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Abstract. The subcutaneous (SC) route is of growing interest for the administration of biotherapeutics.
Key products on the biotherapeutic market such as insulins, but also several immunoglobulins or Fec-
fusion proteins, are administered SC. Despite the importance of the SC route, the available knowledge
about the processes involved in the SC absorption of biotherapeutics is limited. This review summarizes
available information on the physiology of the SC tissue and on the pharmacokinetic processes after SC
administration including “first pass catabolism” at the administration site as well as transport in the
extracellular matrix of the SC tissue, followed by absorption into the blood circulation or the lymphatic
system. Both monoclonal antibodies and other biotherapeutics are discussed. Determinants of absorption
after SC administration are summarized including compound properties such as charge or molecular
weight. Scale-up of animal data to humans is discussed, including the current shortcomings of empirical
scaling approaches and the lack of suitable mechanistic approaches.
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INTRODUCTION

Proteins and other biotherapeutics with molecular
weights >2 kDa are currently being developed as potential
therapeutic agents for a multitude of diseases and
disorders, and it is predicted that the overall market for
biotechnology products will grow further in the coming
years (1). Subcutaneous (SC) administration represents a
convenient method of administration compared with
intravenous (IV) administration and has been approved
for the administration of therapeutic proteins including
insulin and human growth hormone and for six monoclo-
nal antibodies (adalimumab, canakinumab, efalizumab,
golimumab, omalizumab, and ustekinumab) (2). In some
cases of proteins with shorter elimination half-lives, SC
administration has been demonstrated to provide pro-
longed exposure to these proteins by maintaining high
plasma concentrations for longer periods. SC administra-
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tion may be better tolerated compared to IV administra-
tion, as it was demonstrated for alemtuzumab (3).
Limitations of this route of administration include the
possibility of incomplete bioavailability and potentially
higher immunogenicity to the protein (1,4), though the
frequently reported view of higher immunogenicity after
SC dosing might be an overgeneralization (5).

Drugs administered by the SC route can reach the
systemic circulation either by uptake by blood capillaries
or by lymphatic vessels. Compounds with molecular
weights (MW) less than or equal to 16 kDa can reach
the systemic circulation via blood capillaries. Protein
therapeutics with higher MWs exhibit limited transport
into the blood capillaries and enter the systemic circula-
tion via an indirect route, through the lymphatics (6).
Almost a century ago, Lewis reported in 1921 that horse
serum, injected SC to dogs, reached the thoracic lymph
duct in 40 min but reached the blood after 3.5 h (7), and
the absorption after SC administration occurred primarily
by the lymphatic vessels (8). In 1984, it was first reported
that a monoclonal antibody (mAb) was taken up by
lymphatic capillaries and lymph nodes following SC
injection and eventually entered the blood circulation via
the thoracic duct (9).

There are very few studies that have examined the
relationship between MW and other physicochemical proper-
ties of proteins and the extent of lymphatic absorption
following SC administration. Physiological factors including
blood flow at the site of SC injection, depth and volume of
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the injection, and the use of massage or heat at the injection
site, as well as binding interactions and catabolism in
subcutaneous tissues, can also impact absorption after SC
administration. In this review, we have summarized relevant
literature on factors that may affect the absorption of
therapeutic proteins from subcutaneous sites. Additionally,
the clinical relevance of animal models for the study of
absorption and bioavailability of therapeutic proteins and the
potential for scale-up from animals to humans will be
discussed.

THE SUBCUTANEOUS SPACE

SC administration delivers the biologic into the intersti-
tial space of the hypodermis, also referred to as subcutaneous
tissue. Thus, when considering the physiology of SC admin-
istration, focus needs to be put on the hypodermis, rather
than on the skin (dermis and epidermis). The hypodermis is
located between the skin and the deep fascia covering the
muscle tissue (Fig. 1). The structure of the hypodermis differs
across species (Fig. 2). This section of the review will focus on
the hypodermis in humans, while the differences in hypoder-
mis tissue present in various animals are discussed in the
section on “ANIMAL MODELS—SCALE-UP TO
HUMANS.” The thickness of the hypodermis in humans
differs across various sites of the body and from person to
person. For example, it increases with body mass index
(BMI) and decreases with age. Females tend to have a
thicker hypodermis as compared to males of the same BMI
and age (10).

The hypodermis consists mainly of adipose tissue. The
adipose tissue is not homogeneous. Rather, it is separated into
lobules by a fibrovascular network of connective tissue septa,
which link the dermis to the deep fascia (11). The size and

Fig. 1. Sagittal magnetic resonance image of human skin: thigh of a
woman with low BMI, showing, from right to left, skin (epidermis/
dermis), hypodermis with subcutaneous fat lobules separated by dark
fibrous septa (thickness of hypodermis 11.3 mm), and muscle.
Reproduced with permission from (John Wiley and Sons) (11)
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Fig. 2. Sagittal section of skin-muscle tissue taken from the scapular
region of a rat (body weight ca. 200 g) showing, from top to bottom, a
epidermis, b dermis, ¢ skin (panniculus) muscle, d subcutaneous
connective tissue, and e skeletal muscle of trunk. Hematoxylin-eosin
staining. Bar=0.5 mm

appearance of the fat lobules are not homogenous within the
hypodermis. In the thigh, next to the dermis are fat lobules that
are separated by radially running septa (Fig. 1). In the lower part
of the hypodermis, fat lobules are flatter and septa run
tangential to the fascia. It is of note that the size and shape of
fat lobules is also dependent on gender and BMI (11). A similar
structure has been reported for the abdomen, another com-
monly used SC administration site (12). A superficial adipose
layer next to the dermis is comprised of polygonal-oval fat
lobules. A continuous membranous layer, about 0.85-mm thick
and rich in elastic fibers, separates the superficial adipose layer
and the deep adipose tissue. The membranous layer consists of
various sub-layers of fibrous tissue. Similar to the thigh, the deep
adipose layer consists of large flat lobules. Below the deep
adipose tissue, a fascial layer (deep fascia) covers the abdominal
wall muscle. The thickness of the superficial and deep adipose
layers varies with BMI. For the abdomen, Lanceretto et al. (12)
reported average values for the superficial and deep adipose
layers of 17 and 18 mm in obese and 3.7 and 3.1 mm in slim
subjects. The thickness of the hypodermis may need to be
considered for the selection of needle length and injection angle
to avoid intramuscular administration, as reported for insulin SC
administration in diabetic patients (10). However, the influence
of the various hypodermis layers on spreading and absorp-
tion of SC administered biologics, is poorly understood.

Cellular components of the hypodermis include mainly
adipocytes and, to a lesser extent, fibroblasts and macrophages.
Adipocytes can be found in the adipose tissue lobules, while
fibroblasts are present in connective tissue septa. Fibroblasts
synthesize components of the extracellular matrix (ECM) such
as collagen or glycosaminoglycans (13). Dendritic cells, an
important part of the immune system, appear to be present
mainly in the dermis rather than in the hypodermis. Another
antigen-presenting cell type, the Langerhans cells, is present
mainly in the epidermis (14). The presence of these professional
antigen-presenting cells in the dermis and epidermis rather than
in the hypodermis may decrease the immunogenicity of bio-
logics after SC administration compared with intradermal
administration (5).
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The connective tissue septa represent the majority of the
ECM and consist of areolar (i.e., loose) connective tissue. The
ECM is a physiological barrier to drug delivery after SC
administration (15). Thus, an understanding of the ECM
components is crucial to understand absorption processes
after SC administration. The ECM and the interstitial-
lymphatic interface has been the subject of several reviews
(13,15-18), which interested readers may consult for in-depth
information on the topic. We will provide a high-level
overview to provide a basis for discussion of drug transport
in the hypodermis. The ECM determines the mechanical
properties of the hypodermis, including strength, hydration,
and hydraulic conductivity (16). The structure of the connec-
tive tissue is mainly provided by collagen (15,16). Collagen
fibers link the dermis to the deep fascia. Elastin as a highly
extensible fibrous protein provides elasticity (18). Collagen
is positively charged at physiological pH, though with a
relatively low charge on a molar basis (13). The gel-like
phase of the ECM is formed by glycosaminoglycans
(GAGs) and proteoglycans. GAGs are highly negatively
charged polysaccharides, consisting of repeating disaccha-
ride units of N-substituted hexosamine and uronic acid
(15). Hyaluronic acid (also referred to as hyaluronan) is
the most common GAG in the hypodermis, and its
disaccharide units are composed of N-acetylglucosamine
and glucuronic acid. Other GAGs, e.g., heparin sulfate,
heparin, and chondroitin 4- and 6-sulfate, attach to
protein cores to form proteoglycans.

The strongly negatively charged GAGs, particularly hyalur-
onan, control interstitial fluid content and hydraulic conductivity in
the ECM (13,16). Due to the limited hydraulic conductivity of the
hypodermis, SC administration volumes are usually limited to 1-
2 mL in humans (2,15). Co-administration of hyaluronidase allows
the administration of larger volumes by transient cleavage of
hyaluronan (15,19). Due to the rapid turnover of hyaluronan
(usually 30% turnover each day), the effect of hyaluronidase
treatment was found to be fully reversible within 24-48 h.
Hyaluronan contributes also to the reduction in the interstitial
fluid volume available for the distribution of administered
therapeutic proteins. Such interstitial volume exclusion is
due to the fact that two macromolecules cannot occupy
the same volume space simultaneously (13). The volume
fraction not accessible for both IgG and albumin was reported to
be about 50% of the total interstitial fluid volume in both dermis
and skeletal muscle. The main contributor to interstitial volume
exclusion, however, is collagen. On a milliliter H,0/milligram
basis, hyaluronan occupies a 10-fold higher exclusion volume
than collagen (19), but the collagen content in, e.g., rat skin (in
milligrams per gram skin), is about 100-fold higher than that of
hyaluronan (20). The contributions of collagen and hyaluronan
to the volume exclusion of albumin in rat skin were estimated at
two thirds and one third, respectively (20).

As mentioned before, collagen and GAGs, as the major
components of the ECM, have opposite charges. In the
hypodermis of rats, the positive and negative charges from
collagen and hyaluronan appear to be of similar magnitude (20).
However, the presence of additional negative charges from
proteoglycans may lead to a net negative interstitial charge (13).
The net negative charge influences drug transport in the ECM,
with a more rapid transport of negatively charged molecules
compared with positively charged molecules (21).
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The interstitial fluid derives from leakage of plasma
water out of capillaries. The majority of the exudate is re-
absorbed in post-capillary venules (16). The remainder of the
exudate forms the interstitial fluid and is finally taken up by
the lymphatic system, which leads to a small net fluid flux
from the vasculature to the lymphatics. As the interstitial
fluid derives from plasma water, it is not surprising that its
composition is similar to that of plasma water, except that the
endogenous protein content is only about 40% of that in
plasma (16). It is reasonable to assume that the exudate from
the capillaries contains also proteases and their inhibitors
present in the plasma. However, little is known about the
activity of blood-derived proteases in the ECM and their role
in the catabolism of SC-administered biologics (22).

Blood and lymph vessels are unevenly distributed within the
hypodermis. Arteries and veins that supply the skin traverse the
hypodermis via the interlobular septa. In fat lobules, arterioles
and venules are few (23). Capillaries in fat lobules differ from
those in the dermis. Capillary walls in fat lobules are markedly
thinner than those in upper dermal capillaries (0.1-0.3 vs. 2—
3 um) (23). For the absorption of high molecular weight
biotherapeutics, the lymphatics play an important role (6). The
lymphatic vascular system starts with blind-ending lymphatic
capillaries. Such initial lymphatics are present in a plexus at the
dermal/subcutaneous junction (24). From the plexus, lymph
drains into large lymphatic trunks. These trunks pass through the
fibrous septa of the hypodermis (24). From the trunks, lymph
enters lymphatic collectors that run through the hypodermis to
the first draining lymph node (25). Fat lobules are obviously
devoid of lymphatics. Lymphatic capillaries are open ended.
Their endothelial cells have no tight junctions and overlap in a
roof tile-like manner; thus, they can give way for entry of large
molecules (26). Lymphatic endothelial cells are attached via
anchoring filaments to the collagen/elastin fibers of the ECM
(27). This link between endothelial cells and fibers controls fluid
uptake by the lymphatic system. When interstitial pressure in the
ECM does not exceed the pressure in the lymphatic vessel,
lymphatic capillaries and their intercellular clefts are collapsed,
and no fluid uptake occurs (27). When interstitial pressure
increases, the volume expansion moves fibers in the ECM. This
leads to an opening of the intercellular clefts by the anchoring
filaments that connect lymphatic capillaries and extracellular
fibers. Opening of the intercellular cleft allows influx of
interstitial fluid and solutes in the lymphatic capillary.

TRANSPORT FROM THE SC INJECTION SITE

After SC administration, protein drugs can be transported
to the systemic circulation directly via blood capillaries or
indirectly via the lymphatics, both of which contribute to the
absorption of protein drugs from the SC interstitial region (28).
Absorption is also affected by transport through ECM and
presystemic elimination. Small peptides and proteins (<16 kDa)
primarily leave the SC site after injection by diffusion into blood
capillaries. Transport of larger proteins from the SCsite involves
travel through the interstitium (the space between capillary
walls and cells) and into the lymphatic system. The driving
forces for the interstitial and lymphatic flows are the hydrostatic
and osmotic differences that occur among blood, interstitium,
and the lymphatics. Interstitial fluid pressure is dependent on
factors including ECM composition, cell density, blood pressure,
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tissue metabolism, hydration, and exercise. Both diffusion and
convection are important in the transport of molecules through
the ECM. For diffusion, this is inversely related to molecular
size and therefore is limited for large proteins; for convection,
although not limited by molecular size until molecules are so
large that they are entrapped in the ECM, steric hindrance and
charge interactions are important (18,29). Compared with blood
capillaries, the lymphatic capillaries have a higher permeability
to large molecules due to the absence of a well-defined
basement membrane and the presence of clefts between the
endothelial cells, as previously described above (16). Also, in the
lymphatics, the resistance to fluid flow is less than that in the
ECM (16). Therefore, after SC injection, proteins must be
transported through the interstitial space by diffusion and
convection mechanisms before uptake by the lymphatic capil-
laries draining the injection site; from the lymphatic capillaries,
they pass into the lymphatic vessels supplying local lymph
nodes. Efferent lymph vessels generally leave the local node and
transport lymph to the larger collecting lymphatic vessels and
finally to the thoracic and other lymph ducts and the systemic
circulation (28). Either process, interstitial fluid transport or
lymphatic transport, may be rate limiting in this process and
results in delayed absorption rates. Further research is necessary
in this area to examine the importance of these two processes in
the overall absorption of proteins.

For proteins with a relatively rapid elimination, the rate of
absorption can be slower than the rate of elimination, leading to
longer apparent half-lives (flip—flop kinetics) and prolonged
exposure compared to IV administration, which can result in
reduced dosing frequency (4). In humans, the absorption rate
constant (ka) values for monoclonal antibodies are generally
smaller than 0.5 days™', with an absorption half-life of about
1.4 days. The SC route is the accepted route of administration for
human growth hormone (hGH) in children with growth hormone
deficiency, as improved efficacy was reported following SC
administration compared with the intramuscular route of
injection (30). For recombinant human erythropoietin
(rHuEPO), a smaller dose can be administered SC, compared to
IV, which translates to decreased treatment costs (31). One
additional important benefit of SC administration is that drug
therapy can be targeted to lymph nodes and the lymphatic system.

However, there are challenges associated with SC
administration of proteins (including mAbs), which include
the potential for immunogenicity and incomplete bioavail-
ability. Further characterization of absorption after SC
administration of proteins and other macromolecules is
needed to improve protein targeting to the lymphatics, to
improve the bioavailability of administered proteins, and to
better understand the pharmacokinetics and pharmacody-
namics of proteins after SC administration.

DETERMINANTS OF ABSORPTION AFTER SC
ADMINISTRATION

Site of SC Administration

The site of SC injection may represent an important
determinant in the lymphatic absorption and lymph node
uptake of proteins (30,32); however, the results reported are
controversial. In humans, the influence of SC administration

Richter, Bhansali and Morris

site on the rate and extent of absorption has been reported
for insulin, hGH, rHuEPO, interferon, and several other
proteins (30,32-34). It was generally found that the extent of
absorption does not differ significantly, but the rate of
absorption may vary, based on the site of injection. A higher
absorption rate was reported when insulin, insulin lispro (32),
or hGH (30) was injected in the abdomen compared to the
thigh or upper arm. Lymphatic absorption of insulin (35) and
hGH (30) from the abdomen was faster than that from the
thigh. Recently, a report of the bioavailability of golimumab,
an antitumor necrosis factor alpha human IgGlkappa mono-
clonal antibody, after administration at three SC sites (upper
arm, abdomen, and thigh) reported no differences in absorp-
tion from the three different sites (36). Differences in SC
uptake are generally attributed to differences of blood flow to
those areas and/or to regional variations in lymph flow (4).

In the majority of studies conducted in sheep, an animal
model extensively used to study SC administration, protein was
injected in the interdigital space of the hind limb (6,28,37-39).
This site was chosen for a practical reason, as it allowed collection
of peripheral lymph from the popliteal lymph vessel, which
drains from the site of injection. The site of SC administration is
an important factor because the pressure gradient between
lymphatics and interstitium plays an important role in lymphatic
uptake. It is speculated that when the drug is introduced into a
narrow space (such as the interdigital space in the sheep model),
it can lead to increased hydrostatic pressure, which may result in
higher lymphatic drainage (40). Kota et al. (41) studied
darbepoetin o (DA) in sheep after SC administration at different
sites, namely into the interdigital space, abdomen, and shoulder.
The amount of drug reaching the systemic circulation was
expressed as percent of dose administered and was 92%, 83%,
and 99%, administered into the interdigital space, abdomen, and
shoulder. The fraction of dose taken up by the lymphatics was
90% for interdigital and 67% for abdominal injection. Calcula-
tion of the lymphatic absorption from the shoulder site was not
possible as it drained directly into the jugular vein and therefore
was not present in thoracic lymph. The authors concluded that
the site of administration had very little effect on lymphatic
uptake of DA or on the extent of absorption. However, the rate
of absorption was different based on the site of administration.
These differences were attributed to variable blood flow and
lymph flow as well as body movements. Lymph movement is
promoted by motion or activity, and therefore, a slower rate of
absorption from the abdomen could be due to less movement
compared to absorption from an interdigital region, an area with
higher movement (16,41).

Only a few studies have examined SC administration at
different sites in rodents. Bioavailability of rituximab (10 mg/kg)
in rats after SC administration in the abdomen (43.7%) was
significantly higher than in the back (31.2%). The absorption for
the low dose (1 mg/kg) was faster when SC injections were made
in the foot compared to the abdomen or back (42).

Physicochemical Properties of Proteins
Molecular Size and Weight of Proteins
Molecular size is one of the most important factors

affecting uptake from the SC site. Molecules smaller than
10 nm are absorbed by blood capillaries. Optimal molecular
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size for lymphatic uptake is 10-100 nm (16). Although there is
no strict upper size limit for lymphatic uptake, molecules
above 100 nm have been found to be trapped at the site of
administration for longer durations resulting in a reduced
extent of uptake (43). Therefore, MW or molecular size of a
protein represents an important determinant of lymphatic
uptake. In general, diffusion of large proteins present in
lymphatic vessels to the venous circulation is considered
negligible (44).

Previous studies have reported higher lymphatic uptake
of proteins with increasing MW with many of the studies
performed in a sheep animal model. Some of these proteins
were included in a review article by Porter and Charman (4).
Lymphatic absorption of hGH (MW 22 kDa) after SC
administration was monitored, and it was reported that
~62% of hGH was absorbed by the lymphatics (38). More
than 75% of a SC-administered dose of rHUEPO (MW,
30 kDa) was recovered in the lymphatics (37). A linear
correlation between MW of proteins and lymphatic absorp-
tion was observed. The erythropoeitic drug darbepoetin « has
a higher MW (37 kDa) than its analog rHUEPO (30 kDa).
Both are preferentially absorbed through the lymphatics in
the sheep model after SC administration (99% for DA and
96% for rHUEPO) (37,45). The predominant pathway for
absorption of IL-2 in pigs after SC administration is also
through the lymphatics (46). After intralymphatic injection of
131 albumin to dogs, albumin entered the venous circulation
almost in its entirety via the thoracic duct, and less than 3%
of the injected dose appeared in the systemic circulation by
non-lymphatic routes (47).

Overall, the literature suggests the possibility of species
differences in the lymphatic uptake of proteins. One comparison
of lymphatic absorption by a number of species has been
published for INF-a. Supersaxo et al. (48) reported that IFN-«
was primarily absorbed by lymphatics in popliteal lymph duct-
cannulated sheep. The amount of IFN-a recovered in the
peripheral lymph of sheep was about 60% after SC or
intradermal injection. Conversely, Bocci et al. (49) reported that
less than 0.1% of IFN-a was recovered in thoracic lymph in
rabbits when IFN-a was administered at one SC site in the hind
leg. Lymphatic transport of IFN-«, low in rabbits and high in
sheep, may reflect species differences, including those in skin
morphology, although experimental factors, including anesthe-
sia, injection site, and methods of lymph collection in these
studies, may also contribute to the observed differences. Low
lymphatic uptake has been reported in rats (40), where three
proteins, insulin, rHUEPO, and BSA, were administered SC in
the lateral side of the thigh in rats. The authors reported that
there was no significant contribution of the lymphatic system
(3% or less) in absorption of these proteins, although they
demonstrated a MW dependence. The extent of absorption was
much less compared with that reported in studies with sheep
(28,37). Kojima et al. (50) reported similar findings for another
protein, tumor necrosis factor (TNF-a) in rats. After SC
administration in rats, the amount of TNF-a present in the
thoracic lymph was very limited, 0.02-0.03% of injected dose.
Few studies have examined lymphatic uptake in mice. Based on
uptake into lymph nodes draining the the front paw, SC injection
site in mice, serum bovine albumin, and the monoclonal
antibody bevacizumab also demonstrated limited uptake into
the lymphatics (51).
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Charge of the Proteins

The influence of charge on lymphatic uptake is likely
dependent on the slightly negative charge present in the
interstitial space (52). As previously described, the extracel-
lular matrix is composed of collagen fibers that provide
mechanical structure and glycosaminoglycans, which maintain
fluid balance with their negative charge density (16). Elec-
trostatic properties of glycosaminoglycans play an important
role in interstitial transport of molecules. Therefore, the
interstitial space poses one of the greatest barriers for the
transport of macromolecules from the site of extravascular
injection. In another study, five proteins in the MW range of
20-78 kDa were studied. It was reported that positively
charged proteins appeared at delayed times in lymph
compared to negatively charged proteins of same MW range
(29,53).

These findings are supported by studies examining the
lymphatic uptake of variously charged liposomes after SC
administration, with the highest uptake with negatively
charged liposomes, followed by positively charged, and then
neutral liposomes (54). Similar observations were reported
for surface-engineered liposomes of zidovudine in a recent
publication (55). Kaledin et al. (56) reported increased
lymphatic uptake in mice using negatively charged liposomes
(size, 43 nm). Radiolabeled liposomes were injected SC in
sheep, and the highest activity was observed in popliteal
lymph, 5-50-fold higher than any other organ (56). Another
study indicated that the localization of IgG-coated liposomes
was influenced by charge where charged liposomes exhibited
higher uptake than neutral liposomes (57).

Physiological or Other Factors Influencing the Lymphatic
Uptake

In addition to the above-discussed factors, there are
other determinants that affect the lymphatic uptake. These
include respiration rate, blood pressure, anesthesia, volume
of injection, massage, heat, and movement (16). A published
abstract reported ~100-fold lower lymphatic transport in
anesthetized rats compared to normal rats, although further
details were not provided (47). Massage of the injection site
increased the rate and extent of uptake from the SC site for
liposomes into the blood via lymphatics (58). Flow of lymph
in a normal human leg was increased by 83% during 2 h of
cycling exercise and by 117% during a 2-h warm water bath,
suggesting exercise and heat may have significant impact on
lymph flow and hence lymphatic transport of proteins (59).
Elevation in temperature of the SC site resulted in increased
absorption, presumably owing to increased SC blood flow
(60). Overall heat or massage leads to increased blood and/or
lymph flow that results in higher uptake of SC or intramus-
cularly administered drugs. In addition, changes in tempera-
ture affected transport of proteins in dog lymphatics (61). The
transport rate of proteins was reduced by up to 49% when
temperature was reduced to 4°C from 37°C, and the transport
rate was increased by 48% when temperature was raised to
40°C. In another study, bradykinin or histamine was used to
stimulate interstitial edema, which increased lymphatic trans-
port of IFN-a2 (4). Similarly, lymphatic transport of interleu-
kin was increased with co-administration of albumin or
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hyaluronidase (49). Hyaluronidase can increase bioavailabil-
ity through the degradation of its hyaluronan that results in
increased transport in the interstitium. Additionally, drug
formulation factors that may affect absorption include ionic
strength, concentration, osmolarity, viscosity, pH, and lip-
ophilicity (4,47); however, the influence of these factors
remains to be evaluated.

BIOAVAILABILITY FOLLOWING SC INJECTION

Bioavailability of therapeutic proteins demonstrates
variability and species differences. Bioavailability of VEGF-
C156S (MW 23 kDa) after SC administration to mice was
observed to be complete (62), while bioavailability of
interleukin-2 (IL-2) (MW 16 kDa) after SC administration
was only 21-41% in mice, 4-24% in sheep, 42% in pigs, and
ranged from 30 to 80% in humans (4,46) (Table I). There is

Table I. Systemic Bioavailability of Proteins Shown as Percentage of
Injected Dose

Proteins MW (kDa)  Biovailability (%)  Ref
Teriparatide 42 Humans: 95 1)
Insulin 5.8 Rats: 81.5 (40)
Sheep: 31.5 (28)
Dogs: 103“ (67)
Humans: 84 (80)
IGF-1 7.6 Humans: 100 (81)
Follitropin 10.2-12.5 Humans: 66 1)
IL-3 13.2 Monkeys: 40 (82)
Humans: 100 (83)
IL-2 15.5 Humans: 30-80 (84)
Pigs: 42° (46)
GM-CSF 15.5-19.5 Humans: 50 4)
r-metHu-Leptin 16.2 Sheep: 60.4 (39)
tHu TNF 17-45° Rats: 1.1 (50)
Anakinra 17.3 Humans: 95 1)
G-CSF 18-22 Monkeys: 40-50 (85)
IL-10 18.7 Humans: 42 (86)
IL-11 19 Humans: 65 (1,87)
IFNa 19.5 Humans: >80 (88)
rhLIF 19.7 Sheep: 100 (89)
IFNvy 1b 20-25 Humans: >89 1)
IFN~y 20-25 Humans: 30-70 4)
hGH 22 Humans: 50 (90)
Sheep: 58.4 (38)
IFNR 23 Rabbits: 12 91)
VEGF-C156S 23 Mice: 100 (62)
rHuEPO 304 Humans: 36-100¢ (92,93)
Rats: 58.6 (94)
Sheep: 87 37)
Monkeys: 27-100¢  (95)
FSH 36 Humans: 66-75 (96)
Darbepoetina 37 Humans: 36.9 (97)
Sheep: 83-99 (41,45)
Factor I1X* 57 Dogs: 63.5-86.4 (98,99)
Peginterferon alfa-2a 60 Humans: 84 (€5)

Proteins are arranged in ascending order based on their MW

“Bioavailability estimated from infusion dose response curve

b For PEG-IL2, bioavailability was 100% in pigs

‘MW determined by two different methods

4 Bioavailability after SC administration was dose dependent

“The SC injection of factor IX (MW 56 kDa) in dogs resulted in
63.5% BA whereas IM injection resulted in 83% BA (98)
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no correlation between MW of a biotherapeutic and its
bioavailability in various species (Fig. 3). These observations
suggest the possibility of species differences in the absorption
of macromolecules, although the results may be influenced by
the site of SC administration, differences in catabolism at the
site of injection, as well as other experimental details
including the use of anesthesia in animal studies and protein
formulation differences. Similarly, the influence of species
was evident in the absorption of rHUEPO, ranging from 27%
to 100% in humans, 59% in rats, 87% in sheep, and 65% in
monkeys. For insulin, the bioavailability was 31% in sheep,
84% in humans, and estimated as 103% in dogs (Table I).

Monoclonal antibodies have a MW of ~150 kDa and show
variable bioavailability, 50-100% (44). Following SC adminis-
tration, the reported bioavailability of mAbs and Fc fusion
proteins in humans are: adalimumab, 64%; canakinumab, 63—
67%; certolizumab pegol, 76-88%; efalizumab, 50%; etaner-
cept, 76%; golimumab, 53%; omalizumab, 53-71%; rilonacept,
43%; ustekinumab, 57% (2,63), and CAT-354 an anti-IL-13
human monoclonal IgG4 antibody 60-62% (64). Systemic
bioavailability data of mAbs in various species are listed in
Table II.

The reasons for low bioavailability of therapeutic proteins
in humans may be attributed, in part, to degradation at the
injection site, but the quantitative significance is unknown.
Catabolism at the injection site may be dependent on rates of
extracellular degradation via proteolysis. Interestingly, pro-
teases can be affected by disease states and are reported to be
upregulated with disease progression (65). Cancer, thrombosis,
hypertension, diabetes, and infectious diseases, among others,
are associated with abnormal proteolysis (65). Berger and co-
workers (66) reported that a significant (up to 21% of injected
dose) amount of SC-administered insulin was degraded at the
injection site in pigs, whereas other studies have shown minimal
or no degradation of insulin administered by the same route
(67). Another study involved the use of hGH in growth
hormone-deficient humans and indicated the possibility of local
degradation of protein at the injection site, based on a
comparison of results between IV vs. SC infusions of protein
(4). Despite this report, a later study (30) suggested SC
administration as the most effective route of administration for
hGH in growth hormone-deficient children for most efficient
promotion of growth.
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Fig. 3. Relationship between systemic availability of biotherapeutics

and their molecular weight in various species. The data are provided
in Tables I and II
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Table II. Systemic Bioavailability of Monoclonal Antibodies and Fc-
Fusion Proteins Shown as Percentage of Injected Dose

Antibodies MW (kDa) Biovailability (%) Ref
Certolizumab pegol” 91 Rats: 24-34 2)
Humans: 76-88
Canakinumab 145 Monkeys: 60 2)
Humans: 63-67
Adalimumab 148 Monkeys: 96 (1,2)
Humans: 64
Omalizumab 149 Mice: 90 (1,2)
Monkeys: 64-104
Humans: 62
Etanercept 150 Mice: 58 2)
Monkeys: 73
Humans: 76
Golimumab 150 Monkeys: 77 )
Humans: 53
Ustekinumab 150 Monkeys: 97 )
Humans: 24-95
Efalizumab 150 Humans: 50 (100)
rhuMAb VEGF 150 Rats: 69 2)
Monkeys: 98
Mice: >100
Rilonacept 251 Rats: 60 2)
Mice: 78
Monkeys: 70

Humans: 43

mAbs are arranged in ascending order based on their molecular

weight (MW)

“PEGylated Fab fragment of a humanized TNF inhibitor monoclonal
antibody

For monoclonal antibodies, rates of endocytosis and
recycling through the interactions with the Brambell receptor
(FcRn) may also be important. FcRn is widely present in
endothelial and epithelial cells including in skin, muscle,
kidney, liver, and placenta. The binding of IgG with FcRn is
highly pH dependent. IgG enters endothelial cells by
endocytosis and binds to FcRn in acidic environment
(pH 6.0). The unbound IgG in the endosome is subjected to
proteolysis in lysosomes, whereas FcRn-bound IgG is
recycled to the cell surface where it is released at the
physiological pH of 7.4 (44). This recycling by FcRn protects
IgG from lysosomal degradation (68) and is believed to
contribute towards high bioavailability of mAbs (44). Sys-
temic bioavailability of the IgG antibody, 7E3, was 3-fold
higher in wild-type mice (82.5%) than in FcRn knockout mice
(28.3%) after SC administration (44). Recently, it was reported
that it was necessary to incorporate FcRn binding as a part of the
absorption mechanism to appropriately capture the PK of the
antibody rituximab in rats (42). Studies in mice with mAbs of
differing FcRn-binding affinities demonstrated a small change in
bioavailability (12%) after subcutaneous administration (69).
The variant N434H had the highest binding affinity to murine
FcRn at pH 7.4 and the lowest bioavailability (61.3% ) compared
with the N434A variant (72.4%) and the wild type (73.2%) (69).
Aninverse relationship between bioavailability and SC dose has
been reported for efalizumab in patients (70) and rituximab in
rats (42). Such a relationship may suggest saturable endocytosis,
saturable FcRn binding, and/or saturable catabolism at the SC
site.
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Other factors that may affect the bioavailability after SC
administration include blood and lymph flow at the site of SC
injection, uptake of macromolecules from the site, and skin
morphology, among others.

ANIMAL MODELS—SCALE-UP TO HUMANS

During the preclinical development phase of protein
therapeutics, there is great interest in studying the SC pharma-
cokinetics in animal models that translate to humans. Data from
such translatable animal models may be used to predict key PK
parameters in humans, including absorption rate and SC
bioavailability. In addition, animal models may be used for SC
formulation testing. To date, our understanding is limited on the
translation of animal SC PK data to humans. The topic was
subject of a recent review (2).

For the translatability of SC animal models, one needs to
consider all relevant steps in the absorption and disposition of the
SC-administered biotherapeutics, i.e., (1) absorption from the SC
tissue; (2) first-pass catabolism, endocytosis, and FcRn recycling
before reaching the systemic circulation, and (3) disposition after
having reached systemic circulation. The predictability of animal
models for the disposition of biotherapeutics (both proteins and
mADbs) has been reviewed elsewhere (68,71).

The processes involved in the first-pass catabolism after
SC dosing are poorly understood. Therefore, considerations
on the predictability of animal models will remain empirical
for the time being (see also below). For mAbs, however,
species differences in the FcRn binding need to be consid-
ered. FcRn has been demonstrated to protect IgG from first-
pass catabolism after SC administration to mice (44).
Assuming a similar FcRn role across species, the binding
affinity of the tested antibody to the animal FcRn should
preferably be similar to the binding affinity to human FcRn.
First-pass catabolism may occur in the hypodermis or, in case
of lymphatic absorption, in the draining lymphatics. The
degree of first-pass catabolism in the hypodermis may depend
on the residence time of the biotherapeutic in the SC tissue.
The latter reflects the transport rate from the administration
site to the absorbing lymph or blood capillary. The transport
rate may depend on SC tissue structure, which influences the
spreading behavior of a SC-administered biotherapeutic. The
structure of the hypodermis differs across species. By contrast
to humans, furred animals tend to have a loose connection
between skin and muscle (15). In rodents such as rats, the SC
connective tissue consists of multiple layers of connective
tissue (Fig. 2), which are only loosely connected with each
other due to the scarcity of fibers interconnecting adjacent
collagen sheets (72). This loosely connected tissue allows SC
administration of a relatively large fluid volume (15). As
expected from such tissue structure, SC-administered bio-
therapeutics show a wide lateral spreading within the SC
tissue. Following SC administration of '*’I-darbepoetin a, at a
dose volume of 1 mL/kg, whole body autoradiograms showed
a wide spreading of radioactivity in the hypodermis of rats at
4 and 24 h post-dose (Fig. 4) (73). Martin and co-workers
demonstrated the wide lateral distribution of an antibody
after SC administration to mice by positron-emission
tomography (74). The structure of the hypodermis in pigs,
however, differs from that in furred animals and resembles
that in humans. Similar to humans, the skin is connected to
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Fig. 4. Wide lateral spreading of SC administered biotherapeutics in rodents: whole-body
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blood; 2, thyroid; 3, gastric content; 4, caecal content; 5, injection site). Reproduced with

permission from Informa Healthcare (73)

the deep fascia via a fibrous network in the hypodermis (75).
Thus, in pigs or minipigs, the spreading behavior of SC-
administered biotherapeutics should be more similar to
humans in contrast to that in rodents. Experimental studies
on this, however, are still lacking.

Another relevant difference between human and animal
hypodermis is the presence of the panniculus carnosus, a
striated muscle, in the hypodermis of animals. By contrast,
the panniculus carnosus is reduced in non-human primates
and nearly missing in humans (2). In rats, the panniculus
carnosus is located close to the dermis (76), while in the pig,
the panniculus carnosus divides the fatty tissue of the
hypodermis (75). It is of note that in some parts of the pig,
the panniculus carnosus is missing (e.g., forelimb, thigh, groin,
and back). The role of the panniculus carnosus in the
absorption of SC-administered biotherapeutics is not under-
stood. Thus, transport of SC-administered biotherapeutics
across the panniculus carnosus needs to be considered
including the potential presence and abundance of lymph
capillaries to facilitate absorption of larger biotherapeutics.

—_ 100
xR W
=~ w
g —
> x
] &
E n
g ¢ Canakinumab
3. 60 gl & Adalimumab
c 4 Omalizumab
= % X Golimumab
;‘ © X Ustekinumab
E & Etanercept
S 3 ------=- Line of unity
= -
s
2
o 10
O
[Z =

0 20 40 60 80 100

SC bioavailability in humans (%)
Fig. 5. Comparison of SC bioavailabilities of monoclonal antibodies
and IgG Fc fusion proteins in humans and cynomolgus monkeys
(mean values and data range) (data from (2))

Due to the unknowns in the translation of absorption
and first-pass catabolic processes from animals to humans,
our knowledge on predictability of animal data for humans is
largely empirical. McDonald et al. compiled an overview on
comparative bioavailability data in animals and humans (2).
Non-human primates tend to overestimate the SC bioavail-
ability of mAbs (Fig. 5). For mAbs in rodents, as well as for
other biotherapeutics in all species, no clear pattern was
observed when correlating SC bioavailability in humans and
in the various animal species. As pointed out above, the
hypodermis of humans resembles that in pigs/minipigs more
than that in other species, so that pigs or minipigs appear to
be a promising animal species for SC testing of biotherapeu-
tics. Only a few studies, however, have been published in pigs,
but these studies have shown promising results with regard to
extrapolation to humans. The SC bioavailability of IL-2 and
PEG-IL-2 (IL-2 derivatized with three to four polyethylene
glycol molecules of approximately 7 kDa each) in pigs was
found to be 42.2% and “essentially complete,” respectively
(46). These data compare well with data in patients (35-47%
and 83%, respectively). For both compounds, furred animals
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Fig. 6. Systemic availability of biotherapeutics in various species with
respect to their availability in humans after SC administration (n=13).
Data are provided in Tables I and II
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underestimated the SC bioavailability. For etanercept (molecu-
lar weight of about 150 kDa), Harvey et al. found an SC
bioavailability of 50% in minipigs (77), which is slightly lower
than the human SC bioavailability of 76% (2). We compared
bioavailability of 13 biotherapeutics in humans with at least one
of the following species: monkeys, dogs, rats, mice, pigs, or
sheep. None of the species exhibited strong correlation (Fig. 6).

The comparison of SC absorption rates across species has
received little attention in the literature. SC absorption rates in
animals appear to be more rapid than in humans. The SC
absorption rate of erythropoietin in rat, cynomolgus monkeys,
and humans is inversely related to body weight (78). The
logarithm of the absorption rate scales with the logarithm of the
body weight with an allometric exponent of —0.349.

KNOWLEDGE GAPS

Several aspects of SC absorption of biotherapeutics are not
well understood despite the common use of this administration
route for biotherapeutics. These include, for instance, the reason
(s) for the incomplete bioavailability after SC dosing and the
translation of SC animal data to humans. Catabolic first-pass
clearance after SC administration is likely to contribute to the
incomplete SC bioavailability of many SC-administered bio-
therapeutics. The catabolic processes in the SC tissue or in the
draining lymph pathways are poorly understood for biother-
apeutics. Further research will be required in this area.

As described in the previous section, the translation of SC
animal data to humans also remains uncertain, both with regard
to rate and extent of absorption. A few empirical approaches for
comparison of absorption rates in animals and man have been
published (78,79). The reasons for the reported species differ-
ences are not known. Scaling of the extent of absorption/
bioavailability has met even less success. For biotherapeutics
with molecular weights <40 kDa, no pattern in the bioavailability
values was found across species (2), so that there is no sound basis
for an empirical scaling of bioavailabilities across species. For
mAbs, the cynomolgus monkey tends to overestimate the extent
of absorption/bioavailability (2) (Fig. 5). Recently the minipig
was suggested as an alternative model to the monkey (79).

Based on current knowledge, it will be difficult to
improve or replace empirical approaches for translation of
SC animal data to humans by mechanistic approaches. The
knowledge about the processes determining both rate and
extent of absorption is limited. More information about
transport processes both in the ECM and the lymphatic
system, as well as about catabolic processes during SC
absorption, will be needed to develop suitable mechanistic
models for translation from animals to humans. Thus, for
instance, more information will be needed on metabolic/
catabolic processes as potential reasons for the marked SC
bioavailability differences across compounds and across
species. Furthermore, the anatomy and physiology differ
across species (e.g., presence of panniculus carnosus in many
laboratory animals or different thickness/structure of the
hypodermis). Also, lymphatic absorption may differ across
species (36). The consequences of those differences on SC
absorption are not understood. In the absence of such
knowledge, it will be important to control and standardize
experimental approaches in, e.g., animal models as much as
possible, in order to reduce sources of variability (2).
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The absorption of a biotherapeutic after SC administra-
tion may be also influenced by factors related to the
formulation and its fate in the ECM. After injection, the
composition of the formulation may change, e.g., with regard
to pH or ionic composition. Such changes in turn may
influence absorption behavior. Alternatively, the formulation
may cause reactions such as water inflow at the administra-
tion site, which may change the transport of the administered
biotherapeutics. Sustained release formulations for SC ad-
ministration will require additional considerations. The for-
mulation-related aspects of SC absorption are beyond the
scope of this review.

OUTLOOK

The SC route is of growing importance in the parenteral
administration of biotherapeutics. Nevertheless, the mecha-
nisms involved in the SC absorption of biotherapeutics have
received relatively little attention in the literature. This
review tries to summarize some aspects of the mechanistic
determinants of SC absorption. The physiology of the
hypodermis and its difference across species need to be
considered when dealing with the SC absorption of biother-
apeutics, since transport and catabolism in the hypodermis
are key events in the SC absorption process. For larger
biotherapeutics including mAbs, transport in the ECM is
usually followed by lymphatic absorption, which will eventu-
ally lead to availability of the biotherapeutic in the systemic
circulation. The mechanistic knowledge about these events is
still relatively scarce. More research will be needed to
improve our understanding of the events during SC absorp-
tion. More mechanistic insights into SC absorption will
facilitate the development of improved SC formulations and
dosing regimens. In addition, more mechanistic insights may
allow a more rational translation of SC animal data to
humans, as compared to the current situation, including the
use of physiologically based pharmacokinetic models.
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