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B. Masonc, and Daniel T. Kameia,*

aDepartment of Bioengineering, University of California, Los Angeles, 420 Westwood Plaza, 5121 
Engineering V, Los Angeles, CA 90095, USA

bBiotechnology Core Laboratory, National Institute of Diabetes and Digestive and Kidney 
Diseases, National Institute of Health, Bethesda, MD 20892, USA

cDepartment of Biochemistry, University of Vermont College of Medicine, Burlington, VT 05405, 
USA

Abstract

The transferrin (Tf) trafficking pathway is a promising mechanism for use in targeted cancer 

therapy due to the overexpression of transferrin receptors (TfRs) on cancerous cells. We have 

previously developed a mathematical model of the Tf/TfR trafficking pathway to improve the 

efficiency of Tf as a drug carrier. By using diphtheria toxin (DT) as a model toxin, we found that 

mutating the Tf protein to change its iron release rate improves cellular association and efficacy of 

the drug. Though this is an improvement upon using wild-type Tf as the targeting ligand, 

conjugated toxins like DT are unfortunately still highly cytotoxic at off-target sites. In this work, 

we address this hurdle in cancer research by developing a mathematical model to predict the 

efficacy and selectivity of Tf conjugates that use an alternative toxin. For this purpose, we have 

chosen to study a mutant of DT, cross-reacting material 107 (CRM107). First, we developed a 

mathematical model of the Tf-DT trafficking pathway by extending our Tf/TfR model to include 

intracellular trafficking via DT and DT receptors. Using this mathematical model, we 

subsequently investigated the efficacy of several conjugates in cancer cells: DT and CRM107 

conjugated to wild-type Tf, as well as to our engineered mutant Tf proteins (K206E/R632A Tf and 

K206E/R534A Tf). We also investigated the selectivity of mutant Tf-CRM107 against non-

neoplastic cells. Through the use of our mathematical model, we predicted that (i) mutant Tf-

CRM107 exhibits a greater cytotoxicity than wild-type Tf-CRM107 against cancerous cells, (ii) 

this improvement was more drastic with CRM107 conjugates than with DT conjugates, and (iii) 

mutant Tf-CRM107 conjugates were selective against non-neoplastic cells. These predictions were 

validated with in vitro cytotoxicity experiments, demonstrating that mutant Tf-CRM107 
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conjugates is indeed a more suitable therapeutic agent. Validation from in vitro experiments also 

confirmed that such whole-cell kinetic models can be useful in cancer therapeutic design.

Keywords

diphtheria toxin; drug delivery; targeted toxin

1 Introduction

Cancer is the second leading cause of death in the United States, with over 1.6 million new 

cancer cases and 590,000 deaths in the country every year (Siegel et al., 2016). Though 

traditional treatments such as chemotherapy can be effective, they frequently cause 

dangerous side effects due to nonspecific off-target toxicity. One method to improve targeted 

drug delivery is through the use of drugs conjugated to transferrin (Tf). Human serum Tf is a 

monomeric glycoprotein with a molecular weight of approximately 80 kDa, which is 

involved in transporting iron to the cells in the body. Because of the overexpression of the 

transferrin receptor (TfR) on a variety of metastatic cells (Daniels et al., 2006), Tf has been 

investigated as a potential targeting agent for cancer treatment (Cazzola et al., 1990; Ponka 

and Lok, 1999). Though Tf has been shown to be effective in targeting cancerous cells, its 

ability to delivery therapeutics is often limited by its inherent TfR-mediated intracellular 

trafficking pathway. For example, the entire Tf cycle has been shown to last only ~5 min in a 

human erythroleukemia-derived cell line (K562 cells), and therefore, 30 successive cycles of 

Tf-toxin conjugate trafficking would be needed before the cytotoxicity on the cell can be 

observed (Johnson et al., 1988; Klausner et al., 1983a). Furthermore, after iron-loaded Tf 

(holo-Tf) delivers its iron payload within the cell, the iron-free Tf (apo-Tf) has significantly 

reduced binding affinity to TfR outside the cell, and therefore, is unable to re-enter the 

trafficking pathway until it can bind to free iron, which is not an efficient process 

(Ciechanover et al., 1983; Qian et al., 2002; Yadi and Murphy, 1994). While the cycle 

demonstrates evolutionary efficiency for rapidly delivering large quantities of iron to cells, 

this short duration limits the window of opportunity for Tf to deliver a cytotoxic payload.

To identify a molecular-level design criterion to increase the time Tf spends with the cell 

(i.e., increase its cellular association) and predict trends, our laboratory previously developed 

a mathematical model of the Tf/TfR intracellular trafficking pathway based on the principles 

of mass action kinetics (Lao and Kamei, 2008; Lao et al., 2007). Through analysis of the 

model, our research group discovered that an increase in cellular association could be 

accomplished by inhibiting the iron delivery rate of Tf. We subsequently demonstrated that 

two engineered Tf mutants (K206E/R632A Tf and K206E/R534A Tf) with reduced iron 

release rates dramatically increased cellular association in HeLa and glioma cells. These Tf 

mutants were then conjugated to DT, and the mutant Tf-DT conjugates were significantly 

more cytotoxic than the wild-type Tf-DT conjugate when administered to HeLa and glioma 

cells (Yoon et al., 2010, 2009). Though these mutant Tf conjugates with DT were effective 

against cancer cells, they cannot be utilized clinically due to the potential of DT to cause 

toxicity at off-target sites. It has been suggested that only a few micrograms of DT cause 

death in an unimmunized human (Collier, 1975). In fact, our previous studies have shown 

Yoon et al. Page 2

J Theor Biol. Author manuscript; available in PMC 2018 March 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



that a conjugate concentration lower than 3.16 × 10−11 M will cause cell death (Yoon et al., 

2010). Thus, an alternative drug to DT must be investigated for clinical treatment.

In this work, we aimed to address this challenge by developing a mathematical model that 

can predict the behavior of other toxins conjugated to Tf. For this theoretical investigation of 

a novel conjugate, we chose to study a mutant of DT known as cross-reacting material 107 

(CRM107). CRM107 is identical to DT but with two point mutations that decrease its 

binding affinity to its native receptor, heparin-binding epidermal growth factor precursor 

(preHB-EGF), by 8,000 fold (Johnson et al., 1989). The reduction in binding affinity to this 

DT receptor (DTR) can potentially lower nonspecific toxicity. In addition, unlike other 

toxins with negligible toxic side effects, e.g., saporin and gelonin, CRM107 maintains the 

inherent membrane translocation activity of DT, providing CRM107 with a means of 

endosomal escape upon cellular internalization. By facilitating its localization to the cytosol, 

its site of action, the efficacy of the toxin following receptor-mediated endocytosis is greatly 

improved. Thus, CRM107 has the potential for reducing nonspecific toxicity at off-target 

sites while maintaining toxicity in tumor cells. Furthermore, our prior experience with DT 

allows us to translate our mutant Tf-DT conjugate formulation and characterization methods 

to CRM107.

We modeled the Tf-toxin conjugates by extending our previous Tf/TfR trafficking model to 

include the DT/DTR trafficking pathway. Figure 1 shows the transferrin-related trafficking 

parameters associated with ligand/receptor and ligand/metal interactions that we have 

previously investigated (Lao et al., 2007). Holo-Tf first binds to its receptor on the cell 

surface at a rate of kFeTf,TfR, and is internalized at a rate of kint,Tf. The iron can then be 

released from the transferrin (kFe,rel), and apo-Tf is either degraded (kdeg,Tf) or recycled to 

the surface (krec). To account for DT and its mutant, CRM107, the DT/DTR trafficking 

pathway (Figure 2) was investigated. The Tf-DT conjugates can enter via the DT pathway 

through DT binding to its native receptor (kDT) and being internalized (kint,DT). The 

catalytic domain of DT (DTA) is then separated from its receptor-binding and translocation 

domains (DTB) and translocated into the cytosol (ktrans), where the toxin kills the cell. The 

DT receptor is then degraded (kdeg(1-fDT)), where fDT is the fraction of internalized DT 

sorted for translocation. Species balances associated with this combined Tf-DT trafficking 

model can be found in the Supplementary Information.

In this study, we used our mathematical model of the Tf-DT intracellular trafficking pathway 

to investigate the cytotoxicity of native Tf and our mutant Tf (K206E/R632A Tf and K206E/

R534A Tf) conjugated to DT and CRM107. These simulations were performed to 

theoretically examine the use of mutant Tf as a targeting ligand for CRM107 and investigate 

the efficacy of those conjugates against cancer cells, as mutant Tf-CRM107 conjugates are 

assumed to only enter cells through the Tf/TfR trafficking pathway. We also used the 

mathematical model to investigate whether or not changing the toxin moiety of our Tf-based 

therapeutic agent to CRM107 actually results in selectivity against normal cells and an 

improved therapeutic index. These mathematical predictions were then validated using in 
vitro studies in various cancerous and non-cancerous cell lines.
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2 Materials and Methods

2.1 Mathematical model of DT/DTR intracellular trafficking

A DT/DTR intracellular trafficking model was derived using the principles of mass action 

kinetics and was incorporated into our previous Tf/TfR model. The assumptions for this 

model are listed below, as are the species balances associated with this extension. Model 

parameters are discussed in this section as well.

2.1.1 Model Assumptions—The behavior of this model was defined through several 

assumptions as described below.

i. The total number of DTR was assumed to be constant, as an equal number of 

DTR was assumed to be synthesized by the cell as was degraded.

ii. The DTR is typically processed by one of two ways. It is either proteolytically 

processed into its mature soluble form, or it is internalized into the cell for 

degradation (Goishi et al., 1995). DTR turnover occurs primarily through this 

latter internalization pathway. The model assumed that the proteolytic processing 

of DTR is negligible. The model also assumed that the internalization rate was 

the same for free and DT-bound DTR, since it is believed that DT enters cells by 

hijacking this inherent internalization pathway of DTR.

iii. Internalized DTR was assumed to only follow the lysosomal degradation 

pathway upon clathrin-dependent internalization. This is supported by studies of 

the effects of protein biosynthesis inhibitors on the DT/DTR trafficking cycle. 

These studies demonstrate that inhibition of cellular protein biosynthesis 

prevents the recovery of steady-state levels of cell-surface DTR following 

internalization. Cell-surface levels of this protein are re-established to steady-

state levels upon removal of the inhibitor, suggesting DTR must be constantly re-

synthesized (Ronnberg and Middlebrook, 1989).

iv. It was assumed that once the DT/DTR complex is internalized, DT does not 

dissociate from its receptor

v. It was assumed that once the catalytic domain of DT (DTA) is separated from its 

receptor-binding and translocation domains (DTB) and released into the cytosol, 

it was not inactivated or degraded within the timeframe of the model simulation. 

This is supported by experiments demonstrating that more than 80% of DTA 

directly injected into the cytosol of Ehrlich ascites tumor cells can be recovered 

intact following a 20 h incubation (Yamaizumi et al., 1982).

2.1.2 Model Equations—Species balances were written for the DT/DTR trafficking 

pathway based on the model assumptions listed in Section 2.1.1. Note that the model 

accounts for some spatial dependence by defining separate species based on their locations.

Species balance for bulk extracellular DT
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(2.1.1)

Species balance for surface DTR

(2.1.2)

Species balance for surface DT/DTR complex

(2.1.3)

Species balance for endosomal DTR

(2.1.4)

Species balance for endosomal DT/DTR complex

(2.1.5)

Species balance for endosomal DTB/DTR complex

(2.1.6)

Species balance for lysosomal DTR
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(2.1.7)

Species balance for lysosomal DT/DTR complex

(2.1.8)

Species balance for lysosomal DTB/DTR complex

(2.1.9)

Species balance for cytosolic DTA

(2.1.10)

2.1.3 Model Parameters—While kint,DT was estimated directly from empirical data 

found in the literature, other parameters (i.e., kDT, kDT,r, ktrans, klys, kdeg) were estimated by 

fitting our model equations to experimental data found in the literature using least squares 

minimization. The following paragraphs will discuss how the model parameter values were 

determined. A full list of model parameters can be found in Table 1.

The internalization rate constant kint,DT for DTR and the DT/DTR complex was determined 

from studies performed by Leppla and colleagues on Vero monkey kidney cells (Dorland et 

al., 1979). Vero cells are highly sensitive to diphtheria toxin, and have been demonstrated to 

express between 1 × 105 and 2 × 105 receptors for DT (Middlebrook et al., 1978). Vero cells 

were pre-bound at 4°C with 125I-labeled DT at a concentration (0.3 μg/mL) that was shown 

to bind between 1 × 104 and 2 × 104 surface receptor sites. At this time, the cells were 

washed to remove any unbound toxin, and the cells were incubated at 37°C in fresh media to 

initiate cell surface DT/DTR complex internalization. Though some of the receptor-bound 

DT was found to dissociate from its receptor, this effect was negligible. These conditions 

allowed Eq. (2.1.3) to be simplified to:

(2.1.11)

Equation (2.1.11) was then integrated. Applying the initial condition that the total number of 

DT/DTR complexes at t = 0 is DT_DTRsurf,0 yields:
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(2.1.12)

Given the half-time (t = t1/2) of DT/DTR complex internalization to be 25 min (Dorland et 

al., 1979), where DT_DTRsurf is equal to ½ DT_DTRsurf,0, we estimated kint,DT to be 0.028 

min−1.

The rate constants kDT, kDT,r, ktrans, klys, and kdeg were estimated by fitting them using our 

model equations and the experimental data for cell-mediated DT reduction, as determined by 

Montecucco and colleagues (Papini et al., 1993), using least squares minimization. In this 

fitting procedure, we first converted the given percentage data to units of molecules/cell. 

Similar to the Leppla and colleagues study on Vero cell DT internalization (Dorland et al., 

1979), Montecucco and colleagues began their investigation with Vero cells pre-bound 

with 125I-labeled DT. To attain equilibrium binding, Vero cells were pre-bound with DT by 

incubating them for 18 h with 3 × 10−9 M (DT0) of 125I-labeled DT at 4°C, which inhibits 

internalization. With this information, we determined the equilibrium number of cell surface 

DT/DTR complexes (DT_DTReq), in units of molecules/cell, using the following definition 

of KD:

(2.1.13)

Here, DTeq is the equilibrium molar concentration of unbound DT, DTReq is the equilibrium 

number of cell surface receptors in units of molecules/cell, and DT_DTReq is the 

equilibrium number of cell surface complexes in units of molecules/cell. Assuming the total 

number of receptors (DTRT) does not change during this process, we can rewrite DTReq as:

(2.1.14)

Additionally, following appropriate unit conversion, DTeq can be shown to be equal to:

(2.1.15)

Substituting Eqs. (2.1.14) and (2.1.15) into (2.1.13) and simplifying, we obtain the following 

expression:

(2.1.16)
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The quadratic equation was used to solve for DT_DTReq. A DTRT value of 1.5 × 105 

molecules/cell and a DT0 value of 3 × 10−9 M were used. For ncell, Vbulk, and NA, the values 

given in Table 1 were used in the solution. With regard to KD, work by the Mekada 

laboratory had previously determined its value for the DT/DTR interaction to range from 0.7 

to 3 × 10−9 M (Iwamoto et al., 1994; Mitamura et al., 1995). As a first approximation for the 

model, the KD value of the DT/DTR interaction was estimated to be 10−9 M. With these 

numbers, we evaluated the following:

(2.1.17)

However, since the larger value of DT_DTReq (2.57 × 106) obtained was greater than DTRT, 

this value was clearly not the solution. Therefore, the initial value of DT/DTR complexes on 

the cell surface in the Montecucco study was estimated as 1.11 × 105 molecules/cell. This 

initial value of the number of DT/DTR complexes on the cell surface corresponded to 

approximately the total number of cell-surface DT receptors, which was used to convert the 

percentage data in the Montecucco study to units of molecules/cell. The conversions were 

made specifically for the data performed at 37oC investigating the percent 125I-DT released 

in the medium and associated with cells and the percent 125I-DTA associated with cells. The 

data was then used to fit the kDT, kDT,r, ktrans, klys, and kdeg rate constants by using the 

DT/DTR trafficking model equations and least squares minimization with initial conditions 

set to zero for all species except DT_DTRsurf (1.11 × 105 molecules/cell), and DTRsurf (3.92 

× 104 molecules/cell). The model fit the experimental data reasonably well. Estimates for the 

kDT, kDTr, ktrans, klys, and kdeg rate constants were determined to be 1.90 × 107 M−1 min−1, 

1.90 × 10−2 min−1, 1.5 × 10−1 min−1, 1.8 × 10−1 min−1, and 4.0 × 10−2 min−1, respectively. 

The fitted parameters kDT, kDT,r, klys, and kdeg were reasonably similar to literature values of 

comparable biomolecules (Gallegos et al., 2012; French and Lauffenburger, 1997).

With regard to the association rate constant of DT for DTR, kDT, it was estimated by the 

following equality for the equilibrium dissociation constant (KD):

(2.1.18)

In this estimation, the KD value of the DT/DTR interaction was again estimated to be 10−9 

M, and kDTr was estimated in the above fitting procedure to be 1.90 × 10−2 min−1.

2.2 Mathematical model of mutant Tf-DT conjugate intracellular trafficking

To fully model the Tf-toxin conjugates, we combined our Tf/TfR model developed 

previously (Lao et al., 2007) with the DT/DTR trafficking model developed in Section 2.1. 

The model assumptions are discussed in this section, as are the relevant equations and 

parameters.
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2.2.1 Model Assumptions—The model assumptions used for the development of the 

Tf/TfR (Lao et al., 2007) and DT/DTR (Section 2.1) trafficking models also apply to the Tf-

DT trafficking model with the following changes and additions.

i. Direct measurements of the iron release rate within cellular endosomes, kFe,rel, 

are unavailable for both wild-type and mutant Tf. However, since iron is 

completely released from internalized wild-type Tf prior to recycling back to the 

cell surface (Ciechanover et al., 1983), the same estimate of 100 min−1 as used in 

the Tf/TfR trafficking model was applied to the Tf-DT conjugate trafficking 

model for wild-type Tf-DT.

ii. Since kFe,rel for our mutant Tf had previously been estimated to be on the order 

of 10−3 min−1 (Halbrooks et al., 2003), this value was assumed in the model for 

mutant Tf-DT conjugates.

iii. Since the binding affinity of CRM107 to preHB-EGF is 8,000-fold less than that 

of DT to preHB-EGF, kDT was lowered by 8,000-fold for CRM107 conjugates.

iv. The vesicle/tubule partition coefficient, κ, was calculated according to the 

expression κ = (1−λ)2, where λ is the diameter of the Tf-DT conjugate divided 

by the diameter of the tubule (French and Lauffenburger, 1996). An average Tf-

DT conjugate diameter of 20 nm was estimated from the crystal structures of Tf 

(Kilar and Simon, 1985) and DT (Choe et al., 1992) by summing the longest 

length scale of each individual molecule together. A tubule diameter of 60 nm 

was assumed (Marsh et al., 1986).

v. Endosomal Tf-DT conjugates, not associated with either receptor, were assumed 

to be unable to associate with the endosomal membrane and translocate DTA.

vi. It was assumed that the Tf-DT conjugate was required to be associated with TfR 

in the vesicular compartment (which is destined for degradation) to be competent 

for DTA translocation into the cytosol when internalized via the Tf/TfR 

trafficking pathway. This is supported by studies demonstrating that DT 

membrane insertion and translocation requires an endosomal pH drop to ~4 

(Chenal et al., 2009), while endosomal pH is not expected to drop below ~5.5 in 

the Tf/TfR recycling pathway (Dautry-Varsat et al., 1983; Klausner et al., 

1983a).

vii. It was assumed that once the DT portion of the conjugate had associated with the 

endosomal membrane and translocated its catalytic domain into the cytosol, the 

remaining endosomal molecule was sorted for lysosomal degradation through the 

DT/DTR trafficking pathway irrespective of the receptor the conjugate was 

associated with.

2.2.2 Model Equations—The full list of all species balances associated with the Tf-DT 

conjugate intracellular trafficking model can be found in the Supplementary Information. A 

short description of each species is given prior to each species balance expression. Note that, 

as before, species are defined based on their type and location in order to recognize the 

spatial differences in the trafficking pathway. To clarify, any species referred to as “reduced” 
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(e.g., reduced FeTfDT/TfR complex and reduced TfDT/DTR complex) signifies that the 

disulfide bond between the DTA and DTB domains of DT has been cleaved through the 

process defined by the rate constant ktrans. Therefore, reduced versions of the Tf-DT 

conjugates (i.e., FeTfDT and TfDT) are represented in the species balances as FeTfDTB and 

TfDTB. The rate constant, ktrans, also captures the process by which DTA translocates into 

the cytosol following this disulfide reduction.

2.2.3 Model Parameters—Mutant Tf conjugates were differentiated from wild-type Tf 

conjugates by altering the iron release rate within cellular endosomes, kFe,rel, such that 

mutant Tf conjugates had a lower kFe,rel. CRM107 conjugates were differentiated from DT 

conjugates by altering the binding affinity to DTR. CRM107’s decreased binding affinity for 

DTR was modeled by setting the DT to DTR association rate constant, kDT, of Tf-CRM107 

simulations to be 8,000-fold less than its value for Tf-DT simulations. Note that this same 

distinction between Tf-DT and Tf-CRM107 conjugates can also be accomplished by 

increasing the DT to DTR dissociation rate constant, kDT,r, by 8,000-fold for Tf-CRM107 

simulations since KD = kDT r/kDT. It was found with the cellular toxicity simulations that 

either method produced the same outcome. The results in Section 3 correspond to decreasing 

the association rate constant for Tf-CRM107 conjugates. In addition, the same rate constant 

for TfR-mediated internalization was assumed for both Tf and its mutant. This was deduced 

from the fact that the TfR-mediated internalization rate constant remains the same regardless 

of whether there is Tf bound to TfR (Watts, 1985), which suggests that the internalization 

rate constant would not depend on the type of Tf bound to TfR. A full list of model 

parameters is provided in Table 2.

2.3 In Silico Cytotoxicity

2.3.1 Cellular Toxicity in Cancerous Cells—Model equations were solved with 

Berkeley Madonna™ using initial conditions set to zero for all species except the 

concentration of holo-Tf-DT (1 nM), the number of TfR on the cell surface (5.4 × 105 

receptors; Yazdi and Murphy, 1994), and the number of DTR on the cell surface (1.5 × 105 

receptors; Middlebrook et al., 1978). The length of each simulation was 50 h. Wild-type Tf 

conjugates were distinguished from mutant Tf conjugates by setting the endosomal iron 

release rate constant, kFe,rel, to 100 min−1 and 0.001 min−1, respectively. Tf-CRM107 

conjugate trafficking was distinguished from Tf-DT conjugate trafficking by reducing the 

association rate constant for toxin binding to DTR (kDT) to be 8,000-fold less.

Cellular toxicity was investigated by examining the % inhibition of cellular growth at 

various concentrations of the Tf-toxin conjugate. Tf-toxin conjugate-induced cellular 

toxicity was estimated using the following approach. First, based on our previous Tf-DT 

conjugate in vitro toxicity studies with U251 and U87 cells, maximum wild-type Tf-DT 

toxicity initially plateaued at a conjugate concentration of 3.16 × 10−11 M for both cell lines 

(Yoon et al., 2010). The number of molecules of DT’s catalytic domain (DTA) found in the 

cytosol at this concentration was determined from trafficking simulations to be 1.51 × 104 

molecules/cell, and this was fixed as the number of DTA molecules necessary to exhibit 

100% cellular toxicity for our model simulations. Lower concentrations of conjugates were 

also input into the trafficking model to generate a cytotoxicity curve. After determining the 
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number of DTA molecules in the cytosol, the value was divided by 1.51 × 104 and multiplied 

by 100% to yield the corresponding % inhibition value.

2.3.2 Cellular Toxicity in Non-Neoplastic Cells—Cellular toxicity for non-neoplastic 

cells was investigated similarly to the procedure outlined in Section 2.3.1, with the exception 

of the initial value of surface Tf receptors. Since cancerous cells are known to overexpress 

surface TfR (Daniels et al., 2006), non-neoplastic cells were modeled by decreasing the 

initial surface TfR of cancerous cells, 5.4 × 105 receptors (Yazdi and Murphy, 1994), by 

various fold. Since non-neoplastic cells were expected to have at least 10-fold fewer TfR 

than cancerous cells, this investigation was started at a 10-fold decrease of TfR.

2.4 In Vitro Cytotoxicity

Tf-toxin conjugates were synthesized and various cell lines were cultured according to 

methods detailed in Sections 1 and 2 of the Supplementary Information. The sulforhodamine 

B (SRB) cell proliferation assay was used to quantify cell survival based on the 

measurement of cellular protein content. The toxicities of the mutant Tf-CRM107 

conjugates relative to the wild-type Tf-CRM107 conjugate were investigated in glioma cells 

(U87 and U251) and HeLa cells to determine if the mutant Tf conjugates were more potent 

than the wild-type Tf conjugate using the new toxin. In addition, mutant Tf-CRM107 

conjugates were incubated with normal cells to assess cancer specificity.

The various cells utilized in this study were seeded onto wells of a 96-well tissue culture 

plate at cell densities of 10,000 cells/cm2 for cancer cells (U87, U251, and HeLa) and 

45,000 cells/cm2 for normal cells (human umbilical vein endothelial cell (HUVEC) and 

normal human astrocyte (NHA)). Different seeding densities were used due to differences in 

cell size and proliferation rate. Following overnight incubation, growth medium was 

aspirated, and the cells were incubated for 48 h with 100 μL fresh growth medium 

containing concentrations of Tf-CRM107 spanning five orders of magnitude (10−13 to 10−9 

M). A cold 10% trichloroacetic acid (TCA) solution (100 μL) was added to each well to fix 

the cells at 4°C for 1 h. The 10% TCA solution was removed, and the cells were washed 

four times with deionized water then thoroughly blow-dried. Subsequently, 50 μL of a 1% 

acetic acid solution containing 0.4% SRB was added to each well for 30 min at room 

temperature. The dye solution was removed, and the cells were washed four times with a 1% 

acetic acid solution to remove unbound dye; following this step, the cells were again blow-

dried. The dye was dissociated from the proteins and solubilized with 100 μL of a 10 mM 

Tris base solution. The absorbance of each well was determined with an Infinite F200 plate 

reader (Tecan System Inc., San Jose, CA) at wavelengths of 560 and 700 nm. The survival of 

cells relative to a control (i.e., cells incubated in growth medium without Tf-CRM107) was 

calculated by determining the ratio of the (A560 – A700) values. Experiments were performed 

three times with quadruplicate points per concentration.
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3 Results and Discussion

3.1 Tf-DT Mathematical Model Successfully Predicts Improved Efficacy of Mutant Tf-
CRM107 Conjugates against Cancer Cells Relative to Wild-Type Tf-CRM107 Conjugates

Simulations with our Tf-DT conjugate intracellular trafficking model were performed to 

determine differences in cytotoxicity between wild-type and mutant Tf proteins with both 

DT and CRM107 conjugates. The predicted trends were then validated with in vitro 
cytotoxicity data.

Figure 3 and Table 3 presents the results of our in silico toxicity simulations. The 

concentrations at which 50% inhibition of cellular growth (IC50) was observed were 13.4, 

8.66, 36.8, and 8.20 pM for wild-type Tf-DT, mutant Tf-DT, wild-type Tf-CRM107, and 

mutant Tf-CRM107, respectively (Table 3). These results indicate that mutant Tf conjugates 

have increased drug efficacy compared to the wild-type conjugates. In addition, the 

difference in drug delivery efficacy between wild-type and mutant Tf was only 1.5-fold for 

DT conjugates, while the difference for CRM107 conjugates was 4.5-fold. This suggests that 

changing the toxin moiety of our Tf-based cancer therapeutic from DT to CRM107 can 

potentially increase the difference in drug efficacy. A sensitivity analysis was performed 

(Section 6 in the Supporting Information) to verify that the trends presented in this modeling 

results section were maintained for a wide range of values for key parameters in the model.

The difference in cytotoxicity between CRM107 and DT was as predicted because the wild-

type Tf-CRM107 conjugate was estimated to be associated to a lesser degree with the cell 

than the wild-type Tf-DT conjugate, since CRM107 cannot bind to DTR (the preHB-EGF 

receptor). Wild-type Tf is often assumed to be restricted to a single cycle through its 

trafficking pathway due to its highly efficient iron delivery kinetics (Ciechanover et al., 

1983; Yazdi and Murphy, 1994). For this reason, wild-type Tf-CRM107 conjugates would 

typically have a single opportunity to deliver their cytotoxic payload, which is insufficient 

for the effective delivery of CRM107 given the short intracellular residence time of a single 

Tf/TfR trafficking cycle (Klausner et al., 1983b). On the other hand, wild-type Tf-DT 

conjugates are given an additional opportunity to deliver their cytotoxic payload even after 

the loss of iron because of DT’s high affinity for its own receptor. Coupled with the greater 

intracellular residence time associated with the DT/DTR degradation pathway (Dorland et 

al., 1979), it is not surprising that the cytotoxicity of wild-type Tf-DT conjugates is 

significantly greater than the cytotoxicity of wild-type Tf-CRM107 conjugates.

To confirm these trends predicted by the Tf-DT conjugate intracellular trafficking and 

toxicity model, we synthesized and administered CRM107 conjugates of our wild-type, 

K206E/R632A, and K206E/K534A Tf ligands to two glioma (U251 and U87) cell lines as 

well as the HeLa cell line over a range of concentrations for 48 h. In accordance with our 

model, each mutant Tf-CRM107 conjugate exhibited a significantly enhanced drug delivery 

efficacy relative to their wild-type counterpart in U87, U251, and HeLa cells that was much 

greater than the improved efficacy observed with Tf-DT conjugates (Figure 4, Table 4). IC50 

values for U87 cells (Figures 4A and B, Table 4) were determined to be 32.1 ± 3.2 pM for 

wild-type Tf compared to values of 7.10 ± 0.87 (p = 0.0002) and 6.80 ± 0.52 pM (p = 

0.0002) for K206E/R632A Tf and K206E/K534A Tf, respectively. Similar results were 
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obtained with U251 cells (Figures 4C and D, Table 4), demonstrating IC50 values of 35.3 

± 3.7 pM for wild-type Tf compared to values of 10.8 ± 1.8 (p = 0.0005) and 11.3 ± 1.2 pM 

(p = 0.0004) for K206E/R632A Tf and K206E/K534A Tf, respectively. For HeLa cells 

(Figures 4E and F, Table 4), the IC50 values were determined to be 30.3 ± 3.0 pM for wild-

type Tf compared to values of 9.4 ± 1.0 (p = 0.0002) and 10.2 ± 1.4 pM (p = 0.0003) for 

K206E/R632A Tf and K206E/K534A Tf, respectively. The student’s t-test was used to show 

that the decrease in IC50 exhibited by both mutant Tf-CRM107 conjugates compared to the 

wild-type counterpart was statistically significant (p < 0.05). These experiments showed that 

mutant Tf-CRM107 conjugates exhibited an improved efficacy compared to wild-type Tf-

CRM107 conjugates (4.6, 3.2, and 3.0 fold for U87, U251, and HeLa cells). The fold 

improvement observed with the mutant Tf-CRM107 conjugates relative to the wild-type Tf-

CRM107 conjugate was greater than the fold improvement observed with the mutant Tf-DT 

conjugates relative to the wild-type Tf-DT conjugate (Yoon et al., 2009, 2010).

These in vitro results are consistent with our projected trends that mutant Tf conjugates have 

an improved efficacy compared to wild-type Tf conjugates. Our mathematical model of the 

Tf-DT intracellular trafficking pathway thus successfully predicted that (i) mutant Tf-toxin 

conjugates were more effective than wild-type Tf-toxin conjugates, and (ii) the increase in 

drug carrier efficacy for CRM107 conjugates was better than for DT conjugates. These 

results suggest that CRM107 appears to be a more suitable therapeutic agent for our mutant 

Tf to deliver to cancer cells.

3.2 Tf-DT Mathematical Model Successfully Predicts Selectivity of Mutant Tf-CRM107 for 
Cancerous Cells Relative to Non-Neoplastic Cells

Simulations with our Tf-DT conjugate intracellular trafficking model were performed to 

determine differences in selectivity of the mutant Tf-CRM107 conjugate for cancerous, or 

neoplastic, cells relative to non-neoplastic cells. The predicted trends were then validated 

with in vitro cytotoxicity data.

To simulate the cancer selectivity of our mutant Tf-CRM107 conjugates, we also ran cellular 

toxicity simulations with varying numbers of TfR receptors. Since TfR is overexpressed on 

malignant cells at 5.4 × 105 receptors on the cell surface (Daniels et al., 2006; Yazdi and 

Murphy, 1994), we varied the number of initial TfR receptors over a range of decreased 

values to model non-neoplastic cells. The results can be found below in Figure 5. The 

simulated IC50 values of mutant Tf-CRM107 in neoplastic cells was 8.20 pM, while the 

simulated values for non-neoplastic cells were 11.5 pM, 16.4 pM, 81.0 pM, and 144.4 pM 

for 5.4 × 104, 2.97 × 104, 5.4 × 103, and 2.97 × 103 TfR, respectively (Table 5). The results 

from this in silico study shows the trend that decreasing numbers of TfR (i.e., modeling non-

neoplastic cells) results in reduced cytotoxicity of our mutant Tf-CRM107 conjugates. Our 

model thus predicts that mutant Tf-CRM107 conjugates demonstrate selectivity for 

cancerous cells relative to non-neoplastic cells, and suggests that they could be used as a 

targeted cancer therapeutic agent.

These differences between cancerous and non-neoplastic cells were predicted for mutant Tf-

CRM107 because the conjugates are estimated to associate to a lesser degree with cells that 

have fewer TfR on the surface. Since the binding affinity of CRM107 for DTR is 8,000-fold 

Yoon et al. Page 13

J Theor Biol. Author manuscript; available in PMC 2018 March 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



lower than native values and the binding affinity of mutant Tf to TfR remains the same 

compared to native values (Yoon et al., 2009), the main contribution to internalization of the 

mutant Tf-CRM107 conjugates is the Tf/TfR pathway. The decreased numbers of TfR on 

cell surfaces of non-neoplastic cells thus results in decreased mutant Tf-CRM107 

internalization. Because of this difference in conjugate internalization for neoplastic versus 

non-neoplastic cells, the conjugates were less cytotoxic toward and selective against non-

neoplastic cells.

To validate our cytotoxicity simulations of the mutant Tf-CRM107 conjugates in non-

neoplastic cells, in vitro cytotoxicity experiments were performed with two non-neoplastic 

cell types, HUVECs and NHAs. Our results indicated that cancer selectivity can be achieved 

by our CRM107 conjugates due to significantly higher IC50 values observed for all 

conjugates when treating non-neoplastic cells, suggesting a potentially good therapeutic 

index. As seen in Figures 6A and B, IC50 values for HUVECs were determined to be 195 

± 30, 147 ± 36 (p = 0.2), and 136 ± 24 pM (p = 0.06) for wild-type Tf, K206E/R632A Tf, 

and K206E/K534A Tf, respectively. Similar results were obtained with NHAs (Figures 6C 

and D), demonstrating IC50 values of 55.0 ± 9.3, 32.4 ± 7.4 (p = 0.03), and 38.0 ± 6.8 pM (p 
= 0.06) for wild-type Tf, K206E/R632A Tf, and K206E/K534A Tf, respectively. Compared 

to the in vitro IC50 values for cancerous cells presented in Section 3.1, these values are much 

higher, confirming our mathematical prediction that our mutant Tf-CRM107 conjugates 

exhibit selectivity for cancerous cells relative to non-neoplastic cells. From these results, we 

can conclude that changing the toxin moiety from DT to CRM107, which has an 8,000-fold 

reduced binding affinity, has a significant contribution to improving the selectivity.

In addition, differences in toxicity between wild-type Tf-CRM107 conjugates and both 

mutant Tf-CRM107 conjugates were significantly diminished in non-neoplastic cell lines. 

The student’s t-test was used to show that the decrease in IC50 exhibited by both mutant Tf-

CRM107 conjugates compared to the wild-type counterpart was not statistically significant 

(p > 0.05), with the exception of the K206E/R632A Tf-CRM107 conjugate against NHAs. 

The diminished difference in IC50 values was likely due to saturation of TfR with the 

conjugates. Since normal cells are expected to express far fewer TfR, additional recycling 

capabilities of the mutant conjugates become inconsequential in the presence of excess Tf-

CRM107 conjugates available to bind to the receptors and be internalized.

4 Conclusion

Due to the overexpression of TfR on cancer cells, targeted cancer therapeutics that exploit 

the Tf trafficking pathway is currently being evaluated. Previously, we have used a 

mathematical model of the Tf/TfR pathway to predict that conjugates made with a mutated 

form of Tf results in improved efficacy in cancer cell lines. Though we have previously 

investigated mutant Tf-DT conjugates with success, DT has high toxicity and may exhibit 

dangerous off-target effects.

In this work, we proposed the utilization of a mathematical model to evaluate the efficacy 

and selectivity of mutant Tf conjugated to an alternate drug. For this mathematical 

investigation of a novel conjugate, we chose to investigate CRM107, a mutant form of DT. 
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We first extended our previously developed Tf/TfR model to include a DT/DTR pathway. 

We then used our mathematical model to evaluate how mutant Tf would improve efficacy 

compared to wild-type Tf when the toxin moiety is changed to CRM107 and whether a 

mutant Tf-CRM107 conjugate would exhibit improved selectivity against non-neoplastic 

cells while maintaining cytotoxic efficacy toward cancerous cells.

Through our simulations, we predicted that mutant Tf-CRM107 would outperform wild-type 

Tf-CRM107 in terms of efficacy toward cancer cells. We also predicted that switching from 

wild-type Tf to mutant Tf in CRM107 conjugates would drastically improve the efficacy of 

these conjugates due to the absence of the DT/DTR trafficking pathway for CRM107. In 

addition, this increase was predicted to be much greater than the increase associated with 

switching from wild-type Tf to mutant Tf in DT conjugates. This predicted trend was 

confirmed in our in vitro investigation of toxicity with the U87 and U251 glioma cell lines, 

as well as the HeLa cell line.

We also ran simulations to evaluate the selectivity of this novel mutant Tf-CRM107 

conjugate. The results of our simulation suggested that the cytotoxicity of mutant Tf-

CRM107 was greater in cancerous cells due to overexpression of TfR on those cells. This 

predicted trend was confirmed, as our measured in vitro IC50 values of CRM107 conjugates 

with normal cell lines were many fold higher than the IC50 values observed with cancerous 

cell lines. Both our in silico simulations and in vitro results suggest a potentially greater 

therapeutic window for the mutant Tf-CRM107 conjugates. Furthermore, for the normal cell 

types (HUVECs and NHAs), the cytotoxicity curves of the mutant and wild-type Tf-

CRM107 conjugates became similar, attributed to the saturation of TfR on the normal cells.

In summary, our mathematical model predicted that (i) mutant Tf-CRM107 exhibited 

improved efficacy compared to wild-type Tf-CRM107, (ii) this improvement in efficacy was 

greater than that of its DT counterparts, and (iii) mutant Tf-CRM107 exhibits a substantial 

decrease in toxic side effects. These mathematical simulations, which were validated by our 

in vitro studies, altogether indicate that CRM107 would be a more suitable therapeutic agent 

in combination with the mutant Tf in future studies.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Developed mathematical model of Tf-DT intracellular trafficking pathway

• Used model to predict drug efficacy and selectivity of mutant Tf-CRM107 

conjugates

• Validated predictions with in vitro cytotoxicity experiments

• Mutant Tf-CRM107 exhibits improved efficacy

• Mutant Tf-CRM107 exhibits good therapeutic index for cancer therapy
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Fig. 1. Tf-related trafficking parameters used in the combined Tf-DT trafficking pathway
For this part of the pathway, holo-Tf conjugated with DT enters the cell through TfR, then 

internalized as a holo-Tf/TfR complex. DT can then be cleaved, and DTA is released into the 

cytosol. After iron from Tf is released, the apo-Tf/TfR complex is either degraded or 

recycled. For the recycled apo-Tf/TfR complex, the apo-Tf is released when it returns to the 

cell surface.
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Fig. 2. DT-related trafficking parameters used in the combined Tf-DT trafficking pathway
For this part of the pathway, Tf-DT conjugates enter the cell through binding to DTR. The 

Tf-DT/DTR complex is then internalized, where DT can be cleaved and DTA can be 

translocated into the cytosol. In addition, once inside the cell, iron can be released from Tf, 

and the Tf-DT/DTR complex can be degraded.
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Figure 3. Cytotoxicity simulation of wild-type Tf versus mutant Tf conjugates
In silico cytotoxicity simulations using the Tf-DT mathematical model for (A) wild-type and 

mutant Tf-DT conjugates and (B) wild-type and mutant Tf-CRM107 conjugates.
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Figure 4. In vitro cytotoxicity comparisons for CRM107 conjugates
Points, mean from an average of three experiments; bars, standard deviation. Wild-type Tf 

versus K206E/R632A Tf and K206E/R534A Tf in (A, B) U87, (C, D) U251, and (E, F) 

HeLa cells.
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Figure 5. Cytotoxicity simulation of mutant Tf-CRM107 conjugates against neoplastic and non-
neoplastic cells
Cytotoxicity curves of neoplastic cells (TfR = 5.4 × 104) versus non-neoplastic cells show a 

trend of reduced cytotoxicity with reduced TfR.
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Figure 6. In vitro cytotoxicity comparisons for CRM107 conjugates for non-neoplastic cells
Points, mean from an average of three experiments; bars, standard deviation. Wild-type Tf 

versus K206E/R632A Tf and K206E/R534A Tf in (A, B) HUVECs and (C, D) NHAs.
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Table 1

List of parameters in the DT/DTR intracellular trafficking model.

Rate Constant Definition Value Ref.

kDT Association rate constant of DT for DTR 1.90 × 107 M−1 min−1 Est.

kDT,r Dissociation rate constant of DT for DTR 1.90 × 10−2 min−1 Est.

kint,DT Internalization rate constant 2.8 × 10−2 min−1 Est.

ktrans Endosomal translocation rate constant 1.5 × 10−1 min−1 Est.

klys Endosome to lysosome rate constant 1.8 × 10−1 min−1 Est.

kdeg Degradation rate constant 4.0 × 10−2 min−1 Est.

fDT Fraction of internalized DT sorted for translocation 3.33 × 10−1 (Dorland et al., 1979)

ncell Cell number 4.75 × 105 cells (Papini et al., 1993)

Vbulk Bulk media volume 5 × 10−4 L (Papini et al., 1993)

NA Avogadro’s number 6.02 × 1023 mol−1 N/A
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Table 2

List of parameters in the Tf-DT conjugate intracellular trafficking model.

Rate Constant Definition Value Ref.

kFeTf Association rate constant of FeTfDT for TfR (9.6 ± 0.2) × 107 M−1 min−1 (Lebron et al., 1998)

kFeTf,r Dissociation rate constant of FeTfDT for TfR (7.8 ± 1.2) × 10−2 min−1 (Lebron et al., 1998)

kTf Association rate constant of TfDT for TfR 0 M−1 min−1 (Lebron et al., 1998)

kTf,r Dissociation rate constant of TfDT for TfR 2.6 min−1 (Ciechanover et al., 1983)

kDT Association rate constant of (Fe)TfDT for DTR 1.90 × 107 M−1 min−1 a

2.375 × 103 M−1 min−1 b
Est.

kDT,r Dissociation rate constant of (Fe)TfDT for DTR 1.90 × 10−2 min−1 Est.

kendo Endosomal association rate constant of (Fe)TfDT for TfR (4.4 ± 0.4) × 107 M−1 min−1 (Lebron et al., 1998)

kendo,r Endosomal dissociation rate constant of (Fe)TfDT for TfR (5.6 ± 1.2) × 10−2 min−1 (Lebron et al., 1998)

kint,Tf TfR-mediated internalization rate constant 2.0 × 10−1 min−1 (Ciechanover et al., 1983)

kint,DT DTR-mediated internalization rate constant 2.8 × 10−2 min−1 (Dorland et al., 1979)

kFe,rel Endosomal Tf iron release rate constant 1.0 × 102 min−1 c

1.0 × 10−3 min−1 d
Est.

ktrans Vesicle to cytosol translocation rate constant 1.5 × 10−1 min−1 Est.

ksv TfR-mediated degradation rate constant 1.2 × 10−1 min−1 (French and Lauffenburger, 
1997)

kst TfR-mediated tubule to recycling rate constant 5.3 × 10−1 min−1 (French and Lauffenburger, 
1997)

kdeg,Tf TfR-mediated degradation rate constant 6.0 × 10−2 min−1 (French and Lauffenburger, 
1997)

krec TfR-mediated recycling rate constant 1.5 × 10−1 min−1 (French and Lauffenburger, 
1997)

κ Vesicle/tubule partition coefficient 0.44 Est.

η Tubule to vesicle volume ratio 0.43 (French and Lauffenburger, 
1997)

γ TfR-mediated vesicle to tubule rate constant 1.0 min−1 (French and Lauffenburger, 
1997)

klys DTR-mediated vesicle to lysosome transfer rate constant 1.8 × 10−1 min−1 Est.

kdeg,DT DTR-mediated degradation rate constant 4.0 × 10−2 min−1 Est.

fDT Endosome to cytosol translocation fraction 0.33 (Dorland et al, 1979)

ncell Cell number 4 × 105 cells N/A

Vbulk Bulk media volume 1 × 10−3 L N/A

Vendo Endosomal volume 1.0 × 10−14 L (French and Lauffenburger, 
1997)

NA Avogadro’s number 6.02 × 1023 mol−1 N/A

a
Wild-type DT

b
CRM107

c
Wild-type Tf

d
Mutant Tf
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Table 3
Simulation IC50 values of DT conjugates versus CRM107 conjugates

Mutant Tf conjugates exhibit improved efficacy compared to their wild-type Tf counterparts. Changing the 

toxin moiety to CRM107 results in an improved fold difference between the mutant Tf and the wild-type Tf 

conjugates.

Conjugate IC50 (pM) IC50 decrease associated with mutant Tf

DT conjugates

Wild-type Tf-DT 13.4
1.5-fold

Mutant Tf-DT 8.66

CRM107 conjugates

Wild-type Tf-CRM107 36.8
4.5-fold

Mutant Tf-CRM107 8.20
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Table 4
IC50 values of various Tf-CRM107 conjugates in cancerous cell lines

The IC50 values of Tf-CRM107 conjugates are listed for U87, U251, and HeLa cells. SD, standard deviation. 

Mutant Tf-CRM107 conjugates exhibit improved efficacy compared to wild-type Tf-CRM107 conjugates.

Cell Line IC50 ± SD (pM) Average IC50 decrease associated with mutant Tf

U87

Wild-type Tf-CRM107 32.1 ± 3.2

~4.6 foldK206E/R632A Tf-CRM107 7.10 ± 0.87

K206E/K534A Tf-CRM107 6.80 ± 0.52

U251

Wild-type Tf-CRM107 35.3 ± 3.7

~3.2 foldK206E/R632A Tf-CRM107 10.9 ± 1.8

K206E/K534A Tf-CRM107 11.3 ± 1.2

HeLa

Wild-type Tf-CRM107 30.3 ± 3.0

~3.0 foldK206E/R632A Tf-CRM107 9.4 ± 1.0

K206E/K534A Tf-CRM107 10.2 ± 1.4
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Table 5
Simulation IC50 values of mutant Tf-CRM107 conjugates in neoplastic versus non-

neoplastic cells

Results demonstrate that a decreased number of TfR results in an increased IC50 value and reduced 

cytotoxicity.

TfR Number IC50 (pM)

Neoplastic cells

5.4 × 105 8.20

Non-neoplastic cells

5.4 × 104 11.5

2.97 × 104 16.4

5.4 × 103 81.0

2.97 × 103 144.4
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Table 6
In vitro IC50 values of Tf-CRM107 conjugates with non-neoplastic cells

The IC50 values for mutant CRM107 against non-neoplastic cells are much higher than against neoplastic cell 

lines, suggesting a good therapeutic index.

Cell Line IC50 ± SD (pM)

HUVEC

Wild-type Tf-CRM107 195 ± 30

K206E/R632A Tf-CRM107 147 ± 36

K206E/K534A Tf-CRM107 136 ± 24

NHA

Wild-type Tf-CRM107 55.0 ± 9.3

K206E/R632A Tf-CRM107 32.4 ± 7.4

K206E/K534A Tf-CRM107 38.0 ± 6.8
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