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Abstract 

Interstitial, e.g. subcutaneous (SC) or intradermal (ID), administration of monoclonal 

antibodies (mAb) is less invasive than intravenous administration and leads to mAb uptake into 

both lymphatic and blood capillaries draining the injection site. Interstitial administration, 

however, is hindered by the presence of hyaluronan (HA), a glycosaminoglycan that is a major 

fluid barrier in the interstitial space. The transient removal of HA with recombinant human 

hyaluronidase (rHuPH20) helps facilitate the interstitial administration of often high 

therapeutic doses of mAb in the clinic. rHuPH20’s impact on the systemic pharmacokinetics 

of several mAbs has been previously described, however effects on route of absorption (lymph 

vs blood) are unknown. The current study has therefore explored the lymphatic transport and 

bioavailability of cetuximab and trastuzumab after SC and ID coadministration in the presence 

and absence of rHuPH20 in rats. After SC administration cetuximab absolute bioavailability 

increased from 67 % to 80 % in the presence of rHuPH20. Cetuximab recovery in the 

lymphatics also increased after SC (35.8 % to 49.4 %) and ID (26.7 % to 58.8 %) 

administration in the presence of rHuPH20. When the injection volume (and therefore dose) 

was increased 10-fold in the presence of rHuPH20 cetuximab plasma exposure increased 

approximately linearly (12- and 8.9-fold respectively after SC and ID administration), although 

the proportional contribution of cetuximab lymphatic transport reduced slightly (6.2-fold 

increase for both administration routes). In contrast co-administration with rHuPH20 did not 

lead to increases in plasma exposure for trastuzumab after SC or ID administration, most likely 

reflecting the fact that the reported absolute bioavailability of trastuzumab (in the absence of 

rHuPH20) is high (~77-99 %). However, lymphatic transport of trastuzumab did increase when 

coadministered ID with rHuPH20 in spite of the lack of change to overall bioavailability. The 

data suggest that co-administration with rHuPH20 is able to increase the volume of mAb that 

can be administered interstitially, and in some instances can increase the amount absorbed into 

both the blood and the lymph. In the current studies the ability of rHuPH20 to enhance 

interstitial bioavailability was higher for cetuximab where intrinsic interstitial bioavailability 

was low, when compared to trastuzumab where interstitial bioavailability was high.  
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1. Introduction 

Monoclonal antibodies (mAbs) have become an increasingly important class of 

therapeutics in recent decades, making up approximately half of the top 10 bestselling drugs 

[1]. mAbs have been widely applied to cardiovascular disease, inflammation and 

immunological disorders, but have seen most utility in oncology treatment of several common 

cancers [2]. For example, trastuzumab (Herceptin®) and cetuximab (Erbitux®) target different 

members of the epidermal growth factor receptor (EGFR) family, a receptor that is 

overexpressed in a range of cancers and is associated with increased disease proliferation and 

worsening patient prognoses [3]. Trastuzumab targets the human epidermal growth factor 

receptor 2 (HER2), which is overexpressed in approximately 20% of all known breast cancer 

cells. Trastuzumab is a first line treatment for early non-metastatic disease and a first and/or 

second line treatment in later metastatic HER2 positive breast cancers (as a monotherapy or in 

combination) [4, 5]. Cetuximab blocks the EGF receptor (EGFR, HER1) and is used in 

combination with chemotherapy to treat late stage cancers including metastatic colorectal, head 

and neck and non-small cell lung, where the receptor is overexpressed [6, 7]. Both trastuzumab 

and cetuximab have had clinical success increasing median overall survival, response rates and 

the time to disease progression [8]. 

Whilst non-parenteral delivery of mAbs has been explored [9], administration is typically 

parenteral and by intravenous (IV) infusion [10, 11]. mAbs commonly display long systemic 

half-lives and where large initial doses are tolerable, relatively infrequent dosing regimens are 

possible. For example, increasing the trastuzumab initial loading and subsequent maintenance 

doses have allowed a change to infusion regimens from once weekly to once every three weeks, 

with non-inferior serum levels in blood [12]. Although effective, IV infusions are relatively 

complex, require medical intervention and are associated with additional risks and 

complications, making IV infusions a non-ideal route of administration for patients and 

physicians [13]. Subcutaneous (SC) administration provides an alternative parenteral delivery 

method that has potential for greater patient acceptance. SC administration of mAbs results in 

incomplete, but usually acceptable, bioavailability, ranging from 50-95 % [14]. SC 

bioavailability of mAbs is antibody specific and dependent on molecular weight and dose. 

Similar to other proteins, increasing the SC dose of mAbs typically decreases bioavailability 

via protein aggregation and saturation of protective binding pathways at the injection site [15]. 
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After interstitial administration, drugs may be absorbed into either blood or lymph 

capillaries. Reduced lymph flow rates that are 100-500 times lower compared to blood, dictate 

that small molecule drugs (that can permeate across the continuous vascular endothelium) will 

enter the vasculature due to improved sink conditions, resulting in low recovery in the lymph 

[16]. However, for macromolecules such as mAbs permeability across the continuous vascular 

endothelium is restricted by molecular size. Under these circumstances a larger proportion of 

the dose may convectively transport into the lymphatic capillaries, since the lymphatic 

endothelial barrier is significantly more permeable than the equivalent vascular endothelial 

barrier [17]. Dahlberg et al [18] and Chan et al [19], have shown that ~27 % of a 2 mg/kg 

trastuzumab dose delivered SC in rats is recovered in thoracic lymph over 30 h. 

SC administration therefore provides a favourable route for the administration of 

therapeutic macromolecules such as mAbs and may result in absorption into blood and lymph 

capillaries. The low potency of many mAbs necessitates the administration of high doses to 

achieve a significant therapeutic effect, and the low solubility of many mAbs dictates that 

relatively large volumes must therefore be administered [20].  However, only 1-2 mL of fluid 

is typically administered SC as a bolus providing a significant limitation to the widespread use 

of SC delivery of mAbs [10, 21]. To address this limitation, recombinant human hyaluronidase 

(rHuPH20) has been shown to enable coadministration of significantly larger SC volumes. 

rHuPH20 facilitates the administration of larger interstitial volumes via enzymatic cleavage of 

the negatively charged glycosaminoglycan hyaluronan (HA), which forms the ‘gel-like’ 

ground layer between structural collagen and elastin fibres in the extracellular matrix of the 

interstitium [22]. HA maintains a high fluid exclusion volume (10-fold greater than that of 

collagen) providing a significant barrier to the bulk movement of fluids [21, 23, 24]. 

Administration of rHuPH20 results in the cleavage of high molecular weight HA into lower 

molecular weight fragments that are cleared from the interstitial space, resulting in the removal 

of HA. The effect is transient since the turnover time for HA regeneration is rapid (24-48 h) 

[22]. SC administration of rHuPH20 removes the HA barrier to fluid flow, enabling 

administration volumes greater than 10 mL, well beyond previous limitations of 1-2 mL [25-

27]. 

rHuPH20 in combination with trastuzumab has been approved for use as Herceptin SC®. 

Clinical trials of a 600 mg trastuzumab dose, delivered SC every three weeks, in the presence 

of rHuPH20 was found to have non-inferior serum pharmacokinetics (PK) when compared to 

traditional IV formulations [28]. Co-administration of rituximab (a mAb indicated for treating 



5 

 

Non-Hodgkin’s lymphoma) with rHuPH20 has also been shown to improve convenience to 

patients [25]. SC delivery in the presence of rHuPH20 therefore reduces the workload of 

healthcare professionals due to shorter administration times, and in the case of trastuzumab and 

rituximab, eliminates the need for fixed doses by surface area due to the wide therapeutic 

windows of mAbs. Costs to clinics are lowered as the requirement for IV catheters, lengthy 

infusion and post observation periods are eliminated. Ultimately, products designed for patient 

self-administration are envisaged. 

The impact of rHuPH20 on systemic concentrations and bioavailability of 

coadministered mAbs has been well defined preclinically [22] and clinically [28], however, the 

impact on absorption pathways, i.e. lymph versus blood absorption, are yet to be established. 

This determination could inform the development of improved treatment strategies for mAbs 

that have potential sites of action in the lymphatic system, such as immunosuppressants or 

checkpoint inhibitors. 

The current investigation therefore sought to examine the effect of rHuPH20 on the 

absorption of mAbs into the lymph and blood after interstitial administration and has employed 

cetuximab and trastuzumab as model mAbs. The studies were conducted using a conscious 

thoracic lymph duct cannulated rat model. This model has been employed previously to assess 

interstitial lymphatic absorption of therapeutic proteins, such as mAbs [18, 19]. Direct 

extrapolation of the current data to humans is complicated by the fact that the SC space in 

scruff animals (such as rats) lacks the fibrous collagen and elastin bands that connect to the 

deep muscle associated fascia in humans and larger animal models such as the pig [29, 30]. As 

such larger volumes can be administered to rats than would be the case in humans [20, 21]. To 

provide an alternate and more restrictive example of an interstitial injection site, analogous 

experiments have also been performed using intradermal (ID) injections in rats. Realising the 

lack of direct correlation to the human SC site, the broad mechanistic findings reported here 

provide a first insight into the potential effects of rHuPH20 on the route of absorption from 

interstitial spaces. The ability of rHuPH20 to allow the administration of increased fluid 

volumes allowed a further investigation of the impact of increasing dose on mAb 

pharmacokinetics and lymphatic transport.  
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2. Materials and methods 

2.1. Materials 

Erbitux® (cetuximab) 5 mg/mL and Ultravist 300 (623.4 mg/mL iopromide) computed 

tomography contrast agent were purchased from Clifford Hallam Healthcare (Dandenong 

South, Victoria, Australia) and stored at 2-8 °C. Herceptin® (trastuzumab), a lyophilised 

formulation that was reconstituted with 7.2 mL of water for injection to make a 21 mg/mL 

solution, and Complete® mini protease inhibitor cocktail tablets were purchased from Roche 

(Dee Why, NSW, Australia). Stock solutions of trastuzumab were aliquoted and stored at             

-20 °C. Recombinant human hyaluronidase (rHuPH20) 1 mg/mL (114,000 U/mL) was 

supplied by Halozyme Therapeutics Inc. (San Diego CA, USA). Stock solutions of rHuPH20 

were stored at -80 °C and working solutions were stored at 4°C. Sterile saline was purchased 

from Baxter (Old Toongabbie, NSW, Australia). 100 mg/mL human immunoglobulin (Ig) was 

sourced from Biomedical supply (Carlsbad, CA USA). 0.90 x 0.58 mm polyethylene (PE) 

tubing, and 0.90 x 0.58 mm polyvinyl chloride (PVC) tubing were obtained from Microtube 

Extrusions (North Rocks, NSW, Australia). Costar® EIA 96-well plates were purchased from 

In Vitro Technologies (Noble Park North, VIC, Australia). Phosphate Buffered Saline (PBS) 

10x solution, Tween 20, Bovine Serum Albumin (BSA), SIGMAFAST™ pNPP, Tris HCL 

(pH 7.5), NaCl and Triton X-100 were purchased from Sigma Aldrich (Castle Hill, NSW, 

Australia). Anti-human monoclonal antibodies (mAbs) MT145 0.5 mg/mL and MT78-ALP 

were purchased from Resolving Images (Preston, VIC, Australia). Omni brand garnet beads 

(0.15 mm) were purchased from Capella Science (NSW, Australia).  

2.2. Animals 

All experiments involving the use of animals were approved by the local Animal Ethics 

Committee at the Monash Institute of Pharmaceutical Sciences (MIPS) and Halozyme 

Therapeutics Inc. Studies investigating the degradation of HA at the local injection site after 

SC and ID administration were conducted using 250-300 g female SD rats (Charles River, CA, 

USA). Cetuximab and trastuzumab plasma PK, lymphatic uptake studies, CT imaging and 

lymphangiography were conducted with 260-310 g male Sprague Dawley (SD) rats (Monash 

Animal Services, Clayton, VIC, Australia). Animals were housed in groups of 3-4 per cage on 

a 12 h light dark cycle with water provided ad libitum and allowed to acclimatise for a 

minimum of three days. Food was provided ad libitum except following surgery, where rats 

were fasted overnight and up to eight-hour post-dose. 
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2.3. Surgical procedures 

Animals used to conduct plasma PK studies (where the lymph duct was not cannulated – 

‘lymph intact’ rats) had a polyethylene cannula surgically inserted into the right carotid artery 

to facilitate blood collection as previously described [19]. Animals used to assess lymphatic 

transport (lymph duct cannulated rats) had polyethylene cannulas surgically inserted into the 

right carotid artery for blood collection, and the right jugular vein for saline infusion at 

1.5 mL/h (NE-300 syringe pump, Adelab Scientific, Thebarton, SA, Australia) to compensate 

for fluid loss via the lymph duct cannula. Lymph duct cannulated rats also had a PVC cannula 

surgically inserted into the thoracic lymph duct approximately 1.0 cm below the diaphragm 

(for continual collection of lymph fluid) as described previously [19]. Cannula patency was 

maintained with 0.1% EDTA saline. All cannulas were exteriorised at the nape of the neck 

where rats were secured with a harness. Lymph intact plasma PK rats had the harness connected 

to a swivel-tether device to allow blood collection in freely moving conscious animals and 

were housed individually in metabolic cages following surgery. Lymph cannulated rats had 

harnesses connected to BASi Raturn® cages and were housed individually. Twisting of 

cannulas is a risk for lymph duct cannulated rats, especially overnight, resulting in blockages 

that alter the lymph mass recovery profile. The BASi Raturn® system eliminates this issue by 

rotating the cage as animals move. To the best of our knowledge, this is the first known 

published use of this system for studies in thoracic lymph cannulated animals and was highly 

effective. All surgical procedures were conducted under isoflurane anaesthesia (5 % induction, 

2.0-2.5 % maintenance).  

2.4. Examination of the impact of rHuPH20 on HA removal in rats 

100 mg/mL human immunoglobulin (Ig) was employed as a generic ‘model’ Ab and was 

diluted to 5 mg/mL with 130 mM sodium chloride and 10 mM histidine and buffered to pH 6.5 

mimicking the cetuximab formulation used for plasma PK and lymph uptake studies. 5 mg/mL 

human Ig was administered to rats SC or ID, in the absence or presence of rHuPH20 as per 

Table 2 (n = 3), on the inner (medial) side of both hind legs, 0.5-1.0 cm above the ankle. 

Animals were anaesthetised under isoflurane gas during interstitial administration. Full 

thickness skin punches were terminally excised at 5, 15, 30 and 60 min after SC or ID injection 

and fixed with 10% neutral buffered formalin. Formalin fixed dermal punches of the injection 

site (i.e. where the injection bleb formed) were embedded in paraffin, sectioned (5 µm 

thickness) with a Leica Microtome (Lincolnshire, IL, United States), mounted and 
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immunohistochemically stained for HA using a pseudo hematoxylin & eosin (H&E) staining 

protocol [31]. HTI-601 (biotinylated HA probe, Halozyme Therapeutics Inc.) was used to stain 

for HA present in skin punches, with detection using streptavidin HRP (BD, San Diego, CA, 

United States) followed by DAB+ (Carpinteria, CA, United States) as substrates [32].  Whole-

section digital scans were obtained using an Aperio ScanScope AT Turbo slide scanner, and 

representative micrographs of each skin punch were captured using the Aperio ImageScope 

version 12.2.1.5005 (Leica Biosystems Inc., San Diego, CA, USA). A digital scoring algorithm 

was used to quantify the HA content of each skin punch micrograph (Aperio Positive Pixel 

Count V9, Leica Biosystems Inc., San Diego, CA, USA). The HA content was calculated as 

percentage of DAB- or HA-positive pixels over the entire pixel count (%PPC) present in the 

tissue when assessed against positive (reference tissue known to have high HA) and negative 

(section of each sample incubated with rHuPH20 for 2 h in parallel with test sections, i.e. where 

no HA will be present) hematoxylin counterstain controls [31, 32]. One-way ANOVA with 

post-hoc Bonferroni multiple comparison testing was used to examine the impact of rHuPH20 

on HAs removal at under the three injection conditions. A P value <0.05 was considered 

significant. 

2.5. Plasma pharmacokinetic (PK) experiments 

The plasma PK of cetuximab was assessed in seven cohorts (Table 1, n = 4-8) of ‘lymph 

intact’, i.e. non-lymph cannulated rats, using a parallel study design. Animals were 

administered cetuximab; IV (cohort 1), SC and ID (cohort 2 and 4, respectively), in the absence 

and presence (cohort 3 and 5, respectively) of rHuPH20. Larger dose volumes, made possible 

by the administration of rHuPH20, were employed in the high dose groups (cohort 6 and 7 for 

SC and ID administration respectively). In these the dose volumes (and cetuximab dose) were 

increased 10-fold. Due to the restrict properties of the ID space, control injections at the high 

dose volumes were not possible in the absence of enzyme. All doses in the presence of 

rHuPH20 were formulated with 2000 U/mL of enzyme. Interstitial injections were delivered to 

the inner side of the right hind leg, 0.5-1.0 cm above the ankle. Rats were briefly anaesthetised 

with isoflurane to facilitate dosing. Blood was sampled under two experimental conditions: 

short term PK from 0-34 h (via indwelling carotid artery cannulas) for investigating the 

absorption phase, and long-term PK (via lateral tail vein sampling) from 0-56 days (d) (IV, SC 

control and SC + rHuPH20 only) in order to determine a terminal elimination phase and 

therefore absolute interstitial bioavailability of cetuximab in rats. Short term PK samples were 

taken at 0, 15 and 30 min, and 1, 2, 4, 8, 10, 24, 28, 30 and 34 h to match the time periods for 
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lymph collection. Rats in the long-term PK experiments were briefly anaesthetised prior to 

lateral tail vein blood collection with a 25 G needle, alternating between the two veins in the 

tail to reduce the risk of necrosis. Samples were taken at 0, 1 and 8 h and at 1, 2, 3, 7, 14, 21, 

28, 35, 42, 49 and 56 d.  

 

Table 1: Cetuximab treatment cohorts for both the plasma PK and thoracic lymph duct cannulated 

animals. All animals had 5 mg/mL cetuximab administered regardless of the dosing route or the absence 

or presence of rHuPH20. 

 

The plasma PK of trastuzumab was assessed in four (Table 2, n = 4-6) cohorts using a 

parallel study design similar to that employed previously [19]. In this case experiments were 

run for longer (168 h or 7 d) to allow better comparison with previous studies and to expand 

data collection beyond the likely absorption period. Dosing groups, administration volumes 

and enzyme concentrations were the same as those employed for cetuximab, although the high 

dose experiments were not repeated with trastuzumab. Blood samples were taken at 0, 5 and 

30 min, and at 1, 2, 4, 8, 12, 24, 27 and 30 h, then at 2, 3, 4, 5, 6 and 7 d.  

  Composition 

Treatment cohort Cetuximab 
Dose vol. 

(µL) 
rHuPH20 

1 - Cetuximab IV 
5 mg/mL  

(1.7 mg/kg) 
250 N/A 

2 - Cetuximab SC control 
5 mg/mL  

(1.7 mg/kg) 
100 N/A 

3 - Cetuximab SC + rHuPH20 
5 mg/mL  

(1.7 mg/kg) 
100 2,000 U/ml 

4 - Cetuximab ID control 
5 mg/mL   

(0.86 mg/kg) 
50 N/A 

5 - Cetuximab ID + rHuPH20 
5 mg/mL   

(0.86 mg/kg) 
50 2,000 U/ml 

6 - Cetuximab SC + rHuPH20, high dose 
5 mg/mL  

(17 mg/kg) 
1000 2,000 U/ml 

7 - Cetuximab ID + rHuPH20, high dose 
5 mg/mL  

(8.6 mg/kg) 
500 2,000 U/ml 
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Blood samples (150 µL) were transferred to tubes containing 10 µL filtered 10 % w/v 

EDTA, centrifuged at 6700 g for five minutes, and the supernatant plasma removed and frozen 

at -20 °C until analysed. 

Table 2: Trastuzumab treatment cohorts used for both the plasma PK and thoracic lymph duct 

cannulated animals. The target dose was 2 mg/kg of trastuzumab in a 290 g SD male rat, which equated 

to approximately 0.6 mg of antibody per rat, doses were normalised to the mass of antibody delivered 

and rat weight after administration. 

 

2.6. Lymph uptake experiments 

Cetuximab lymph uptake experiments were assessed in a parallel study design using a 

separate cohort of animals (n = 3-4), but where the experimental groups and conditions (dose, 

dose volumes etc.) were the same as those employed for the plasma PK experiments outlined 

in Table 1. The continual removal of white blood cells and plasma proteins via the lymph limits 

collection periods to 30-34 h as prolonged losses may alter vascular osmotic pressures and 

cause oedema [33].  Lymph was collected and pooled every 15 min over the first hour, then 

hourly up to 10 h and finally over extended 10-24, 24-28, 28-30 and 30-34 h time periods. 

Blood sampling and plasma preparation were as previously described. 

Lymph uptake studies with trastuzumab were conducted using a parallel study design 

and the dosing groups are summarised in Table 2 (n = 3-4). Thoracic lymph was continually 

collected and pooled in lymph cannulated rats over 0-5, 5-10, 10-15, 15-30, 30-45, 45-60 min 

and 1-2, 2-3, 3-4, 4-6, 6-8, 8-12, 12-24, 24-27 and 27-30 h. Time points were matched to studies 

  Composition 

Treatment cohort Trastuzumab 
Dose vol. 

(µL) 
rHuPH20 

8 - Trastuzumab SC control 
6 mg/mL  

(2 mg/kg) 
100 N/A 

9 - Trastuzumab SC + rHuPH20 
6 mg/mL  

(2 mg/kg) 
100 2,000 U/ml 

10 - Trastuzumab ID control 
12 mg/mL  

(2 mg/kg) 
50 N/A 

11 - Trastuzumab ID + rHuPH20 
12 mg/mL  

(2 mg/kg) 
50 2,000 U/ml 
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previously conducted in our group for ease of comparison [18, 19]. Blood sampling and plasma 

preparation were as previously described. 

Lymph samples were collected over wet ice into pre-weighed tubes containing protease 

inhibitor cocktail in filtered 10 % w/v EDTA (10 µL per 150-200 µL of lymph, volumes of 

anticoagulant were scaled up to accommodate larger collection volumes) and stored at -20 °C 

until analysed. 

2.7. Cetuximab and trastuzumab quantification 

ELISA was performed according to the manufacturer’s instructions with minor 

modifications as described previously [19], and was validated in rat plasma, lymph and lymph 

node homogenates. Briefly, mouse anti-human IgG (Fc specific, clone MT145) and mouse 

anti-human IgG–peroxidase conjugate (Fc specific, clone MT78) were used as capturing and 

detection antibodies. The plate was developed using pNPP and optical density was measured 

at 405 nm. Samples and standards were prepared at 1:100 or greater dilution using phosphate-

buffered saline with 1% bovine serum albumin and analysed in duplicate. The working range 

of the assay was validated to be between 3-300 ng/ml for cetuximab and 0.5-300 ng/ml for 

trastuzumab. Calibration curves were fitted with a four-parameter logistic equation and data 

interpolated from these curves with a goodness of fit of no less than R2 0.99.  

2.8. Plasma pharmacokinetics 

All plasma PK parameters were calculated using the PK solver plug in for Microsoft 

Excel [34]. All results are reported as the mean ± standard error of the mean (SEM) unless 

stated otherwise. Due to the long circulatory half-life of cetuximab and trastuzumab, complete 

PK profiles were not obtained for experiments where the terminal sample was at 30 h, 34 h or 

168 h. As such, truncated AUC values are presented at the specific timescales in each of these 

experiments (i.e. AUC0-30 h, AUC0-34 h and AUC0-168 h). Complete non-compartmental plasma 

PK parameters were calculated for cetuximab in the studies sampled out to 56 d. Unpaired 

Student t-tests were analysed between control and + rHuPH20 groups using GraphPad Prism 

version 7 (GraphPad Software Inc., La Jolla, CA, USA). As the low volume “control” groups 

were not conducive controls for testing the + rHuPH20 high dose groups (as no control groups 

were possible for at the higher volumes in the absence of enzyme), the later were only 

compared to the + rHuPH20 group using unpaired Student t-tests. A P value < 0.05 were 

considered statistically significant. 
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2.9. Lymph data analysis 

In lymph cannulated animals, the cumulative uptake of antibody in lymph was calculated 

by multiplying the measured concentration in each collected sample by the volume of collected 

lymph. Average antibody mass transport per hour was determined by multiplying the measured 

lymph concentration by the volume of collected lymph, then dividing by the collection time 

frame, i.e. the 10-24 h lymph time point was collected for 14 h. As thoracic lymph was collected 

and not sampled, cetuximab and trastuzumab concentrations in lymph are represented as the 

average over a collection period (i.e. the 10-24 h collection period is the 17 h time point). 

Lymph to plasma ratios, therefore, represent the average concentration of cetuximab or 

trastuzumab in lymph over each collection period plotted as the ratio relative to the plasma 

concentration obtained at the end of the collection period of lymph intact rats, as blood samples 

were not measured at the midpoints of the lymph collection periods. Statistical analysis was 

the same as described in the plasma pharmacokinetic analysis section. 

2.10. Lymph node collection and analysis 

Popliteal, inguinal and iliac lymph nodes from the ipsilateral and contralateral sides of 

each animal were collected at the conclusion of each study, weighed and stored at -80 °C prior 

to analysis. Lymph nodes were diluted 1:10 w/v with lysis buffer containing 50 mmol Tris 

HCL, 150 mmol NaCl, 1.1 % v/v Triton X-100 and one Complete® mini protease inhibitor 

cocktail tablet (one per 50 mL). Diluted lymph nodes were homogenised with 50-100 mg of 

0.15 mm garnet bead (adjusted to size of nodes) using an MP bio FastPrep 24-G system (MP 

Biomedicals, Seven Hills, NSW, Australia) at 8 m/s, for three cycles of 45 s. The homogenate 

was then centrifuged at 6700 g for 5 minutes, the supernatant removed and assayed using the 

ELISA method for cetuximab. 

2.11. Lymphangiography  

Evans blue lymphangiography was used to investigate lymph drainage patterns to the 

popliteal, inguinal and iliac lymph nodes, and to evaluate the potential impact of fluid spreading 

as a result of the use of rHuPH20. Evans blue dye 1 % w/v in sterile saline was delivered via 

interstitial injection 0.0-1.0 cm above the ankle and the area photographed using a Canon EOS 

70d with a Sigma 70mm 2.8 DG Macro lens and focus stacked using Helicon Focus (Helicon 

Software). Photos were taken at 0, 1, 5, 10, 15 and 30 min. Rats were euthanised after 30 min 
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and the popliteal, inguinal and iliac lymph nodes removed with photos taken to record the 

uptake of the Evans blue dye (n = 3). 

2.12. Computed tomography 

Computed tomography (CT) imaging was used in an effort to visualise the in vivo 

spreading and disposition of fluid resulting from administration of rHuPH20. Ultravist 300 was 

diluted 1:1 with sterile saline or saline with 2000 U/mL of rHuPH20. The volumes and 

administration routes used during this experiment are listed in Table 1 (excluding group 1). 

Rats were anesthetised with isoflurane as described prior to dosing and were kept under 

anaesthesia throughout scanning on a NanoCT (Mediso Medical Imaging Systems, Budapest, 

Hungary). X-ray CT scans were isotropic with a post-reconstruction resolution of 70 µm in 

each dimension. To reduce the timeframe of each scan the capture window was between the 

knee and toes of a rat in the supine position. Scans using this method take approximately 3.5 

min to complete. To capture the mid-point at 5 min each scan commenced at t = 3.25-3.5 min. 

Imaging results were processed and qualitatively assessed using Imaris by Bitplane (Zurich, 

Switzerland). 
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3. Results 

3.1. SC or ID administration of rHuPH20 depletes HA at the injection site 

HA was immunohistochemically stained in rat skin to examine the impact of rHuPH20 

on the glycosaminoglycan at the selected injection site and dose conditions. The reduction in 

positive pixel count (%PPC) of HTI-601 in stained skin punch micrographs indicates that HA 

is rapidly depleted by rHuPH20, as soon as 5 min, at both the SC and ID injection site, with 

the effect persisting for >60 min post dose for all dose conditions containing the enzyme 

(Fig. 1). 

 

  

Fig. 1: Skin punch samples (at the site of antibody administration) were immunohistochemically stained 

for HA and overall HA positivity (determined against positive and negative controls) is represented as 

the proportion of pixels that were positive for HA (%PPC). Skin punch samples were taken from the 

medial side of right hind leg after SC and ID administration in the absence and presence of enzyme. 

Injections were delivered at under normal (low volume) conditions for the controls and the + rHuPH20 

groups and contained 2000 U/mL of the enzyme (100 µL SC, 50 µL ID). High injection volumes (High 

inj. vol.) in the presence of 2000 U/mL rHuPH20 were also examined to reflect the conditions present 

in the cetuximab high dose groups (1000 µL SC, 500 µL ID). * P <0.05 cf. controls for the same sample 

time. # P < 0.01 cf. controls for the same sample time. Means ± SEM; n = 3. 
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3.2. Recombinant human hyaluronidase increases plasma exposure and lymphatic uptake after 

SC and ID administration of a moderately bioavailable mAb (cetuximab) 

Plasma pharmacokinetic (PK) profiles and derived PK parameters for cetuximab after IV 

and SC administration in the absence and presence of rHuPH20 are shown in Table 3 and Fig. 

2. Values for the elimination rate constant, t1/2, clearance (CL/F) and volume of distribution 

(VD/F) were broadly consistent between the IV, SC control and SC + rHuPH20 groups, 

suggesting the enzyme had little effect on the distribution and elimination of cetuximab. The 

AUC0-56d and AUC0-∞ after SC administration increased slightly (but significantly) in the 

presence of rHuPH20 compared to controls in the absence of the enzyme (120 ± 7 vs 95 ± 9 

and 131 ± 6 vs 109 ± 8 µg/mL·d respectively, p <0.05). The absolute SC bioavailability of 

cetuximab in rats determined from the AUC0-∞ values was 67 ± 5 % in the absence of enzyme 

and 80 ± 3 % in the presence of rHuPH20.  

 

 

Fig. 2: Plasma concentration-time profiles of cetuximab from 0-56 d after IV (panel A) and SC 

administration (panel B). Symbols represent controls (triangles) and + rHuPH20 (squares) cohorts. 

Means ± SEM; n = 4-6. 

Consistent with the PK experiments conducted over 56 d, plasma concentrations of 

cetuximab were also increased in the presence of rHuPH20 after both SC and ID administration 

(Table 4, Fig 3) over the course of shorter 34 h experiments (a timescale chosen to focus on 

absorption and to match that of lymph sampling). Plasma AUC0–34 h increased from 102 ± 

12 µg/mL·h to 184 ± 31 µg/mL·h after SC administration in the presence of rHuPH20, a 1.8-
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fold increase (p <0.05) and from 83 ± 12 µg/mL·h to 131 ± 16 µg/mL·h (1.6-fold increase, 

p <0.05) after ID administration. The larger differences observed in the shorter time frame 

studies versus the longer term data in Fig 2 most likely reflects a more frequent sampling 

schedule in the shorter term experiments better defining the absorption phase. Increasing the 

injection volume and dose 10-fold in the presence of the rHuPH20 increased the cetuximab 

plasma AUC0–34 h approximately linearly after both SC and ID administration (SC: 

184 ± 31 µg/mL·h to 2203 ± 122 µg/mL·h, 12-fold increase, p <0.05; ID: 131 ± 16 µg/mL·h 

to 1164 ± 186 µg/mL·h, 8.9-fold increase p < 0.05) (Table 4, Fig. 3). Tmax was unchanged 

and ~24 h for all doses ± rHuPH20 and after both administration routes. 

 

Table 3: Noncompartmental pharmacokinetic parameters for 1.7 mg/kg cetuximab sampled 0-56 d 

 
k: elimination rate constant, t1/2: elimination half-life, Cmax: observed peak concentration, Tmax: time 

of Cmax, AUC0-56d: area under the plasma concentration-time curve from time 0 to 56 days, AUC0-∞: 

area under the plasma concentration-time curves from time 0 to infinity, CL: total body clearance/F, 

VD: volume of distribution, F: absolute bioavailability. * Represents p <0.05 cf. controls (absence of 

enzyme) group. Means ± SEM; n = 4-6. 

  

Parameter Unit IV (cohort 1) SC Control (cohort 2) SC + rHuPH20 (cohort 3) 

k d-1 0.060 ± 0.0136 0.084 ± 0.011 0.066 ± 0.006 

t1/2 D 13.1 ± 2.5 8.9 ± 0.9 11.1± 1.3 

Tmax D 0.19 ± 0.08 2.6 ± 0.9 2.0 ± 0.4 

Cmax µg/mL 18.7 ± 0.8 8.0 ± 0.5 7.9 ± 0.6 

AUC0-56d µg/mL·d 155 ± 6 95 ± 9 120 ± 7* 

AUC0-∞ µg/mL·d 164 ± 10 109 ± 8 131 ± 6* 

CL/F mL/d/kg 8.9 ± 0.5 14.2 ± 1.2 11.6 ± 0.5 

VSS/F mL/kg 164 ± 24 177 ± 14 183 ± 16 

F %  67 ± 5 80 ± 3* 
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Table 4: Pharmacokinetic parameters for cetuximab sampled 0-34 h 

Cmax: observed peak concentration, Tmax: time of Cmax, AUC0-34 h: area under the plasma 

concentration-time curves from time 0-34 h, Flymph: percentage of the dose recovered in lymph fluid 

from 0-34 h, Cetlymph: total mass of cetuximab recovered in lymph from a 1.72 (0.50 mg/rat) or 0.862 

(0.25 mg/rat) mg/kg dose either 100 µL SC or 50 µL ID, respectively, between 0-34 h. * represents 

p <0.05 cf. controls for same dose route. # Represents p <0.05 cf. + rHuPH20 for same dose route. ND 

denotes values that were not determined (ND) due to rats in this group having blocked carotid artery 

cannula. Means ± SEM; n = 4-8 for lymph intact rats and n = 3-4 for lymph cannulated rats. 

 

  

 
 Lymph intact Lymph cannulated 

Control SC (cohort 2) ID (cohort 4) SC (cohort 2) ID (cohort 4) 

Tmax hr 28 ± 2 28 ± 2 24 ± 0 21 ± 6 

Cmax µg/mL 4.5 ± 0.6 3.7 ± 0.6 0.93 ± 0.17 0.77 ± 0.33 

AUC0-34 h µg/mL·h 102 ± 12 83 ± 12 22.6 ± 5.4 17.3 ± 8.4 

Flymph %   35.8 ± 0.7 26.8 ± 2.3 

Cetlymph µg   179 ± 3 67 ± 6 

 

  
Lymph intact Lymph cannulated 

+ rHuPH20 SC (cohort 3) ID (cohort 5) SC (cohort 3) ID (cohort 5) 

Tmax h 26 ± 1 21 ± 2 16 ± 6 24 ± 0 

Cmax µg/mL 7.4 ± 1.3 5.4 ± 0.7 1.7 ± 0.8 0.93 ± 0.23 

AUC0-34 h µg/mL·h 184 ± 31* 131 ± 16* 38 ± 12 24.1 ± 6.8 

Flymph % 
  

49.4 ± 2.7* 58.8 ± 11.2* 

Cetlymph µg 
  

247 ± 13* 147 ± 24* 

 

  
Lymph intact Lymph cannulated 

High dose (+ rHuPH20) SC (cohort 6) ID (cohort 7) SC (cohort 6) ID (cohort 7) 

Tmax h 21 ± 4 20 ± 6 ND 24 ± 0 

Cmax µg/mL 89 ± 4# 46 ± 6# ND 10.8 ± 2.8# 

AUC0-34 h µg/mL·h 2203 ± 122# 1164 ± 186*# ND 264 ± 56# 

Flymph % 
  

30.0 ± 4.8# 37.0 ± 0.9# 

Cetlymph µg 
  

1502 ± 240# 925 ± 22# 
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The proportion of the cetuximab dose recovered in the lymph increased after 

administration of rHuPH20, and increased to a similar extent to that observed in blood. Table 

4 shows a significant increase in the % of the cetuximab dose recovered in lymph after both 

SC and ID administration. Formulations dosed SC in the presence of rHuPH20 resulted in a 

1.4-fold increase in lymph transport (Fig. 4A). A larger 2.2-fold increase was evident after ID 

enzyme co-administration (Fig. 4B). In contrast to the plasma data obtained in lymph intact 

animals, however, cetuximab recovery in the lymph did not increase linearly with dose (in the 

presence of rHuPH20) and % dose in lymph reduced from 49.4 ± 2.7 % to 30.0 ± 4.8 % after 

SC administration at a 10-fold higher volume/dose and from 58.8 ± 11.2 % to 37.0 ± 0.9 % 

after ID administration. The ratio of cetuximab concentration in lymph to the plasma 

concentrations obtained in lymph intact animals (Fig 4E, F) are consistent with a significant 

role for the lymphatics in cetuximab absorption and remain elevated up to 6-8 h. The plasma 

data obtained in lymph cannulated animals was also consistent with a significant role of the 

lymphatics in cetuximab absorption. Thus, diversion of the thoracic lymph resulted in a 

reduction in the plasma AUC0-34 h to approximately 20 % of that obtained in lymph intact rats 

(Table 4 and supplementary Fig. 1), in all dosing groups.  

 

Fig. 3: Plasma concentration-time profiles of cetuximab from 0-34 h in lymph intact rats after SC 

(panels A) or ID (panels B) administration. Symbols represent control (triangles), + rHuPH20 (squares) 

and high dose + rHuPH20 (circles) cohorts. Means ± SEM; n = 4-8. 
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Fig. 4: Lymph transport of cetuximab is shown as cumulative % dose in panels A and B and as lymph 

concentration vs time in panels C and D. Lymph:plasma ratios for cetuximab are represented as the 

average lymph concentration over a collection period in lymph cannulated rats, to plasma 

concentrations obtained at the end of the collection period in lymph intact animals after SC (panel E) 

or ID (panel F) administration. Symbols represent the control (triangles), + rHuPH20 (squares) and high 

dose + rHuPH20 (circles) cohorts. White and shaded areas (panel E and F) represent lymph:plasma 

concentration ratios favouring cetuximab in lymph and plasma respectively. Means ± SEM; n = 3-4. 
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3.3. Recombinant human hyaluronidase does not increase plasma concentrations for a highly 

bioavailable mAb (trastuzumab) after SC and ID administration, but lymphatic transport is 

altered after ID administration 

Trastuzumab SC pharmacokinetics have been previously reported by our group, with 

bioavailability reported to be 86 % after SC administration [18, 19]. The summary 

pharmacokinetic parameters obtained here in the presence and absence of rHuPH20 are shown 

in Table 5. Plasma profiles after SC and ID administration to lymph intact rats in the presence 

and absence of rHuPH20 are shown in Fig. 5. 

 

Table 5: Pharmacokinetic parameters for trastuzumab in the absence and presence of 

rHuPH20 

Cmax: observed peak concentration, Tmax: time of Cmax, AUC0-30 h: area under the plasma 

concentration-time curves from time 0-30 h, AUC0-168 h: area under the plasma concentration-time 

curves from time 0-168 h, Flymph: percentage of the dose recovered in lymph fluid from 0-30 h, Traslymph: 

total mass of trastuzumab recovered in lymph from a 2 mg/kg dose either 100 µL SC or 50 µL ID 

between 0-30 h. # Represents p <0.05 cf. control for same dose route. Means ± SEM; n = 4-6 for lymph 

intact rats and n = 3-4 for lymph cannulated rats. 

 
 Lymph intact Lymph cannulated 

Control SC (cohort 8) ID (cohort 10) SC (cohort 8) ID (cohort 10) 

Tmax h 22 ± 3 20 ± 3 20 ± 6 11 ± 1 

Cmax µg/mL 16 ± 1 15 ± 2 2.4 ± 1.1 4.6 ± 1.9 

AUC0-30 h µg/mL·h 271 ± 35 311 ± 48 48 ± 19 103 ± 46 

AUC0-168 h µg/mL·h 1371 ± 117 1802 ± 251   

Flymph %   45.1 ± 5.2 44.7 ± 5.0 

Traslymph µg   274 ± 34 286 ± 30 

 

  
Lymph intact Lymph cannulated 

+ rHuPH20 SC (cohort 9) ID (cohort 11) SC (cohort 9) ID (cohort 11) 

Tmax h 22 ± 3 22 ± 2 17 ± 5 25 ± 2 

Cmax µg/mL 15 ± 2 14 ± 1 1.9 ± 1.2 0.96 ± 0.09 

AUC0-30 h µg/mL·h 280 ± 53 267 ± 35 39 ± 23 20.2 ± 3.9 

AUC0-168 h µg/mL·h 1567 ± 294 1733 ± 133   

Flymph % 
  

47.3 ± 5.8 68.4 ± 4.5# 

Traslymph µg 
  

297 ± 36 365 ± 11 
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Fig. 5: The observed plasma concentration-time profiles of trastuzumab in lymph intact rats 

administered either SC (Panels A and C) or ID (panels B and D). Samples were collected for a total of 

7 d (panels A and B). As lymph recovery experiments occurred over a 30 h period panels C and D 

represent lymph intact plasma concentrations over that period. Symbols represent control (triangles) 

and + rHuPH20 (squares) cohorts. Means ± SEM; n = 4-6. 

 

Unlike the data obtained for cetuximab, at least in this model, coadministration of rHuPH20 

did not affect the rate or extent of trastuzumab absorption. Thus, the AUC0–168 h after SC and 

ID in the absence of enzyme were 1371 ± 117 and 1802 ± 251 µg/mL·h respectively and 

1567 ± 294 µg/mL·h and 1733 ± 133 µg/mL·h after SC and ID administration with enzyme. 

The recovery of trastuzumab in the lymph when administered SC either in the absence 

or presence of rHuPH20 displayed similar trends to the plasma data and there were no 

significant differences in the recovery of the administered dose in lymph after administration 

of the enzyme (45.1 ± 5.2 % versus 47.3 ± 5.8 % in the absence and presence of enzyme 
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trastuzumab dose in lymph was higher in the presence of enzyme (44.7 ± 5.0 % versus 

68.4 ± 4.5 % in the absence and presence of enzyme respectively p <0.05, Table 5, Fig. 6B). 

In the lymph cannulated animals, the plasma AUC0–30 h decreased after both SC and ID 

administration, consistent with a significant role of lymphatic transport in mAb absorption 

(Table 5, supplementary Fig. 2). Interestingly, there was a trend towards higher plasma 

trastuzumab exposure (AUC0–30 h) in lymph duct cannulated animals administered trastuzumab 

ID in the absence of rHuPH20 when compared to the presence of enzyme (103 ± 46 µg/mL·h 

vs 20.2 ± 3.9 µg/mL·h respectively).  

  



23 

 

 

Fig. 6: Lymph transport of trastuzumab is shown as cumulative % dose in panels A and B and lymph 

concentration vs time in panels C and D. Lymph:plasma ratios for trastuzumab are represented as the 

average lymph concentration over a collection period in lymph cannulated rats, to plasma 

concentrations obtained at the end of the collection period in lymph intact animals after SC (panel E) 

or ID (panel F) administration. Symbols represent control (triangles) and + rHuPH20 (squares) cohorts. 

White and shaded areas (panels E and F) represent lymph:plasma concentration ratios favouring 

cetuximab in lymph and plasma respectively. Means ± SEM; n = 3-4. 
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3.4. Lymph node uptake of cetuximab in the presence and absence of rHuPH20 

Cetuximab recovery in the lymph nodes that drain the interstitial injection site (i.e. the 

ipsilateral popliteal, iliac and inguinal lymph nodes) and those on the opposite side of the body 

(i.e. the contralateral nodes) is summarised in Fig. 7. In the absence of rHuPH20 the percentage 

of the cetuximab dose recovered per gram of ipsilateral node tissue was higher in the popliteal 

nodes compared to the inguinal and iliac node groups after SC (4.1 ± 1.8 % (popliteal) 

compared to 1.5 ± 1.0 % (inguinal) and 1.1 ± 0.5% (iliac), p <0.01) and ID administration 

(6.1 ± 2.5 % (popliteal) compared to 2.1 ± 1.0 % (inguinal) and 1.0 ± 0.6 % (iliac), p <0.01). 

As expected recovery in the contralateral lymph nodes was low in all cases. Coadministration 

of rHuPH20 at the low dose/administration volume resulted in no significant changes to lymph 

node recovery after SC (3.8 ± 2.1 % (popliteal), 0.9 ± 0.4 % (inguinal) and 1.2 ± 0.8 % (iliac)) 

or ID (3.8 ± 2.5 % (popliteal), 1.3 ± 0.4 % (inguinal) and 1.0 ± 0.2 % (iliac)) administration. 

After administration of the higher volume/dose in the presence of rHuPH20, a more significant 

difference was evident and recovery in the inguinal lymph node increased after SC 

(0.86 ± 0.38 % to 1.7 ± 0.6 %, p <0.05) and ID (1.3 ± 0.3 % to 1.8 ± 0.2 %, p <0.05) 

administration. The recovery in the popliteal lymph nodes decreased significantly for the higher 

volumes/doses SC in the presence of rHuPH20 (3.8 ± 2.1 % to 1.1 ± 0.3 %, p <0.05), however, 

no statistically significant differences were observed after ID administration (3.8 ± 2.5 % to 

1.7 ± 0.4 %). 
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Fig. 7: Recovery of cetuximab in lymph nodes in lymph intact rats. Data are represented as % of the 

injected cetuximab dose per gram tissue in the popliteal, inguinal and iliac lymph nodes in panels A and 

B. The total mass of cetuximab per gram of tissue is shown in panels C and D. Grey shaded panels 

represent the ipsilateral nodes and white (unshaded) areas represent contralateral nodes.  SC dosed 

animals are shown in panels A and C, and ID dosed animals in panels B and D. Data are mean ± SEM; 

n = 4-8. 

 

3.5. Lymph node drainage patterns after enzyme administration 

Evans blue dye visualises the drainage of lymphatic capillaries from an interstitial 

injection site. Ex vivo examination of excised lymph nodes after Evans blue injection in the 

current studies was consistent with the lymph node uptake data and suggests accumulation in 

the popliteal lymph node at 30 min post administration for all dose groups (supplementary Fig. 

4 and Fig. 5). However, accumulation of the dye in the inguinal and iliac lymph nodes varied 

between dose route and groups. Increasing the injection volume 10-fold increased the size of 
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the popliteal lymph nodes after ID administration, suggesting that the node expands in response 

to the injection of large volumes and increased masses of material draining the injection site. 

However, the size of the popliteal lymph node did not noticeably increase in the SC high dose 

volume group. The accumulation of dye in the inguinal lymph nodes also did not appear to 

change when the injection volume increased 10-fold.  

3.6. Fluid drainage patterns after enzyme administration 

The CT scans showed little observable differences in spreading between the control and 

+ rHuPH20 cohorts after SC or ID administration at low injection volumes, but at the higher 

injection volumes, greater spreading of the dose was evident. The data is reported in detail in 

the supplementary information (supplementary Fig. 6).  
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4. Discussion 

The current study aimed to establish the impact of coadministered rHuPH20 on the 

absorption pathways (blood versus lymph) of the model mAbs cetuximab and trastuzumab, 

after SC and ID injection in rats.  ID administration was employed in addition to SC because 

the SC injection site in rodents and other scruff animals (e.g. cats and dogs) lacks the 

connecting filaments that link SC tissues to the underlying muscle fascia present in larger 

animal models (such as pigs) as well as in humans [22, 35]. This morphological and 

physiological difference to larger pre-clinical animal models and humans results in a more 

mobile and less restrictive SC space. The absence of connecting fibres in the SC space of scruff 

animals allows the administration of very high volumes (upwards of 10 mL), which is in 

contrast to more restrictive SC spaces typically associated with larger pre-clinical animal 

models and in humans where maximum tolerated SC administration volumes are typically 

12 mL [20, 36]. ID administration of cetuximab and trastuzumab was therefore investigated 

to provide an experimental condition where the possible injection volume was restricted 

(~50 µL) in the absence of co-administered rHuPH20.  

4.1. Coadministration with rHuPH20 increases absorption and lymphatic transport of 

cetuximab after SC and ID administration in rats  

In lymph cannulated animals, co-administration of cetuximab with rHuPH20 (at low 

injection volumes) increased absorption into both the lymph and the blood after SC and ID 

injection. After both administration routes, lymphatic transport was the dominant absorption 

pathway from the interstitial injection site and plasma levels decreased by up to 80 % after 

diversion and collection of thoracic lymph. The model employed here collected lymph from 

the thoracic lymph duct. It is possible for lymph uptake to occur by routes that do not drain via 

the thoracic lymph duct, e.g. via lymphatic capillary beds that drain to the right subclavian 

jugular vein. However, at the selected injection site (medial side of hind leg) this is expected 

to be minimal. Several studies have demonstrated that a significant portion of dye or tracer 

material administered into the leg enters the lymphatics that drain via the popliteal lymph node, 

and finally to the thoracic lymph duct [37, 38].  

A reduction in plasma levels in lymph cannulated animals for compounds where 

significant lymphatic transport is evident has been reported on a number of occasions 

previously [18, 19, 32, 39-41]. The increases in absorption observed in lymph cannulated 

animals were also replicated in lymph intact animals. These data are consistent with the 
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suggestion that enzymatic degradation of interstitial HA promotes drainage from the injection 

site and increases access to lymph and blood absorption pathways for cetuximab. Plasma 

pharmacokinetic studies conducted in lymph intact animals over 56 d identified that the 

absolute bioavailability of cetuximab after SC administration was 67 ± 5 % and that this 

increased on coadministration with rHuPH20 to 80 ± 3 %. To the best of our knowledge this is 

the first reported data describing the absolute bioavailability of cetuximab after SC 

administration. While the increase in bioavailability was moderate, any effects on absorption 

were likely damped by the extended sampling period. Experiments were therefore undertaken 

over a shorter time frame (0-34 h) to allow multiple samples and more intensive evaluation of 

absorption-related events. In the longer-term experiments, the mouse-human chimeric mAb 

cetuximab, may also have stimulated the production of anti-drug antibodies (ADAs) in rats 

providing an additional potentially confounding influence on pharmacokinetic evaluation 

[4244]. However, any effect ADAs may have had on plasma pharmacokinetics is likely to 

have been similar in the presence and absence of rHuPH20 and therefore unlikely to impact on 

assessment of relative differences generated by the enzyme. In practice CL/F, Vss/F and t1/2 

were broadly consistent across all groups (IV, SC control and SC + rHuPH20).  

The current data do not support a preferential effect of rHuPH20 on cetuximab absorption 

route, i.e. into either lymph or blood. Although the majority of absorption was mediated via 

lymph transport, increases in absorption resulting from coadministration of rHuPH20 appear 

to be mediated via proportional effects on both lymph and blood absorption. The effects of 

rHuPH20 therefore appear more consistent with a mechanism of action that affects diffusion 

or convection through the interstitium rather than specific effects on lymphatic or vascular 

endothelium. These findings are consistent with Bookbinder et al [22] who showed no effect 

of rHuPH20 on vascular permeability.  

Since rHuPH20 is typically employed clinically to significantly increase the possible SC 

injection volume, thereby facilitating an IV to SC switch [22, 28, 45], experiments were also 

conducted using a 10-fold higher injection volume. When the cetuximab administration 

volumes and doses increased 10-fold cetuximab plasma exposure after SC and ID 

administration showed approximately linear (12-fold SC, 8.9-fold ID) increases. Uptake into 

the lymph also increased, albeit non-linearly, suggesting that at higher injection volumes 

proportionally larger quantities of mAb were absorbed into the blood capillaries rather than the 

lymph. An explanation for the shift towards absorption into the blood at higher injection 

volumes and higher mAb/rHuPH20 doses is not clear at this time. One possibility is that the 
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altered patterns of spreading at the injection site observed during lymphangiography and CT 

analysis may lead to drainage into lymphatic capillary beds that do not drain via the thoracic 

lymph duct (therefore resulting in incomplete lymph collection). However, this could not be 

examined/verified in the current model since cannulation of peripheral lymphatic vessels in the 

rat was not possible.  

4.2. Lymph node accumulation follows the typical drainage pattern of lymph from the 

interstitial injection site 

After interstitial administration in the inner leg, the majority of lymphatically absorbed 

cetuximab was expected to drain via the popliteal lymph duct (then to the iliac nodes via the 

retroperitoneal lymph plexus) rather than the inguinal lymph nodes [37, 38]. This pattern of 

drainage is consistent with the data obtained and cetuximab recovery was greatest in the 

popliteal lymph node. This was further confirmed by Evans blue lymphangiography. 

Interestingly, whilst coadministration of rHuPH20 resulted in an increase in cetuximab 

recovery in lymph, recovery in the popliteal lymph node was reduced. Whether this reflects 

rHuPH20 resulting in the trafficking of larger quantities of hyaluronan fragments through the 

node (where they are degraded), and competition for lymph node uptake or simply increased 

lymph flow through the node is unknown at this time. At higher injection volumes/doses, the 

pattern of lymphatic drainage appeared to change such that a larger proportion of the dose was 

trafficked through the inguinal rather than the popliteal lymph node. It is possible that increased 

spreading at the injection site resulting from the use of rHuPH20 and higher injection volumes 

may have resulted in access to different lymphatic capillary beds (and in particular capillary 

beds further up the leg) that drain more avidly to the inguinal lymph nodes rather than the 

popliteal lymph nodes. While the representative Evans blue lymphangiography photos and CT 

scans at the injection site (supplementary Fig. 5 and Fig. 6) indicated significant spreading in 

the leg under high dose conditions, further studies are required to confirm this hypothesis.  

4.3. Trastuzumab uptake is largely unaffected by coadministration with rHuPH20 

In contrast to the data obtained for cetuximab, SC or ID coadministration of rHuPH20 

with trastuzumab did not significantly change the rate or extent of trastuzumab absorption in 

lymph intact animals and did not affect lymph uptake after SC administration to lymph 

cannulated animals. Previous studies, however, have shown that after SC administration in rats, 

trastuzumab bioavailability is high (~86 %, 2 mg/kg dose) [18, 19], and this provides a likely 

explanation for the lack of increase in plasma exposure in the presence of rHuPH20, as 
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absorption is close to complete, even in the absence of enzyme. The high SC bioavailability in 

rats is also consistent with data in multiple species e.g. 80 % in minipigs and 77-99 % in 

humans, depending on the delivered dose [46, 47]. 

The increased bioavailability of cetuximab after SC/ID administration in the presence of 

rHuPH20, but lack of effect for trastuzumab, suggests that enzyme co-administration is more 

likely to improve the absorption of mAbs with inherently moderate interstitial bioavailability. 

Consistent with this suggestion, previous data by Kagan et al [15] for rituximab, revealed that 

SC bioavailability in rats increased in the presence of ovine derived hyaluronidase (not 

rHuPH20) 1.2- and 1.9-fold after mAb doses of 1 and 10 mg/kg respectively. The greatest 

increase was evident at a 10 mg/kg rituximab dose when bioavailability in the absence of 

enzyme was lower (31 %) than a 1 mg/kg dose (68 %), where neonatal Fc receptor (FcRn) 

mediated binding was shown to be saturated [15, 48].  

Unexpectedly, in the current study the relative proportional uptake of trastuzumab into 

the lymphatics after ID administration increased significantly in the presence of rHuPH20 in 

lymph cannulated animals. This is in contrast to the data in lymph intact animals where no 

change to systemic exposure was evident. It is not clear at this time whether this anomaly 

reflects experimental variation, or the possibility that the route of absorption may change on 

coadministration of rHuPH20 such that a greater proportion is lymphatically transported, but 

overall absorption is unaffected.  

5. Conclusion 

In conclusion, the data presented here suggest that coadministration with rHuPH20 both 

increases the potential injection volume after interstitial administration and has the potential to 

increase the plasma exposure of mAbs such as cetuximab where bioavailability is incomplete. 

For trastuzumab, where interstitial bioavailability is high (~77-99 %), coadministration of 

rHuPH20 was unable to provide any further increase in exposure at the antibody dose delivered. 

Co-administration with rHuPH20 facilitates a switch from IV to interstitial administration 

(SC/ID) and under these circumstances, consistent with previous studies, absorption into the 

lymph appears to be the major route of absorption for cetuximab and trastuzumab. The patterns 

of proportional absorption into the blood and the lymph, were relatively unchanged by 

coadministration with rHuPH20, although the administration with larger fluid volumes 

appeared to result in drainage to different lymphatic capillary beds and therefore differences in 

the route of lymphatic drainage. Increases to the mAb dose and administration volume made 
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possible by the coadministration of rHuPH20 did not result in significant alterations in 

cetuximab absorption, although a trend towards slightly lower proportional uptake into the 

lymph was evident at the higher dose.  
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Supplementary information 

 

Fig. 1: The observed plasma concentration-time profiles of cetuximab from 0-34 h in thoracic lymph 

duct cannulated rats after SC (panels A) or ID (panels B) administration. Symbols represent control 

(triangles), + rHuPH20 (squares) and high dose + rHuPH20 (circles) cohorts. Means ± SEM; = 3-4.  ͥ

Represents means ± range (n = 2) for dose group. 

0 5 10 15 20 25 30 35
0.01

0.1

1

10

100

0 5 10 15 20 25 30 35
0.01

0.1

1

10

100
A B

SC ID

P
la

sm
a
 [

ce
tu

x
im

a
b
](

µ
g
/m

L
)

Time (h)Time (h)

i



36 

 

 

Fig. 2: Plasma concentration-time profiles for trastuzumab from 0-30 h in thoracic lymph duct 

cannulated rats after SC (panel A) or ID (panel B) administration. Symbols represent control (triangles) 

and + rHuPH20 (squares) cohorts. Means ± SEM; n = 3-4.  
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Fig. 3: % accumulated cetuximab dose per gram tissue in the popliteal, inguinal and iliac lymph nodes 

for lymph cannulated rats after 34 h. Shaded panels represent the ipsilateral nodes and white areas 

represent contralateral nodes.  SC dosed animals are represented in panels A and ID dosed animals in 

panels B. Data represented as mean ± SEM; n = 3-4. 
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Fig. 4: Evans blue lymph node accumulation after 30 min (n = 3). Individual lymph nodes were resected 

from three separate rats where blue indicates Evens blue dye accumulated via the lymphatics draining 

an interstitial injection site.  
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Fig. 5: Representative photos of the injection site during the Evans blue lymphangiography experiments 

from 0-30 min. Markings on leg represent 0.5 cm increments anterior from the ankle joint where the 

needle was interstitial inserted. 
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Fig. 6: Computed tomography scans of iopromide contrast agent to the right hind leg 5 min after 

injection. Green represents interstitially injected fluid while white represents the bones of contrast 

agent.  

 

 

 

 


