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ABSTRACT

Introduction: There is currently no consensus
in the literature concerning the impact of aging
on the properties of hyaluronan (HA) in the
subcutaneous (SC) space. Recombinant human
hyaluronidase PH20 (rHuPH20) facilitates SC
administration of injected therapeutics by
depolymerizing SC HA, facilitating bulk fluid
flow, dispersion and absorption. This study
assessed the impact of intrinsic aging on HA in
the SC space and thus the ability of rHuPH20 to
enhance delivery of co-administered
therapeutics.
Methods: Histologic evaluations of HA levels
and degradation were performed on human
skin samples from six age groups, aged from 20
to 100 years. HA levels were evaluated by HA
staining and degradation by staining samples
for HA following incubation with rHuPH20. HA
was extracted from samples and HA size deter-
mined by gel electrophoresis. Dermal

reconstitution was assessed in young (aged
1.5 months) and elderly (aged[16 months)
mice. Baseline dye dispersion was measured at 5
and 20 min post-intradermal dye injection.
Following treatment with rHuPH20, dye dis-
persion was measured again at 2, 24, 48, 72 and
96 h.
Results: Distribution of HA was confined to the
interstitial space between adipocytes, with sim-
ilar pericellular presence and levels of HA found
across all age groups. Substantial levels of high-
molecular-weight HA were observed in all age
groups at baseline. Incubation with a clinically
relevant dose of rHuPH20 resulted in degrada-
tion of all SC HA and similar degradation pro-
files independent of age. No difference in dye
dispersion time was observed between young
and elderly mice across the range of time points
assessed, with dye dispersion returning to
baseline levels by 24 h after rHuPH20
treatment.
Conclusions: Subcutaneous delivery of
approved therapeutics facilitated by co-admin-
istration with rHuPH20 should not be impacted
by intrinsic aging, with this study providing no
evidence for an effect of aging on HA distribu-
tion, structure or a loss of rHuPH20 efficacy.
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Key Summary Points

Why carry out this study?

Recombinant human hyaluronidase PH20
(rHuPH20) facilitates subcutaneous
administration of large volumes of co-
administered therapeutics by
depolymerizing hyaluronan (HA) in the
subcutaneous space, thus enabling bulk
fluid flow and facilitating dispersion and
absorption.

Intrinsic aging may affect the levels and
distribution of HA in the subcutaneous
space, thereby affecting the ability of
rHuPH20 to enhance delivery of co-
administered therapeutics.

This study assessed the effect of aging on
HA distribution, size and degradation in
human skin samples and dermal
reconstitution of HA after rHuPH20
treatment in young and elderly mice.

What was learned from the study?

This study found no evidence for an effect
of aging on HA distribution, size,
degradation or dermal reconstitution, and
there was no apparent loss of rHuPH20
effectiveness with increasing age.

Subcutaneous delivery of approved
therapeutics facilitated by co-
administration with rHuPH20 should not
be impacted by intrinsic aging.

INTRODUCTION

Administration of therapeutics via intravenous
(IV), intramuscular or subcutaneous (SC) injec-
tion is one of the most common healthcare
procedures worldwide [1, 2]. While IV injection
has traditionally been the standard route of
administration for many therapeutics, SC
delivery offers many potential advantages.
Notably, SC administration may be more

convenient than IV, owing to shorter adminis-
tration times [3], potentially reduced infusion-
related reactions [4] and the ability of SC for-
mulations to be self-administered at home
[5, 6]. These factors not only act to reduce the
burden on patients and caregivers, the health-
care system and healthcare professionals
(HCPs), but often lead to SC delivery being
preferred by patients and HCPs alike [3, 7, 8].

Despite the potential benefits, rapid SC
administration is limited by low delivery vol-
umes and flow rates as a result of the physiology
of the SC space [9, 10]. This region, located
between the dermis and the underlying muscle
layer, consists of adipose tissue bound by an
extracellular matrix (ECM) that physiologically
limits the volume and rate of fluid that can be
injected. Constituents of the ECM include gly-
cosaminoglycans (GAGs), collagen and elastin
fibers, and lymphatic and blood vessels. While
lymphatic and blood vessels are essential for
bodily function, and collagen has a half-life of
almost 15 years [11], some GAGs are enzymati-
cally degradable and have a high turnover rate,
with the principal GAG of the hypodermis,
hyaluronan (HA), being reconstituted 24–42 h
following enzymatic degradation [12]. In the
ECM, HA forms a gel-like substance with water,
creating a barrier to fluid flow [13, 14], and plays
a crucial role in limiting large-volume SC drug
delivery and restricting drug dispersion and
absorption. These properties, combined with its
rapid turnover, make HA a key target for
improving the efficiency of SC delivery.

Recombinant human hyaluronidase PH20
(rHuPH20) has proven effective in facilitating
large volumes of therapeutics to be delivered
rapidly by SC administration by targeting HA
[15]. Its use is currently approved in a number
of SC formulations of therapeutics [16].
rHuPH20 is a genetically engineered soluble
form of the naturally occurring human hyalur-
onidase PH20 enzyme, which functions
through the enzymatic depolymerization of HA
[17]. Its action enables bulk fluid flow in the
interstitial space and facilitates the dispersion of
injected therapeutics to capillaries and lym-
phatic vessels [17, 18].

Currently, it is not knownwhether the ability
of rHuPH20 to enhance delivery of co-
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administered therapeutics is impacted by chan-
ges to the levels, distribution and polymer size of
HA in the SC space. Aging causes a number of
known structural changes to human skin [19],
with studies showing that dermal HA may also
be affected [20–24]. With aging, HA becomes
progressively more tissue-bound [21] and has
the potential to be deacetylated [20]. To date,
there is no consensus in the literature concern-
ing the effect of aging on the overall level of HA
in the SC space [21–23] or how the size of SC HA
polymers may be impacted by aging [20, 24]. In
addition, age-related changes in HAS and HYAL
gene expression may alter or reduce the levels of
HA that are present in the SC space [25]. The
effects of these changes in levels, distribution
and size of SC HA as well as the impact on the
ability of the rHuPH20 enzyme to recognize and
degrade its substrate have not been character-
ized. Thus, it would be valuable to determine
whether the levels, distribution and size of HA in
the SC region change with age and whether
potential age-related modifications to HA alter
the ability of rHuPH20 to deliver the co-ad-
ministered therapeutic.

The aim of this study was to assess the
impact of aging on HA levels, distribution and
polymer size in human skin samples from
donors 20–100 years of age. The study was also
designed to elucidate any effect of aging on the
ability of rHuPH20 to enhance delivery of co-
administered therapeutics by measuring HA
degradation following incubation with
rHuPH20 in these human skin samples. Fur-
thermore, HA reconstitution times were asses-
sed following rHuPH20 administration in
young and elderly mice.

METHODS

Histologic Analyses

Human full-thickness skin samples from donor
cadavers were obtained from theNationalDisease
Registry Interchange (NDRI, Philadelphia, PA,
USA; protocol no. DZEM1) who are supported by
NIH grant U42OD111158. All samples were
recovered in full respect of the 1964 Declaration
of Helsinki and its later amendments, following

approval by the University of Pennsylvania
Institutional Review Board (IRB) and according to
institutional regulations and guidelines regarding
informed consent and donor confidentiality. The
skin samples spanned six age intervals: 20–45,
46–55, 56–65, 66–75, 76–85 and 86–100 years,
with two male and two female samples per age
group. The tissues were freshly preserved post-
mortem, and formalin-fixed paraffin-embedded
(FFPE) tissue sections (5 lM) were prepared for
histologic evaluation of HA levels and degrad-
ability in the SC space.

Detection and Analysis of HA
from Human Skin Samples

Formalin-fixed, paraffin-embedded slides were
prepared from each tissue sample. For HA
staining, sections were deparaffinized, hydrated
and stained using a biotinylated TSG6-DHep-Fc
probe (HTI-601) followed by hematoxylin
counterstaining [26]. Visual evaluation of run
controls was performed prior to HA quantifica-
tion on the human skin samples to confirm
successful runs. Run controls consisted of an
FFPE section derived from naturally HA-accu-
mulating human xenograft tissue. Representa-
tive micrographs were captured using an Aperio
ImageScope version 12.2.1.5005 scanner (Leica
Biosystems Inc., San Diego, CA, USA). For HA
quantification, a digital scoring algorithm was
used to quantify the HA content of tissue sec-
tions (Aperio Positive Pixel Count V9, Leica
Biosystems Inc., San Diego, CA, USA). For each
tissue section, a representative region of interest
(ROI) within the SC region was analyzed and
HA content was calculated as percentage of HA-
positive pixels over the entire pixel count in the
ROI (only stained tissue is included).

Degradability of HA Using rHuPH20

For assessment of HA degradation, tissue sec-
tions (5 lm)were treatedwith rHuPH20 at 1 lg/ml
(110 U/ml) and 18 lg/ml (2000 U/ml) for 1 h at
37 �C in a humidified chamber using a PIPES
buffer (25 mM PIPES, 70 mM NaCl, 0.5% bovine
serum albumin [BSA], pH 5.5) followed by HA
staining and HA quantification as described
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above. To assess differences in degradation, a
time-course study was performed using a low
enzyme concentration (0.1 lg/ml; 11 U/ml).
Slides were incubated for 1, 1.5 or 2 h before
being stained and scored for HA. Enzyme dilu-
tions were performed using PIPES buffer.

Extraction and Size Determination of HA
from SC Tissue

HA was extracted from FFPE human SC tissue by
removing approximately 100 mg of tissue from
each skin sample and incubating it in pro-
teinase K (1 mg/ml, in buffer containing 50 mM
Tris–HCl pH 8.0, 10 mM MgCl2, 2 mM CaCl2)
for 15 h at 55 �C. Proteinase K was then inacti-
vated by incubation at 100 �C for 30 min. The
sample was centrifuged at 10,0009g for 20 min
at 4–10 �C to pellet tissue debris, and then the
supernatant was removed, transferred to a new
tube and stored at – 80 �C until analyzed. To
assess the size of the HA polymers extracted
from the SC space, 5 lg of each sample was
separated on a 0.4% agarose gel (100 V; 1.25 h).
Samples were transferred overnight to a
HybondTM-N ? membrane (GE Healthcare,
Amersham, UK) and blocked using 2% nonfat
dry milk in 0.05% Tween-20. A biotin-TSG6-
DHep-Fc probe [27] (0.5 lg/ml) was used to bind
HA molecules on the membrane, and horse-
radish peroxidase (HRP)-conjugated strepta-
vidin was used for detection.

Dermal Reconstitution Dye Dispersion
Assay in Mice

A total of 52 athymic mice were used for all
in vivo studies. All procedures conducted on
research animals were approved by the Halo-
zyme Institutional Animal Care and Use Com-
mittee (IACUC) and complied with the
Halozyme IACUC protocol no. 2017-06C.
Comparison of dye dispersion in treated and
untreated skin at successive intervals post-en-
zyme injection provided an estimate of the HA
reconstitution time after rHuPH20 treatment.
Of the 52 athymic mice, 26 were obtained and
held on-site for[ 16 months for use in the
study (elderly mice), and 26 strain-matched

young mice (* 1.5 months of age) were used
for comparison of dye dispersion. Each group
received a 0.04 ml intradermal injection of 0.4%
Trypan Blue (Corning� catalog no. 25-900-CL)
to the right flank of the animals to assess base-
line dye dispersion (the amount of dye disper-
sion that occurs with no rHuPH20 pre-
treatment). Injection sites were photographed
(Nikon, Melville, NY, USA) utilizing a laser dis-
tance meter (Leica Geosystems, Norcross, GA,
USA) to maintain the same magnification. The
area of dye dispersion was then measured at 5
and 20 min post-injection. Animals were
allowed to recover and then received an intra-
dermal injection of rHuPH20 (0.04 ml; 2000
U/ml) to the left flank. At timepoints 2, 24, 48,
72 and 96 h following rHuPH20 treatment,
animals received a 0.04 ml intradermal injec-
tion of 0.4% Trypan blue dye to the left flank,
and dye dispersion was measured at 5 and
20 min post-dye injection. Dermal dye disper-
sion area was assessed using an Image-Pro Ana-
lyzer 7.0 (Media Cybernetics, Inc., Bethesda,
MD, USA). Images were analyzed by removing
the red color channel, selecting the area of
interest, and measuring the ‘‘dark pixels’’ within
the ROI, based on a signal intensity histogram
at a wavelength of 0–155 nm. The area of these
dark pixels was then expressed as mm2. All
procedures conducted on research animals were
approved by the Halozyme Institutional Animal
Care and Use Committee (IACUC) and com-
plied with the Halozyme IACUC protocol no.
2017-06C. All statistical analyses were carried
out using GraphPad Prism version 7.0 (Graph-
Pad Software, San Diego, CA, USA). All

cFig. 1 HA levels in SC tissue from human skin demon-
strated maintained levels across all age groups. a Tissue
section showing pericellular HA present in all age brackets.
HA is shown stained brown using a biotinylated TSG6-
DHep-Fc probe (HTI-601) followed by hematoxylin
counterstain. b Quantification of HA level was performed
for all samples by selecting a ROI in the SC space and
measuring the %HA-positive pixels vs. total pixel count.
c Western blot detection of SC HA (following Proteinase
K treatment) using a biotinylated TSG6 probe showed a
similar distribution pattern of HA size across age groups.
HA hyaluronan, ROI region of interest, SC subcutaneous,
SEM standard error mean
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statistical analyses were carried out using
GraphPad Prism version 7.0 (GraphPad Soft-
ware, San Diego, CA, USA).

RESULTS

HA Distribution and Quantification
in Human SC Tissue

HA distribution and quantification were deter-
mined in tissue sections from each age group
using a modified TSG-6 probe [27]. All run con-
trols were successful. HA distribution appeared
confined to the interstitial space between adi-
pocytes, with similar pericellular presence
(Fig. 1a) and similar levels of HA found across all
age groups (Fig. 1b). A broad, poly-dispersive
profile of HA polymer sizes with similar patterns
of distribution was also detected byWestern blot
analysis of SC HA treated with proteinase K.
Substantial levels of high-molecular-weight HA
were observed in all age groups (Fig. 1c).

Degradability of HA in Human SC Tissue

Incubation with rHuPH20 at a clinically rele-
vant concentration (18 lg/ml; 2000 U/ml)
resulted in the degradation of all SC HA inde-
pendent of age, as shown in HA-stained tissue
samples from all age groups (Fig. 2a). The extent
of HA degradation was shown to be rHuPH20
dependent, as assessed by measuring the per-
centage of HA-positive pixels in a ROI from the
SC space following treatment with rHuPH20 at
a concentration of 18 lg/ml (2000 U/ml) or
1 lg/ml (110 U/ml), with more HA removed at
the higher concentration (Fig. 2b). To assess HA
degradation, HA was quantified after incubating
tissue sections with rHuPH20 at a low concen-
tration (* 11 U/ml) over a 2-h time course. The
degradation profiles were comparable for all age
groups (Fig. 2c).

Comparison of Dermal Reconstitution
in Young and Elderly Mice

To assess the effect of aging on dermal HA
reconstitution, young (* 1.5 months) and

elderly ([16 months) mice were treated with an
intradermal injection of rHuPH20 (0.04 ml;
2000 U/ml), and dye dispersion was measured at
2, 24, 48, 72 and 96 h post-injection. No dif-
ferences in dispersion were observed between
young and elderly mice across the range of post-
injection time points assessed. Both groups of
mice showed significant and similar dye dis-
persion 2 h post-rHuPH20 treatment when
measured at 5 and 20 min post-dye injection
compared with baseline (young mice at 5 min
post-dye injection vs. baseline, p = 0.015;
elderly mice at 5 min post-dye injection vs.
baseline, young and elderly mice at 20 min
post-dye injection vs. baseline, p\ 0.0001).
Furthermore, dye dispersion returned to base-
line levels by 24 h after rHuPH20 treatment for
both young and elderly mice, demonstrating
reconstitution of the dermis in a similar time
frame (Fig. 3).

DISCUSSION

The SC route of administration is generally
preferred by both patients and healthcare pro-
viders over IV infusion because of its improved
tolerability, less invasive nature, increased con-
venience for patients and reduced healthcare
administration time, costs and resource use
[4, 5, 7, 28–32]. Owing to the limitations asso-
ciated with standard SC delivery systems
[31, 33], a number of therapeutics currently on
the market are subcutaneously co-administered
or co-formulated with rHuPH20 [16]. Given that
any change to dermal HA levels, distribution,
size, degradation or reconstitution time may

cFig. 2 Degradability of subcutaneous HA using rHuPH20
was consistent across age brackets. a Tissue section
following incubation with rHuPH20 (18 lg/ml;
2000 U/ml), stained for HA using a biotinylated TSG6-
DHep-Fc probe (HTI-601), followed by hematoxylin
counterstain. Any HA present would stain brown.
b Quantification of HA levels post-treatment with
rHuPH20 showed removal of HA was concentration-
dependent. c HA degradation was quantified after incu-
bating tissue sections with rHuPH20 (* 11 U/ml) over a
2-h time period. HA hyaluronan, rHuPH20 recombinant
human hyaluronidase PH20, SEM standard error mean
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impact the efficacy of rHuPH20, this study
assessed the effect of aging on these properties.

Our in vitro results in fixed human tissue
samples have shown the levels and localization of
SC HA to be similar across different age groups. A
previous study assessing the polymer size of HA
reported that the molecular weight of HA in the
skin is typically in the range of 4000–6000 kDA,
with lower quantities of some smaller species
present [34]; however, there is no consensus in
the literature concerning the effect of aging on
the size of HA polymers. Meyer and Stern [24]

found no significant difference in the sizes of HA
polymers across different age groups, while Lon-
gas et al. [20] found a decrease in the size of HA
polymers with increasing age. Our findings are
consistent with those of Meyer and Stern [24],
having detected a broad range of HA polymer
sizes for all samples and nomarked differences in
the distribution of HA sizes between age groups.
Wewere unable to provide a clear estimate for the
upper range of the HA species present in the
samples collected, but the banding clearly
showedHAwith amolecularweightmuchhigher
than the largest of the standards at 1510 kDA.

Our results also suggest that any potential
effects of aging on the nature of HA did not
translate into a loss of rHuPH20 efficacy. This
was demonstrated by rHuPH20 concentration-
dependent and age-independent degradation of
HA from the human SC tissue and there being
no observed difference in the time required for
dermal reconstitution in young mice aged
1.5 months vs. elderly mice aged[16 months.
Because of the time constraints associated with
growing swine to maturation, a mouse model
was used to assess dermal reconstitution of HA.
In these murine models, rHuPH20 was admin-
istered intradermally, which demonstrates the
spreading activity of hyaluronidase and has
been used to assess the duration of hyalur-
onidase activity in humans [12] as well as ani-
mals [17]. Dermal reconstitution following
rHuPH20 administration was examined in a
mouse model using dye dispersion as a phar-
macodynamic readout.

This study was potentially limited by the
small sample size of available human cadavers
and aged athymic mice. In addition, this partic-
ular study was the first to use a quantitative his-
tochemistry approach using dye dispersion as an
indirect method of assessing HA reconstitution;
these results were not confirmed histologically.
However, the literature contains examples of
similar studies in which reconstitution of HAhas
been histologically confirmed [35].

CONCLUSIONS

There is a general preference by patients and
HCPs for SC administration, and it is important

Fig. 3 There were no differences in the time required for
dermal reconstitution in mice aged 1.5 months (young)
vs.[ 16 months (elderly) using dye dispersion as a
pharmacodynamic readout. a Dye dispersion measured at
5 min post-dye administration, at 0, 2, 24, 48, 72 and 96 h
post-rHuPH20 administration. b Dye dispersion measured
at 20 min post-dye administration, at 0, 2, 24, 48, 72 and
96 h post-rHuPH20 administration. rHuPH20 recombi-
nant human hyaluronidase PH20, SEM standard error
mean
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to determine whether age impacts on the ability
of rHuPH20 to facilitate SC delivery of co-ad-
ministered therapeutics. Overall, in human skin
samples, no evidence was found for an effect of
aging on HA levels, distribution, size or degra-
dation. Moreover, there was no evidence for an
effect of aging on dermal reconstitution in
young or elderly mice, and there was no
apparent loss of rHuPH20 effectiveness with
increasing age. Clinical confirmation of these
findings could contribute to expanding the
patient populations in which rHuPH20 tech-
nology can be safely used, but these initial
findings suggest that SC delivery of approved
therapeutics facilitated by rHuPH20 should not
be impacted by intrinsic aging.
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