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Objective: The treatment plans designed with the guidance of the mathematical model and 
adaptive strategy can trap tumor subpopulations in a periodic and controllable loop. But this process 
requires detailed information about the tumor system, which is difficult to obtain. Therefore, we 
wondered whether the fixed periodic treatment plans designed with the typical values of population 
parameters could be applied to a similar tumor system without complete information.
Methods: A binary tumor system constructed by an EGFR-mutant and a KRAS-mutant cell 
line was used to explore the applicability of the fixed periodic treatment plans. The dynamics 
of this system were described by combining the Lotka-Volterra model with the framework of 
the nonlinear mixed-effects model. The typical values of population parameters were used to 
design the plans, and the robust plans were screened through parameter variation. These 
screened plans were examined their applicability in animal experiments and simulations.
Results: In animal experiments where system parameters vary from −30% to 30%, the 
“osimertinib administration, withdrawal, FK866 administration and withdrawal” plan can 
trap subpopulations of the system in periodic cycles. In simulation, when there was an 
unknown resistant subpopulation, the screened fixed periodic treatment plans can still delay 
the evolution of resistance. The median outcomes of screened plans were better than 
conventional sequential treatment in most cases. There was no significant difference between 
the outcomes of the screened plan with median stability and the optimal therapy. The 
evolutionary trajectories of these two plans were similar.
Conclusion: According to the results, these fixed periodic plans should be tried in treatment 
even the information of the tumor system was incomplete.
Keywords: adaptive strategy, osimertinib resistance, tumor evolution, fixed periodic 
treatment plans

Introduction
Extensive subclone mutations and complex microenvironmental interaction construct 
tumors as a cunning enemy.1–5 This enemy is an adaptive complex system.6 The self- 
organization and adaptation of participants in this ecosystem have shaped the evolution of 
resistance and metastasis.7–10 Adaptive therapy exploits the intra-competition among 
participants and traps the evolution trajectory of this system within a controllable 
area.11–14 In the research of adaptive therapy clinical trial in metastatic prostate cancer, 
the frequency-dependent evolution “cycles” have been constructed with the guidance of 
the mathematical model.11 The frequency of each subpopulation was cycled in 
a succession of treatments by implementing of well-timed switching between each 
treatment. But sometimes, we are unable to obtain the detailed information of this 
tumor system. In this case, can we still design and implement this evolution “cycle”?
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In terms of the targeted therapy, the above periodic 
treatment cycle is meaningful. Sensitive subpopulations 
of targeted therapy are the subpopulations with driver 
mutations. When sensitive subpopulations are lifted, the 
outgrowth of resistant subpopulations will be the bottle-
neck of treatment, that is, competitive release.15–17 The 
high-intensity selective pressure has promoted the rapid 
resistance evolution of targeted therapy.18 In this regard, 
the periodic treatment cycle can provide appropriate selec-
tive pressure and delay this evolutionary process. 
Mathematical model guidance is essential to achieve this 
periodic treatment cycle. Thus, it is still necessary to 
obtain the tumor system’s composition and the corre-
sponding subpopulations’ biological properties. 
Generally, the amount of tumor volume or tumor marker 
data needs to be collected to establish the mathematical 
model and estimate the values of the above parameters. 
However, obtaining this data is tricky. The acquisition of 
tumor volume requires CT or MRI. According to the 
National Comprehensive Cancer Network guidelines, 
there is a period between each collection, so collecting 
an amount of data requires long-term follow-up. In addi-
tion, there may not be suitable tumor markers for estimat-
ing changes in tumor burden. In the case of incomplete 
system information, can the fixed periodic treatment cycle 
formulated by the typical values of population parameters 
trap heterogeneous individuals’ subpopulations in the 
approximate limit cycle? Herein, the real-time tumor com-
position information is also difficult to obtain, so the 
periodic treatment cycle is fixed.

Osimertinib is a third-generation tyrosine kinase inhi-
bitor for EGFR-mutant non-small cell lung cancer. For the 
use of osimertinib, acquired resistance is an obstacle to its 
clinical treatment. Here, the KRAS (G12S) mutation is 
a potential resistant mechanism. We investigate the control 
of this system, which was constructed with the EGFR- 
mutant sensitive subpopulation and this KRAS(G12S)- 
mutant resistant subpopulation. The inhibition of this 
mutation subpopulation was considered to be achieved 
through metabolic intervention. Then, we explored the 
feasibility of the fixed periodic treatment plan when com-
plete information is not available in this system. 
Furthermore, because of the instability of tumor cell chro-
mosomes and the complexity of the tumor system, there 
are generally other subpopulations in the tumor. Moreover, 
we also wondered whether this fixed periodic treatment 
plan designed with the adaptive strategy could prolong the 
control of the unknown third subpopulation.

In this study, we mainly focused on the above two scenar-
ios. Herein, a density-dependent model was adopted to estab-
lish a good correlation with the tumor volume. The tumor 
system was constructed by the EGFR-mutant sensitive and 
KRAS (G12S)-mutant resistant cell lines. We will screen out 
a fixed periodic treatment plan and apply it to the treatment of 
this tumor system without adjustment to test whether it is 
necessary to obtain enough tumor information to develop an 
individualized plan to induce the tumor in a periodic and 
controllable loop. Moreover, simulations would test the fixed 
periodic treatment plan’s effectiveness in the tumor system 
with an unknown resistant subpopulation. In summary, we 
wondered whether the fixed periodic treatment plan capita-
lized on the adaptive strategy is suitable for a type of tumor 
that contains similar tumor subpopulations but without com-
plete information of tumor composition and subpopulations’ 
biological properties.

Methods
Cell Culture
The human lung adenocarcinoma cell lines H1975 and 
A549 were used to construct the tumor system. The 
above two cell lines were purchased from the National 
Collection of Authenticated Cell Cultures (Shanghai, 
China). Mycoplasma was detected by Gmyc-PCR kit 
(Yeasen, Shanghai, China, cat# 40601ES10), and these 
two cell lines were mycoplasma-free. EGFR (T790M) 
mutant H1975 is sensitive to osimertinib, KRAS (G12S) 
mutant A549 is resistant to osimertinib. Both cell lines 
were cultured in RPMI-1640 (Gibco (Thermo Fisher 
Scientific), Waltham, MA, USA, cat# 21870076) contain-
ing 10% fetal bovine serum (Gibco, cat# 10099141C) and 
1% Penicillin-Streptomycin (5000 U/mL) (Gibco, cat# 
15070063). A549 was transfected by Luciferase- 
puromycin resistant lentivirus (Genomeditech, Shanghai, 
China, cat# GM-0220PC) to express firefly luciferase. This 
A549/luc (firefly luciferase) cells were selected with 
1.6mg/L puromycin (MedChemExpress, Shanghai, China, 
cat#HY-B1743A) to maintain the label protein.

Transcriptomics Data Origin and 
Processing
The microarray gene expression data to analyze differen-
tially expressed genes (DEGs) between H1975 and A549 
was obtained from the NCBI GEO database (accession 
number GSE31625). We used the limma package of R,19 

and the threshold set as | log2-fold-change | > 1 and adj. 
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P-value <0.001 to obtain DEGs. Then, protein–protein 
interaction (PPI) of DEGs was constructed by the 
STRING database. The database Genomics of Drug 
Sensitivity in Cancer (GDSC)20 was referenced to find an 
appropriate metabolic target based on the different meta-
bolic pathway.

Western Blot Analysis
Cells were lysed and equivalent amounts of protein sam-
ples (25 μg per sample) were run on 10% SDS-PAGE gels 
at 60–120V constant voltage to separate them and trans-
ferred onto Immobilon-P PVDF membranes (Millipore) at 
a constant current (200mA for 1h). Membranes were 
blocked using Blocking Buffer for Wb (Beyotime, 
cat#P0252) for 2 h at room temperature. Membranes 
probed for NAMPT and GAPDH were reprobed with the 
Anti-NAMPT antibody (Abcam, cat#ab236873, 
EPR21984, 1:1000 diluted) and GAPDH Rabbit pAb 
(Yeasen, cat# 30202ES40, 1:3000 diluted) overnight at 
4°C. Next, they were washed three times with TBS-T, 
followed by incubation with Peroxidase-Conjugated Goat 
Anti-Rabbit IgG (H+L) (Yeasen, cat#33101ES60, 1:5000 
diluted) for 1 h at room temperature. Following washing 
with TBS-T. Densitometer and ImageJ software immunor-
eactivity signals were detected by enhanced chemilumi-
nescence (Tanon 5200, Shanghai, China).

Proliferation Rate Assay
Cell viability was measured by MTT assay. Cells were 
seeded into 96-well plates at an appropriate density and 
treated with different concentrations of FK866 
(MedChemExpress, cat#HY-50876) for 72 h. After treat-
ment, culture media was removed and 100ul 0.5mg/mL 
MTT (Beyotime, Shanghai, China, cat# ST316) was added 
per well for 4 hours. Then, 100ul dimethyl sulfoxide 
(Beyotime, cat# ST038) dissolve formazan, the absorbance 
of each well at 540 nm was detected by microplate reader.

Animal
All animal care and experimental procedures were 
approved by the animal ethics committee of the 
Pharmaceutical Animal Experiment Center of China 
Pharmaceutical University in compliance with the 
Chinese law on animal welfare. Female BALB/c nude 
mice aged 5 to 7 weeks were purchased from Charles 
River and allowed to acclimatize (in groups of 3–4 mice 
per cage) for at least 7 days before the experiment. The 

mice were maintained on a 12-h light:12-h dark cycle with 
free access to standard rodent chow and water.

The Efficacy Experiment of FK866 in vivo
In the experiment, mice were subcutaneously inoculated with 
A549 or H1975 suspension (~5×106 cells per mouse) in the 
left forelimb flank.21–23 Tumor volume was generally mea-
sured by caliper two to three times a week, and calculated 
according to the formula V ¼ π � lengh� width2� �

=6.24–26 

When tumor volume reached around 100 mm3, mice with 
A549 or H1975 were randomly grouped according to tumor 
volume and weight. In the FK866 group, mice were injected 
intraperitoneally with FK866 (20 mg/kg) in normal saline (1% 
DMSO) for eight days. The vehicle control group was given 
the corresponding solvent without drug for eight days. The 
tumor volume at each time point was compared to clarify 
whether FK866 inhibited the growth of A549 or H1975.

Animal Experiment for Model Fitting
In this experiment, mice were subcutaneously inoculated 
with single or mixed cell suspension (~5×106 cells per 
mouse) in left forelimb flank.21–23 The single cell suspen-
sion was a single A549, and the mixed cell suspension was 
a mixture of H1975 and A549 in equal proportions. For 
mice with single A549, FK866 was administered from day 
0 to day 8 at a dose of 20 mg/kg/day. For mice with the 
mixed tumor, FK866 was administered from day 3 to day 
11 at a dose of 20 mg/kg/day. The volume of A549 in the 
mixed tumor was obtained by in vivo imaging every 3–4 
days. Moreover, the volume of single A549 and the total 
volume of mixed tumor was obtained by caliper two to 
three times a week. These data were used for the model 
establishment and parameter fitting.

Animal Experiment for the Fixed Periodic 
Treatment Plan
Mice were subcutaneously inoculated with mixed tumor 
cells (~5×106 cells per mouse), the mixed cell suspension 
of H1975 and A549 was at a ratio of 9:1. When tumor 
volume reached 200–300 mm3, mice were randomly 
divided into the DT1 and DT2 groups according to 
tumor volume and weight. Different treatment plans 
would be applied to these two groups. Using the same 
way of the animal experiment for model fitting, the total 
tumor volume and A549 volume of mixed tumors were 
obtained and used for model validation.
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In vivo Imaging
The volume of A549 in the mixed tumor was evaluated by 
IVIS Spectrum (PerkinElmer, Waltham, MA, USA) 
through the in vivo imaging. First, a quantification data-
base of bioluminescence intensity with cell numbers 
should be built. The serial dilutions of A549/luc cells 
were cultured in a 96-well black plate with a transparent 
bottom. After cell planting, the culture medium was 
replaced with 0.15 mg/mL D-Luciferin potassium salt 
(Beyotime, cat#ST196) and incubated 5 minutes to acquire 
the bioluminescence intensity. After that, for acquisition of 
the diffuse luminescence imaging tomography, mice were 
given D-Luciferin potassium salt by intraperitoneal injec-
tion at a dose of 150 mg/kg 12 minutes before imaging. 
Living Image software (version 4.3.2, PerkinElmer) was 
used to reconstruct a luminescence source in 3D space and 
calculate the absolute intensity of that source at depth.27 

Based on the quantification database, we can get the cell 
number of A549. Then the cell number can be converted 
to the A549 volume of the mixed tumor according to the 
cell volume of A549 from our previous study.28 The cell 
volume of A549 in our previous study was obtained from 
the regression of cell number and tumor volume.

Model Establishment
The competition of subpopulations was illustrated by 
Lotka-Volterra model.29 The nonlinear mixed-effects 
model was adopted as the statistical framework to take 
account of inter-individual variability.30 In Equation 1, 
structural model f and residual error model g constitute 
the observations. Here, the variation of observations to the 
variables is described by structural model f. The difference 
between model prediction and observation is the residual 
error, which was set as the proportional error model. In 
addition, subscript i of each item represents individual and 
j represents the corresponding time point, tijrepresents the 
time point. The individual parameters ϕi are from the same 
population distribution, here they were assumed from 
a lognormal distribution. The vector μ of the distribution 
represents the fixed effects, and ω represents the variance 
of individual random effects. Furthermore, the fixed effect 
is the mean of the population parameters under the pre- 
assumed distribution and the random effect means the 
variation of the population parameters between indivi-
duals. The residual errors εij follows standard normal dis-
tribution and ξ is the regression parameter of the residual 
error model.

yij ¼ f ϕi; tijÞ þ g ϕi; tij; �Þεij ϕ1; . . . ;ϕI,LN μ;ωð Þ
��

½1�

The model of mixed tumor administered with osimertinib 
or FK866 was as following Equations 2 and 3, the equa-
tion of osimertinib administration was the same as our 
previous study.28 In equations, H and A represent the 
volume of H1975 and A549, COSI and CFK866 represent 
the concentration of osimertinib and FK866, EOSI repre-
sents the efficacy of osimertinib on H1975, EFK866 repre-
sents the efficacy of FK866 on A549. When COSI and 
CFK866 equal zero, Equations 2 and 3 illustrate the normal 
growth of the mixed tumor. Intrinsic growth rate, r, carry-
ing capacity, K, competition parameters, h and a, these 
biologically related parameters were considered interindi-
vidual variability and the subscripts (h; a) of parameters 
indicated that they belonged to H1975 and A549, respec-
tively. And for other drug-related parameters like EOSI , 
EFK866, interindividual variability was not considered. In 
addition, the second term in Equation 2 describes the 
survival support of A549 to H1975 when osimertinib 
was administered. Because the inhibition of osimertinib 
on H1975 was significantly reduced in the mixed tumor,28 

we suspected that A549 might produce some secretions to 
support the survival of H1975, which is also present in 
other TKIs.31 The second term in Equation 3 indicates the 
impact of actual carrying capacity on the efficacy of 
FK866. Here the actual carrying capacity was the item 

A þ h � H
Ka

� �
, which calculates the portion of resources 

occupied by A549 and H1975 relative to the necessary 
resources of A549. Because FK866 mainly acts by inhibit-
ing the synthesis of NAD+, the actual carrying capacity of 
the tumor will affect the degree of NAD+ deficiency, 
thereby affecting the efficacy of FK866. Therefore, for 
the mixed tumors, osimertinib controls the H1975 selec-
tively, and FK866 controls the A549 selectively.

dH
dt
¼ rh � H � 1 �

H þ a� A
Kh

� �

� COSI � EOSI � H

� 1 �
A

Aþ H

� �

½2�

dA
dt
¼ ra � A� 1 �

Aþ h� H
Ka

� �

� CFK866 � EFK866 � A

�
Aþ h� H

Ka

� �

½3�
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Parameter Estimation
Monolix 2019R2 (Lixoft SAS, Antony, France, 2019) was 
used for parameter estimation, which maximizes the like-
lihood function to obtain the appropriate values by the 
stochastic approximation expectation maximization 
algorithm.32 The fitting results of biologically related para-
meters contained typical value and inter-individual varia-
bility. The typical value was the mean of the population 
parameter and the inter-individual variability was the var-
iance of the parameter distribution. The parameters about 
tumor normal growth, cell competition and efficacy of 
osimertinib were obtained from the previous study.28 The 
efficacy of FK866 was estimated based on the volume of 
single A549, total volume of the mixed tumors and the 
A549 volume of the mixed tumors. The goodness-of-fit 
plots and residual plots evaluated the model. The 90% 
confidence interval of change of tumor volume over time 
was obtained by the simulation of the median of the 
experimental samples.

Simulation to Get Fixed Periodic 
Treatment Plans with Typical Values of 
Parameters
In this simulation, the initial tumor composition was set as 
H1975 (180 mm3) and A549 (20mm3), the biologically 
related parameters were set to the typical values, the time 
to start periodic treatment was set to 2–15. For periodic 
treatment regimens, the first combination sequence was 
osimertinib administration, withdrawal, FK866 administra-
tion and withdrawal, and the second combination sequence 
was FK866 administration, withdrawal, osimertinib 
administration and withdrawal. The duration of each treat-
ment was from 2 to 15 days, and the duration can also be 
0, that is, skip this treatment. In this way, the fixed treat-
ment cycle was simulated seven cycles. For the aim of 
keeping subpopulation content in a stable cycle, the stabi-
lity of the treatment plan was evaluated by the degree of 
difference in the subpopulation content at the beginning 
and end of each treatment cycle. The top 10% of the 
treatment plans would enter the following evaluation. To 
evaluate the stability of these plans under the system 
changes, the value of one parameter was increased or 
decreased each time in the simulation system. The corre-
sponding range is as follows: 100% subpopulation content, 
50% intrinsic growth rate, 50% carrying capacity, 50% 
competition parameter. Then, each plan would be tested 
in these variant systems, and the top 10% of these plans 

would be retained. In animal experiments, the appropriate 
plans would be adopted to treat the mice with mixed 
tumors.

The Fixed Periodic Treatment Plans for 
Tumor Systems with an Unknown 
Resistant Subpopulation
The screened fixed periodic treatment plans would be tested 
for effectiveness in a tumor system containing an unknown 
resistant subpopulation. The general dynamics of these three 
subpopulations are described by Equation 4, and the efficacy 
of osimertinib and FK866 was the same as Equations 2 and 
3. Here, to simplify the simulation condition, the intrinsic 
growth rate and carrying capacity of resistant subpopulation 
was set to the typical value of H1975. The competition 
parameters among three subpopulations were set to the 
four cases shown in Tables 1–4. The competition coeffi-
cients in Equation 4 were in the corresponding position of 
the competition matrix in Tables 1–4. The initial treatment 
volume of the tumor system was set to 200 mm3, and the 
proportions of H1975, A549 and resistant subpopulation 
were 90%, 9.9%, and 0.1%, respectively. This was also the 
start point for calculating the outcome of each treatment. 
The endpoint of treatment was defined as the weighted sum 
of the relative carrying capacity of subpopulations. If this 

Table 1 Case 1

H A R

H 1 0.109 0.5

A 0.554 1 0.4

R 0.8 0.7 1

Table 2 Case 2

H A R

H 1 0.109 0.7

A 0.554 1 0.5

R 0.4 0.8 1

Table 3 Case 3

H A R

H 1 0.109 0.3

A 0.554 1 0.8

R 0.7 0.5 1
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value exceeds 90% of the carrying capacity for any subpo-
pulation, it is judged to reach the treatment endpoint. 
Because the local high competition may promote the occur-
rence of malignant events.33,34 The outcome of each treat-
ment plan from the previous screening would be calculated 
for the above four cases. For these four cases, simulated 
annealing was used to calculate the optimal plan for com-
parison. In this process, it was assumed that all information 
about the tumor system was available. The detailed informa-
tion of the simulated therapy protocols compared in these 
cases are shown in Table 5.

dSi

dt
¼ ri � Si � 1 �

∑j¼3
1 aij

Ki

 !

½4�

Statistical Analysis
The data were expressed as the mean ± standard error of the 
mean. The significance analysis for two groups at each time 
point or drug concentration was performed by a two-sided 
unpaired t-test by R (4.0.5) and visualized by ggplot2. The 
acceptable level of significance set at p < 0.05; p-values were 
shown in figures as *: p < 0.05, **: p < 0.01 and ***: 
p < 0.005, ****: p < 0.0001, ns: not significant.

Results
FK866 Selectively Inhibits the 
Proliferation of A549
According to the transcriptomics data analysis, the dif-
ferentially expressed genes (DEGs) have been found, 
and the corresponding proteins formed the PPI shown 
in Figure 1A. Protein expression in the pink circle was 
lower in A549 than in H1975, and the protein expres-
sion in the blue circle was the opposite. In this network, 
the metabolic pathway of NAD+ has been explored and 
shown in Figure 1B (top). In A549, the low-expressed 
metabolic enzymes in this pathway were the metabolic 
enzymes that synthesize NAD+, while the high- 
expressed metabolic enzymes were the metabolic 
enzymes in the decomposition process. Therefore, 
A549 may be more sensitive to the intervention of this 
pathway than H1975. The expression level of the rate- 
limiting enzyme NAMPT in the synthesis process of 
NAD+ is shown in Figure 1B (bottom), which was 
consistent with the transcriptomics data. According to 
the drug sensitivity data of GDSC, FK866 was chosen 
to inhibit the proliferation of A549.

Then the efficacy of FK866 was first verified 
in vitro (Figure 1C). As shown in the bar plot, when 
the concentration of FK866 was higher than 10 nM, the 
proliferation of A549 was significantly reduced com-
pared to H1975. After that, the efficacy of FK866 has 
been further verified in vivo (Figure 1D). When FK866 
was given to nude mice inoculated with A549 at 
20 mg/kg/day, the tumor volume was significantly 
lower than the vehicle control group after four days. 
For nude mice inoculated with H1975, there was no 
significant difference in tumor volume between the 
FK866 and the vehicle control groups (Supplementary 
Figure S1). Both in vitro and in vivo experiments 
showed that FK866 selectively inhibited the prolifera-
tion of A549. As for the osimertinib, it only selectively 
inhibited the proliferation of H1975.28

Table 4 Case 4

H A R

H 1 0.109 0.7
A 0.554 1 0.8

R 0.3 0.5 1

Table 5 Therapy Protocols

Protocol Detail With 
Complete 

Information

O-W-F-W fixed 
periodic 

treatment plan

The median outcome of 
screened plans compared with 

the outcome of the standard of 

care, and the plan with median 
stability compared with the 

optimal plan.

No

O-F-W fixed 

periodic 

treatment plan

The median outcome of 

screened plans compared with 

the outcome of the standard of 
care.

No

Standard of care Conventional sequential 
treatment, that is, when tumor 

volume exceeds the initial 

volume during the continuous 
osimertinib administration, 

switch to FK866 and 

osimertinib combination 
administration.

No

Optimal plan The optimal plan was 
calculated by simulated 

annealing.

Yes
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Model Parameter Estimates and Model 
Evaluation
The established model is shown in Equations 2 and 3. 
Equation 2 and the parameters contained in these equa-
tions were adopted from our previous study.28 The 

pharmacodynamic model of FK866 and related parameters 
were explored in this study. The experimental data used 
for the model establishment and parameter estimation con-
sisted of two parts. One was the tumor volume of single 
A549 with 20 mg/kg/day FK866 administration for eight 

Figure 1 FK866 selectively inhibits the proliferation of A549. (A) The protein–protein interaction (PPI) of differentially expressed genes (DEGs) between H1975 and A549. The 
protein in the pink circle was less expressed in A549 than in H1975, and protein in the blue circle was more expressed in A549. (B) The top is the metabolic pathway of NAD+. The 
text in the box represents metabolite, and the text around the arrow represents metabolic enzyme. The middle part is expression level of NAMPT in H1975 and A549, the 
corresponding quantitative result is in the bar plot at the bottom (p-value=0.001, ***p < 0.005). (C) The efficacy of FK866 in vitro. H1975 and A549 were cultured in different 
concentrations of FK866 for 72h. The cell viability comparison of H1975 and A549 in the same dose group was calculated by t-test. The significant difference started from 10 nM (p < 
0.0001: ****ns: not significant). (D) The efficacy of FK866 in vivo. Mice inoculated with A549 were given FK866 (20 mg/kg/day) or vehicle for eight days. The tumor volume at the 
same time point was compared by t-test in these two groups, and the significant difference started from the fourth day (p < 0.005: ***p < 0.0001: ****ns: not significant).
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days and regrowth for thirteen days. The other was the 
total tumor volume and A549 volume of the mixed tumors 
(H1975:A549 = 1:1) with normal growth for three days 
and 20 mg/kg/day FK866 administration for eight days. 
The parameter estimation was performed by Monolix and 
listed in Table 6.

The diagnostic plots of the model are shown in Figure 2. 
Because the A549 volume in the mixed tumor was obtained 
through in vivo imaging every 3–4 days, the observations of 
A549 volume in mixed tumors were less than observations 
of the single A549. The observed volume versus predicted 
volume was in the left column of Figure 2, the dots were 
around the diagonal, and the individual predictions were 
close to the observations. The middle column was the 
IWRES versus time, the distribution of dots followed the 
standard normal distribution. The right column was used to 
describe the change of tumor volume over time. The blue 
shade was the 90% confidence interval obtained by simula-
tion using the median of the individual parameters, and the 
black line was that the median of the observations fell within 
the confidence interval.

Fixed Periodic Treatment Plans Designed 
with Typical Values Can Still Trap H1975 
and A549 in a Stable Cycle
According to the Simulation to get fixed periodic treatment 
plans, several treatment plans were screened out, and only 
the first combination sequence can meet the requirements, 
that is, osimertinib administration, withdrawal, FK866 
administration, withdrawal (O-W-F-W), or skipping the 
intermediate withdrawal (O-F-W). In animal experiments, 
the O-W-F-W and O-F-W treatment plans of equal cycle 
length were implemented to the treatment. The mice in the 
DT1 group adopted the O-W-F-W plan, mice in the DT2 

group adopted the O-F-W plan. When tumor volume 
reached 700–900 mm3, these plans were started, which 
were adopted without any adjustment to confirm the 
applicability of the fixed periodic treatment plans designed 
by typical values.

The data of total tumor volume and A549 volume was 
collected during the treatment to validate the model. In 
addition, the data before the plan started was used to 
estimate the individual parameters of each sample by 
individual empirical Bayes estimates, and the initial sub-
populations volumes of the model validation were 
obtained by the parameter estimation of Monolix. With 
these individual parameters, the predictions of tumor 
volume and A549 volume versus therapy time were 
shown as the orange and green curves in Figure 3A. The 
observation indicated by black scatters were close to the 
prediction curves. The experiment has been performed for 
60 days, so the observations were collected to the 
60th day. According to the observations and simulation 
results, it can be considered that the content of H1975 and 
A549 was in a cyclical change with periodic treatment. 
The range of each individual parameter of the experiment 
samples is shown in Figure 3B, and the parameter differ-
ences between the samples were around −30% to 30%. 
The fixed periodic treatment plans screened out from 
simulation can trap two subpopulations of these samples 
in an approximate limit cycle. This means that for the 
tumor systems of the two subpopulations, it was still 
possible to maintain the periodic cycle of the system 
with the same treatment plan, although there were some 
differences in biological properties, competition para-
meters from the original simulated system. In all, the 
fixed periodic treatment plans designed by the typical 
values were applicable when there were not enough data 
to get complete information of the tumor system.

Table 6 Parameter List

Parameter Description Typical Value Inter-Individual Variation From Previous Study28

ra A549 intrinsic growth rate 0.184 0.183 Yes

rh H1975 intrinsic growth rate 0.187 0.254 Yes
Ka Carrying capacity of A549 1350 0.316 Yes

Kh Carrying capacity of H1975 1410 0.352 Yes

a Competition intensity from A549 to H1975 0.109 2.05 Yes
h Competition intensity from H1975 to A549 0.554 1.56 Yes

EFK866 Drug effect of FK866 to A549 2.84 / No

EOSI Drug effect of osimertinib to H1975 d1:687 � rh þ 0:1686 / Yes
Ke FK866 Metabolic rate of FK866 0.901 / No

Ke OSI Metabolic rate of osimertinib 1.31 / Yes
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Fixed Periodic Treatment Plans Can 
Inhibit Potential Resistant Subpopulation
Since the chromosomal instability of tumor cells, it is common 
that there are other unknown subpopulations in the tumor 
system. In the treatment of the two main subpopulations, the 
content of these unknown subpopulations may increase and 
affect the evolutionary trajectory. At this time, the effect of the 

fixed periodic treatment plan was explored in the four compe-
titive cases, which were mentioned in the methods. These 
cases represented four different competitive relationships 
between the unknown resistant subpopulation and two sensi-
tive subpopulations, H1975 and A549. The screened treatment 
plans have been tested for efficacy in these cases. The endpoint 
of this simulation was set as the weighted sum of the relative 

Figure 2 Graphical diagnostics of the model. Observations versus individual predictions for A549 in single with FK866 from day 0 to day 8 (top, n=5), the total volume of 
the mixed tumor with FK866 from day 3 to day 11 (middle, n=5), A549 in mixed tumor (bottom, n=5). Each row includes lines of identity (left), individual-weighted residuals 
(IWRES) versus time (middle), and the predicted volume versus time (right). In the subplots of predicted volume versus time, the blue shaded area represents the 90% 
confidence interval of the simulation of the median value of the experimental samples. The line represents the median of the observations.
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carrying capacity of subpopulations exceeded 90%, which was 
used to measure the local competitive level of the tumor. High 
local carrying capacity and intense competition may lead to 
malignant events such as metastasis, which should be avoided 
in the treatment. The distribution of the outcome of these 
treatment plans is shown in Figure 4. The outcome of the 
O-W-F-W group was a little better than the outcome of the 
O-F-W group, and the competitive suppression intensity of 

H1975 and A549 on the resistant subpopulation affected the 
outcome significantly. In addition, except for the fourth case, 
the median outcomes of these two groups were better than the 
outcome of the standard of care.

Then the fixed periodic treatment plan with median sta-
bility was chosen from the O-W-F-W screened plans. The 
plan’s performance from start to the end in the four cases is 
shown in the left column of Figure 5. The middle column of 

Figure 3 Fixed periodic treatment plan implemented in animal experiment. (A) Tumor volume versus therapy time in the experiment. The first row was the three 
representative samples from the DT1 group, which adopted the O-W-F-W plan. The second row was the three representative samples from the DT2 group which adopted 
the O-F-W plan. The black dots were the observations of total volume, and the black triangle was the observations of A549 volume. The experiment has been performed 
for 60 days, so the observations were collected to the 60th day. The yellow curves were the simulation results of total volume, and the green curves were the simulation 
results of A549 volume. The blue, red and green color bands below the curves represent the withdrawal, administration of osimertinib and FK866, respectively. (B) 
Distribution of individual parameters of experiment samples. Boxplot of biological parameters of experiment samples obtained from individual empirical Bayes estimates.
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Figure 5 was the performance of the optimal treatment plan, 
which was obtained by the simulated annealing method. For 
this optimal plan, it was assumed that all information of the 
tumor system was available and the treatment cycle was not 
fixed. In these four cases, the tumor subpopulation content of 
the fixed periodic plan and the optimal plan changed simi-
larly with the treatment time. In the right column of Figure 5, 
the tumor composition of these two plans and the relative 
evolutionary velocity of resistant subpopulation was pre-
sented on the trilinear simplex. In these two treatment trajec-
tories, the content of H1975 and A549 changed sequentially, 
and the content of resistant subpopulation increased slowly. 
The lower the competitive inhibition to resistant subpopula-
tion, the fewer treatment cycles would be implemented in 
these four cases. In general, the difference between the out-
comes of the fixed period plan and the optimal plan was not 
significant. Meanwhile, in actual circumstances, we usually 
cannot obtain all the information of the tumor system, so that 
is difficult to design the optimal plan. Therefore, a fixed 
periodic plan that achieves a similar effect can replace the 
optimal plan.

Discussion
In the tumor system composed of H1975 and A549, osi-
mertinib and FK866 were used to control the tumor bur-
den. We have explored the therapeutic effectiveness of 
fixed periodic treatment plans in the tumor system. The 
endpoint set in these studies was that the weighted sum of 
the relative carrying capacity of subpopulations exceeded 

90%. Because carrying capacity describes the ability of the 
tissue to provide resources required by subpopulations, 
and this value can evaluate the intensity of competition 
for resources among tumor subpopulations. Intense com-
petition for local resources may promote the occurrence of 
malignant events, such as metastasis. Therefore, this cri-
terion takes into account the characteristics of each 
subpopulation.

This research found that when there are two main 
subpopulations in the tumor system, the fixed periodic 
treatment plans designed according to the typical values 
of population parameters are still effective in tumor sys-
tems with some differences. Because when the plans were 
filtered, the content variation of each subpopulation before 
and after each cycle of treatment was evaluated, and this 
variation defined the stability of each plan. In addition, the 
stability of the plan also was evaluated when individual 
parameters changed. Therefore, the screened plans were 
robust to tumor systems with variations in subpopulation 
composition and biological properties.

With the fixed periodic treatment cycle, the content of 
each sensitive subpopulation changes periodically. The 
total content of sensitive subpopulations is relatively 
stable, thus prolonging the control of the resistant subpo-
pulation. Given the four competitive cases, we chose 
a plan with median stability from screened plans. Such 
a plan has a more robust outcome for different competitive 
situations. Because a plan with high stability for one case 
was designed accurately for this situation, it will inevitably 
lower the outcome for other competition situations, 
thereby reducing the general applicability of this plan. 
Based on this, a fixed periodic treatment plan with appro-
priate stability is generally selected to improve the robust-
ness of the outcome for different cases.

In this research, the applicability of fixed periodic 
treatment was confirmed. However, there are still some 
uncertainties in the use of this protocol. First of all, the 
premise is that the main subpopulations in the tumor 
system should be definite and similar to the tumor sub-
populations of the original tumor system used to design 
the fixed periodic treatment plans. In such a tumor system, 
the pre-designed plan is applicable. In addition, once the 
system deviates significantly from the original system used 
for designing and screening the plans, the above plans are 
still challenging to maintain the periodic cycle of sensitive 
subpopulations in the system. Moreover, the interaction 
between subpopulations during the administration will 
also increase the uncertainty of the system.

Figure 4 The distribution of the outcome of the filtered fixed periodic plans. 
Boxplot of the outcome of the O-W-F-W plans and O-F-W plans in four compe-
titive cases. The black horizontal line was the outcome of the standard of care in 
the corresponding competitive case.
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Conclusion
Though sometimes we cannot obtain complete informa-
tion of the tumor system, the fixed periodic treatment 
plans designed by the typical values of population 

parameters are still feasible for the same type of 
tumor. These plans capitalized on the adaptive strategy 
can still trap the main subpopulations in cyclic change 
with therapy and delay the outgrowth of an unknown 

Figure 5 The performance of fixed periodic plan and optimal plan. The four rows in the figure represent the four competition cases described in the methods. Each row 
includes the tumor subpopulation content varies with time of fixed periodic plan from start to the endpoint (left), the tumor subpopulation content varies with time of 
optimal plan from start to the end point (middle), the tumor composition of these two plans and the relative evolutionary velocity of resistant subpopulation (right).
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resistant subpopulation. It should be pointed out that the 
drugs in this research selectively act on a specific sub-
population and have no inhibitory effect on others. 
However, chemotherapeutic drugs have different levels 
of inhibition for subpopulations, so it will be more 
complicated to design periodic treatment plans. In addi-
tion, chemotherapy is the primary treatment method for 
tumors, so the applicability of the fixed periodic treat-
ment plans for chemotherapeutic drugs without complete 
information should be further explored.
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