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(when variability in the parameters is taking into account) (Fig. 3B) and faster tumour 

shrinkage was predicted with tritherapy, reaching maximum tumour shrinkage 8 days 

after treatment (vs 20 or 42 days with CTX or CpG, respectively). Similarly, in the non-

responders group, a prolonged time to disease progression was observed with tritherapy 

(26 days) compared with both bitherapies (15 for CpG and 18 for CTX days). This 

results show the benefit of combining therapies with different mechanism of action in 

the treatment of cancer. 

 

Application of the model 

Simulation studies were undertaken to assess the capacity of the model to predict 

tumour response to different immunotherapeutic agents when administered in 

combination with either, CpG or CTX, using literature data. 

Preclinical. Figure 6 depicts the model performance at the individual and population 

level for IL-12. The results showed that the combination model developed can be 

applied to describe the time course of tumour size in experiments performed to assess 

the response of different immune-therapeutic agents such as IL-12 when drug and 

tumour cell line specific parameters are considered. 

Extrapolation to clinical setting. Simulations results obtained from the model 

developed from preclinical data predicted an increase in the probability of cure of 0.27 

[0.067-0.47] and of 0.33 [0.20-0.60] for CpG and CTX, respectively, with respect to 

monotherapy administration. Values similar to the 0.44 reported by Rynkiewicz et al. 

(Rynkiewicz et al., 2011) for CpG or the 0.17 and 0.25 reported by Walter el al. (Walter 

et al., 2012) and Höltl et al (Höltl et al., 2005) respectively for CTX.  
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In addition, a 20% reduction on the number of Treg cells was found 3 days after 

treatment with CTX (Walter et al., 2012), a value comparable to the 27% that is 

predicted by our model assuming only one dose administration 24 hours prior to vaccine 

administration, indicating the potential role of the model in the optimization of future 

clinical trials.  
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Discussion 

Over the past 30 years, vaccines have aroused as an interesting approach in the 

treatment and prevention of cancer for a wide range of tumours. However, it is unlikely 

that a potent and prolonged immune response can be obtained when administered in 

monotherapy as has been the case of chemotherapy.  

Vaccine administration in combination with different co-adjuvants to potentiate the 

triggered immune response or to inhibit the immunosuppressive mechanism developed 

by the tumour have proven to increase preclinical and clinical efficacy achieved in 

immunotherapy (Alfaro et al., 2011; Ge et al., 2012; Ghiringhelli et al., 2007; Hong et 

al., 2012; Mkrtichyan et al., 2011). 

Evaluation of a wide range of drugs is a fundamental step in early drug development to 

assess synergistic, additive or antagonistic interaction. PK/PD models provide a useful 

framework to assist in the evaluation and development of optimal therapeutic regimens 

in combination strategies (Harrold et al., 2012; Rocchetti et al., 2009). 

In this paper we have expanded a previous semi-mechanistic model (Parra-Guillen et 

al., 2013) developed to characterize tumour growth dynamics after administration of an 

antitumour vaccine (CyaA-E7). The model was expanded to account for the 

pharmacodynamic effects triggered by CpG and CTX, two commonly used co-

adjuvants in immunotherapeutic regimens. 

CpG is a TLR9 receptor ligand known to induce activation and maturation of antigen 

presentation cells such as dendritic cells, increasing the number of antigen specific T 

cells when co-administered with peptide vaccines (Krieg, 2008; Speiser et al., 2005). In 

addition, a faster response to peptide administration, either measured as titer of 

antibodies (Ellis et al., 2010; Rynkiewicz et al., 2011) or as number of specific T cells 
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(Speiser et al., 2005), has also been reported in protocols where CpG was co-

administered. Regarding CTX, administration of low doses has been described to 

deplete Treg cells by inhibiting its proliferation, and thus enhancing tumour response 

(Lutsiak et al., 2005; Walter et al., 2012). Retaining a simplified representation of the 

biological system, our model has mechanistically incorporated the known 

pharmacology of the two co-adjuvants, providing a successful description of the data 

and comparable to other literature results which reported a decrease of around 20% 

three days after CTX administration (Walter et al., 2012) with a maximum effect 

reached 4 days after treatments and a recovery around day 11 (Mkrtichyan et al., 2011).  

During the model building process it was found that the incorporation of an extra effect 

of CTX represented as direct tumour shrinkage resulted in a significant fit improvement 

(Supplementary table). Given the low doses used and the absence of CTX effect when 

nude mice were used [see supplementary figure in Berraondo et al (Berraondo et al., 

2007)], this unexpected result suggests that CTX might also trigger other immune 

mechanisms represented by the parameter k6 in the model.  

It is worth noting that excellent predictions during tritherapy treatment were obtained 

simulating from the models developed with data from bitherapy without the need of 

further model refinements. Similar type of exercise has been also shown recently 

(Harrold et al., 2012). 

The final developed model was able to successfully describe the data from CyaA-E7 

and IL-12, both at the individual and the population level although some discrepancies 

were found for the IL-12 case given the presence of a few mice that did respond to CTX 

administration alone in contrast to what was observed for CyaA-E7. 

Despite successful model performance to describe the data, a couple of model 

limitations have to be recognised. Lack of pharmacokinetic data or pharmacodynamic 
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information of different dose levels or dosing regimens constitutes an important model 

limitation since a proper link between drug concentration and effect cannot be 

established. Consequently, tumour size predictions under unexplored dosing regimens 

scenarios should be performed with great caution and further experimental data will be 

needed to prove their validity. In addition, given the existent model complexity and data 

availability, inter-individual variability in those parameters related to the co-adjuvant 

therapy could not be incorporated into the model. 

Given the minimum model developed to describe the system, parameter estimates do 

not reflect a unique physiological process, but a mixture of them (e.g., vaccine transit 

compartments reflect vaccine elimination and the different immune processes triggered 

after antigen presentation that ultimately lead to the proliferation of effector cells). 

Therefore, a direct inter-species scale is not feasible using classical allometric and/or 

species specific parameters 

Nevertheless, and regardless of previous mentioned drawbacks, the model was able to 

describe well and in a simplified manner the main mechanisms implied in the biological 

responses triggered by both co-adjuvants. Furthermore, the model was able to anticipate 

the clinical impact of adding CTX or CpG co-adjuvants to different immunotherapeutic 

agents using literature data, underscoring model robustness and translational capability 

to different clinical scenarios, although tumour size information would have been 

desirable to properly characterized the effect of the vaccines in monotherapy. 

In summary, a semi-mechanistic model to account for the pharmacodynamic effects of 

two widely used co-adjuvants in immunotherapy, CTX and CpG, in combination with a 

different immunotherapeutic drugs has been proposed and validated under different 

experimental conditions. Moreover, the model was directly extrapolated to describe 
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clinical outcomes, regarded as the percentage of individuals that would respond to the 

treatment, confirming model robustness and applicability to drug development. 
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Figure legends 

Figure 1. Individual raw data profiles. C57BL/6 mice were injected with 5x105 TC-1 

cells (n=13-19 mice per group) on day 0. Individual mice profiles, computed as the 

mean of two perpendicular diameters, are shown after administration of a single dose of 

CyaA-E7 (yellow line), CpG (blue line) or CTX (green line) alone, in two-two 

combination or after tritherapy administration (Berraondo et al, 2007). A table 

summarizing the drug doses used along with the day of dose administration has been 

included in the figure. 2 mm was considered as the limit of quantification (red dashed 

line). Frame plots data belong to the monotherapy analysis previously published, but are 

shown to allow for comparison.  

 

Figure 2. Schematic representation of the combination therapy model. Previously 

developed vaccine model, equations and parameter estimates for CyaA-E7 and IL-12 

administration in monotherapy are shown (yellow area) (Parra-Guillen et al, 2013). 

After CpG administration and through a transit compartment (TRANCpG), the drug 

triggers a signal (SCpG) able to increase transit between vaccine compartments and 

induce the proliferation of the vaccine signal (SVAC), which in turn will trigger tumour 

(Ts) death. On the other hand CTX is able to directly inhibit regulator compartment 

(REG) proliferation and generate, through a delay compartment (TRANCTX), a signal 

(SCTX) able to induce tumour death. A description of the parameters can be found in 

Materials and Methods section. 

 

Figure 3. Evaluation of model performance. A. Tumour size observations (points) 

and individual model predictions (lines) of two illustrative mice per dosing group 
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(obtained using the MAXEVAL=0 option in NONMEM) are presented using a different 

colour for each mouse. 2 mm was considered as the limit of quantification (dashed line). 

B. Probability of cure calculated over 1000 simulated studies is presented and compared 

to real data. Grey shadow represents 90% prediction interval of the simulated data and 

points represents the raw probability of cure for the studies used during model 

development (orange) and for the validation studies (brown). 

 

Figure 4. Visual and numerical predictive check to evaluate final model 

performance at population level. Simulated tumour size measurements above the limit 

of quantification (upper panels) and percentage of data below the limit of quantification 

(lower panel) versus raw data (points) are plotted over time for CyaA-E7 bitherapy and 

tritherapy studies. Grey areas in the upper panels represent the 90% prediction interval 

of the simulated median. Grey areas in the lower panels represent the 90% prediction 

interval of the simulated percentage of data below the limit of quantification. Solid and 

dashed black lines are the simulated and raw median respectively. 2 mm was considered 

as the limit of quantification (red dashed line). 

 

Figure 5.  Mean model performance. Tumour size (Ts) and regulator compartment 

(REG) profiles over time are presented for both mice populations, responders (left) and 

non-responders (right), after administration of 50 μg of CyaA-E7 on day 25, 30 μg of 

CpG-B on day 25 and/or 2.5 mg of CTX on day 24, alone or in combination. 

 

Figure 6. External validation of the combination model using IL-12 experimental 

data. A. C57BL/6 mice were injected with 5x105 MC38 cells on day 0. Individual mice 
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profiles, computed as the mean of two perpendicular diameters, are shown after 

administration 2.5 mg of CTX on day 22 alone or in combination with 10μg of a 

plasmid codifying for murine IL-12 administered by hydrodynamic injection on day 23. 

B. Tumour size observations (points) versus individual model predictions (solid lines 

obtained with MAXEVAL=0 option in NONMEM) of two mice per IL-12 dosing 

group. C. Simulated tumour size measurements above the limit of quantification (upper 

panels) and percentage of data below the limit of quantification (lower panel) versus 

raw data (points) are plotted over time for CTX administered alone or in combination 

with IL-12. Grey areas in the upper panels represent the 90% prediction interval of the 

simulated median. Grey areas in the lower panels represent the 90% prediction interval 

of the simulated percentage of data below the limit of quantification. Solid and dashed 

black lines are the simulated and raw median respectively. D. Probability of cure 

calculated over 1000 simulated studies is presented and compared to real data. Grey 

shadow represents 90% prediction interval of the simulated data and points represents 

the raw probability of cure for the IL-12 studies. 2 mm was considered as the limit of 

quantification (red dashed line). 
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Tables 

 Table I: Parameters of the mathematical model developed  

 CpG CTX 

Parameter Mean Value (CV%) [2.5th-97.5th ] Mean Value (CV%) [2.5th-97.5th ] 

kD (day-1) 0.268 (5) [0.0533-0.420] 0.302 (21.3) [0.233-0.483] 

SLPD (au-1) 9.01 (8.1) [3.52-62.3] 2.30 (40.7) [1.25-4.48] 

k5 (au-1·day-1) 0.478 (14.7) [0.0847-1.65] -  

k6 (au-1·day-1) -  0.189 (45.6) [0.0606-0.283] 

Residual error 
[Log (mm)] 

0.166 (6.7) [0.144-0.189] 0.153 (4.7) [0.133-0.166] 
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