivation [23]. Fig. 2C and D show overlaid gene
fragments encoding Ig�-PH20-HSA and Ig�-PH20-Fc, respectively,
and verification by DNA electrophoresis.

As shown in Fig. 2E–G, three fused gene fragments of Ig�-
rhPH20, Ig�-rhPH20-HSA and Ig�-rhPH20-Fc were successfully
ligated to the cloning vector pMD18-T and expression vector pMH3,
respectively. The sizes of the gene fragments resulting from EcoR
I and Not I double digestion were 1438 bp, 2012 bp and 2077 bp,
and PCR verifications were as expected. Furthermore, based on
the sequencing results, no unexpected mutation or deletion was
observed during the cloning process, confirming the fidelity of the
sequence with the original design.

PH20 is a relatively complex molecule with six N-glycosylation

sites and five disulfide bonds. Both the domain I of HSA used here
and the Fc fragment of IgG2 have glycosylation sites and intrachain
disulfide bonds, as well as interchain disulfide bonds for the Fc frag-
ment. Therefore, choosing a proper expression system is critical for
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Fig. 4. SDS PAGE, Western blot and HPLC profile. (A) rhPH20 (Lane 1: Marker in SDS-PAGE analysis; lane 2: non-reducing form of rhPH20 in SDS-PAGE analysis; lane 3:
W : non
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estern  blot analysis). (B) rhPH20-HSA (Lane 1: Marker in SDS-PAGE analysis; lane 2
C)  rhPH20-Fc (Lane 1: Marker in SDS-PAGE analysis; lane 2: non-reducing form of rh
ane  4: Western blot analysis). (D) HPLC profile of purified recombinant proteins. Fro

uccessfully characterizing posttranslational modifications and the
orrect features of the chimeric proteins. Chinese hamster ovary
CHO) cells meet the requirements and are an attractive choice
or the production of complex proteins [24]. However, a low effi-
iency of production is a problem for CHO. To remove this issue,
oth choosing specific expression vectors and the introduction of
almon sperm DNA during transfection are of assistance.

After gene transfection, two-cycle clone selection and adap-
ion to suspension culture, three stable and high-level expression
lones for each protein were chosen from thousands of clones and
ere used for subsequent expression. The basic expression levels

f batch culture in 40-mL flasks for each of the selected clones were
490, 596, and 737 U/mL for rhPH20, rhPH20-HSA and rhPH20-Fc,
espectively.

.2. Cultivation for recombinant hyaluronidase

As shown in Fig. 3, the cultivation processes are divided into the
rowth stage and the production stage. In the cell growth stage,

 high specific growth rate is expected to achieve a high cell den-
ity. On the other hand, in the production stage, after lowering the
emperature to 34 ◦C, a high specific production rate is stressed for
he expression and secretion of the desired protein. During the cul-

ivation process, cell concentrations increased to 5–6 × 106 at the
econd or third day, reached a maximum of 9–10 × 106 cells/mL
rom the third to seventh day, and then decreased with time. The
ccumulation of hyaluronidase increased gradually at the initial
-reducing form of rhPH20-HSA in SDS-PAGE analysis; lane 3: Western blot analysis).
-Fc in SDS-PAGE analysis; lane 3: reducing form of rhPH20-Fc in SDS-PAGE analysis;

 to bottom the curves represent rhPH20-Fc, rhPH20-HSA and rhPH20, respectively.

stage, and although the cell concentration decreased, expression
continued to increase. The fed-batch culture was  carried out for
10–11 days, at which the cell viability was below 80%. These pro-
cesses resulted in a final production of 1900, 1085, and 1228 U/mL
for rhPH20, rhPH20-HSA and rhPH20-Fc, respectively.

3.3. Purification and identification of recombinant hyaluronidase

The purified recombinant hyaluronidases were subjected to
SDS-PAGE and western blotting to determine the apparent molecu-
lar weights and antigenic specificity, as shown in Fig. 4. The purified
recombinant hyaluronidases rhPH20, rhPH20-HSA and rhPH20-Fc
were 61 kDa (Fig. 4A), 79 kDa (Fig. 4B), 190 kDa (non-reducing form)
and 95 kDa (reducing form) (Fig. 4C), respectively. The molecular
weight of rhPH20 was  consistent with the results in the liter-
ature for a soluble form of neutral-active human hyaluronidase
(PH20) lacking the GPI membrane attachment motif [4]. The size
of rhPH20-HSA was equivalent to the combination of rhPH20 and
domain I of HSA. rhPH20-Fc was an antibody-like dimer structure in
non-reducing conditions, which was linked by interchain disulfide
bonds and the variable region was  replaced by PH20.

To confirm the antigenic activity of the recombinant

hyaluronidases, the protein resolved by SDS-PAGE was subjected
to western blot analysis using anti-human rhPH20 monoclonal
antibody. As shown in Fig. 4, a single band was detected by the
antibody for each protein, indicating their antigenic activity.
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Fig. 5. Diffusion properties of trypan blue with hyaluronidase co-administration in dermis. (A) rhPH20, rhPH20-Fc, rhPH20-HSA, bovine hyaluronidase (0.5 U), or carrier
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ontrol  was  co-injected with trypan blue in mice. (B) Trypan blue diffusion 45 min  af
SA  (from left to right). (C) rHuPH20-Fc (5.0, 0.5, 0.05 U) was  co-injected with tryp

eader  is referred to the web version of this article.)

From the HPLC profile shown in Fig. 5, the purified recombi-
ant hyaluronidases were eluted as single peaks at 21.17, 25.02
nd 27.03 min  from a Protein-Pak 125 column. The purity was more
han 95%. The purified rhPH20, rhPH20-HSA and rhPH20-Fc exhib-
ted a specific activity of 100,000, 10,000 and 35,600 U/mg protein
y the micro turbidity assay. In addition, the endotoxin activities
or each purified protein were less than 0.1 U/mg, suggesting that
ighly purified recombinant hyaluronidase preparations could be
onsidered as a potential therapeutic agent for pharmacodynamics
tudies.

.4. Spreading effects of recombinant human hyaluronidases

Hyaluronan confers hygroscopicity and swelling capacity to the
CM, while molecules administered through SC are sequestered
ithin it. Spreading to the vessels is a prerequisite for drugs

or being absorbed [25]. In this manuscript, we used intradermal
njection of mice as a simple animal model for human subcuta-
eous injection. As the hypodermis of mouse is very loose, drugs
ay  move quickly without striking barriers, so it is not predic-

ive for clinical SC injection outcomes. However, the epidermis
f mice is closer to the thickness of human dermis than mouse
ypodermis, and could be more predictive for drug diffusion and
bsorption in clinical use. The potency of different hyaluronidases

s spreading factors can be determined by their abilities to increase
he area of locally injected tracer dyes following intradermal co-
dministration [26]. Trypan blue dispersion experiments for 45 min
epresent the diffusion-promotion in a short period. As shown
bined injection with carrier, rhPH20, bovine hyaluronidase, rhPH20-Fc or rhPH20-
ue in mice. (For interpretation of the references to colour in this figure legend, the

in Fig. 5, when co-injected with 0.5 U rhPH20-HSA and rhPH20-
Fc, trypan blue exhibited comparable diffusion profiles with the
0.5 U bovine hyaluronidase and rhPH20 treatments (Fig. 5A), and
all of them reached similar dye areas of approximately 2.2 cm2 at
45 min  (Fig. 5B). Because the specific activities of rhPH20-HSA and
rhPH20-Fc were inferior to the original rhPH20, one-tenth and one-
third, respectively, a higher dosage of rhPH20-HSA and rhPH20-Fc
is needed to achieve a biological effect analogous to the original
rhPH20 in a short time frame.

The dose-response relationships were explored for the newly
constructed hyaluronidase, with rhPH20-Fc as a model. As shown
in Fig. 5C, from the first detection time point, trypan blue diffused
to a larger area in the high rhPH20-Fc dose, which indicated that
the facilitated diffusion effect of rhPH20-Fc occurred in a dose-
dependent fashion, in agreement with rhPH20 [4].

In SC administration, molecules must diffuse and be absorbed
to exert influence. The complex three-dimensional structure of
ECM physically retards molecular dispersion [27]. The degrada-
tion of hyaluronan and the openness of the ECM channel influence
diffusion and absorption. Therefore, the process of ECM recovery
after hyaluronidase treatment was  of key importance for SC-
administered molecules. As shown in Fig. 6, each point stood as
the termination of trypan blue dispersion experiments at 45 min.
The pink shadow represents the primary trypan blue diffusion level
and almost complete recovery. When the dermis was  treated with

rhPH20 after 24 h, it was  repaired and was resistant to trypan blue
again. The groups treated with rhPH20-Fc were not reconstructed
until 85 h, and the groups treated with rhPH20-HSA needed 120 h.
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The improvement of pharmacokinetics can be ascribed to
ig. 6. Reconstruction of dermis after treatment with different hyaluronidases.

he changes in tissue structure due to different hyaluronidases
ere all reversible. Comparably, the accessible pathway created

y rhPH20-HSA and rhPH20-Fc lasted much longer than bovine
yaluronidase and rhPH20.

The recombination of human hyaluronidase in this study suc-
essfully extended its functioning time in dermis. Subcutaneous
rchitecture is a key factor for penetration and metabolism of
dministered therapeutics, so it is reasonable that its change would
xert an influence on pharmacokinetics and bioavailabilities [28].
hort-time destruction of the ECM provided a traverse channel
or small molecules. On the other hand, the diffusion and convec-
ion of large molecules occurred in a slower pattern and a long
hannel-opening time was needed for thorough diffusion. Enough
pen time and space for the ECM channel would be favorable for
acromolecules to fully diffuse to the vascular compartment. The

riginal rhPH20 and long-acting recombinant hyaluronidase meet
he specific demands of small molecules and macromolecules.

.5. Pharmacokinetic profiles for co-administration with
ecombinant long-acting hyaluronidase rhPH20-Fc

Modifying ECM architecture is an effective method to alter the
harmacokinetic profile of SC therapeutics through increasing their

xposure to the capillary beds and lymphatics [29]. Considering
hat the specific activity of rhPH20-Fc was better than rhPH20-HSA,
t was chosen for co-injection with the two therapeutics, and the
harmacokinetics were investigated.

Fig. 7. Pharmacokinetic profiles of Stelara (A) and TFI (B) injected subcutaneously
g Journal 112 (2016) 32–41 39

As shown in Fig. 7, the effects of rhPH20 and rhPH20-Fc on
the pharmacokinetics and bioavailability of a 149 kDa Stelara and
250 kDa TFI were assessed. As expected, the pharmacokinetic (PK)
profiles following IV and SC administration differed greatly. Gen-
erally, intravenous IgG administration resulted in early high peak
concentrations, followed by a rapid fall over the next several days,
which was  associated with the passage of proteins from the vas-
culature to the lymph and extracellular fluid compartments [29].
When administered via the SC route (here the mouse ID was  used
as a suitable surrogate for human SC), the proteins distributed ini-
tially in the local subcutaneous tissue, followed by slow diffusion
into the vascular and extravascular fluid space [27]. Because peak
serum levels of SC are lower, the adverse effects associated with
very high peaks experienced after large IV boluses would be much
less common.

As shown in Table 2, rhPH20 and rhPH20-Fc improved the AUC
of Stelara from 6.5 k to 9.6 k and 10.4 k �g H/mL, with an abso-
lute bioavailability increase from 58% to 86% and 93%. There was
a 7% increase between rhPH20 and rhPH20-Fc. The Tmax shifted
from 24 h to 6 h and Cmax was higher for the two hyaluronidase-
facilitated groups. For TFI, there was significant increase in AUC.
rhPH20 and rhPH20-Fc improved the AUC from 1079.6 to 1356.6
and 2053.7 �g H/mL, with an absolute bioavailability from 51% to
64% and 97%, very close to that of IV. SC administration combined
with long-acting rhPH20-Fc achieved a bioavailability similar to
IV. Also, instead of the early high peak concentrations resulted
from intravenous administration, when administered via the co-
administration SC route, the proteins distributed initially in the
local subcutaneous tissue, followed by slow diffusion into the vas-
cular and extravascular fluid space.

There are factors affecting the bioavailability data that we
must take into account. For example, 0.1 mL  blood samples were
collected for each time. Within 24 h, another 0.5 mL  blood was
collected; i.e., ca. 25% of the blood volume in a 20 g mouse. This
high-volume blood sampling contributed in a relevant manner
to the clearance of the administered drug, particularly after IV
dosing. Hence, there is the possibility of overestimation of SC
bioavailability. IV administration would be more affected by pro-
nounced sampling compared to SC administration because during
the phase of intense sampling (1–24 h), drug levels after IV dosing
are markedly higher than after SC dosing. However, the comparable
relationship between different administration routes would not be
affected greatly.
the facilitated convection of these macromolecules. In particu-
lar, rhPH20-Fc performed better than rhPH20 on facilitating the
permeation of the large molecule TFI and elevating its bioavail-

 with hyaluronidase in comparison to intravenous (IV) and intradermal (ID).
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Table 2
Summary of pharmacokinetic parameters for molecules co-injected with hyaluronidase subcutaneously or intravenously. IV, intravenous; ID, intradermal.

Groups AUC (�g h/mL) F (%) Tmax (h) Cmax (�g/mL)

Stelara 15 mg/kg IV 11209.3 ± 1105.2 100 ± 9.9 0.5 478.9 ± 48.4
Stelara  15 mg/kg ID 6493.4 ± 570.3 57.9 ± 5.1 24 164.6 ± 23.8
Stelara  15 mg/kg ID + rhPH20 9624.4 ± 740.4 85.9 ± 6.6 6 174.3 ± 20.9
Stelara  15 mg/kg ID + rhPH20-Fc 10432.5 ± 745.0 93.1 ± 6.6 6 214.1 ± 33.0
TFI  5 mg/kg IV 2125.2 ± 193.6 100 ± 9.1 0.5 128.1 ± 13.8
TFI  5 mg/kg ID 1079.6 ± 92.3 50.8 ± 4.3 24 19.6 ± 1.8
TFI  5 mg/kg ID + rhPH20 1356.6 ± 113.4 63.8 ± 5.3 6 25.3 ± 2.0
TFI  5 mg/kg ID + rhPH20-Fc 2053.7 ± 162.5 96.6 ± 7.6 6 48.8 ± 5.4
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bility. RhPH20-Fc as a promoter drug presented higher stability
han rhPH20 in the dermis. In addition because the channels of
CM opened up by long-acting hyaluronidase rhPH20-Fc in this
tudy were sustained for a long time, drugs may  permeate much
horoughly and therefore the pharmacokinetics were improved.

Co-administration with hyaluronidase rendered a more grad-
al PK profile with slow and sustained drug release. This pattern is
articularly suitable for some macromolecular proteins to remain
t low doses in the circulation. The spreading effect of rhPH20-
c is quite attractive in the SC administration of macromolecular
iotherapeutics, as an effective, safe and easy-to-handle SC drug
elivery system. It’s worth mentioning that PH20 has been proven
afe in clinical trials and on market for several years. Both of HSA
nd IgG Fc conjugations have been used for intravenous adminis-
ration of proteins, and there are no adverse effects found so far.
et there should be more to do with the new hyaluronidases, and a
ystematic investigation on toxicity and pharmacology is required
or the molecules to become clinically acceptable.

. Conclusions

The newly designed chimeric hyaluronidases, rhPH20-Fc and
hPH20-HSA, are better chaperones than previous rhPH20 for sub-
utaneous administration of biopharmaceuticals because of their
bility to extend the opening time of channels in the extracellular
atrix, thus facilitating large molecules to penetrate though. This

as been demonstrated by the dermis reconstruction testing where
hPH20 only extended the opening time of ECM channels for 24 h,
hile rhPH20-HSA and rhPH20-Fc could reach 85–120 h. The spe-

ific activity of rhPH20-Fc is higher than that of rhPH20-HSA. The
mprovement by rhPH20-Fc as a chaperone for Stelara (150 kDa)

as obvious but not significant over rhPH20. However, for TFI with
olecular weight 250 kDa, PH20-Fc performed much better than

hPH20. Compared with injection alone, co-administration of the
arge biopharmaceuticals with rhPH20-Fc improved Tmax as well as
max. In addition, the pharmaceutical profiles were optimized in a
radual change mode. This study is a step forward in development
f subcutaneous administration for the delivery of biomacromolec-
lar pharmaceuticals.
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