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Abstract
Here we have evaluated the effect of size on tumor disposition of protein therapeutics. Plasma
and tumor PK of trastuzumab (~150 kDa), FcRn non-binding trastuzumab (~150 kDa), F(ab)2
fragment of trastuzumab (~100 kDa), Fab fragment of trastuzumab (~50 kDa), and trastuzumab
scFv (~27 kDa) was evaluated in antigen (i.e. HER2) overexpressing (N87) and antigen nonexpressing (MDA-MB-468) tumor bearing mice. The observed data was used to develop

weight’ relationships. When comparing the PK of different size FcRn non-binding molecules in
target expressing tumor, it was found that ~100 kDa is an optimal size to achieve maximum tumor
uptake and ~50 kDa is an optimal size to achieve maximum tumor-to-plasma exposure ratio of
protein therapeutics. The PK data was also used to validate a systems pharmacokinetics (PK)
model for tumor disposition of different size protein therapeutics. It was found that the PK model
was able to a priori predict the PK of all five molecules in both tumor types reasonably well (within
2-3 fold). In addition, the model was also able to capture the ‘bell-shaped’ relationships observed
between maximum tumor uptake and molecular weight, and tumor-to-plasma AUC ratio and
molecular weight. As such, our results provide an unprecedented insight into the effect of size
and target engagement on tumor PK of protein therapeutics. Our results also provide further
validation of the tumor disposition model, which can be used to support discovery, development,
and preclinical-to-clinical translation of different size protein therapeutics.
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Significance statement
This manuscript highlights the importance of molecular size and target engagement on tumor
disposition of protein therapeutics. Our results suggest that ~100 kDa is an optimal size to achieve
maximum tumor uptake and ~50 kDa is an optimal size to achieve maximum tumor-to-plasma
exposure ratio for non-FcRn binding targeted protein therapeutics. We also demonstrate that
systems pharmacokinetics model developed to characterize tumor disposition of protein

expressing and target non-expressing solid tumors.
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Introduction
Decades of thorough research has greatly improved our understanding of the pharmacokinetics
(PK) of antibody-based therapeutics (Wang et al., 2008). However, solid tumor disposition of
antibodies and other protein therapeutics remains less well understood. Since the exposure of
protein therapeutics in the tumor is not always proportional to the systemic exposure, and the
information about the exposure at the site-of-action is crucial for developing an effective

factors that determine solid tumor PK of protein therapeutics (Scott et al., 2012).
Tumor penetration of antibodies/protein therapeutics is generally determined by both tumorspecific and drug-specific factors. (Scott et al., 2012; Glassman and Balthasar, 2014) Typical,
tumor-specific barriers include high interstitial pressure, abnormal blood vasculature, extracellular
matrix (ECM) components, and heterogeneous distribution of cancer cell surface antigen. Drugspecific factors include serum half-life, target mediated drug disposition (TMDD) in the tumor, and
protein size. Out of these factors, size plays an important role, because it affects overall tumor
exposure by affecting both systemic PK (Li et al., 2016; Li et al., 2017) and tumor penetration of
protein therapeutics (Beckman et al., 2007; Thurber et al., 2007; Thurber et al., 2008b). However,
to date there is no consensus on whether there is an optimal molecular size for targeting protein
therapeutics to solid tumor. One pioneer work done by Schmidt and Wittrup uses literature data
from PK studies of different size anti-HER2 molecules in mice and anti-CEA molecules in humans
to suggest that there is a “U” shape relationship between maximum tumor uptake and protein
molecular size. (Schmidt and Wittrup, 2009) In addition, their study uses literature data and
mathematical modeling to suggest that tumor disposition is least efficient for protein therapeutics
with intermediate size of ~50 kDa. However, these results stem from diverse set of data,
generated in different studies, using different targeted molecules, under different experimental
design, and with the help of different bioanalytical methods. In addition, these results have not

Downloaded from dmd.aspetjournals.org at ASPET Journals on January 8, 2023

therapeutic or diagnostic agent, it is very important to understand and predict the effect of different

DMD Fast Forward. Published on August 6, 2019 as DOI: 10.1124/dmd.119.087809
This article has not been copyedited and formatted. The final version may differ from this version.

DMD # 87809
been validated by other groups. Consequently, here we have performed a dedicated preclinical
study to understand the role of molecular size on tumor disposition of protein therapeutics.
We have evaluated the effect of molecular size by investigating systemic and tumor PK of
trastuzumab (~150 kDa), FcRn non-binding trastuzumab (~150 kDa), F(ab)2 fragment of
trastuzumab (~100 kDa), Fab fragment of trastuzumab (~50 kDa), and trastuzumab scFv (~27
kDa), in antigen expressing (N87) and antigen negative (MDA-MB-468) tumor bearing mice. The
observed data was used to develop ‘maximum tumor uptake vs. protein size’ and ‘tumor-to-

process that govern tumor disposition of different size antibody/fragments, the observed data was
also characterized using a validated systems PK model that can a priori predict tumor
concentration of different size antibody/fragments. The PK model was also subjected to local
sensitivity analysis to identify most sensitive parameters that determines tumor disposition of
different size protein therapeutics.
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Materials and Methods
Production and characterization of different protein therapeutics
Trastuzumab (Herceptin ®, Genentech) was purchased from a local hospital as a commercially
packaged lyophilized powder, which contains excipients such as L-lysine, a,a-trehalose dihydrate
and tween 20. There excipients help improve the stability of the protein molecule after
reconstitution. The other four proteins, included FcRn non-binding trastuzumab (150 kDa), F(ab)2

Preparation of FcRn non-binding trastuzumab
The DNA sequence of trastuzumab and FcRn non-binding 3 point-mutations within CH domain
(I136A, H193A, H318A) were obtained from the literature. The DNA sequence of FcRn nonbinding trastuzumab was synthesized by Genscript and cloned into expression vector
pcDNA5_FRT (Life Technology). After transfection, positive CHO cells were selected by adding
1 mg/mL hygromycin B in the medium. After ~10 days of growth, cells were sub-cloned in 96-well
plates for two rounds to separate monoclones. Supernatant of each well was collected to
determine best clone by doing ELISA. Then, the two best clones were acclimated and scaled up
in 2 Liter shaking flask using SFM-CD CHO media (GibcoTM). The supernatant was collected and
purified using HiTrap Protein G HP antibody purification column (GE Healthcare Life Sciences ®).
Final product was buffer-exchanged in PBS before the experiment.
Preparation of Fab fragment of trastuzumab
The Fab fragment of trastuzumab was generated in the lab using a commercially available papainbased digestion kit, followed by purification using a hydroxyapatite column. Briefly, 4 mg of
trastuzumab was first purified using the Zeba Spin Desalting Column (Thermo Scientific ®) by
centrifugation at 1000 g for 2 minutes (three times totally). Then, purified trastuzumab was

Downloaded from dmd.aspetjournals.org at ASPET Journals on January 8, 2023

(100 kDa), Fab (50 kDa), and scFv (27 kDa) fragment of trastuzumab, were generated in-house.

DMD Fast Forward. Published on August 6, 2019 as DOI: 10.1124/dmd.119.087809
This article has not been copyedited and formatted. The final version may differ from this version.

DMD # 87809
incubated with 0.125 mL of papain-immobilized resin in 0.5 mL of Digestion Buffer (Thermo
Scientific ®) at 37 °C for 12 hours in a microcentrifuge tube. After digestion, the product was
separated from immobilized papain by centrifuge at 5000 g for 1 min. The eluent mostly contains
digested fragments (Fab and Fc) and a small amount of undigested trastuzumab. The mixture
was purified using the hydroxyapatite column (CHTTM, Bio-Rad ®). Two elution buffers were used.
Buffer A contained 10 mM sodium phosphate and 5 ppm calcium chloride, pH 6.5. Buffer B
contained 500 mM sodium phosphate and 5 ppm calcium chloride, pH 6.5. The separation

from the chromatogram was determined using gel electrophoresis (SDS-PAGE). Final product
was buffer-exchanged in PBS before the experiment.
Preparation of F(ab)2 fragment of trastuzumab
Similar to Fab generation, the F(ab)2 fragment of trastuzumab was generated in the lab using a
commercially available pepsin-based digestion kit, followed by purification using a hydroxyapatite
column. Briefly, 4 mg of trastuzumab was first purified using the Zeba Spin Desalting Column
(Thermo Scientific ®) by centrifugation at 1000 g for 2 minutes (three times totally). Then, purified
trastuzumab was incubated with 0.125 mL of pepsin-immobilized resin in 0.5 mL of Digestion
Buffer (Thermo Scientific ®) at 37 °C for 8 hours in a microcentrifuge tube. After digestion, the
product was separated from immobilized pepsin by centrifuge at 5000 g for 1 min. Then, the
mixture was purified using the hydroxyapatite column (CHTTM, Bio-Rad ®). Two elution buffers
were used. Buffer A contained 10 mM sodium phosphate and 5 ppm calcium chloride, pH 6.5.
Buffer B contained 500 mM sodium phosphate and 5 ppm calcium chloride, pH 6.5. The
separation condition was optimized by changing the gradient of two eluent buffers. The identity of
separation products was determined using gel electrophoresis (SDS-PAGE). Final product was
buffer-exchanged in PBS before the experiment.
Preparation of scFv fragment of trastuzumab
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The sequence of scFv plasmid was designed by linking the sequences of VH and VL region of
trastuzumab with the sequence of a polyglycine liker (GGGGS)3. Two restriction enzyme sites for
Nhel and BamHI were included at the beginning and at the end of the sequence, respectively.
After the plasmid was synthesized by Genscript ®, double enzyme restriction for the scFv plasmid
and an expression plasmid pcDNA5_FRT was done with NheI and BamHI (New England Biolabs
®), by incubating them at 37 °C for 2~4 hrs. After enzyme restriction, the cDNA products from
both scFv plasmid and pcDNA5_FRT plasmid were collected and ligated, using the T4 ligation

transfected into the competent E.coli, Top10 (InvitrogenTM). After amplification, plasmid was
extracted from E.coli using the Plasmid Mini Kit (QIAGEN ®) and used for CHO cell transfection.
Two plasmids were transfected into CHO cells, which were the scFv-FRT plasmid and the pOG44
plasmid (InvitrogenTM). The transfected CHO cells were then sub-cloned in 96-well plates for two
rounds to separate monoclones. Supernatant of each well was collected to determine best clone
by ELISA. Two best clones were amplified in T-75 flasks using SFM-CD CHO media. After the
cell culture became highly confluent (~10 days), the supernatant was collected and the scFv was
purified using the His Gravitrap column (GE Healthcare Life Sciences ®). The identity of scFv was
verified using SDS-PAGE gel analysis and Western Blotting analysis. Final product was bufferexchanged in PBS before the experiment.
HER2 binding affinity of trastuzumab, FcRn non-binding trastuzumab, F(ab)2, Fab and scFv
using SPR
The antigen binding property of trastuzumab, FcRn non-binding trastuzumab, F(ab)2, Fab and
scFv were determined using surface plasmon resonance (SPR). Carboxymethyl dextran hydrogel
surface sensor chips were purchased from Reichert technologies®. The chip was first activated
with 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC) and N-hydroxysuccinimide (NHS).
Then, 50 μg/mL protein in sodium acetate (10 mM, pH 5.0-5.5) was injected over the left channel
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until desired immobilization level was reached (~600-1000 μRIU). After protein immobilization, all
remaining reaction sites on the chip surface were blocked by flowing through ethanolamine (1 M,
pH 8.5) for 10 minutes at 25 μL/min. Then, the chip was stabilized overnight by running through
blank running buffer (PBS-TWEEN buffer) or until the signal is stabilized. For each protein, the
binding assay was conducted as follows. Eight concentrations (0.5, 2.5, 5, 10, 50, 200, 500 and
1000 nM) were tested. The protein sample were allowed to bind to the chip surface by flowing
over both channels for 4 minutes and then dissociated for 30 minutes. After each binding cycle,

triplicate. The binding sensorgrams were sent to BIAevaluation software and the binding
parameters were estimated in the software.

Analytical method development for different protein therapeutics
Development of ELISA method to quantify trastuzumab, F(ab)2, Fab in mouse plasma
Plasma obtained from N87 tumor bearing nude mice was used to build standard curves for
trastuzumab (300x dilution), F(ab)2 (300x dilution), and Fab (50x dilution). Goat anti-human IgG
(F(ab)2 specific, cross adsorbed) F(ab)2 (Bethyl) was diluted to 5 ug/mL in phosphate buffered
saline (PBS). Nunc Maxisorp 384 well plate was then coated with the diluted antibody (60 uL per
well) and incubated at 4℃ overnight. Plates were washed three times with PBS-tween (0.05%
Tween-20 in 1x PBS), followed by three washes with distilled water. Plates were then blocked
with 90 uL/well of ELISA blocking solution and then incubated at room temperature for 1 hour.
Plates were washed to remove ELISA block solution later. Serial dilutions of trastuzumab, F(ab) 2,
or Fab were made ranging from 1000 ng/ml to 3.9 ng/ml in pre-diluted plasma samples to act as
standards. Plates were then incubated in triplicates (35 µL) for 2 hours at room temperature. After
the incubation period was over, plates were washed as described above. Later, 35 µL of goat
anti-human IgG (F(ab)2 specific, AP conjugated, cross adsorbed) F(ab)2 (Bethyl) was added to
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each well, and the plate was incubated at room temperature for 1 hour. Plate was washed as
described earlier and p-nitro phenyl phosphate solution (1 mg/mL in diethanolamine buffer) was
added to each well (60 µL). The change in absorbance was observed with time (dA/dt) at 405 nm
with Filter Max F-5 microplate analyzer (Molecular devices).
Development of ELISA method to quantify scFv in mouse plasma
The mouse plasma was diluted for 10x to build a standard curve for scFv. Recombinant human

Abcam) was used as the secondary antibody. All other steps were the same as described in the
previous section.
Development of ELISA method to quantify trastuzumab, F(ab)2, Fab and scFv in tumor
N87 tumors taken from xenograft bearing nude mice were used to create the standard curves.
The tumor was weighed and homogenized in 5x v/w PBS with 1x protease inhibitor, using
zironium beads and shaker (BEADBUG). Homogenized tumor mixture was stored at -80℃ until
analysis. To build standard curves for trastuzumab, F(ab)2, Fab, and scFv, tumor homogenate
was further diluted by 20x using RIPA buffer (TermoFisher) containing 1x protease inhibitor. The
diluted mixture was used to prepare serial dilution of each molecule ranging from 1000 nM to 4
nM. The standard solutions were then incubated on ice for 1 hour. All other steps were the same
as described in the previous sections.

In vivo PK study in tumor bearing animals
Development of mouse xenograft models with two cell lines
All animal procedures were approved by the Institutional Animal Care and Use Committee
(IACUC) at the State University of New York at Buffalo. Male Athymic Nude mice (Jackson
Laboratory®, CT) were injected with ~10 million N87 or ~10 million MDA-MB-468 cells in the right
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flank region subcutaneously. After the average size of tumor reached ~300 mm3, in vivo studies
were conducted. The age of all mice at the time of PK experiment is around 10 weeks. The tumor
size was calculated using the following equation:
𝑇𝑢𝑚𝑜𝑟 𝑠𝑖𝑧𝑒 (𝑚𝑚3 ) = 0.5 × 𝑙𝑒𝑛𝑔𝑡ℎ (𝑚𝑚) × 𝑤𝑖𝑑𝑡ℎ (𝑚𝑚) × 𝑤𝑖𝑑𝑡ℎ(𝑚𝑚)

…Eq.1

In vivo study to determine plasma and tumor PK of proteins in N87 tumor bearing mice
Plasma and tumor PK of all 5 molecules were investigated in N87 tumor bearing nude mice at 10

points were chosen for each molecule, and 3 animals were sacrificed at each time point. For IgG,
the time points were 6 hr, 24 hr, 72 hr and 168 hr. For F(ab)2, the time points were 1 hr, 6 hr, 24
hr and 48 hr. For Fab, the time points were 10 min, 1 hr, 4 hr and 24 hr. For scFv, the time points
were 5 min, 1 hr, 4 hr and 24 hr. At each pre-determined time point, blood sample was collected
through cardiac puncture and plasma was immediately separated via centrifugation (2000g, 20
min). After blood collection, whole body perfusion was performed on each mouse to get rid of
residual blood in the tumor, and tumor samples were collected at the end of perfusion. Collected
plasma and tumor samples were stored at -80 ℃ until analysis.
In vivo study to determine plasma and tumor PK of proteins in MDA-MB-468 tumor bearing
mice
Plasma and tumor PK of all 5 molecules in MDA-MB-468 tumor bearing nude mice was
investigated using the same procedure described in the previous section.

Mathematical modeling
Model structure and equations
Figure-1 shows the schematic of the PK model that is used to characterize the disposition of 5
different-size molecules in solid tumor. The model contains a two-compartment PK model to
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characterize the systemic PK of each molecule. The tumor disposition model is connected to the
central compartment of the two-compartment PK model, which is adapted from a more
sophisticated mechanistic model, that is able to describe tumor penetration of protein molecules
through both vascular extravasation and diffusion processes (Thurber et al., 2008a). Equations
for the model are provided below (equations 2-8). A glossary of the terms used in model equations
is provided in Table-1.
𝑑𝑋1

= −(𝐶𝐿𝐷 + 𝐶𝐿) × 𝐶1 + 𝐶𝐿𝐷 × 𝐶2 −

2×𝑃×𝑅𝑐𝑎𝑝
𝑅𝑘 2

× (𝐶1 −

𝐶3

6×𝐷

𝜀

𝑅𝑡 2

) × 𝑇𝑉 −

× (𝐶1 −

𝐶3
𝜀

) × 𝑇𝑉

…Eq.2

IC=Dose
𝑑𝑋2
𝑑𝑡

𝑑𝐶3
𝑑𝑡

𝑑𝐶4
𝑑𝑡

= 𝐶𝐿𝐷 × (𝐶1 − 𝐶2)

=

2×𝑃×𝑅𝑐𝑎𝑝
𝑅𝑘 2

= 𝑘𝑜𝑛 ×

,

𝐶3
𝜀

× (𝐶1 −

…Eq.3

,IC=0
𝐶3

6×𝐷

𝜀

𝑅𝑡 2

)+

× (𝐶1 −

𝐶3

𝐶3

𝜀

𝜀

) − 𝑘𝑜𝑛 ×

× (𝐴𝑔 − 𝐶4) − 𝑘𝑜𝑓𝑓 × 𝐶4 − 𝑘𝑖𝑛𝑡 × 𝐶4

× (𝐴𝑔 − 𝐶4) + 𝑘𝑜𝑓𝑓 × 𝐶4 ,IC=0

…Eq.4

…Eq.5

,IC=0

𝐶1 = 𝑋1/𝑉1

…Eq.6

𝐶2 = 𝑋2/𝑉2

…Eq.7

𝐶𝑇𝑢𝑚𝑜𝑟 = 𝐶3 + 𝐶4

…Eq.8

The model assumes that once the tumor size is small, protein molecules enter tumor interstitial
space via surface exchange. When the tumor size is large and vascularized, protein molecules
will first distribute to the tumor blood vessels, and then extravasate across the tumor
microvasculature into the tumor interstitium. (Schmidt and Wittrup, 2009) Equations 2 and 3
describe the plasma PK of protein molecules. Equations 4-8 describe the tumor concentration of
protein molecules. P represents the permeability of protein molecules across tumor blood vessels.
D is the diffusivity of protein molecules in the tumor interstitium.

2×𝑃×𝑅𝑐𝑎𝑝
𝑅𝑘 2

describes the rate of
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vascular permeation processes in the tumor blood vessels, where Rcap is the radius of tumor blood
vessels and Rk represents the average distance between two tumor blood capillaries.

6×𝐷
𝑅𝑡 2

describes the rate of diffusional transportation of protein molecules by assuming spherical shape
of the tumor, where D represents the diffusion coefficient of protein molecules and Rt represents
the radius of tumor. C3 is the drug concentration in the tissue interstitium. C4 is the drug
concentration on the tumor cell surface. Total tumor concentration of the protein drug is
represented as the sum of C3 and C4.

All model parameters were either measured or derived from literature, and no model parameter
was estimated using the observed PK data. These parameters are summarized and presented in
Table-2. Diffusion coefficient (D) and permeability (P) were derived based on the reported values
of different-size polymers by Schmidt and Wittrup.(Schmidt and Wittrup, 2009) The derived
relationships between protein size and diffusion coefficient (D) and permeability (P) are listed in
Equations 9 and 10, where the unit of D is cm2/hr and unit of P is µm/hr. A table of calculated
value of P and D for different-size proteins is provided in supplementary Table-S1.
𝐷 = 114.58 × 𝑀𝑊 −0.918 ×

3600
107

,

𝑃 = (−10.43 × ln 𝑀𝑊 + 53.46) ×

3600

,

1000

MW in kDa

…Eq.9

MW in kDa

…Eq.10

Average tumor size in both group of mice were measured at the time of the experiment, and were
found to be ~300 mm3. The equilibrium dissociation constant (KD) of different size proteins for
HER2 antigen was measured using SPR method. Dissociation rate constant (koff) was calculated
by using the measured KD value and the reported value of association rate constant (kon). (Shah
et al., 2012) The internalization rate of the antigen-protein complex (kint) on N87 cells was taken
from reported value by Maass et al. (Maass et al., 2016) The number of HER2 receptors per N87
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cells were measured in-house. The antigen number of MDA-MB-468 cells was assumed to be 0,
since it is known as a HER2 non-expressing cell line.
Model simulation and sensitivity analysis
Model simulations were performed using Berkeley Madonna (Version 8.3.18). No parameter fitting
was necessary since all parameter values were a priori determined. Goodness of prediction was
assessed by visual check and calculating the percentage prediction error (%PE) for tumor AUC

𝑃𝑃𝐸 =

𝐴𝑈𝐶𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 −𝐴𝑈𝐶𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
𝐴𝑈𝐶𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

× 100%

…Eq.11

Local sensitivity analysis was done by performing Monte Carlo simulations. The values of
parameters P, D, kint, and KD was varied by 30% CV, and tumor PK of F(ab)2 was simulated in
N87 and MDA-MB-468 tumor bearing mice.
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Results
Synthesis and characterization of protein therapeutics
FcRn non-binding trastuzumab, F(ab)2, Fab and scFv fragments of trastuzumab were
successfully synthesized. Representative SDS PAGE and western blot analysis figures are
provided in Supplementary Figures S1. HER2 binding affinities of different size antibody
fragments were determined using SPR. Relative SPR binding curves are shown in Supplementary

Table-2. The fitting results suggested that scFv and Fab had lower binding affinity, while F(ab) 2
and trastuzumab had comparable binding affinity. The higher binding affinity of F(ab)2 and
trastuzumab may be due to avidity, caused by two binding arms.
Development of ELISA method to quantify different size protein molecules in mouse
plasma and tumor
Supplementary Figures S3-S6 depicts typical standard curves of trastuzumab, F(ab)2, Fab and
scFv in both mouse plasma and tumor homogenate matrix. All the ELISA protocols enabled
quantification of all molecules in both matrices with a lower limit of quantification (LLOQ) of 10
ng/mL. Method validation results are provided in supplementary Table-S2.
In vivo study to determine plasma and tumor PK of trastuzumab, FcRn non-binding
trastuzumab, F(ab)2, Fab and scFv in N87 and MDA-MB-468 tumor bearing nude mice.
Figure-2 shows plasma and tumor PK of all 5 molecules in N87 and MDA-MB-468 tumor bearing
mice. Systemic clearance and terminal half-life values for each molecule were calculated using
non-compartmental analysis (NCA), which are provided in Table-3. To further compare the effect
of protein size on plasma and tumor PK, dose normalized plasma and tumor PK profiles of all 5
molecules in two types of tumor bearing mice are provided in Figure-3. From Figures-2 and 3, it
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is clear that the plasma PK of each molecule were directly related with the molecular size of the
molecule. Larger molecules showed slower systemic clearance. For large molecules, such as IgG
(150 kDa), systemic clearance was relatively slow, and the terminal half-life was determined to
be around 212 hours. For small molecules, such as scFv (27 kDa), drug molecules clear rapidly
via renal filtration, and terminal half-life was less than 1 hour. When comparing the plasma PK of
same molecule in two different tumor types, it was found that tumor antigen expression did not
play a significant role in the plasma PK of different size protein molecules. On the other hand,

except IgG, showed significantly different tumor PK between N87 and MDA-MB-468 tumors. In
the N87 group, all molecules showed higher tumor concentration, longer tumor retention, and
shallower terminal slope, which indicated targeted mediated tumor disposition of the molecules.
It was found that in HER2 antigen expressing tumors the tumor concentration profiles of all
molecules followed similar terminal slopes, regardless of protein size (Figure-3). On the contrary,
in HER2 non-expressing MDA-MB-468 tumors, the slope of the tumor concentration profile
increased notably with reduction in the size of the molecule.
Figure-4A depicts the observed relationships between maximum tumor uptake and protein
molecular weight, which were generated using the PK data obtained from antigen expressing N87
and antigen non-expressing MDA-MB-468 tumors. Wild type IgG (trastuzumab) was excluded
from building this relationship, in order to focus only on the effect of protein size. In both tumor
types, maximum tumor uptake showed a positive correlation with protein size in general. Around
100 kDa was found to be the most optimal size to obtain the maximum tumor uptake, especially
for antigen expressing tumors. For small proteins, such as scFv (~27 kDa), tumor maximum
uptake did not show significant difference between two tumor types, possibly due to rapid plasma
clearance. However, for larger proteins with longer plasma half-life, maximum tumor uptake could
be significantly different between antigen expressing (N87) and non-expressing (MDA-MB-468)
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tumor types. Higher maximum tumor uptake was observed in antigen highly expressed tumor
type.
Figure-4B shows the observed relationship between Tumor-to-Plasma AUC ratio (0-t) and protein
molecular weight. A “Bell” shape relationship was seen in the antigen highly expressing N87 tumor
group. In comparison, no such trend was observed in the antigen non-expressing MDA-MB-468
tumor group. Around 50 kDa was found to be the most optimal size to obtain the maximum Tumorto-Plasma AUC ratio, especially for antigen expressing tumors.

A priori prediction of tumor PK of protein therapeutics in N87 and MDA-MB-468 tumor bearing
mice
Tumor PK of all 5 molecules in both tumor models was predicted using a two-step sequential
approach. First, a two-compartment model was used to fit the plasma PK of each molecule in
both types of tumor. Then, the plasma PK model of each molecule was fixed and used to drive
the tumor disposition model in both types of tumors. Simulation results are summarized in
Figures-5 and 6. Figure-5 depicts the simulated tumor concentration profile in N87 tumor mice,
while Figure-6 represents MDA-MB-468 mice. The tumor disposition model was able to predict
tumor concentration profiles of all molecules in both antigen-expressing N87 and antigen nonexpressing MDA-MB-468 tumors relatively well (within 2-3 fold). %PE values for all the predicted
PK profiles are shown in Table-4. While a slight underprediction was observed for F(ab)2 and Fab
PK in N87 tumors, and slight overprediction was observed for IgG and FcRn non-binding IgG PK
in MDA-MB-468 tumors, this observation may stem from poor accuracy of several reported drugspecific parameters such as P, D, and kint.
Local sensitivity analysis
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Local sensitivity analysis of several important parameters (i.e., P, D, k int and KD) was conducted
using Monte Carlo simulation. Briefly, 30% CV was assumed for each parameter and the resulted
tumor concentration profiles (F(ab)2 as an example) are shown in Figure-7. It was observed that
in antigen expressing N87 tumor diffusion coefficient (D), permeability (P), and internalization rate
(kint) were the most sensitive parameters. However, in antigen non-expressing MDA-MB-468
tumor, only permeability (P) was shown to be sensitive. In N87 tumor, kint greatly influences the
terminal slope of the tumor concentration profile, which indicates that k int is the rate limiting step

it was also noticed that KD was not sensitive for tumor PK in N87 tumors. This may be because
all studied molecules bind to HER2 antigen very tightly (in the sub-nanomolar range), and hence
changing KD value of a molecule by 30% may not significantly affect its tumor PK.
Predicting tumor uptake and Tumor-to-Plasma AUC (0-t) ratio of different size antibody fragments
using the tumor PK model
The tumor model was used to predict maximum tumor uptake and Tumor-to-Plasma AUC (0-t)
ratio of different size antibody fragments. Model simulated relationships are presented in Figure4C. The model predicted maximum tumor uptake vs. protein size relationship followed the same
trend as the observed data. There was slight deviation between simulated and observed values
for several molecules, which was likely due to the difficulty in obtaining accurate maximum tumor
uptake data from limited observed time points. Both, observed data and model prediction,
suggested that F(ab)2 (~100 kDa) would achieve highest tumor uptake value for fragments without
FcRn binding property. Figure-4D shows predicted and observed Tumor-to-Plasma AUC (0-t)
ratio vs. protein size relationship. For N87 tumor, both model-predicted and observed relationship,
showed a “Bell” shape relationship between AUC ratio and protein molecular weight. Maximum
AUC ratio was predicted to be around 50 kDa. For MDA-MB-468 tumors, model predictions
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suggested that protein size would not affect AUC ratio, which was consistent with the observed
data.
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Discussion
Antibody based molecules have become an essential component of cancer treatment. (Tsumoto
et al., 2019) However, limited distribution to the site-of-action has greatly limited the efficacy of
antibodies for solid tumors. Several molecular and physicochemical properties govern the
disposition of antibody based molecules in the tumor, of which molecular size is probably the most
important and most extensively studied property. (Beckman et al., 2007) There have been several

(Beckman et al., 2007) However, to date, there is no consensus on size of protein therapeutics to
achieve the desired exposure in the tumor.
Researchers have been studying solid tumor disposition of different size protein therapeutics for
decades. It is known that diffusion rate of large molecules in tumor is inversely proportional to its
molecular size. (Nugent and Jain, 1984) Graff et al. reported that the diffusion rate of scFv could
be 6 times faster than IgG. (Graff and Wittrup, 2003) Therefore, smaller protein molecules like
scFv would presumably achieve better penetration in the tumor due to faster diffusion. However,
tumor exposure of a scFv could also be limited due to fast systemic clearance and faster diffusion
of molecules back into the systemic circulation. Plasma half-life of scFv in mice is typically <2
hours, which limits the time available to this molecule to enter the tumor. (Holliger and Hudson,
2005) On the other hand, larger molecules like full length antibody have prolonged plasma halflife of ~21days in human and ~7 days in mouse. While this longer circulation half-life provides
antibodies more time to enter the tumor, large size of these molecules hinder their diffusion and
limits their exposure in the tumor.
Schmidt and Wittrup have studied tumor exposure of different size (i.e. 10-200 kDa) anti-HER2
molecules in mice and anti-CEA molecules in humans. They reported a “U” shape relationship
between maximum tumor uptake and molecular weight. (Schmidt and Wittrup, 2009) In addition,
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they developed a mathematical model to predict maximum uptake of different size molecules in
the tumor. Their model prediction and collected data suggested that molecular weight of 30-50
kDa would result in least efficient tumor uptake in mice and humans. However, since these
inferences were made based on literature reported data collected from diverse sources, and using
only the targeted drug molecules, there is a need to further verify this important finding.
Consequently, here we have performed a dedicated tumor disposition study of different size
variants of the same antibody molecule, in target expressing and non-expressing tumors, to obtain

In the current study, five different molecules were used: trastuzumab, FcRn non-binding
trastuzumab, F(ab)2, Fab, and scFv. All the variants were produced in the lab, and bufferexchanged in PBS before the usage. While the vehicle for trastuzumab is different, and contains
commercial formulation, it is safe to assume that the excipients in the commercial formulation
would not significantly impact the PK of the antibody. FcRn non-binding trastuzumab was included
in the study to investigate the effect of just the size on tumor PK of antibody, and to avoid any
confounding effects of FcRn recycling on systemic or tumor disposition of IgGs. Two in vivo tumor
models were used: antigen (i.e. HER2) overexpressing N87 cells and antigen negative MDA-MB468 cells. Although these two cell lines have different origins (i.e. gastric vs. breast cancer), they
satisfied the purpose of this study to decipher the effect of target engagement on tumor PK of
different size protein therapeutics. On average, both the tumors took four to five weeks to grow to
a volume of ~300 mm3. As shown in Figure-2, in the antigen expressing N87 tumors all five
molecules, except normal IgG, showed significant retention and much shallower terminal slope
compared to the plasma. However, in antigen negative MDA-MB-468 tumors, less retention was
observed for all molecules except normal IgG, and the terminal slopes of all molecules changed
commensurately with changes in the plasma PK profiles. This observation suggests that when
there is no target binding process in the tumor, the rate limiting step that governs tumor
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concentration is the plasma PK of the drug. On the other hand, when the drug molecules bind to
tumor cell surface antigens, the rate limiting step is determined by the slowest of the following
processes: drug dissociation rate from the antigen (koff), internalization rate of the drug (kint), and
systemic clearance. In the case of normal IgG, plasma PK becomes the rate limiting step in both
N87 and MDA-MB-468 tumor models, and hence paralleled plasma and tumor concentration
profiles are observed.
When dose normalized plasma PK profiles of all five molecules in N87 and MDA-MB-468 tumor

decreasing protein molecular size in both tumor models. Normal IgG (~150 kDa) had longest
plasma half-life (~10 days) in both tumor models. The calculated clearance (CL) of normal IgG
was around 1.0E-05 L/hr, which is close to the average calculated values from literature reported
PK data of IgGs in mice (1.6E-05 L/hr). (Li et al., 2017) For FcRn non-binding IgG (~150 kDa),
plasma half-life was similar in both tumor models (~8 hrs). The calculated CL value was 1.5E-04
L/hr, which was about 3-fold higher than the reported value of murine IgG in FcRn KO mice (5.2E05 L/hr). (Garg and Balthasar, 2007) For smaller proteins, such as F(ab)2 (~100 kDa) and Fab
(~50 kDa), the observed half-life was around 3-5 hrs in both tumor models. The calculated CL
value for F(ab)2 and Fab was 4.2E-04 L/hr and 4.6E-03 L/hr, respectively. These values are also
close to calculated values from literature collected PK studies of F(ab)2 and Fab in mice (4.4E-04
L/hr and 2.7E-03 L/hr, respectively). (Li et al., 2017) The smallest molecule, scFv (~27 kDa), had
plasma half-life of less than one hour (~0.5 hrs) in both tumor models. The calculated CL value
for scFv was 1.5E-02 L/hr, which was roughly 10-fold higher than the calculated value from the
literature collected studies (1.6E-03 L/hr). (Li et al., 2017) Of note, in order to avoid any
confounding effect of labeling and label-based analytical methods, here we have quantified all the
molecules using a validated ELISA method. As such, the reported PK parameters may differ from
the one generated using labelled molecules.
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Figure-3C and 3D shows dose normalized tumor concentration profiles of all five molecules in
N87 and MDA-MB-468 tumor bearing mice. In both tumor groups, there was a general trend of
increasing tumor maximum uptake with increasing protein molecular size. The only exception is
F(ab)2 in the N87 group, which has a higher tumor maximum uptake as compared with FcRn nonbinding IgG. In the N87 group, the terminal slopes of tumor concentration profiles of all five
molecules are relatively similar. Given the fact that the binding affinities of these five molecules
against recombinant HER2 protein are different (as determined using SPR method), the parallel

internalization rate (kint) of the drug-antigen complex. On the other hand, in the MDA-MB-468
group, the terminal slopes increased with decreasing protein molecular size, which suggests that
the rate limiting step in antigen negative tumor is the plasma clearance of the molecules. In Figure4A, the observed relationships between maximum tumor uptake and protein molecular weight are
shown. When compared with the “U” shape relationship reported by Schmidt and Wittrup, the
result from the current study agrees relatively well with the right half of the relationship, which
suggests that further study with smaller antibody fragments (e.g., nanobody, ~13 kDa) is needed
(Schmidt and Wittrup, 2009). It should be noted that in Figure-4A, only FcRn non-binding
molecules are shown to demonstrate just the effect of molecular size on tumor disposition of
protein therapeutics. When wild-type trastuzumab is included in the analysis, due to its longer
half-life because of FcRn interaction, it shows highest peak concentrations in the tumor (i.e.
9 %id/g). In Figure-4B, the relationships between tumor-to-plasma AUC (0-t) ratio and protein
molecular weight are shown. The result suggests that highest tumor specific exposure occurs at
molecular weight of ~50 kDa for antigen positive tumors. Molecules with larger size suffer from
delivery barrier at the local tumor site, while molecules with smaller size suffer from rapid systemic
clearance. This result could be potentially helpful in designing an optimal size tumor diagnostic
agent, which requires high tumor-to-background ratio. On the other hand, in the antigen negative
MDA-MB-468 tumor group, the result suggest that the tumor-to-plasma AUC ratio is independent
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of protein molecular size, which is expected because no tumor retention was observed in this
group.
In order to better understand the relationship between tumor disposition and protein molecular
size in both antigen positive and negative tumors, a tumor PK model was developed. As shown
in Figures-5 and 6, the model was able to a priori predict tumor concentration of all five molecules
in both types of tumors relatively well. Since no drug related parameter or system related
parameter is fitted in the tumor model, these predictions suggest that the current tumor model is

understand the effect of several important drug-related and tumor-related parameters (e.g., P, D,
kint, and KD) on the tumor PK of different-size protein molecules, local sensitivity analysis was
conducted (Figure-7). The result suggests that for therapeutic antibodies/fragments that have
strong binding with the tumor cell surface antigen (KD in sub-nanomolar range), further increase
in binding would have little improvement in the overall tumor exposure. On the other hand, the
properties of the internalization rate (kint) of the cell surface antigen might play a pivotal role in
determining the tumor concentration of a drug. The sensitivity analysis also reveals that the
molecular size influences tumor disposition of proteins by affecting both its plasma PK and
disposition properties (e.g., P, D) in the tumor microenvironment. The tumor PK model simulation
result suggests that the cell surface antigen expression level is a sensitive parameter only in
antigen low-expressing tumors. In the current study, since the antigen expression level is high in
N87 cells (426 nM) and fast turnover is assumed, the applied dose (10 mg/kg) will not saturate all
binding sites on the cell surface and therefore the tumor PK profile is insensitive to antigen level.
Linearity of the tumor PK depends on several antigen-binding related parameters, such as KD, kint,
tumor size and cell surface antigen expression level. In the current study, non-linear PK is not
predicted until dose exceeds 5 mg/kg. Using this tumor PK model, the maximum tumor uptake vs.
protein molecular weight relationship and the tumor-to-plasma AUC ratio vs. protein molecular
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weight relationship were also predicted, and compared with the observed data. While the model
predicted relationships agreed well with the observed trends from the data, more data from
different size molecules would be required to further validate the model and observed trends.
Nonetheless, the systems PK model presented here provides a platform to predict the PK of
different size protein therapeutics in preclinical and clinical tumors.
In summary, here we have presented a preclinical in vivo investigation to study the effect of size
on tumor disposition of protein therapeutics. Our results suggest that tumor PK of different size

We observed parallel terminal slopes for all size molecules in antigen expressing tumors, and
tumor slopes of these molecules matched their plasma terminal slopes in antigen non-expressing
tumors. We also observed that ~100kDa is an optimal size to achieve peak tumor concentration
for non-FcRn binding targeted drug molecules, and ~50kDa is an optimal size to achieve
maximum tumor-to-plasma exposure ratio. All the observed PK data were a priori predicted by a
systems PK model developed to characterize tumor disposition of different size protein
therapeutics. Such tumor PK models provide a quantitative framework for discovery, development,
and preclinical-to-clinical translation of different size therapeutic and diagnostic agents.
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Legends for Figures
Figure-1: Schematic of the systems PK model developed to characterize and predict the PK of
different size protein therapeutics in the tumor. The model assumes that after systemic
administration the protein drug can either distribute to the peripheral compartment, clear from the
central compartment, or enter tumor interstitial space via surface exchange or vascular exchange.
Once in the tumor interstitial space, the protein can bind to the cell surface antigen. The drugantigen complex will then internalize into the tumor intracellular space, where the drug eventually
gets degraded via proteolysis.

Figure-3: Dose normalized plasma PK profiles of IgG, FcRn nonbinding IgG, F(ab)2, Fab and
scFv in (A) N87 and (B) MDA-MB-468 xenograft bearing mice. Dose normalized tumor PK profiles
of IgG, FcRn nonbinding IgG, F(ab)2, Fab and scFv in (C) N87 and (D) MDA-MB-468 xenograft
bearing mice. Solid line represents IgG, dashed line represents FcRn non-binding IgG, single dot
dashed line represents F(ab)2, double dot dashed line represents Fab, and dotted line represents
scFv.
Figure-4: The relationship between maximum tumor uptake (%id/g) and protein molecular weight
(kDa), and Tumor-to-Plasma AUC (0-t) ratio and protein molecular weight, in N87 and MDA-MB468 xenograft bearing mice. (A) Observed maximum tumor uptake relationship, (B) Observed
Tumor-to-Plasma AUC (0-t) ratio relationship, (C) Model predicted maximum tumor uptake
relationship, and (D) Model predicted Tumor-to-Plasma AUC (0-t) ratio relationship. Solid circles
and line represent N87 tumor, and open circles and dashed line represent MDA-MB-468 tumor.
Figure-5: Tumor PK prediction for IgG, FcRn nonbinding IgG, F(ab)2, Fab and scFv in N87
xenograft bearing mice. Solid circles represent observed plasma concentration of each molecule.
Open circles represent observed tumor concentration of each molecule. Solid line represents
model predicted plasma PK profiles of each molecule. Dotted line represents model predicted
tumor PK profiles of each molecule.
Figure-6: Tumor PK prediction for IgG, FcRn nonbinding IgG, F(ab)2, Fab and scFv in MDA-MB468 xenograft bearing mice. Solid circles represent observed plasma concentration of each
molecule. Open circles represent observed tumor concentration of each molecule. Solid line
represents model fitted plasma PK profiles of each molecule. Dotted line represents model
predicted tumor PK profiles of each molecule.
Figure-7: Local sensitivity analysis, where P, D, kint, and KD are changed by 30% CV to evaluate
the effect on the PK of F(ab)2 fragment in N87 and MDA-MB-468 tumors.
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Figure-2: Plasma and tumor PK profiles of IgG, FcRn nonbinding IgG, F(ab)2, Fab and scFv in
N87 and MDA-MB-468 xenograft bearing mice. Solid lines represent plasma concentration data.
Dashed lines represent tumor concentration data. Black lines represent data from N87 xenografts,
and blue lines represent data from MDA-MB-468 xenografts. Black dotted lines represent the
lower limit of quantification.
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Tables

Table-1. Glossary of the terms used in model equations
DESCRIPTION

UNIT

X1, X2

Amount of drug in central and peripheral compartments

nmole

C1, C2

Concentration of drug in central and peripheral compartments

nM

C3

Concentration of drug in tumor interstitium

nM

C4

Concentration of cell surface drug-antigen complex

nM

V1, V2

Volume of the central, peripheral compartment

L

Ctumor

Tumor concentration of the drug

nM

CLD

Distribution clearance

L/hr

CL

Systemic clearance

L/hr

TV

Tumor volume

mm3

RCAP

Radius of tumor blood capillary

µm

RK

Average distance between two capillaries

µm

Rt

Tumor radius

cm

𝜺

Void fraction

unitless

D

Diffusion coefficient

cm2/hr

P

Permeability

µm/hr

kon

Association rate between drugs and HER2

1/nM/hr

KD

Dissociation constant between drugs and HER2

pM

koff

Dissociation rate between drugs and HER2

1/hr

kint

Internalization rate of the drug-antigen complex

1/hr

𝑨𝒈𝒕𝒐𝒕𝒂𝒍,𝑵𝟖𝟕

Total HER2 concentration on N87 cells

nM

𝑨𝒈𝒕𝒐𝒕𝒂𝒍,𝟒𝟔𝟖

Total HER2 concentration on MDA-MB-468 cells

nM
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Table-2. Model parameter values
VALUE

UNIT

SOURCE

RCAP

8

µm

From (Schmidt and
Wittrup, 2009; Shah
et al., 2012)

RK

75

µm

From (Schmidt and
Wittrup, 2009; Shah
et al., 2012)

Rt

0.42

cm

Measured

𝜺

0.24

unitless

From (Shah et al.,
2012)

TV

300

mm3

Measured

kon

0.259

1/nM/hr

From (Shah et al.,
2012)

KD_Trastuzumab

90

pM

Measured

KD_F(ab)2

42

pM

Measured

KD_Fab

548

pM

Measured

KD_scFv

503

pM

Measured

koff_ Trastuzumab

0.023

1/hr

Calculated

koff_ F(ab)2

0.011

1/hr

Calculated

koff_ Fab

0.14

1/hr

Calculated

koff_ scFv

0.13

1/hr

Calculated

kint

0.035

1/hr

From (Maass et al.,
2016)

𝑨𝒈𝒕𝒐𝒕𝒂𝒍,𝑵𝟖𝟕

426

nM

Measured

𝑨𝒈𝒕𝒐𝒕𝒂𝒍,𝟒𝟔𝟖

0

nM

Assumed
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DMD # 87809
Table-3. Calculated CL and half-life of five molecules
Molecule

CL (L/h)

Terminal half-life (h)

Trastuzumab

9.59E-06

212

FcRn nonbinding trastuzumab

1.64E-04

6.9

F(ab)2

5.58E-04

3.4

Fab

4.60E-03

4.4

scFv

1.70E-02

0.80
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DMD # 87809
Table-4. Percentage predictive error (%) for model precited tumor PK profiles
N87

MDA-MB-468

Trastuzumab

3.96

117

FcRn nonbinding
trastuzumab

11.9

157

F(ab)2

-22.9

128

Fab

-21.9

87.3

scFv

39.2

21.1
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Figure-7
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