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Abstract 

 

Monoclonal antibodies (mAbs) targeted to the programmed cell death protein 1 (PD-1) 

remain the most prevalent cancer immunotherapy both as a monotherapy and in combination 

with additional therapies. Despite the extensive success of anti-PD-1 mAbs in the clinic, the 

experimental relationship between binding affinity and functional potency for anti-PD-1 

antibodies in vivo has not been reported. Two widely-used FDA-approved anti-PD-1 antibodies, 

nivolumab and pembrolizumab have similar single digit nanomolar equilibrium binding 

constants (KD). Anti-PD-1 antibodies with higher and lower affinity than nivolumab or 

pembrolizumab are entering the clinic and show varied pre-clinical efficacy. Here, we explore 

the role of broad-ranging affinity variation on efficacy within a single lineage in a syngeneic 

immunocompetent mouse model.  

Using yeast surface display and affinity maturation, we engineered a panel of murine 

anti-PD-1 antibodies with varying affinity (ranging from KD = 20 pM - 15 nM). A combination 

of equilibrium and kinetic sorting strategies was used to both improve and reduce the affinity of 

a parental anti-PD-1 clone, 29F.1A12. We characterized the affinity of the antibodies using a 

number of methods, including ELISA, off-rate bead assays, and bio-layer interferometry, to 

confirm the wide range of affinity. We also characterized the internalization rate and 

pharmacokinetic clearance rate of our antibodies to confirm a consistent drug profile aside from 

mPD-1 affinity. Using these experimentally-determined rates and literature values, we developed 

a physiologically-based pharmacokinetic (PBPK) model to complement the in vivo results and 

highlight the direct relationship between dose, affinity, and PD-1 target saturation in the tumor. 

Through in vivo efficacy studies using the MC38 murine adenocarcinoma model, we 

found that there is an affinity threshold required for maximum efficacy at a given dose of anti-

PD-1 immunotherapy. We demonstrate that efficacy can be rescued by increasing the dose of a 

low affinity clone. Thus alternatively, we show that for a given affinity, there is a dose threshold 

required to achieve maximum efficacy. Ultimately, we conclude that the anti-PD-1 affinity/dose 

relationship supports a clear receptor-occupancy mechanism of action. 
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1. Introduction 
 

Programmed cell death protein 1 (PD-1, also known as CD279) is a transmembrane 

glycoprotein that remains monomeric with a single extracellular IgV domain and two 

cytoplasmic tyrosine-based signaling motifs.1 Canonically, PD-1 is expressed in response to T 

cell activation and seeks to inhibit T cell receptor (TCR) signaling via recruitment of the SHP-2 

phosphatase. SHP-2 inhibits a number of signaling pathways including ZAP70 and 

phosphoinositide 3-kinase(P13K0)-AKT.2,3 This leads ultimately to decreased activation of 

transcription factors, such as nuclear factor of activated T cells (NFAT) and nuclear factor-əB 

(NF-əB), which are essential for maintaining T cell activation, survival, and effector.4 Itôs two 

ligands, PD-L1 (also known as CD274, B7-H1) and PD-L2 (CD273, B7-DC), are also 

transmembrane glycoproteins, and share more structural similarity to other proteins in the B7 

family as they have both an extracellular IgV and IgC domains.5 There is evidence that PD-1 

complexes with the SHP2 phosphatase independently of PD-L1 ligation.6 This suggests that the 

ligand interaction has an alternative function such as bringing PD-1 into the T cell synapse in 

close proximity to CD28.7 

PD-1 is currently the most widely exploited  checkpoint blockade target.2,8 PD-1 is 

induced on T cells following activation and inhibits the signals of the T cell receptor and 

costimulatory molecules such as CD28,9,10 slowing an on-going effector immune response to 

prevent immune-mediated damage.2,8 Checkpoint blockade immunotherapy of cancer seeks to 

prevent these inhibitory signals from slowing the immune response, reinvigorating effector T cell 

activity, and promoting tumor cell killing.3,11,12 The U.S. Food and Drug Administration (FDA) 

first approved checkpoint blockade immunotherapy against PD-1 in the form of monoclonal 

antibodies in 2014 for the treatment of melanoma.12 Evidence of the success of PD-1 checkpoint 
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blockade immunotherapy can be seen in the number of further FDA approvals for a plethora of 

tumor types, including nonïsmall cell lung cancer, renal cell carcinoma, and Hodgkinôs 

lymphoma.13ï15  

Despite the rampant success of anti-PD-1 monoclonal antibodies (mAbs) in the clinic, the 

relationship between binding affinity and functional potency for clinical anti-PD-1 antibodies is 

unpredictable.16 Two widely-used FDA-approved anti-PD-1 antibodies, nivolumab and 

pembrolizumab have similar single digit nanomolar equilibrium binding constants (KD).17 Only 

recently, anti-PD-1 antibodies were developed with picomolar affinity such as sintilimab, which 

has a KD of 74 pM as measured by SPR.18 When compared with nivolumab and pembrolizumab 

in a human tumor xenograft model in immunodeficient NOG mice, sintilimab performed 

significantly better across a number of metrics including tumor growth delay, CD8+ T cell 

recruitment to the tumor and an increased IFN-ɔ response.18 Pre-clinical testing of candidate 

drugs, like sintilimab, has limitations though - a humanized mouse model will not fully 

recapitulate a functional immune system response to anti-PD-1 checkpoint blockade.19,20 

Humanized mouse models require immunocompromised mice to prevent host-vs-xenograft 

disease and rely on the transfer of active immune cells by PMBC injection.19,20 The immune 

response is often limited by incomplete reconstitution of important human immune 

subpopulations and thus, does not accurately demonstrate therapeutic efficacy.20 Additionally, 

conclusions about affinity cannot be drawn by comparing antibodies with different epitopes. The 

ability of an antibody to more fully block target-ligand interactions will likely dominate any 

effect due to relative affinities.16,21 Here, we explore the role of wide-ranging affinity variation 

within a single lineage in a syngeneic immunocompetent mouse model.  
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By developing a panel of murine anti-PD-1 antibodies with varying affinity (ranging 

from KD = 20 pM - 15 nM), we find that there is a threshold affinity required for maximum 

efficacy at a given dose in the treatment of the MC38 adenocarcinoma model with anti-PD-1 

immunotherapy. Alternatively, we show that for a given affinity, there is a dose threshold 

required to achieve maximum efficacy. Physiological-based pharmacokinetic (PBPK) modeling 

complemented these experimental results and highlights the direct relationship between dose, 

affinity, and target saturation in the tumor.  
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2. Engineering Varying Affinity Anti-PD-1 Antibodies 

2.1 Materials and Methods 

Cloning 

A DNA sequence encoding the ectodomain of murine PD-1 was purchased as a 

GeneBlock (IDT). This fragment was cloned with Q5 DNA polymerase (NEB) and NEBuilder® 

HiFi DNA Assembly (NEB) using customized primers (IDT) into the modified gWIZ vector 

(Genlantis) for expression as a mono Fc protein fusion.  

A DNA sequence encoding the variable light and heavy fragments of the anti-PD-1 clone 

29F.1A12 were purchased as a GeneBlock (IDT) and cloned using the same reagents as above in 

the pCTCON2 vector (AddGene Plasmid #41843). This vector and vectors with desired 

mutations were then used to clone the full length antibody into the gWiz vector (Genlantis) for 

protein expression.  

Plasmid DNA encoding each protein was transformed and amplified in Stellar Competent 

Cells (Takara Bio Inc.) and subsequently purified using NucleoBond Xtra Midi EF endotoxin-

free midi-prep kit (Takara Bio Inc.).  

 

Protein production and purification 

Proteins were produced in-house using suspension HEK293-F (Life Technologies, 

R79007), which were cultured in Freestyle medium (Life Technologies). HEK293 cells were 

transfected with sterile-filtered plasmid DNA using polyethylenimine in OptiPro serum-free 

medium (Thermo Fisher). The murine PD-1 ectodomain monoFc protein fusion and monovalent 

antibodies were HIS-tagged and purified by gravity column using TALON resin (Takara Bio 

Inc.). All bivalent antibodies were purified by gravity column using rProtein A Sepharose Fast 
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Flow resin (GE Healthcare). All proteins were characterized by Coomassie-stained SDS 

NuPAGE Bis-Tris protein gels (Thermo Fisher Scientific). Proteins were further purified by size 

exclusion chromatography, if aggregation was detected on the protein gel, using a HiLoad 

16/600 Superdex 200 pg column (Millipore Sigma) on an  KTA FPLC system (GE Healthcare). 

After purification, all proteins were buffer exchanged into sterile PBS (Corning), 0.2 ɛm sterile-

filtered (Pall Corporation), and confirmed to contain minimal endotoxin (<0.1 EU per injection) 

using a chromogenic LAL assay (Lonza). All proteins were flash-frozen by liquid nitrogen and 

stored at ī80 ÁC, and thawed on ice before use. 

 

Yeast surface display and affinity maturation 

The antibody clone 29F.1A12 was expressed on the surface of yeast in the scFv format as 

a fusion protein to Aga2p. Aga2p is natively expressed in S. cerevisiae, and binds to Aga1p on 

the surface of the yeast cells. Yeast surface display takes advantage of this protein 

relationship.22,23 The vector pCTCON2 (Addgene) contains the scFv fragment flanked by c-myc 

and hemagglutinin epitope tags as well as the Aga2p protein. When EBY100 yeast are 

transformed with the relevant pCTCON2 plasmid and induced, expression of the scFv on the 

yeast surface can be detected by labeling the flanking tags as visualized via flow cytometry.22,23   

Libraries were then constructed for affinity maturation. Libraries were constructed 

according to published protocols.23,24 Varying cycles (10-20) of error prone PCR were used to 

introduce mutations into the scFv in the pCTCON2 plasmid. Following DNA replication and 

backbone digestion, the libraries were transformed via electroporation into EBY100 yeast, a 

strain capable of homologous recombination. Affinity maturation, a cyclic process of DNA 

mutagenization, incubation of displaying yeast with target antigen, and fluorescent-activated cell 
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sorting (FACS), was used to acquire higher and lower affinity binders to murine PD-1. For all 

yeast experiments, yeast were grown in SD-CAA medium (containing 20 g/L D-glucose, 6.7 g/L 

yeast nitrogen base, 5 g/L casamino acids, 7.4 g/L citric acid monohydrate, 10.4 g/L sodium 

citrate, pH 4.5) to an optical density at 600 nm (OD600) of 2-5 at 30 °C. Yeast surface 

expression of the mutagenised scFv library was induced in SG-CAA medium (containing 18 g/L 

galactose, 2 g/L D-glucose, 6.7 g/L yeast nitrogen base, 5 g/L casamino acids, 5.4 g/L Na2HPO4, 

8.6 g/L NaH2PO4
- monohydrate, pH 6.0) overnight at 20 °C for cultures with a starting OD600 of 

1. All subsequent staining of yeast was performed in PBSA (PBS (Corning) with 1 mg/mL 

bovine serum albumin (BSA)). Equilibrium incubation and sorts were performed to find lower 

affinity binders. Equilibrium sorts consist of incubating displaying yeast with saturating 

concentrations of antigen (mPD-1 Fc) and sorting via FACS to collect low binding signal clones. 

Kinetic sorts were used to find higher affinity binders. Kinetic sorts consist of incubating yeast 

with a saturating concentration of antigen and then incubating over a number of hours to days in 

higher concentration of non-labeled antigen. The non-labeled antigen acts as a sink to prevent 

dissociated labeled antigen from re-binding to weaker scFv binders. FACS is then used to sort 

yeast populations that still maintain antigen binding after the lengthy incubation. Kinetic sorts 

were performed over a range of times (24-96 hours) and a range of temperatures (25-37°C). 

After each sort, DNA was extracted from the sorted yeast population using a Zymoprep Yeast 

Plasmid Miniprep kit (Zymo Research), re-transformed into E. coli Stellar Cells (Takara Bio), 

mini-prepped again, and sent for Sanger sequencing (Quintara Biosciences). 

 

2.2 Results and Discussion 

To determine what role antibody affinity played in the efficacy of anti-PD-1 

immunotherapy, we developed a panel of murine anti-PD-1 antibodies of the same lineage with 
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varying affinity. We started with a parental anti-PD-1 clone, 29F.1A12.25 We displayed an scFv 

format of the  murine anti-PD-1 clone 29F.1A12 on the surface of yeast using established 

methods.22,23 We confirmed that the scFv displayed on the surface of yeast bound to a murine 

PD-1 monoFc fusion protein (Figure 2.1). Murine PD-1 was solubly expressed as a fusion to an 

engineered monovalent human IgG1 Fc region to increase HEK cell expression levels and 

prevent dimer formation.26 The murine PD-1 monoFc fusion protein was also validated by 

ELISA to commercially purchased 29F.1A12 antibody (BioXcell) (Figure 2.1). We generated a 

library of yeast displaying 29F.1A12 mutants using established methods,22ï24 and used 

equilibrium incubations to sort for lower affinity binders to murine PD-1.  

We first performed a fully saturated 100 nM equilibrium sort on a generated 29F.1A12 

library (20 cycles of ePCR) (Figure 2.2). Individual clones were then sequenced and a saturated 

binding titration experiment was used to characterize the binding affinity of these clones. We 

determined that a single mutation (S102P) in the CDR H3 of one of the clones, L1, diminished 

binding to mPD-1 as compared to the parental 29F.1A12.  We proceeded to make a new library 

from our mutant scFv and isolated additionally lower affinity clones. We performed a 200 nM 

equilibrium sort on a new pooled library (10, 15, and 20 cycles of ePCR) and pulled out a 

number of clones. Again, individual clones were analyzed in a titration experiment (Figure 2.3). 

We determined that the combination of the CDR H3 mutation (S102P) and a CDR L3 mutation 

(D99N) confer further diminished binding to mPD-1 as compared to our single mutant scFv 

(Figure 2.3). 

To find higher affinity binders to mPD-1, we generated a library of yeast displaying 

29F.1A12 mutants and used both equilibrium and kinetic sorting strategies. We first performed a 

100 nM equilibrium sort on a pooled 29F.1A12 library (10, 15, and 20 cycles of ePCR) to 
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discard any mutants that no longer bound our soluble murine PD-1 mono Fc fusion protein. The 

retained clones were then sorted in two consecutive kinetic sorts at to 25°C for 24 hours (Figure 

2.4).  A number of clones after the rounds of sorting were tested individual and many displayed 

saturated binding of mPD-1 Fc for longer time points than the parental 29F.1A12 (Figure 2.5). 

This indicates that their binding affinity is higher than the parental 29F.1A12 clone (KD < ~1 

nM). We determined that a mutation in the same position in the CDR H3 (S102T) as the low 

affinity clone but with a different residue substitution conferred tighter binding to mPD-1 (Sup 

Fig. 3). We then created an additional pooled library and sorted more stringently ï we increased 

the temperature to 30°C and increased the time of incubation to 48-96 hours. A number of clones 

from the second round of kinetic sorts were tested individual and one of the clones displayed 

significant strong binding to mPD-1 Fc for a longer time point than the parental 29F.1A12 

(Figure 2.5). From this clone, we determined that a number of other mutations across the CDR 

H1 (S25P and T28I) and CDR L2 (L51P, F60L, and S61P) combined with our previous mutation 

(S102T) to elicit additionally strong binding to mPD-1. We did attempt a third series of sorting 

but found that these sorted populations contained mostly positive-charge-enriched non-specific 

binders. Additionally, we discovered clones that had mutated additional c-myc tags into the 

vector indicating that the yeast were using strategies beyond point mutations to increase binding. 

At this point, we were satisfied with our panel of varying affinity scFv mPD-1 binders.  

Though we presumed to have a wide range of affinity antibodies from our affinity 

maturation of scFvs via yeast surface display, we needed to express our mutants as full -length 

antibody constructs to confirm. We expressed all of our mutant clones as monovalent antibodies, 

using Fab arm exchange by combining a bivalent antibody with an Fc only construct (Figure 

2.6).27,28 Murine PD-1 is expressed as a monomer on the cell surface and thus, we wanted to 
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make monovalent antibodies to yield 1 to 1 interactions between drug and target. This would 

allow direct comparison between the clones without the interpretation being complicated by 2 to 

1 drug-target avid interactions. The monovalent antibodies were expressed using a co-

transfection strategy where equal part of the DNA from the light chain, the His-tagged heavy 

chain, and the Fc only construct, were mixed and added to HEK cells. Due to molecular weight 

differences, this ratio was reaction limited by the heavy chain DNA, such that all the products 

purified by his-tag TALON resin (Takara Bio) would be heterodimer proteins. The mAbs were 

produced with a murine IgG2c isotype with a kappa light chain with the LALA-PG mutations.29 

The LALA-PG mutations ablate Fc effector functions and prevent target cell (T cell, dendritic 

cell, macrophage, etc.) clearance via the complement-dependent cytotoxicity and antibody-

dependent cellular cytotoxicity pathways.29 Note that this is not the standard format available 

commercially (standard format is rat IgG2a, ə). Additionally, we generated a homology model of 

the variable heavy and light chains using the ROSIE platform,30ï33 which allowed us to confirm 

that the residue mutations were surface exposed as well as illustrating the expected paratopic 

location (Figure 2.7). The sequence mutations for our panel of anti-PD-1 antibodies can be 

found in Figure 2.7. 
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Figure 2.1 

 
Figure 2.1 ELISA results for purchased 29F.1A12 antibody binding to in-house produced 

murine PD-1 monoFc fusion protein with calculated equilibrium binding constant. Yeast titration 

curve fitting for 29F.1A12 scFv binding to murine PD-1 monoFc fusion protein with calculated 

equilibrium binding constant. 

 

 

 

 

 

 

Figure 2.2 

 
 

Figure 2.2 Sorting gates (left) used on for a 100 nM equilibrium sort of an ePCR library of the 

29F.1A12 scFv where the positive control is fully saturated (right). The x-axis indicates the 

display of scFv on the yeast surface while the y-axis indicates antigen binding. 
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Figure 2.3 

 

 
Figure 2.3 Saturated binding titration of individual clones with lower binding affinities to mPD-

1 than parental 29F.1A12. Mut 7 refers to clone L1 and Mut7.17 refers to clone L2. The 

additional clones were discarded as they had similar binding affinity to mPD-1 as compared to 

clone L1.  

 

 

 

 

 

 

Figure 2.4 

 
Figure 2.4 Two rounds of kinetic sorts performed on pooled 29F.1A12 library to sort for higher 

affinity binders. The x-axis indicates the display of scFv on the yeast surface while the y-axis 

indicates antigen binding. 
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Figure 2.5 

 

Figure 2.5 Individual mutant scFv clones analyzed kinetically under the indicated time and 

temperature conditions. Red boxes highlight the clones of interest which displayed stronger 

binding as compared to the parental control clone, 29F.1A12, in the two left corners. 

 

 

Figure 2.6 

 
Figure 2.6 A co-transfection strategy using three plasmids: the HIS-tagged heavy chain with one 

set of Fab arm exchange mutations, the light chain, and the Fc only plasmid with the other set of 

Fab arm exchange mutations,27,28 was used to express the monovalent antibodies. A coomassie 

protein gel shows the clean non-aggregated product after TALON resin (Takara Bio) gravity 

column purification. 
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Figure 2.7 

 
 

Figure 2.7 Engineered anti-PD-1 monovalent mutants. (a) Mutations across complementary 

determining regions (CDR) compared to the parental murine anti-PD-1 clone, 29F.1A12. (b) 

Bivalent and monovalent antibody formats including LALA-PG mutations to silence Fc effector 

function29 (c) Homology model generated using the ROSIE platform.30ï33 Colors match the CDR 

as indicated in panel (a).  
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3. Characterizing Anti-PD-1 Antibodies In Vitro and In Vivo 

3.1 Materials and Methods 

 

Murine PD-1 enzyme-linked immunosorbent assay (ELISA) 

96-well plates were coated with soluble murine PD-1 monoFc fusion protein overnight at 

4°C. The coated plates were then blocked at room temperature for at least 2 hours with PBS 

(Corning) with 10 mg/mL BSA (Thermo Fisher Scientific) and 0.05% vol/vol Tween-20 

(Millipore Sigma). The plates were then incubated overnight at 37°C with various concentrations 

of antibodies in PBSTA (PBS (Corning) with 1 mg/mL BSA (Thermo Fisher Scientific) and 

0.05% vol/vol Tween-20 (Milli pore Sigma)). Wells were washed with PBSTA four times and 

then incubated with horseradish peroxidase-conjugated streptavidin (Thermo Fisher Scientific) at 

a 1:3000 dilution in PBSTA for 1 hour at 37°C. Wells were washed again four times with 

PBSTA, and then 1-Step Ultra TMB-ELISA Substrate Solution (Thermo Fisher Scientific) was 

added for 5ï10 min followed by 1 M sulfuric acid to stop the chromogenic reaction. Absorbance 

at 450 nm (corrected with a reference absorbance at 570 nm) was measured on an Infinite M200 

microplate reader (Tecan). 

 

Bio-layer Interferometry 

An Octet RED96e instrument (FortéBio, Sartorius AG) was used to perform binding 

experiments of the antibodies to soluble murine PD-1 monoFc fusion protein. The murine PD-1 

fusion protein was biotinylated using EZ-Link sulfo-NHS-LC-Biotin (Thermo Fisher Scientific) 

according to the manufacturerôs instructions. Briefly, the Biotin-conjugate was added to protein 

in 0.1M sodium phosphate buffer at a ratio of 1:5 molar excess. The reaction proceeded at room 

temperature with continuous rocking and was stopped with 10x tris-buffered saline after 30 
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minutes. Any remaining unbound biotin was removed by Amicon® Ultra-15 centrifugal filters 

(Millipore Sigma) or Zeba Spin Desalting Columns (Thermo Fisher Scientific) and the protein 

was buffer exchanged to PBS (Corning). The biotinylated protein was then loaded onto SA 

sensors at 2 ug/mL for 60 seconds. These sensors were then first dipped into PBS (Corning) for 

60 s to establish a baseline, and then exposed to each antibody solution (varying concentrations) 

for 600 seconds to measure association. The sensors were then returned to PBS (Corning) for 

1800 seconds for dissociation. Curve fitting to calculate apparent kD was performed using the 

Octet System Data Analysis software (FortéBio, Sartorius AG).  

 

Off-rate Bead Assay 

Soluble murine PD-1 monoFc fusion protein was labeled with Alexa Fluor 488 NHS 

Ester (Thermo Fisher Scientific) according to the manufacturerôs instructions. Briefly, the dye-

conjugate was added to proteins in 0.1M sodium phosphate buffer at a ratio of 1:5 molar excess. 

The reaction proceeded at room temperature with continuous rocking and was stopped with 10x 

tris-buffered saline after 30 minutes. Any remaining free dye was removed by Amicon® Ultra-

15 centrifugal filters (Millipore Sigma) or Zeba Spin Desalting Columns (Thermo Fisher 

Scientific) and the protein was buffer exchanged to PBS.  

Magnetic streptavidin Dynabeads (Thermo Fisher Scientific) were labeled with 

biotinylated monovalent antibodies. Briefly, 5 uL of beads per sample well were washed per 

manufacturerôs instructions. Beads were then resuspended with 20 pmol of protein per 5 uL of 

beads and incubated with continuous rocking at room temperature for 1-2 hours. Beads were 

then washed and resuspended in blocking buffer (PBS (Corning) with 0.05% v/v Tween-20 

(Millipore Sigma) and 10 mg/mL BSA (Thermo Fisher Scientific)). The beads were then 
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incubated with continuous rocking at room temperature in blocking buffer for 1 hour. The beads 

were then washed with PBS three times and then stored for up to a week at 4°C. 

Samples were prepared with 10 uL of labeled beads in 0.3-0.5 mL of running buffer (PBS 

(Corning) with 0.01% v/v Tween-20 (Millipore Sigma)) with at least a 10 nM concentration of 

Alexa Fluor 488-labeled murine PD-1 monoFc fusion protein. Samples were incubated with 

continuous rocking at room temperature for 20-60 minutes. The beads were then washed three 

times and resuspended with a concentration of 10x excess unlabeled murine PD-1 monoFc 

fusion protein in 1 mL of running buffer. The samples were then incubated at 37°C until the 

various time points were reached. At each time point, a small volume of sample was removed 

(~50 uL) and washed three times. The sample was then resuspended in PBS (Corning) with 1 

mg/mL BSA (Thermo Scientific Fisher) for flow cytometry. Controls were prepared to calculate 

background signal (no Alexa Fluor 488-labeled antigen exposure) and 100% signal (time zero 

sample).  Median fluorescence intensity in the Alexa Fluor 488 channel was determined using 

FlowJo_v10.7.2 (FlowJo, LLC). MATLAB (R2019b, Mathworks) was used to plot and derive an 

apparent koff rate using a single exponential decay equation.  

 

Modified kinetic exclusion assay 

This method was modified from previous works.34,35 Magnetic streptavidin Dynabeads 

(Thermo Fisher Scientific) were labeled with biotinylated soluble murine PD-1 mono Fc fusion 

protein as described above. Samples were prepared with a fixed 1 nM concentration of 

monovalent antibody and a varying concentration of mPD-1 fusion protein (1 pM - 10 nM) in 

separate tubes. The samples were then incubated at 37°C until equilibrium was reached (at least 

72 hours). After incubation, the samples were briefly exposed to the prepared beads to capture 
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any unbound antibody and washed three times. The beads were then resuspended in detection 

buffer (blocking buffer with 1:1000 polyclonal goat anti-mouse AF647 secondary antibody 

(Thermo Fisher Scientific)) and incubated at 4°C for 15-20 minutes.  The samples were then 

washed three times again and resuspended in PBSA (PBS (Corning) with 1 mg/mL BSA 

(Thermo Fisher Scientific)) and run on the flow cytometer. Median fluorescence intensity in the 

Alexa Fluor 647 channel was determined using FlowJo_v10.7.2 (FlowJo, LLC). MATLAB 

(R2019b, Mathworks) was used to plot and derive apparent Kd as dictated by the following 

equation:  

ὣ  
ὛὭὫ ὛὭὫ

ςὊὒ
Ὂὒ Ὧ ὢ Ὂὒ ςὊὒὯ ςὊὒὢ Ὧ ςὢὯ ὢ ὛὭὫ  

where [FL] (active fixed ligand concentration), Sig100, Sig0, and KD are solved for using the fitted 

data from the flow cytometry signal (Y) and the varied ligand concentration (X).  

 

Internalization assay on ex-vivo cultured CD8+ T cells 

Proteins were labeled with Alexa Fluor 488 NHS Ester (Thermo Fisher Scientific) 

according to the manufacturerôs instructions and as described above. Splenocytes were harvested 

from the spleen of a healthy C57BL/6 female mouse. The EasySepÊ Mouse CD8+ T Cell 

Isolation Kit (Stemcell Technologies) was used to isolate CD8+ T cells. The T cells were then 

plated and activated with anti-CD3 (0.5 ug/mL) and anti-CD28 (5 ug/mL) for 48 hours followed 

by another 48 hour proliferation in media without antibodies. The T cells were cultured in RPMI 

(ATCC) supplemented with 10% fetal bovine serum (FBS) (Thermo Fisher Scientific), 1% 

penicillin-streptomycin (Thermo Fisher Scientific), 1x Gibco® MEM Non-Essential Amino 

Acids (Thermo Fisher Scientific), 1x sodium pyruvate 100 mM (Thermo Fisher Scientific), 1x 2-



26 

mercapoethanol (Thermo Fisher Scientific), and 10ng/mL mouse IL-2 (protein made in-house) 

for culture medium.  

Internalization was then measured using established protocols.36 The cultured and 

activated CD8+ T cells were seeded at 100,000 cells per well and the Alexa Fluor 488-labeled 

antibodies were spiked in 10 ug/mL at each relevant time point. At the final time point, 

antibodies were spiked in to coat the surface protein and then excess antibody was washed away. 

The samples were then split in two. An Alexa Fluor 488 polyclonal quenching antibody (Thermo 

Fisher Scientific) was then added at 25 ug/mL to half of the wells to quench the surface bound 

antibodies, thus the only remaining fluorescence in these samples was internal. All the samples 

were stained with 4ǋ,6-diamidino-2-phenylindole (DAPI) (Thermo Fisher Scientific) and run on 

the flow cytometer. Median fluorescence intensity (gated on live cells) in the Alexa Fluor 488 

channel was determined using FlowJo_v10.7.2 (FlowJo, LLC) to calculate total, internal, and 

surface fluorescence. Plots comparing the internal fluorescence and the integral of surface 

fluorescence overtime were used to calculate internalization rate. 

 

Animal models and cell lines 

All animal work complies with regulations established by Massachusetts Institute of 

Technology Committee of Animal Care (CAC) and Division of Comparative Medicine (DCM) 

under a protocol approved by the Institutional Animal Care and Use Committee (IACUC) in 

accordance with federal, state, and local guidelines. Female B6 mice (C57BL/6NTac) between 

6ï8 weeks of age were purchased from Taconic. 
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MC38 cells (Kerafast, ENH204-FP) were cultured in Dulbeccoôs modified Eagleôs 

medium (ATCC) supplemented with 10% FBS (Thermo Fisher Scientific). All cells were 

maintained at 37 °C and 5% CO2, and tested negative for mycoplasma. 

 

Pharmacokinetic studies of drug in vivo 

Proteins were labeled with Alexa Fluor 647 NHS Ester (Thermo Fisher Scientific) 

according to the manufacturerôs instructions and as described above. Proteins were injected 

intravenously (i.v) by retro-orbital injection once at the indicated dose into C57BL/6 female mice 

6 days after inoculation with 106 MC38 cells. At each time point, a few microliters of blood were 

collected in capillary tubes from the tail. The blood is allowed to settle for 48 hours after the 

final time point which allows for blood clotting and serum separation. The capillary tubes are 

then imaged using a LI-COR Odyssey instrument (LI-COR, Inc.). Grayscale images from the 

700 and 800 nm channels were quantified in ImageJ (National Institutes of Health) and fit with 

exponential decay models in Prism 9 (GraphPad Software, Inc.). 

 

3.2 Results and Discussion 

 

We measured the affinity of the monovalent antibodies to the murine PD-1 monoFc 

fusion protein by enzyme-linked immunosorbent assay (ELISA) (Figure 3.1) and determined the 

equilibrium binding constant for the parental antibody and the low affinity clones (Table 3.1). 

The ELISA was not sufficient to determine the equilibrium binding constant of the high affinity 

clones as depleting conditions eliminate any expected positive signal at low sub-nanomolar 

concentrations. We measured the dissociation rates of the full panel of monovalent antibodies 

using a bead-based assay (Figure 3.2) and saw an expected wide range of values (Table 3.1). 

The protocol for the bead-based assay is included in the supplemental information. Additionally, 
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we performed a modified kinetic exclusion assay to confirm the affinity of the parental 

29F.1A12 monovalent antibody and calculated an equilibrium binding constant of 0.0925 nM 

(0.0226, 0.1625, 95% confidence interval) (Figure 3.3). The protocol for the modified kinetic 

exclusion assay is included in the supplemental information. Finally, the association and 

dissociation rates of the monovalent antibodies were measured using an Octet instrument 

(FortéBio, Sartorius AG) (Figure 3.4). The protocol for bio-layer interferometry is included in 

the supplemental information. The affinity related constants are summarized in Table 3.1. Thus, 

we confirmed that these clones do indeed bind soluble murine PD-1 when expressed as full-

length antibodies and cover a wide range of affinities with equilibrium binding constants 

spanning from 15 nM to 20 pM. 

Despite the range in affinity, the antibodies demonstrate similar rates of PD-1-mediated 

internalization on CD8+ T cells. Ex-vivo activated CD8 T cells isolated from murine splenocytes 

were incubated with our fluorophore-conjugated antibodies and internalization was measured via 

flow cytometry using established methods.29 Plots comparing the internal fluorescence and the 

integral of surface fluorescence overtime were used to calculate internalization rate (Figure 3.5). 

The internalization rate of the monovalent antibodies aligned closely with the expected half-life 

of the bivalent antibody of around 30 hours on the cell surface (Figure 3.6).30 The faster 

internalization rate of the lowest affinity antibody may be a result of the lack of saturated surface 

binding due to its poor affinity.  

Next, we sought to understand the pharmacokinetic clearance rate of our antibodies. 

Clearance rates were determined by measuring the concentration of the fluorophore-conjugated 

antibodies in the blood of tumor-bearing C57CL/6 mice overtime (Figure 3.7). All of the 

antibodies in our panel demonstrate similar rates of clearance both in a first rapid phase of tissue 

https://paperpile.com/c/ck52uC/ovgR
https://paperpile.com/c/ck52uC/HELI
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distribution and then a slow phase of excretion. Similar clearance rates were measured in non-

tumor-bearing C57CL/6 mice (Figure 3.8). The data show a somewhat slower clearance rate of 

the low affinity antibodies, which may result from protein diffusion back from the tissue, as they 

do not bind as tightly to the target. While we expected a difference between the monovalent and 

bivalent constructs resulting from the differences in protein size,31 the data do not demonstrate 

any significant differences. These data demonstrated the consistent internalization and 

pharmacokinetic clearance rates of all our antibody constructs. 

 

 

  

https://paperpile.com/c/ck52uC/aK62
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Table 3.1: Affinity measurements of monovalent antibody panel (fitted value and standard 

deviations reported) 

 

Antibody ELISA KD 
[nM] 

OCTET KD 
[nM] 

OCTET koff 

[1/s] 
Bead Assay koff 

[1/s] 
OCTET kon 

[1/M*s] 

29FeL2 15.88 ± 
1.29 

12.01 ± 
0.179 

1.70 e-3 

± 6.56 e-6 

2.03 e-3 

± 6.64 e-4 

1.41 e5 

± 2.03 e3 

29FeL1 1.37 ± 0.14 9.658 ± 
0.084 

3.78 e-4 

± 9.21 e-7 

8.17 e-4 

± 8.35 e-5 

3.92 e4 

± 3.50 e2 

29F 0.078 ± 
0.007 

0.296 ± 
0.0011 

2.57 e-4 

± 6.58 e-7 

2.55 e-4 

± 1.44 e-5 

8.68 e5 

± 2.16 e3 

29Fe1.3 
 

0.143 ± 
<0.001 

8.51 e-5 

± 2.96 e-7 

8.23 e-5 

± 0.897 e-5 

5.96 e5 

± 6.98 e2 

29Fe2.13 
 

0.019 ± 
<0.001 

1.13 e-5 

± 3.16 e-7 

2.69 e-5 

± 1.31 e-5 

5.91 e5 

± 7.54 e2 
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Figure 3.1 

 

Figure 3.1 ELISA results for monovalent antibodies (a) ELISA results for two lower affinity 

mutants and the parental antibody (b) ELISA results for all antibodies with depleting conditions 

for high affinity antibodies  
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Figure 3.2 

 

Figure 3.2 Off-rate bead assay results for monovalent antibodies (a) Off-rate bead assay curve 

fitting of two lower affinity mutants and the parental antibody (b) Off-rate bead assay curve 

fitting of two higher affinity mutants and the parental antibody  
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Figure 3.3 

 

Figure 3.3 Kinetic exclusion assay curve fitting for parental 29F.1A12 monovalent antibody 

 

  



34 

Figure 3.4 

 

Figure 3.4 Association and dissociation curves generated via Octet (FortéBio, Sartorius AG) for 

the monovalent antibody panel 
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Figure 3.5 

 

Figure 3.5 Internalization rate is calculated to be the slope of the graphs comparing internalized 

fluorescence and the integral of surface fluorescence overtime. Representative graphs from one 

of the internalization experiments are shown here for the monovalent antibody panel and the 

bivalent parental antibody 

 

Figure 3.6  

 

Figure 3.6 Measured internalization rates (a) Log rate of internalization of the full panel of 

monovalent antibodies as well as the bivalent parental antibody (b) Log half-life of 

internalization of the full panel of monovalent antibodies and the bivalent parental antibody  
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Figure 3.7 

 

Figure 3.7 Biexponential decay curve fit of clearance rate of the full panel of monovalent 

antibodies and the parental bivalent antibody in tumor-bearing C57BL/6 mice 

 

Figure 3.8 

  

Figure 3.8 Biexponential decay curve fitting of clearance rate for full panel of monovalent 

antibodies and the parental bivalent antibody in non-tumor-bearing C57BL/6 mice   
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4. Developing a Physiologically-based Pharmacokinetic Model 

 
4.1 Materials and Methods 

Physiologically-based Pharmacokinetic Model 

The physiologically-based pharmacokinetic (PBPK) two-compartment model built here 

extends from the compartmental models of tumor targeting antibodies developed by Greg 

Thurber and Alison Tisdale, two former Wittrup lab members.37ï39  To understand and predict 

how a treatmentôs pharmacokinetic properties impact therapeutic efficacy, we built the kinetic 

and transport dynamics that occur following an intraperitoneal injection of our antibody into a 

computational model. Following an intraperitoneal injection, the antibody diffuses into the blood 

and into the tissue. From the blood, the drug can diffuse back into the tissue or be cleared 

entirely from the body at a given rate (kclear). Since high interstitial pressures within tumors 

prevent the formation of fluid pressure gradients across vessel walls into the interstitium, we 

model drug transport via diffusion rather than convection.37 Protein diffusion is defined by a 

capillary permeability validated by Schmidt et al.40 In the tumor microenvironment,, the drug can 

interact with its target on activated immune cells. Protein-binding interactions are driven by 

association (kon) and dissociation (koff) rate constants, and the concentration of the drug and its 

receptor. The target receptor, both free and bound by drug, can be internalized from the cell 

surface at a given rate (kint). Increasing concentrations of target receptor due to new molecule 

synthesis, cell proliferation, and cell surface receptor recycling can be estimated by a logistic 

growth function dictated by a growth rate (ksyn/growth) and population capacity (PD1Steady-State).
41 

These rates were determined experimentally as described in Chapter 3 or derived from 

established models in the literature.37,40,42 The parameters derived from literature are detailed in 

Table 4.1. The model parameters determined experimentally are detailed in Table 4.2. The 



38 

model parameters derived from literature specific to PD-1 and PD-L1 are detailed in Table 4.3. 

The intial conditions for the model are detailed in Table 4.4. Finally, the set of ordinary 

differential equations which form the basis of the model are detailed in Table 4.5. The ordinary 

differential equations were solved with a stiff solver (ode15s) in MATLAB (R2019b, 

Mathworks). Solving the ODEs allows us to predict the expected concentration of drug in the 

plasma, the total drug in the tumor, and the amount of free and bound target receptor in the tumor 

over time. The code is included in the supplemental information.  

4.2 Results and Discussion 

We developed a physiologically-based pharmacokinetic (PBPK) two-compartment model 

to analyze the pharmacokinetics of our murine anti-PD-1 antibodies. A graphical representation 

of the model is shown in Figure 4.1. The model provides the concentration of free drug in the 

plasma, free drug in in the tumor, free receptor (PD-1) in the tumor and occupied receptor (PD-1 

bound by antibody) (Figure 4.1). By varying the KD of the antibody in the model, we can detail 

how long we expect the PD-1 to be saturated (say above 99% saturated) in the tumor for a given 

dose. Figure 4.2 shows the expected PD-1 saturation time using a dose of 135 nanomoles (200 

ɛg bivalent, 135 ɛg monovalent). Due to low receptor expression and low T cell abundance, 

most of the drug is cleared from the body without any receptor interaction. Thus, the clearance 

rate of the drug, kclear, significantly impacts the time scale of full receptor saturation by the drug. 

Fortunately, we have shown above that the clearance rate is fairly consistent across our panel of 

monovalent antibodies in Chapter 3. Within the tumor, the rate most heavily influencing receptor 

saturation is the drug dissociation rate (koff). Thus, the model predicts that drug dose, which 

dictates the bolus concentration of drug in the blood, and the affinity (dissociation rate, in 
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particular) will most significantly influence the saturation of our target receptor in the tumor over 

time. 

We can also employ scaling analysis to further understand the effect of affinity on tumor 

saturation for our model system. The Thiele modulus can be defined as the rate of internalization 

over the rate of diffusion with binding (Figure 4.3). For a high KD mAbs (low affinity), the rate 

of diffusion with binding is dominated by the equilibrium constant. In this case, the antibody will 

diffuse throughout the tumor but will not fully saturate the antigen sites at all times given the low 

affinity. For low KD mAbs (high affinity) with a low dose and thus, low antibody concentrations 

at the blood and periphery of the tumor, the rate of diffusion through the tumor will be dependent 

on both the low antibody concentration and low equilibrium constant. In this case, the antibody 

will saturate the antigen sites within the tumor in a shell-like fashion but will not be able to 

diffuse fully into the tumor simply due to lack of available antibody. The optimal case involves a 

high affinity antibody with a low Kd dosed such that the blood and surface concentration of 

antibody is high enough to fully saturate all antigen sites within the tumor. In this case, the 

Thiele modulus no longer depends on the antibody equilibrium constant and rather solely on the 

antibody surface concentration at the periphery of the tumor. This surface concentration is 

directly related to the antibody plasma concentration. Thus, with a high enough I.P. dose, we can 

calculate an equilibrium constant cutoff below which all antibodies will perform equivalently in 

terms of tumor antigen site saturation using this simple two-compartment model. This analysis 

also demonstrates that further spatial dynamics are not necessary to include in the model as all of 

our antibodies are sufficiently strong enough to saturate the tumor thoroughly at the chosen 

doses.   
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Figure 4.1 

 

Figure 4.1 Physiological-based pharmacokinetic model of anti-PD-1 immunotherapy (a) 

Simplified diagram of two compartment model with relevant parameters (b) Concentration of 

drug in the plasma overtime for a 100 µg dose given every three days (c) Concentration of free 

receptor in the tumor (d) Concentration of free drug in the tumor (e) Concentration of receptor 

bound by drug in the tumor 
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Figure 4.2 

 

Figure 4.2 PBPK model timescale prediction of PD-1 saturation in the tumor above a 99% 

threshold for an antibody of a given affinity for a 135 ɛg dose 

 

Figure 4.3 

 

Figure 4.3 Scaling analysis can be used to understand the effect of affinity on tumor saturation 

for our model system 
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Table 4.1: Glossary of compartment model variables and inputs 

Symbol Parameter Value Ref. Notes 

t Time 0 - Dose 
Length 

 Time of simulation varies based on 
number of doses and time between 
doses 

Vblood Blood volume ~2 mL 39,41 Approximate volume of blood in 
mouse 

Vtumor Tumor volume ~ 100 uL 39,41 Approximate volume of 50 mm3 
MC38 tumor 

Rcap Average tumor 
capillary radius 

8 µm 

(5-15 µm) 

38 ¦ǎŜŘ ƛƴ YǊƻƎƘΩǎ ŎȅƭƛƴŘŜǊ ƳƻŘŜƭ ƻŦ 
vascular transport, Ratio of the blood 
vessel surface area (S) to tumor 
volume (V): S/V = 2Rcap/RKrogh

2  

Rkrogh Average radius of 
tissue surrounding 

tumor capillary 

75 µm 

(20-150 µm) 

38 ¦ǎŜŘ ƛƴ YǊƻƎƘΩǎ ŎȅƭƛƴŘŜǊ ƳƻŘŜƭ ƻŦ 
vascular transport 

 ʁ Void fraction 0.24 39,40 Defined by the interstitial space 
accessible to the drug dependent on 
cellular density of the tumor 

P Tumor capillary 
permeability 

3 x 10-9 m/s 38 Used in the two-pore model of the 
vasculature in the tumor 
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Table 4.2: Experimentally-determined parameters for antibody and PD-1 

Symbol Parameter Value Ref. Notes 

kclear,fast Fast rate of 
clearance from 
blood to tissue 

3.089 x 10-5 

1/s 
 Median rate determined via 

pharmacokinetic clearance of protein 
from blood 

kclear,slow Slow rate of 
clearance from 

blood via excretion 

1.964 x 10-6 

1/s 
 Median rate determined via 

pharmacokinetic clearance of protein 
from blood 

KD Equilibrium 
binding constant 

Varies (0.01 
pM-50 nM) 

 Range determined via ELISA, Bio-layer 
interferometry 

kon Association rate Varies (104 - 
106 1/(M*s)) 

 Range determined via Bio-layer 
interferometry 

koff Dissociation rate Varies (10-3 - 
10-6 1/s) 

 Range determined via Bear Assay, Bio-
layer interferometry 

kint Internalization 
rate of PD-1 and 
mAb-bound PD-1 

1.236 x 10-5 

1/s 
 Median rate determined by 

internalization assay 
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Table 4.3: Literature-based parameters for PD-1 and PD-L1 

Symbol Parameter Value Ref. Notes 

PD1SS PD-1 steady-state 
concentration 

7.141 x 10-11 
M 

42 Expected peak steady-state 
concentration of cell surface PD-1 in 
the tumor 

ksyn, PD-1 Growth rate of PD-
1 

Varies based 
on [PD-1] 

41 Logistic growth rate of PD-1 due to 
cell growth and increased expression  
ksyn,PD-1 = [PD-1]total

  x (1 - ([PD-
1]total/PD1ss)) 

PDL1SS PD-L1 steady-state 
concentration 

9.091 x 10-11 
M 

43,44 Expected peak steady-state 
concentration of cell surface PD-L1 in 
the tumor 

KD, PD-L1 Equilibrium binding 
constant of PD-L1 

4 x 10-6 M 45 Equilibrium binding constant between 
PD-L1 and PD-1 

koff, PD-L1 Dissociation rate of 
PD-L1 from PD-1 

0.5 1/s 5  

kint, PD-L1 Internalization rate 
of PD-L1 

2.561 x 10-5 
1/s 

46  

ksyn, PD-L1 Synthesis rate of 
PD-L1 

3.550 x 10-6 

M/s 
 ksyn, PDL1 = kint, PD-L1  x PDL1ss 
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Table 4.4: Initial Conditions for Model 

Symbol Parameter Value Ref. Notes 

[mAb]Plasma Initial concentration of 
drug in plasma 

Varies 
based on 
dose, M 

      

 

[mAb]Tumor Initial concentration of 
free drug in the tumor 

0 M   

[PD-1/mAb]Tumor Initial concentration of 
drug bound to PD-1 in 

the tumor 

0 M   

[PD-1]Tumor, Free Initial concentration of 
PD-1 free in the tumor 

4.546 x 
10-13  M  

42,43 Total PD-1 concentration is 
10% of steady state value. 
Assume 95% is bound by PD-L1 
at t = 0 

[PD-1/PD-L1]Tumor Initial concentration of 
PD-1 bound to PD-L1 

in the tumor 

8.636 x 
10-12  M 

42,43 Total PD-1 concentration is 
10% of steady state value. 
Assume 95% is bound by PD-L1 
at t = 0 

[PD-L1]Tumor Initial concentration of 
PD-L1 free in the 

tumor 

8.413 x 
10-11  M 

42,43 Steady state concentration of 
PD-L1 minus the concentration 
bound to PD-1 
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Table 4.5: Model Set of Ordinary Differential Equations 

Parameter Equation 

Ὠ άὃὦ

Ὠὸ
 

= Ὧ ȟ άὃὦ   Ὧ ȟ άὃὦ   
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5. Assessing Efficacy of Anti-PD-1 Antibodies In Vivo 
 

5.1 Materials and Methods 

Animal models and cell lines 

All animal work complies with regulations established by Massachusetts Institute of 

Technology Committee of Animal Care (CAC) and Division of Comparative Medicine (DCM) 

under a protocol approved by the Institutional Animal Care and Use Committee (IACUC) in 

accordance with federal, state, and local guidelines. Female B6 mice (C57BL/6NTac) between 

6ï8 weeks of age were purchased from Taconic.  

MC38 cells (Kerafast, ENH204-FP) were cultured in Dulbeccoôs modified Eagleôs 

medium (ATCC) supplemented with 10% FBS (Thermo Fisher Scientific). All cells were 

maintained at 37 °C and 5% CO2, and tested negative for mycoplasma. 

 

In vivo tumor survival studies and treatment 

For inoculation of MC38 tumors, 106 cells resuspended in 50 ɛL of sterile PBS were 

injected subcutaneously into the right flanks of C57BL/6 female mice. For all tumor studies, 

treatment began 6 days after inoculation. Treatments were administered every 3, 6, or 7 days 

depending on the study design, as indicated. Anti-PD-1 treatment was administered at the 

indicated dose intraperitoneally (i.p.) in 50-100 ɛL of sterile PBS. Mice were sorted for equal 

tumor size distribution between the treatment groups immediately before the first treatment. 

Tumor size was measured as an area (longest dimension × perpendicular dimension) three times 

weekly, and mice were euthanized when tumor area exceeded 100 mm2. Mice that rejected 

tumors were re-challenged alongside age-matched naive C57CL/6 female mice with 105 MC38 

tumor cells on the left flank at 14-19 weeks (98-133 days) after the first tumor inoculation and 
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tumor growth was monitored. All analysis was performed in Prism 9 (Graphpad Software, Inc.) 

and statistical significance was calculated using a log-rank (Mantel-Cox) test. 

 

 

5.2 Results and Discussion 

Using our panel of varying affinity monovalent antibodies to murine PD-1, we sought to 

understand the relationship between antibody-receptor affinity and in vivo efficacy. To first 

confirm that our monovalent antibody was sufficiently functional, we compared the in vivo 

efficacy of our monovalent construct in the LALA-PG format to the bivalent antibody with 

various isotypes including LALA-PG, the purchasable rat IgG2a isotype, and the mIgG1 isotype. 

Figure 5.1 shows that the monovalent antibody performed similarly to the bivalent counterpart 

and outperformed bivalent antibodies with the mIgG1 and rat IgG2a isotypes in the MC38 

adenocarcinoma model.  

 We  next treated  mice  bearing  established  subcutaneous flank MC38 tumors 

intraperitoneally with our monovalent antibodies at a high dose of 135 µg (a molar equivalent to 

the commonly used 200 µg dose47ï49 of the commercially-available bivalent 29F.1A12 clone) 

three times starting six days after tumor inoculation (Figure 5.2). Under this dosing paradigm, 

the lower affinity antibodies show worse efficacy in terms of overall survival compared to the 

parental antibody (Figure 5.2). On the other hand, the higher affinity antibodies show equivalent 

efficacy as compared to the parental antibody (Figure 5.2). The model demonstrates that the 

high affinity and parental antibodies both fully saturate the PD-1 in the tumor for over a week 

with this high dose, even with a single dose (Figure 5.2). This is in stark contrast to the two 

lower affinity antibodies, which would never fully saturate the PD-1 in the tumor, thus yielding 

low efficacy (Figure 5.2). Even at this high dose, a subnanomolar affinity is required to achieve 

maximum efficacy.  
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We then looked to adjust the dose of one of the lower affinity antibodies, such that this 

antibodyôs low affinity would still surpass the threshold required to obtain maximum efficacy via 

saturating PD-1 (Figure 5.3). The model predicted that if we increased the dose of the low 

affinity antibody to 600 µg, we would expect full PD-1 saturation in the tumor for 3-4 days 

(Figure 5.3). The model also demonstrated that we should expect 50 µg of the parental antibody 

to show similar PD-1 saturation levels (Figure 5.3). At first, we tried three doses spaced three 

days apart but saw dimished efficacy (Figure 5.4), thus we increased the dose number from three 

to four to increase the time of saturation to be more similar to the first high dosing paradigm. The 

resulting in vivo study demonstrated that for a 600 µg dose, the low affinity (~1-2 nM) antibody 

was above the threshold of affinity required to attain the maximum efficacy seen in the previous 

study and surpassed the efficacy achieved by the parental antibody at a similar predicted level of 

target saturation in the tumor (Figure 5.3).  

We next looked to assess whether we would expect any difference in efficacy between 

our high affinity clones for various dosing strategies. At a large 135 ug dose, all of the high 

affinity antibodies (29F, 1.3 and 2.13) perform similarly. Thus, we recognized that there were 

two additional dosing strategies to pursue (1) Decreasing the dose, such that only the highest 

affinity antibody would fully saturate the PD-1 in the tumor between doses, and (2) Increasing 

the time between the doses, such that only the highest affinity antibody would fully saturate the 

PD-1 in the tumor between these extended doses. First, we treated mice bearing established 

subcutaneous flank MC38 tumors intraperitoneally with our monovalent antibodies at a lower 

dose of 10 µg every three days continuously until they were cured, starting six days after tumor 

inoculation (Figure 5.5). Though we did cure one mouse with our highest affinity antibody, 

there was no significant difference. Given the limited efficacy, we presumed that we undershot 
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on dose and adjusted our model. We next tried treating mice bearing established subcutaneous 

flank MC38 tumors intraperitoneally with our monovalent antibodies at a lower dose of 50 µg 

every three days for three doses starting six days after tumor inoculation (Figure 5.6). Here, we 

noted that the efficacy was limited and thus, we increased the number of doses from three to 

four. The model predicted that at this dose, the highest affinity antibody (2.13) would saturate the 

PD-1 in the tumor for more than four days, while the parental clone would saturate the tumor for 

just under three days (Figure 5.7). Despite the increased dose number, under this dosing 

paradigm, the highest affinity antibody (2.13) performed similarly to the parental antibody (29F) 

(Figure 5.7).  

Next, we tried increasing the time between the doses. We treated mice bearing 

established subcutaneous flank MC38 tumors intraperitoneally with our monovalent antibodies at 

a dose of 100 µg every seven days for three doses starting six days after tumor inoculation 

(Figure 5.8). The model predicted that at this dose, the highest affinity antibody (2.13) would 

saturate the PD-1 in the tumor for seven days, while the parental clone would saturate the tumor 

for five days (Figure 5.8). Under this dosing paradigm, the highest affinity antibody (2.13) 

performed similarly to the parental antibody (29F) (Figure 5.8). This is likely evidence of the 

diminishing returns in increasing the off-rate of the antibody at this high affinity level. We 

simply cannot dose any lower or less often without seeing undersaturation of the PD-1 in the 

tumor. This limit is likely due to the increasing PD-1 concentration in the tumor overtime as 

more activated T cells enter the tumor. Thus, we expect that the parental 29F antibody sits right 

at the affinity threshold where any further improvements in affinity will not lead to increased 

efficacy.  
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To assess the memory response of the cured animals, we re-challenge any survivors 14-

20 weeks after initial tumor inoculation with an additional tumor inoculation on the other flank 

with a tenth the number of tumor cells (0.1 million MC38 cells).  Regardless of the antibody or 

dose used to cure the animal, all the survivors rejected re-challenge through IV Study 6 (Figure 

5.9). IV Studies 7 and 8 will be re-challenge in late May 2022. Further work could look into the 

cellular phenotype that drives this strong memory response. Other work has shown that PD-1 

signaling is required for T cell memory formation but potentially, the transient antibody blockade 

is not enough to harm the memory response in this model.50ï52 As others have demonstrated, we 

show here that MC38 tumors are sufficiently immune infiltrated, such that anti-PD-1 therapy 

alone is sufficiently curative and also promotes a strong memory response.53  
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Figure 5.1 

 

Figure 5.1 In vivo efficacy in MC38 adenocarcinoma model (a) Dosing paradigm (b) Overall 

survival in vivo comparing the monovalent antibody with the mIgG2c LALA-PG isotype to 

bivalent antibodies with the mIgG2c LALA-PG, mIgG1, and rat IgG2a (purchased) isotypes 
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Figure 5.2 

 

Figure 5.2 In vivo efficacy in MC38 adenocarcinoma model (a) Dosing paradigm (b) Model 

timescale prediction of PD-1 saturation in the tumor above a 99% threshold for an antibody of a 

given affinity for this 135 ug dose. (c) Overall survival in vivo for the full panel of monovalent 

antibodies using this dosing paradigm  
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Figure 5.3 

 

Figure 5.3 In vivo efficacy in MC38 adenocarcinoma model (a) Adjusted dosing paradigm (b) 

Model timescale prediction of PD-1 saturation in the tumor above a 99% threshold for an 

antibody of a given affinity for these adjusted doses. (c) Overall survival in vivo for the parental 

29F and L1 lower affinity monovalent antibodies using the adjusted dosing paradigm. 
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Figure 5.4 

 

Figure 5.4 In vivo efficacy in MC38 adenocarcinoma model (a) Dosing paradigm (b) Overall 

survival in vivo for the parental 29F and L1 lower affinity monovalent antibodies 
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Figure 5.5 

 

Figure 5.5 In vivo efficacy in MC38 adenocarcinoma model (a) Dosing paradigm (b) Overall 

survival in vivo for the parental 29F, 1.3, and 2.13 higher affinity monovalent antibodies 
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Figure 5.6 

 

Figure 5.6 In vivo efficacy in MC38 adenocarcinoma model (a) Dosing paradigm (b) Overall 

survival in vivo for the parental 29F and 2.13 higher affinity monovalent antibodies 
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Figure 5.7 

 

Figure 5.7 In vivo efficacy in MC38 adenocarcinoma model (a) Dosing paradigm (b) Model 

timescale prediction of PD-1 saturation in the tumor above a 99% threshold for an antibody of a 

given affinity for a 50 ug dose. (c) Overall survival in vivo comparing the parental 29F and 

higher affinity 2.13 monovalent antibodies using this dosing paradigm  
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Figure 5.8 

 

Figure 5.8 In vivo efficacy in MC38 adenocarcinoma model (a) Dosing paradigm (b) Model 

timescale prediction of PD-1 saturation in the tumor above a 99% threshold for a antibody of a 

given affinity for a 100 ug dose. (c) Overall survival in vivo comparing the parental 29F and 2.13 

higher affinity monovalent antibodies using this dosing paradigm. 
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Figure 5.9 

 

Figure 5.9 All survivors were re-challenged with 0.1 million MC38 tumor cells on the alternate 

flank 14-20 weeks after initial tumor inoculation. All survivors rejected re-challenge as 

compared to all the age-matched naïve control mice which were eventually sacrificed due to 

tumor burden. This figure includes re-challenge data for IV Studies 1-6.  
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6. Conclusions 
 

With the availability of directed evolution to obtain arbitrarily high affinity antibodies, 

the question becomes - how strong is strong enough? Here, we report a comparison of in vivo 

efficacy for a single-lineage family of anti-PD-1 antibodies with a three order of magnitude 

range of equilibrium binding constants. This family of antibodies share the same epitope, and 

have similar internalization and clearance rates, thus differing only by affinity (Chapter 3). We 

found that for a given dose, there is a threshold of affinity below which all antibodies perform 

similarly with maximum efficacy (Chapter 5). Additionally, we demonstrated that an increasing 

dose can be used to overcome weakened affinity and rescue maximum efficacy (Chapter 5). This 

shows that increasing the affinity of an antibody may not lead to increased efficacy, and serves 

as an example of potential diminishing returns on affinity maturation efforts. Yet here, we did 

not explore whether increasing the affinity to decrease the dose can reduce toxicities. Anti-PD-1 

immunotherapy typically leads to fewer severe immune-related adverse events (irAEs), as 

compared to other immunotherapies such as anti-CTLA-4 antibodies.54 Yet still, approximately 

10% of patients receiving anti-PD-1 antibodies experience severe grade Ó3 irAEs.54 While signs 

of toxicity are not evident in this particular murine tumor model, further work towards evaluating 

a limiting dose with regards to toxicity could provide a more clear boundary to surpass in terms 

of antibody affinity.   

Using a simple two-compartment model, we recapitulate the most important parameters 

driving in vivo efficacy without overcomplicating our system. The model demonstrates the clear 

relationship between dose, affinity, and pharmacokinetics which results in varying time scales of 

target saturation in the tumor. This model recapitulates similar dynamics to previous efforts,42,55 

with simple rate-based terms in the tumor and peripheral blood, yet effectively captures the 
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required drug-target occupancy to drive tumor growth inhibition. Future work towards 

understanding lymph node saturation, temporal dynamics, and peripheral cell trafficking patterns 

could further enhance our understanding of this therapy.  

While we do not expect that a monovalent construct would exhibit therapeutic 

advantages, we did find that monovalent antibodies performed similarly to their bivalent 

counterparts and outperformed bivalent antibodies with the mIgG1 and rat IgG2a isotypes 

(Chapter 5). Similar superior performance of anti-PD-1 antibodies with a LALA-PG or other 

silent Fc isotypes over antibodies with activating isotypes has been previously reported.49,56,57 

The success of the monovalent constructs, combined with the silent Fc isotype, parallels the 

promise of several anti-PD-1 bispecific constructs in the clinic.58ï60 In the end, the anti-PD-1 

affinity/dose relationship supports a straightforward receptor-occupancy mechanism of action.  

  



63 

7. Supplemental Information 

 
7.1 Sequences 

 

PD-1 (mouse ectodomain) monoFc H6 protein fusion in gWiz 
taacagactgttcctttccatgggtcttttctgcagACCGGTGCCGCCACCATGAGGGTCCCCGCTCAGCTCCTGGGGCTCCTG

CTGCTCTGGCTCCCAGGTGCACGATGTGCC[CTAGAGGTCCCCAATGGGCCCTGGAGGTCCCTCACCTT

CTACCCAGCCTGGCTCACAGTGTCAGAGGGAGCAAATGCCACCTTCACCTGCAGCTTGTCCAACTGGT

CGGAGGATCTTATGCTGAACTGGAACCGCCTGAGTCCCAGCAACCAGACTGAAAAACAGGCCGCCTTC

TGTAATGGTTTGAGCCAACCCGTCCAGGATGCCCGCTTCCAGATCATACAGCTGCCCAACAGGCATGA

CTTCCACATGAACATCCTTGACACACGGCGCAATGACAGTGGCATCTACCTCTGTGGGGCCATCTCCCT

GCACCCCAAGGCAAAAATCGAGGAGAGCCCTGGAGCAGAGCTCGTGGTAACAGAGAGAATCCTGGAG

ACCTCAACAAGATATCCCAGCCCCTCGCCCAAACCAGAAGGCCGGTTTCAAGGCATG]GGCGGAGGAG

GTTCAGGAGGTGGTGGATCT[GGGGGACCGTCAGTCTTCCTCTTCCCCCCAAAACCCAAGGACACCCTC

ATGATCTCCCGGACCCCTGAGGTCACATGCGTGGTGGTGGACGTGAGCCACGAAGACCCTGAGGTCAA

GTTCAACTGGTACGTGGACGGCGTGGAGGTGCATAATGCCAAGACAAAGCCGCGGGAGGAGCAGTAC

AACAGCACGTACCGTGTGGTCAGCGTCCTCACCGTCCTGCACCAGGACTGGCTGAATGGCAAGGAGTA

CAAGTGCAAGGTCTCCAACAAAGCCCTCCCAGCCCCCATCGAGAAAACCATCTCCAAAGCCAAAGGG

CAGCCCCGAGAACCACAGGTGTACACCCTGCCCCCATCCCGGGATGAGCTGACCAAGAACCAGGTCA

ACCTGACCTGCCTGGTCAAAGGCTTCTATCCCAGCGACATCGCCGTGGAGTGGGAGAGCAATGGGCAG

CCGGAGAACAACTACAAGACCACGCCTCCCGTGCTGGACTCCGACGGCTCCTTCTTCCTCAACAGCAC

GCTCACCGTGGACAAGAGCAGGTGGCAGCAGGGGAACGTCTTCTCATGCTCCGTGATGCATGAGGCTC

TGCACAACCACTACACGCAGAAGAGCCTCTCCCTGTCTCCGGGTAAAACCGGT]CATCACCATCACCAT

CACtgataagtcgacacgtgtga 

 

KOZAK  Human Leader Sequence [mPD-1 ectodomain]` G4S Linker 

[Modified MonoFc Human] His6 Tag 

 

29F.1A12 bivalent antibody LALA-PG (T2A Format) 
tcttttctgcagatgagtgtgctcactcaggtcctggcgttgctgctgctgtggcttacaggtgccagatgtgccgacgttgcgttgacacaaactccagttgcccagcctgt

cacacttggagatcaagcttctatatcttgcaggtctagtcagagcctagtacatagtaatggaagaacttatttggaatggtacctacagaagccaggccagtctccacag

ctcctcatctataaggtttccaaccgattttctggggtaccagacaggttcattggcagtgggtcagggtcagatttcaccctcacgatcagcagagtagagcctgaggact

tgggggtttattactgcttccaagctacacatgatcctaacacgtttggagctgggaccaagctggaactgaaacgggctgatgctgcaccaactgtatccatcttcccacc

atccagtgagcagttaacatctggaggtgcctcagtcgtgtgcttcttgaacaacttctaccccaaagacatcaatgtcaagtggaagattgatggcagtgaacgacaaaat

ggcgtcctgaacagttggactgatcaggacagcaaagacagcacctacagcatgagcagcaccctcacgttgaccaaggacgagtatgaacgacataacagctatacc

tgtgaggccactcacaagacatcaacttcacccattgtcaagagcttcaacaggaatgagtgtcgtcgtaagcgtGGGTCAGGAgagggcagaggaagtcttct

aacatgcggtgacgtggaggagaatcccggcccttccgggatgaaatggagctgggtctttctcttcctgatggcaatggttacaggggtcaattcacaggtacagctgc

agcaatctggggctgaactggtgaagcctgggtcctcagtgaaaatttcctgcaaggcttctggctacaccttcaccagtcactttatacactggataaaacagcagcctgg

aaatggccttgagtggattggagggatttatcctggagatggtgatacagagtacaatcaacagttcaatgggaaggcaacactcactgcagacaaatcctccagcacag

cctatatgcggctcagcagcctgacatctgaggactctgcagtctatttctgtgcaacccgggtcccctcctactggttctttgacttctggggccccggaaccatggtcacc

gtgtcctcagccaaaacaacagccccatcggtctatccactggcccctgtgtgtggaggtacaactggctcctcggtgactctaggatgcctggtcaagggttatttccctg

agccagtgaccttgacctggaactctggctcactgtccagtggtgtgcacaccttcccagctctcctccaatctggcctctacaccctcagcagctcagtgactgtaacctc

gaacacctggcccagccagaccatcacctgcaatgtggcccacccggcaagcagcaccaaagtggacaagaaaattgagcccagagtgcccataacacagaacccc

tgtcctccactcaaagagtgtcccccatgcgcagctccagacgcggccggtggaccatccgtcttcatcttccctccaaagatcaaggatgtactcatgatctccctgagc

cccatggtcacatgtgtggtggtggatgtgagcgaggatgacccagacgtccagatcagctggtttgtgaacaacgtggaagtacacacagctcagacacaaacccata

gagaggattacaacagtactctccgggtggtcagtgccctccccatccagcaccaggactggatgagtggcaaggagttcaaatgcaaggtcaacaacagagccctc

GGatcccccatcgagaaaaccatctcaaaacccagagggccagtaagagctccacaggtatatgtcttgcctccaccagcagaagagatgactaagaaagagttcagt
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ctgacctgcatgatcacaggcttcttacctgccgaaattgctgtggactggaccagcaatgggcgtacagagcaaaactacaagaacaccgcaacagtcctggactctga

tggttcttacttcatgtacagcaagctcagagtacaaaagagcacttgggaaagaggaagtcttttcgcctgctcagtggtccacgagggtctgcacaatcaccttacgact

aagaccatctcccggtctctgggtaaatgataa 

 

TA99 LC Leader Sequence 29F LC Murine Kappa LC Furin Cleavage Site 

Linker  T2A TA99 HC Leader Sequence 29F HC mIgG2a FC LALA-PG 

 

29F.1A12 HC monovalent antibody LALA-PG H6 
ACCGGTGCCGCCACCATGAGGGTCCCCGCTCAGCTCCTGGGGCTCCTGCTGCTCTGGCTCCCAGGGGC

CCGATGTcaggtacagctgcagcaatctggggctgaactggtgaagcctgggtcctcagtgaaaatttcctgcaaggcttctggctacaccttcaccagtcactttat

acactggataaaacagcagcctggaaatggccttgagtggattggagggatttatcctggagatggtgatacagagtacaatcaacagttcaatgggaaggcaacactca

ctgcagacaaatcctccagcacagcctatatgcggctcagcagcctgacatctgaggactctgcagtctatttctgtgcaacccgggtcccctcctactggttctttgacttct

ggggccccggaaccatggtcaccgtgtcctcagccaaaacaacagccccatcggtctatccactggcccctgtgtgtggaggtacaactggctcctcggtgactctagg

atgcctggtcaagggttatttccctgagccagtgaccttgacctggaactctggctcactgtccagtggtgtgcacaccttcccagctctcctccaatctggcctctacaccct

cagcagctcagtgactgtaacctcgaacacctggcccagccagaccatcacctgcaatgtggcccacccggcaagcagcaccaaagtggacaagaaaattgagccca

gagtgcccataacacagaacccctgtcctccactcaaagagtgtcccccatgcgcagctccagacgcggccggtggaccatccgtcttcatcttccctccaaagatcaag

gatgtactcatgatctccctgagccccatggtcacatgtgtggtggtggatgtgagcgaggatgacccagacgtccagatcagctggtttgtgaacaacgtggaagtaca

cacagctcagacacaaacccatagagaggattacaacagtactctccgggtggtcagtgccctccccatccagcaccaggactggatgagtggcaaggagttcaaatg

caaggtcaacaacagagccctcGGatcccccatcgagaaaaccatctcaaaacccagagggccagtaagagctccacaggtatatgtcttgcctccaccagcagaag

agatgactaagaaagagttcagtctgacctgcatgatcacaggcttcttacctgccgaaattgctgtggactggaccagcaatgggcgtacagagcaaaactacaagaac

accgcaacagtcctggactctgatggttcttacttgatgtacagcaagctcactgtacaaaagagcacttgggaaagaggaagtcttttcgcctgctcagtggtccacgag

ggtctgcacaatcaccttacgactaagaccatctcccggtctctgggtaaaCATCACCATCACCATCACtgaTAATC 

 

KOZAK  Human Leader Sequence 29F HC    mIgG2a FC LALA-PG       His6 Tag 

 

29F.1A12 LC monovalent antibody LALA -PG 
TTTTCTGCAGACCGGTGCCGCCACCATGAGGGTCCCCGCTCAGCTCCTGGGGCTCCTGCTGCTCTGGCT

CCCAGGGGCCCGATGTgacgttgcgttgacacaaactccagttgcccagcctgtcacacttggagatcaagcttctatatcttgcaggtctagtcagagcct

agtacatagtaatggaagaacttatttggaatggtacctacagaagccaggccagtctccacagctcctcatctataaggtttccaaccgattttctggggtaccagacaggt

tcattggcagtgggtcagggtcagatttcaccctcacgatcagcagagtagagcctgaggacttgggggtttattactgcttccaagctacacatgatcctaacacgtttgg

agctgggaccaagctggaactgaaacgggctgatgctgcaccaactgtatccatcttcccaccatccagtgagcagttaacatctggaggtgcctcagtcgtgtgcttctt

gaacaacttctaccccaaagacatcaatgtcaagtggaagattgatggcagtgaacgacaaaatggcgtcctgaacagttggactgatcaggacagcaaagacagcac

ctacagcatgagcagcaccctcacgttgaccaaggacgagtatgaacgacataacagctatacctgtgaggccactcacaagacatcaacttcacccattgtcaagagct

tcaacaggaatgagtgtTGATAATC 

 

KOZAK  Human Leader Sequence 29F LC    murine Kappa LC 

 

 

Fc only monovalent antibody LALA -PG 
TTTCTGCAGACCGGTGCCGCCACCATGAGGGTCCCCGCTCAGCTCCTGGGGCTCCTGCTGCTCTGGCTC

CCAGGGGCCCGATGTccctgtcctccactcaaagagtgtcccccatgcgcagctccagacGCGGCCggtggaccatccgtcttcatcttccctccaaa

gatcaaggatgtactcatgatctccctgagccccatggtcacatgtgtggtggtggatgtgagcgaggatgacccagacgtccagatcagctggtttgtgaacaacgtgg

aagtacacacagctcagacacaaacccatagagaggattacaacagtactctccgggtggtcagtgccctccccatccagcaccaggactggatgagtggcaaggagt

tcaaatgcaaggtcaacaacagagccctcggatcccccatcgagaaaaccatctcaaaacccagagggccagtaagagctccacaggtatatgtcttgcctccaccagc

agaagagatgactaagaaagagttcagtctgacctgcatgatcaAGggcttcttacctgccgaaattgctgtggactggaccagcaatgggcgtacagagcaaaacta

caagaacaccgcaacagtcctggactctgatggttcttacttcatgtacagcCGTctcagagtacaaaagagcacttgggaaagaggaagtcttttcgcctgctcagtg

gtccacgagggtctgcacaatcaccttacgactaagaccatctcccggtctctgggtaaatgaTAATCGC 

 

KOZAK  Human Leader Sequence Hinge-CH2-CH3 mIgG2a FC LALA-PG        
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L1/L2 HC: 

caggtacagctgcagcaatctggggctgaactggtgaagcctgggtcctcagtgaaaatttcctgcaaggcttctggctacaccttcaccag

tcactttatacactggataaaacagcagcctggaaatggccttgagtggattggagggatttatcctggagatggtgatacagagtacaatca

acagttcaatgggaaggcaacactcactgcagacaaatcctccagcacagcctatatgcggctcagcagcctgacatctgaggactctgca

gtctatttctgtgcaacccgggtccccCcctactggttctttgacttctggggccccggaaccatggtcaccgtgtcctca 

 

L1 LC (Same as 29F LC) 

 

L2 LC: 

gacgttgcgttgacacaaactccagttgcccagcctgtcacacttggagatcaagcttctatatcttgcaggtctagtcagagcctagtacata

gtaatggaagaacttatttggaatggtacctacagaagccaggccagtctccacagctcctcatctataaggtttccaaccgattttctggggt

accagacaggttcattggcagtgggtcagggtcagatttcaccctcacgatcagcagagtagagcctgaggacttgggggtttattactgctt

ccaagctacacatAatcctaacacgtttggagctgggaccaagctggaactgaaa 

 

1.3 HC: 

caggtacagctgcagcaatctggggctgaactggtgaagcctgggtcctcagtgaaaatttcctgcaaggcttctggctacaccttcaccag

tcactttatacactggataaaacagcagcctggaaatggccttgagtggattggagggatttatcctggagatggtgatacagagtacaatca

acagttcaatgggaaggcaacactcactgcagacaaatcctccagcacagcctatatgcggctcagcagcctgacatctgaggactctgca

gtctatttctgtgcaacccgggtccccAcctactggttctttgacttctggggccccggaaccatggtcaccgtgtcctca 

 

1.3 LC (Same as 29F LC) 

 

2.13 HC: 

caggtacagctgcagcaatctggggctgaactggtgaagcctgggtcctcagtgaaaatttcctgcaaggctCctggctacaTcttcacca

gtcactttatacactggataaaacagcagcctggaaatggccttgagtggattggagggatttatcctggagatggtgatacagagtacaatc

aacagttcaatgggaaggcaacactcactgcagacaaGtcctccagcacagcctatatgcggctcagcagcctgacatctgaggactctg

cagtctatttctgtgcaacccgggtccccAcctactggttctttgacttctggggccccggaaccatggtcaccgtgtcctca 

 

2.13 LC: 

gacgttgcgttgacacaaactccagttgcccagcctgtcacacttggagatcaagcttctatatcttgcaggtctagtcagagcctagtacata

gtaatggaagaacttatttggaatggtacctacagaagccaggccagtctccacagcCcctcatctataaggtttccaaccgaCttCctggg

gtaccagacaggttcattggcagtgggtcagggtcagatCttcaccctcacgatcagcagagtagagcctgaggacttgggggtttattact

gcttccaagctacacatgatcctaacacgtttggagctgggaccaagctggaactgaaa 
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7.2 Model MATLAB Code 
%SCC220322_PD1model 

close all  

clc  

  

%% Run Model Loop for varying Kds  

% Run Model: Loop for varying Kds, Calculate time of PD - 1 occupancy above 

threshold  

  

%For Figure 3b: KdVec = 500 , 50, 5, 0.5 nM  

% kdVec = [1e5, 5e - 2; 1e5, 5e - 3; 1e5, 5e - 4; 1e5, 5e - 5];  

% kdVec = kdVec';  

  

%For Figures 4 and 5  

%set Kd range  

kon = ones(1,300).*1e5; %Adjust vector length to vary plot resolution  

koff = logspace( - 6, - 2,300); %Adjust vector length to vary p lot resolution, 

must match above length  

kdVec = [kon; koff];  

doseConcVec = [500e - 9]; %M %Adjust dose (666 nM = 135 ug, 250 = 50 ug, 500 = 

100 ug, 3000 = 600 ug)  

Time95Occ = zeros(length(kdVec),length(doseConcVec)); %initialize vector  

for  j = 1:length(doseC oncVec)  

    doseConc = doseConcVec(j); %1/s  

    k_int = 0.0445/3600; %1/s (Median internalization rate from experiemental 

data)  

    PD1ssConc = 10000*1000*4.3/(6.022*10^23)*10^6; %Expected steady state 

concentration of receptor in tumor  

    Occ = []; %init ialize occupancy vector  

    for  i = 1:length(kdVec) %run model for each Kd value  

        doseNum = 1; %Number of doses given  

        doseDelay = 20*3600*24; %Time between doses (seconds)  

        [Tsol,Xsol] = 

solveModel(doseConc,doseNum,doseDelay,kdVec(1,i ),kdVec(2,i),k_int,PD1ssConc); 

%run model  

        Occ = Xsol(:,3)./(Xsol(:,3)+Xsol(:,4)); %collect occupancy of PD - 1 at 

each timepoint  

        idx = find(Occ > 0.99); %find index of Xsol where occupancy > 0.99  

        if  isempty(idx)  

            Time95Occ( i,j)=0; %total time = 0 if occupancy never reaches 0.99  

        else  

            Occ95 = Tsol(idx); %find time points where occupancy > 0.99  

            Time95Occ(i,j) = max(Occ95) - min(Occ95); %total time when 

occupancy > 0.99          

        end  

        %COPY PLOTTING CODE HERE IF DESIRED 

    end  

end  

  

%% Plot Time of PD - 1 Occupancy Above Threshold for Given Affinity  

figure  

Time95Occ = Time95Occ./3600./24; %Adjust timescale to days  

KD = kdVec(2,:)./kdVec(1,:); %Calculate KD from kon and koff  

newcolors = [ 0.0667 0.498 0.502  

             1.00 0.0039 0.40];  

colororder(newcolors)  
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%plot(KD,Time95Occ(:,1),KD,Time95Occ(:,2),'linewidth',3) %multiple curves  

plot(KD,Time95Occ(:,1), 'linewidth' ,3) %one curve  

ylabel({ 'Time of PD - 1 Occupancy' ; 'above 99% in Tumor [Days]' })  

xlabel( 'mAb Kd [nM]' )  

xlim([10^ - 11 10^ - 6])  

set(gca, 'FontSize' , 20, 'XScale' , 'log' )  

xticks([10^ - 11 10^ - 10 10^ - 9 10^ - 8 10^ - 7 10^ - 6])  

xticklabels({ '0.01' , '0.1' , '1' , '10' , '100' , '1000' })  

     

  

%% Copy this plotting code for specific KD values into if stateme nt aboves  

%         newcolors = [.753, .753, 1  

%             .451, .451, 1  

%             0, 0, .847  

%             0, 0, .545];  

%         colororder(newcolors)  

%         subplot(2,2,1)  

%         %Plot Drug in Plasma  

%         plot(Tsol./3600./24,Xsol(:,1)./ 1e- 9','Linewidth',1.5)  

%         ylabel('[mAb] in Plasma [nM]')  

%         xlabel('Time [Days]')  

%         set(gca,'FontSize', 16)  

%         hold on  

%         subplot(2,2,2)  

%         %Plot Free Drug in the Tumor  

%         plot(Tsol./3600./24,Xsol(:,2)./1e - 9','Linewidth',1.5)  

%         ylabel('[mAb] Tumor, Free [nM]')  

%         xlabel('Time [Days]')  

%         set(gca,'FontSize', 16)  

%         hold on  

%         subplot(2,2,3)  

%         %Plot Bound Drug Concentration in Tumor (also complex 

concentration, or bound receptor concentration)  

%         plot(Tsol./3600./24,Xsol(:,3)./1e - 9','Linewidth',1.5)  

%         ylabel('[PD - 1/mAb] Tumor, Bound [nM]')  

%         xlabel('Time [Days]')  

%         set(gca,'FontSize', 16)  

%         hold on  

%         subplot(2,2,4)  

%         %Plot Free PD - 1 (Ag) Receptor Concentration in Tumor  

%         plot(Tsol./3600./24,Xsol(:,4)./1e - 9,'Linewidth',1.5)  

%         ylabel('[PD - 1] Tumor, Free [nM]')  

%         xlabel('Time [Days]')  

%         set(gca,'FontSize', 16)  

%         hold on  

  

%% Model Functions  

  

%Shell function to run model  

function  [Tsolfinal,Xsolfinal] = solveModel(doseConc,doseNum,doseDelay,k_on, 

k_off,k_int,PD1ssConc)  

    options = odeset( 'RelTol' ,5e - 14, 'AbsTol' ,1e - 14, 'MaxStep' , 1800); %set 

tolerance a few orders of magnitud e below concentrations  

    eps = 0.24; %tumor void fraction (also can think about it as accessible 

soluble volume fraction of tumor)  

    PDL1ssConc = 3000*1000*10^ - 12/33000; %M 
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    PD1free0 = 0.05*PD1ssConc*0.1; %M %Start with 10% total PD - 1 steady state 

concentration and 95% is bound to PD - L1 

    PD1bound0 = 0.95*PD1ssConc*0.1; %M  

    PDL1free0 = PDL1ssConc -  PD1bound0; %M 

    NewIntVal = [doseConc,0,0,PD1free0,PD1bound0,PDL1free0]; %Set initial 

values for ODE function  

        %NewIntVal(1) = Conc antibo dy in plasma at time zero, M  

        %NewIntVal(2) = Conc antibody free in tumor plasma at time zero, M  

        %NewIntVal(3) = Conc antibody bound in tumor at time zero, M  

        %NewIntVal(4) = Conc of free receptor at time zero, M  

        %NewIntVal(5)  = Conc of PD - L1 bound to PD - 1 in the tumor at time 

zero, M  

        %NewIntVal(6) = Conc of PD - L1 free in the tumor at time zero, M  

    Xsolfinal = []; %Initialize solution matrix  

    Tsolfinal = []; %Initialize solution matrix  

    for  i = 1:doseNum %itera te through doses  

        [Tsol, Xsol] = 

ode15s(@(t,X)odefunc(t,X,k_on,k_off,k_int,PD1ssConc),[((i - 1)*doseDelay) 

(i*doseDelay)],NewIntVal,options); %solve ODE for dose time interval  

        NewIntVal = Xsol(end,:);  

        NewIntVal(1) = NewIntVal(1)+doseCo nc; %adjust next starting plasma 

concentration by new dose  

        Xsolfinal = [Xsolfinal;Xsol]; %concatenate solution matrices  

        Tsolfinal = [Tsolfinal;Tsol]; %concatenate solution matrices  

    end  

    Xsolfinal(:,2:4) = Xsolfinal(:,2:4)./eps; %Scal e concentration matrix 

terms in tumor by void fraction to show local tumor concentration  

end  

  

%Define Model ODE Function  

 function  derivX = odefunc(t, X, k_on, k_off, k_int, PD1ssConc)  

       Ab_p = X(1); %Conc antibody in plasma, M  

       Ab_tf = X(2); %Conc antibody free in tumor plasma, M  

       Ab_tb = X(3); %Conc antibody bound in tumor, M  

       PD1 = X(4); %Conc of free receptor, M  

       PDL1_tb = X(5); %Conc of bound PD - L1, M  

       PDL1_tf = X(6); %Conc of free PD - L1, M  

       P = 3e - 9; %m/s 

       Rcap = 8e - 6; %capillary radius m  

       Rk = 75e - 6; %Krogh cylinder radius m  

       eps = 0.24; %tumor void fraction  

       Vtumor = 100e - 6; %L 

       Vplasma = 2e - 3; %L 

       %Biexponential clearance rate:  

       kFast = (0.2)*0.1112/3600; %1/s %curv e fitting determined 20% weight 

towards fast rate  

       kSlow = (0.8)*0.007071/3600; %1/s %curve fitting determined 80% weight 

towards fast rate  

       %PD- L1 rates  

       KD = 4000*10^ - 9; %M 

       k_PDL1off = 0.5; %1/s  

       k_PDL1on = k_PDL1off/KD; %1/M*s  

       k_PDL1int = 0.0922/3600; %1/s  

       PDL1ssConc = 3000*1000*10^ - 12/33000; %M steady state PD - L1 

concentration  

       k_PDL1syn = k_PDL1int*PDL1ssConc; %Pseudo- Steady State (Syn ~ Int)  
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       %ODE Model Set  

       derivX = [ - kSlow*Ab_p -  kFast*Ab_p + 2*P*Rcap/Rk^2 * (Ab_tf/eps -  

Ab_p) * (Vtumor/Vplasma*eps); ...  

              2*P*Rcap/Rk^2*(Ab_p*eps -  Ab_tf) -  k_on*Ab_tf*PD1/eps + 

k_off*Ab_tb; ...  

              k_on*Ab_tf*PD1/eps -  k_off*Ab_tb -  k_int*Ab_tb; ...  

              - k_on*Ab_tf*PD 1/eps + (PD1+Ab_tb)*(1 - ((PD1+Ab_tb)/(PD1ssConc))) 

+ k_off*Ab_tb -  k_int*PD1 -  k_PDL1on*PDL1_tf*PD1/eps + k_PDL1off*PDL1_tb; ...  

              k_PDL1on*PDL1_tf*PD1/eps -  k_PDL1off*PDL1_tb; ...  

              - k_PDL1on*PDL1_tf*PD1/eps + k_PDL1off*PDL1_tb -  

k_PDL1int*PDL1_tf + k_PDL1syn];  

 end      
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7.3 Full In Vivo Data Sets 

 

In Vivo Study 1 

 
In Vivo Study 2 
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In Vivo Study 3 
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In Vivo Study 4 

 
In Vivo Study 5 

 


