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Simple Summary: Targeted Radionuclide Therapy (TRT) and immunotherapy - an example being 
chimeric antigen receptor (CAR)-T cells, represent two potent means of eradicating systemic can-
cers. While each one as a monotherapy might have limited effect, the potency can be increased with 
a combination of the two therapies. The complications involved in dosing and scheduling of these 
therapies make mathematical modeling of these therapies a suitable solution for designing combi-
nation treatment approaches. Here we investigate a mathematical model for TRT and CAR-T cell 
combination therapies. Through analysis of the mathematical model, we find that tumor prolifera-
tion rate is the most important factor affecting the scheduling TRT and CAR-T cell treatments, with 
faster proliferating tumors requiring a shorter interval between the two therapies. 

Abstract: Targeted radionuclide therapy (TRT) has recently seen a surge in popularity, with the use 
of radionuclides conjugated to small molecules and antibodies. Similarly, immunotherapy also has 
shown promising results – an example being chimeric antigen receptor (CAR) T-cells therapy in 
hematologic malignancies. Moreover, TRT and CAR T therapies possess unique features that re-
quire special consideration when determining how to dose, time, and sequence combination treat-
ments, including the distribution of TRT dose in the body, the decay rate of the radionuclide, and 
the proliferation and persistence of the CAR-T cells. These characteristics complicate additive or 
synergistic effects of combination therapies and warrant a mathematical treatment which includes 
these dynamics in relation to the proliferation and clearance rates of the target tumor cells. Here we 
combine two previously published mathematical models in a multiple myeloma setting to explore 
the effects of dose, timing, and sequencing of TRT and CAR-T cell based therapies. We find that for 
a fixed TRT and CAR-T cell dose, the tumor proliferation rate is the most important parameter in 
determining the best timing of TRT and CAR T therapies.  

Keywords: CAR T; Targeted Radionuclide Therapy; TRT; Mathematical Model; Multiple Myeloma; 
Immunotherapy; Daratumumab; CS1; Combination Therapy 
 

1. Introduction 
Immunotherapy has now established itself as one of the advanced treatment options 

in cancer care including metastatic stages or adjuvant or neoadjuvant settings in many 
cancers [1]. Immunotherapy attempts to cure cancer by stimulating, arming, and priming 
the host body’s immune system against the tumor. However, patients on immunotherapy 
also suffer from immune-related adverse events that limit the dose of the therapeutic 
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agent administered to the patient. Thus, to boost the efficacy against cancer tumors, im-
munotherapy may be combined with other established forms of therapy such as radiation. 
Several active clinical trials are underway to explore the combination of external beam 
radiation therapy (EBRT) with immunotherapy [2, 3] for improved survival and toxicity 
control. 

Chimeric Antigen Receptor T-cell (CAR-T) therapy [4, 5] is a form of immunotherapy 
where the T cells are acquired from the patient and are genetically engineered to express 
a chimeric antigen receptor(s) (CAR) on their surface (Figure 1A). Patient T cells can be 
engineered to express multiple CARs that can be used to target multiple antigens, which 
when injected back into the patient target and eradicate the tumor cells based on the anti-
gen expressed. With optimal CAR design and manufacturing, these CAR-T cells further 
proliferate, and survive (persist) in the body resulting in increased targeting of the tumor 
cells.  

Targeted Radionuclide Therapy (TRT) is a form of radiation therapy where a radio-
nuclide is tagged with another molecule and is injected into the body [6, 7]. The affinity 
of the attached molecule to tumor cells is exploited to preferentially localize the radiother-
apeutic molecule to the target cells. The radionuclide half-life is chosen to best match the 
kinetics of the molecule targeting cancer cells, for example the pharmacokinetic profile of 
a small molecule or antibody (Figure 1A). Based on the kinetics of the radiotherapeutic 
and the type and energy deposited by the radionuclide decay, absorbed dose to the cancer 
tumor can be determined. The advantage of targeted radionuclide therapy lies in the se-
lectivity of delivering radiation to the cancer cells at the molecular level. Thus, in lieu of 
external beam radiation therapy, targeted radionuclide therapy is attractive to combine 
with immunotherapies. In addition, the uptake and thus the absorbed dose to different 
lesions can be calculated and the therapy planned based on imaging data. 

Individually, CAR-T cells or TRT alone may not completely cure the patient of can-
cer, justifying an effort for combination of the two therapies. TRT and CAR T therapies 
possess unique features that require special consideration when deter-mining how to 
dose, time, and sequence combination treatments, including the distribution of TRT dose 
in the body, the decay rate of the radionuclide, and the proliferation and persistence of 
the CAR-T cells. These characteristics complicate additive or synergistic effects of combi-
nation therapies and warrant a mathematical treatment which includes these dynamics in 
relation to the proliferation and clearance rates of the target tumor cells.  

We have previously published mathematical models for prediction of tumor re-
sponse to CAR-T cell therapy in glioma [8], the Chimeric Antigen Receptor t-cell treatment 
Response in GliOma (CARRGO) and for targeted radionuclide therapy [9] in a preclinical 
multiple myeloma disease model. The purpose of this work is to combine two previously 
published mathematical models of CAR-T cell and TRT therapies and use the combined, 
and experimentally informed, model to explore the impact of dose, timing, and sequenc-
ing of these two therapies on tumor growth.  

2. Materials and Methods 
2.1. Mathematical model 

Mathematical models of tumor response to TRT and CAR-T cell therapies [10]have 
been described earlier [8, 9, 11]. The structure of the combined model is illustrated in Fig-
ure 1B.  
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Figure 1. (A) Schematic diagram of CAR-T cells and TRT with antibody targeting. (B) Diagram of the mathematical model 
illustrating relationships and interactions between non-irradiated, irradiated tumor cells, TRT, and CAR-T cells. 

The mathematical model assumes tumor cells are either irradiated (NT) or non-irra-
diated (NR) so that the total number of tumor cells is given by 𝑻 = 𝑵𝑻 + 𝑵𝑹, and that CAR-
T cells (NC) may also be irradiated. CAR-T cells may kill either irradiated or non-irradiated 
tumor cells at rate 𝒌𝟏 and may be stimulated to proliferate or to become exhausted upon 
encounter with a tumor cell at rate 𝒌𝟐 and are assumed to die at a rate 𝜽. The rate at 
which tumor cells or CAR-T cells become irradiated by TRT, given by 𝒌𝑹𝒙, is modeled 
with the linear-quadratic equation with the Lea-Catcheside dose protraction factor [10] to 
account for radioactive decay of the radionuclide (𝝀𝒑) and to translate absorbed radiation 
dose in units Gy=J/kg to a fraction of cells irradiated. Non-irradiated tumor cells grow 
exponentially with proliferation rate 𝝆, which is a net rate of birth minus death rates. Ir-
radiated tumor cells do not proliferate and are cleared out of the system at rate 𝒌𝒄𝒍. In this 
work, we model alpha particle emitting TRT, for example 225Ac based radionuclides. Thus, 
the quadratic term in Equation 4 is set to zero (i.e.𝜷 = 𝟎) to model high linear-energy 
transfer (LET) alpha-particle based radiation. The initial dose rate is calculated as 𝑹𝟎 =

𝜼𝑨𝟎 where 𝜼 is a constant for conversion of injected activity 𝑨𝟎 to initial dose rate [9]. 
Mathematically, a treatment is “turned on” or off with the Heaviside function 𝑯(𝒕 − 𝝉) 
which takes value zero for 𝒕 < 𝝉 before the start of treatment and unity for 𝒕 ≥ 𝝉 during 
and after treatment. The parameters and values in the model are given in Table 1. 

𝒅𝑵𝑻

𝒅𝒕
= 𝝆𝑵𝑻 − 𝑯(𝒕 − 𝝉𝑻𝑹𝑻)𝒌𝑹𝒙_𝑻𝑵𝑻 − 𝑯(𝒕 − 𝝉𝑪𝑨𝑹 𝑻)𝒌𝟏𝑵𝑻𝑵𝑪     (1) 

𝒅𝑵𝑹

𝒅𝒕
=  𝑯(𝒕 − 𝝉𝑻𝑹𝑻)𝒌𝑹𝒙_𝑻𝑵𝑻 − 𝑯(𝒕 − 𝝉𝑪𝑨𝑹 𝑻)𝒌𝟏𝑵𝑹𝑵𝑪 − 𝒌𝒄𝒍𝑵𝑹     (2) 

𝒅𝑵𝑪

𝒅𝒕
= 𝒌𝟐(𝑵𝑻 + 𝑵𝑹)𝑵𝑪 − 𝑯(𝒕 − 𝝉𝑻𝑹𝑻)𝒌𝑹𝒙_𝑪𝑵𝑪 − 𝜽𝑵𝑪      (3) 

𝒌𝑹𝒙_𝑻 =  𝜶𝑻𝑹𝟎𝒆ି𝝀𝒑𝒕 +
𝟐𝜷𝑹𝟎

𝟐

𝜸ି𝝀𝒑
൫𝒆ି𝟐𝝀𝒑𝒕 − 𝒆ି(𝝀𝒑ା𝜸)𝒕൯𝜸𝝀𝒑       (4) 
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Table 1. Symbols, values, and references for parameters in the mathematical model. 

Parameter Symbol 
Baseline 

value 
Reference / 
Comments 

Decay constant for 225Ac 
(1/day) 

 
p 0.07 Physical constant 

Tumor proliferation 
rate (1/day) 

 
𝜌 0.27 

Mean value obtained  
from untreated controls 

Clearance rate of irradiated 
tumor cells (1/day) 

 
𝑘௖௟ 

0.5  
(held 

constant) 
[9] 

CAR-T cell killing 
rate (1/day/cell) 

 
𝑘ଵ 4.49x10-7 Optimized from data 

CAR-T cell proliferation /  
exhaustion rate (1/day/cell) 

 
𝑘ଶ 3.6x10-13 Optimized from data 

CAR-T cell death rate (1/day) 
 

𝜃 0.042 
Experimental data and optimization. 
Range obtained from data is 1 – 12%. 

Tumor cell  
radiosensitivity (1/Gy)* T 1.5 [9] 

    
CAR-T cell  

radiosensitivity (1/Gy)* 
C 1.5 Assumed equal to tumor  

radiosensitivity 
    

Activity to dose conversion 
factor (Gy/day/μCi)  3.48 [9] 

*Note that the radiosensitivity coefficient incorporates the effect of the radiobiological effectiveness of high linear energy 
transfer radiation as is the case in 225Ac alpha particle therapy. 

2.2. Experimental design and model parametrization 
The parameters for 225Ac- based TRT in the model (𝝀𝒑, 𝒌𝒄𝒍, 𝜶{𝑻,𝑪}, 𝜼) were derived in 

our earlier work comparing beta-emitting (177Lu-) and alpha-emitting (225Ac-) radionu-
clides in multiple myeloma [9]. Model parameters related to CAR-T cells (𝒌𝟏, 𝒌𝟐, 𝜽) and 
the tumor growth rate (𝝆) were estimated experimentally with a mouse model of multiple 
myeloma as follows. Seven mice as a control group were followed using bioluminescence 
imaging (BLI) and the growth rate (𝝆) of tumor cells was calculated by fitting a mono-
exponential curve to the data. To obtain a measure of the CAR-T cell death rate 𝜽 which 
is associated with CAR-T cell persistence, three additional mice were intravenously (i.v.) 
injected with 5 million MM1S multiple myeloma tumor cells that were engineered to ex-
press GFP and firefly luciferase [12] and subsequently with 1 million CS1-CAR-T cells 
(i.v.) on day 7.  

CS1-specific CAR T cells were generated as previously described [12]. Briefly, leu-
kapheresis products (PBMCs) from healthy donors were depleted of CD14 and CD45RA 
cells using microbeads. Subsequently, T naïve/memory population (Tn/mem) character-
ized by CD62L+ and CD45RO+ cells were enriched from the depleted population using 
autoMACS. The Tn/mem cells were then activated using CD3/CD28 microbeads and 
transduced with second generation CAR lentivirus consisting of CS1-scFv, IgG4-hinge re-
gion, 41BB costimulatory domain, and CD3z signaling domain with a truncated human 
EGFR domain. Following transduction, cells were maintained with IL-2 and IL-15 cyto-
kines and expanded for 18-20 days before use. On day 28 following treatment, mice were 
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sacrificed, and bone marrow samples were obtained and analyzed using flow cytometry 
after staining with antibodies against human CD45, CD3 and EGFR (CAR). The number 
of CAR-T cells and tumor cells in the samples were quantified and the percentage of CAR-
T cells compared the tumor cells (GFP+) was calculated to yield a rough estimate of the 
parameter  on day 35. BLI data reflecting tumor burden on day 6 and the tumor growth 
rate () was used to back calculate tumor burden on day 0 and scale BLI data to number 
of tumor cells. CAR-T cell model parameters 𝒌𝟏, 𝒌𝟐, 𝜽 were optimized by the fitting the 
model to the average BLI signal of all mice treated with CAR-T cells over time. In addition 
to the BLI data, the estimate of  on day 35 obtained earlier was used as a data point for 
optimization. 

2.3. Mathematical model simulations and analysis 
The mathematical model was implemented as follows: 5 million tumor cells are first 

inoculated in silico at t = 0 and proliferate untreated until day 7, at which point either TRT 
or CAR-T cell therapy is simulated so that the initial conditions are 𝑵𝑻(𝒕 = 𝟎) = 𝟓 × 𝟏𝟎𝟔 
and 𝑵𝑹(𝒕 = 𝟎) = 𝟎. The impact of therapy was evaluated with three metrics of tumor 
growth– progression free survival (PFS), overall survival (OS) and time to nadir, or mini-
mum tumor burden post-therapy (tmin). PFS was defined as the last time point where the 
tumor volume exceeded the tumor volume prior to therapy on day 7. OS was defined as 
the day the tumor reached 1011 cells. Four treatment regimens were evaluated with the 
mathematical model simulations 1) TRT only, 2) CAR-T cells only, 3) CAR-T cell therapy 
followed by TRT and 4) TRT followed by CAR-T cell therapy. The interval between the 
therapies is varied and maximum PFS, OS and tmin for these therapeutic regimens as well 
as the optimal interval between therapies were investigated.  

To evaluate the sensitivity of the model to the model parameters and therapeutic 
doses, each of these parameters (TRT injected activity, CAR-T dose, tumor burden, 
𝝆, 𝒌𝟏, 𝒌𝟐, 𝜽, 𝜶𝒄) were changed by ± 50% and the maximum PFS, OS and tmin were calculated. 
Based on this analysis the most important parameters influencing the outcome were de-
termined. Lastly, PFS and OS were calculated by varying the parameter of highest sensi-
tivity and the implication for optimizing the combination therapy. 

3. Results 
3.1. Parameters for CAR T treatment model 

Figure 2A shows the number of CAR-T cells, tumor cells as well as percentage of 
CAR-T cells (Figure 2B) against tumor cells obtained from the mice tumor samples on day 
28. The percent of CAR-T cells on day 28 to tumor cells range from 1% and 12%. Figure 
2C shows the fit of tumor growth curve to the untreated mice BLI tumor burden data. The 
simulated tumor burden fit to the CAR-T mice experiment data (Figure 2C).  
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Figure 2. CAR-T cell data and model parameters. (A) Estimation of CAR-T cell persistence (𝜽). Three 
mice were sacrificed and (B) percentage of CAR-T cells to tumor cells on day 35 were used to esti-
mate the CAR-T cell death rate 1/time). (C) Tumor burden as measured with BLI in radiance (rad) 
for untreated control mice (N=7) following administration of 1 million MM1S multiple myeloma 
cells at time 𝒕 = 𝟎 to estimate the net tumor growth rate (). (D) CAR-T cell killing (𝒌𝟏) and prolif-
eration/exhaustion (𝒌𝟐) parameters are estimated by fitting the mathematical model to BLI data (*’s) 
from mice treated with CAR-T cells on day 7 (N=3). 
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Figure 3. Model simulations of TRT and CAR T therapy alone and in combination. Mono therapy simulations of (A) TRT treat-
ment (black arrow, A0 = 100 nCi) or (B) CAR-T cell (red arrow, 𝑵𝑪(𝒕 = 𝟕) = 𝟏 × 𝟏𝟎𝟔) administered on day 𝒕 = 𝟕. Combi-
nation treatment simulations with (C) CAR-T cells on day 𝒕 = 𝟕 followed by TRT on day 14 and (D) TRT on day 7 fol-
lowed by CAR-T cells on day 14. The mathematical model predicts tumor growth, radionuclide decay, and CAR-T cell 
populations over time. 

3.2. Evaluating therapeutic regimens 
CAR-T cell immunotherapy and targeted radionuclide therapies either as monother-

apies or combination therapies were simulated in silico with the mathematical model (Fig-
ure 3). Reduced tumor burden immediately post therapy (day 7) is seen in response to 
TRT (Figure 3A) or CAR-T therapy (Figure 3B) or combination of the two therapies when 
TRT is given 1 week post CAR-T therapy (Figure 3C) or CAR-T therapy is given 1 week 
post TRT (Figure 3d). Sensitivity of CAR-T cells to TRT results in shorter persistence of 
CAR-T cells when TRT is given since TRT can kill CAR-T cells (Figure 3D). When a second 
therapy is given on day 14 as combination therapy regimen (Figure 3C, D), the model 
predicts several important effects that are independent of the therapy sequence. Two in-
flections in the tumor burden curve are evident and the minimum tumor burden in both 
cases is lower than that obtained by monotherapy alone, showing an additive effect of 
combination therapy. The time to nadir in tumor burden is also increased along with the 
increase in progression-free and overall survival (Table 2). Simulations with experimen-
tally derived model parameters (Table 1) shows that the duration of tumor response (PFS 
and OS) is prolonged with the CAR-T dose of 1 million cells as compared to TRT injected 
activity of 100 nCi. Table 2 shows the time to minimum tumor burden, progression free 
survival or overall survival for each treatment scenario. 

 

Figure 4. Simulated response to combination TRT and CAR-T cell therapies. Progression free survival 
(PFS), overall survival (OS), and time to nadir for two treatment sequences: (A) CAR-T cells on day 
t=7 followed by TRT starting from t = 14 – 80. A clear maximum benefit is seen in PFS, OS and time 
to nadir. (B) TRT on day t=7 followed by CAR T starting from t = 14 – 80. Time to maximum OS, PFS 
and nadir is measured from when the tumor is initiated at t=0. 

3.3. Sequence of therapy and maximizing survival 
Figure 4 shows the dependence of progression-free survival, overall survival and 

time to tumor burden nadir when comparing the sequence of therapies with either CAR-
T cells as the first therapy (Figure 4A) or TRT as the first therapy (Figure 4B). An improve-
ment in both PFS and OS is predicted when CAR-T cells are given prior to TRT. The in-
creased killing of CAR-T cells due to radiation which is still present post-week 2 due to 
the long radionuclide half-life, is the reason for reduced PFS when TRT precedes CAR-T 

 
 

(A) CAR-T cell therapy prior to TRT (B) TRT prior to CAR-T cell therapy 
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cell therapy. While a maximum in each of the curves is seen, the curve for overall survival 
shows that there is a range of timing the second therapy that can yield overall survival 
very close to the maximum value. The abrupt drop in OS means that there is a point in 
time after which there is no benefit to giving a second therapy, regardless of the ordering 
of the two therapies. The model predicts that with the experimentally obtained parame-
ters for the current system, CAR-T cell therapy given prior to TRT will increase PFS, OS, 
and time to tumor burden nadir as compared to TRT given prior to CAR-T cell therapy 
(Table 2). 

Table 2. Simulated measures of tumor response to individual and combination therapies. First therapy is 
given 7 days post tumor initiation. For combination therapy, the second therapy is given 7 days 
following the first therapy. 

Response criteria Control 
TRT 

Only (day 7) 
CAR T 

Only (day 7) 

CAR T 
Before 
TRT 

TRT  
Before 
CAR T 

Progression-Free Sur-
vival  

(PFS) (days) 
 

- 27 33 55 43 

Overall Survival (days) 
 43 64 73 97 96 

Time to nadir (days) 
 

- 19 19 44 34 

Interval between thera-
pies 

for maximizing PFS 
(days) 

 

- - - 25 22 
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Figure 5. Sensitivity analysis. Impact of model parameter variation (+/-50%) on tumor growth curves for CAR T (day t=7) 
followed by TRT (day t=14) therapy. Variation in tumor proliferation has the largest impact on tumor growth response to 
combination therapy. 

3.4. The impact of model parameters and TRT-CAR-T cell combination therapy on tumor growth 
To examine the sensitivity of the model predictions to variations in the parameters, 

each parameter was changed independently by +/- 50% and a simulation of combination 
therapy of CAR T on day 7 followed by TRT on day 14 were performed (Figure 5). The 
parameter with the greatest effect on the tumor growth rate () while the parameter with 
least influence was the CAR-T cell proliferation and exhaustion rate k2. The value of k2 
estimated from the data (Figure 2D) was extremely small and thus its impact on tumor 
growth dynamics was also small. In all scenarios, the model predicts that the population 
of CAR-T cells precipitously drops following administration of TRT. Thus, the prediction 
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is that the therapeutic advantage of CAR-T cells in a combination therapy comes prior to 
administration of TRT due to the effect of radiation on the CAR-T cells.  

 
Figure 6. Sensitivity study of model parameters on survival outcomes. Change in Progression-Free Survival (A), and overall 
survival (B) is shown for +/-50% change in each of the model parameters. Blue indicates +50% change and red indicates -
50% change in the parameter. Variations in the tumor proliferation rate have the largest impact on PFS and OS. 

Figure 6 summarizes the impact of model and therapeutic parameters on predicted 
PFS and OS. The tumor proliferation rate has the greatest impact on PFS and OS. Using 
the experimentally derived model parameters, CAR-T dose is predicted to have a slightly 
greater impact than TRT on OS and PFS. CAR-T cell radiosensitivity has a greater impact 
on PFS than OS since the curve for OS is relatively flat over a large range of therapeutic 
intervals. Conversely, changes in initial tumor burden impacts OS but does not impact 
PFS since the tumor dynamics are similar between the two cases and because PFS is a 
relative measurement from the start of the therapy. Changes in CAR-T cell dose, TRT dose, 
CAR-T cell killing rate k1, and proliferation/exhaustion rate k2 were directly proportional 
to changes in PFS and OS, however an inverse relationship was observed for tumor pro-
liferation rate , CAR-T cell persistence θ, tumor burden and radiation sensitivity of CAR-
T cells C.  

 

  
(A) PFS (B) OS 

 

Figure 7. Impact of tumor proliferation rate on PFS and OS tumor growth. (A) PFS (B) OS. Paradoxically, a faster growing tumor 
results in lower PFS and OS due to a greater response to the treatments. This suggests that the interval between the ther-
apies should be smaller for faster growing tumors. 
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Based on the results of the sensitivity study which demonstrated tumor proliferation 
as the most important factor influencing PFS and OS, we examined the effect of low, me-
dium, and high tumor proliferation rates on PFS and OS as a function of the time of TRT 
injection following CAR-T cell therapy (Figure 7). Interestingly, if the tumor growth rate 
is high, then the PFS and OS are relatively lower due to the increased response to the 
treatments. However, what is also evident is that the optimal day of administration of the 
second therapy is also different. The interval between therapies for tumors that grow 
faster needs to be reduced as compared to a slower growing tumor. 

4. Discussion 
Here we have presented a mathematical model combining CAR-T cell immunother-

apy and targeted radionuclide therapies for the treatment of cancer with application to 
multiple myeloma as an example. The proposed model combines our previously devel-
oped models for CAR-T therapy (CARRGO model in [8]) and 225Ac-DOTA-daratumumab 
targeted radionuclide therapy [9]. The model predicts that it is feasible to optimize the 
dose and timing of the two therapies to maximize tumor growth delay. Using model pa-
rameters derived from experimental data predict a better survival outcome when CAR-T 
cells are given prior to TRT. However, different disease or therapy combinations might 
result in different combinations of parameters and potentially different predictions. Thus, 
it is important to assess disease or therapy-specific parameters. 

A key result of the model is the time interval between the two therapies should be 
modified based on the proliferation rate of the tumor. Thus, measurement of growth rate 
of different kinds of cancers can help in optimization of the combination therapy. While 
the model has been applied to a setting where the immunotherapeutic is the CS1 CAR-T 
cell and the radiation therapy is provided by targeted deliver of 225Ac-DOTA-Daratu-
mumab to CD38 receptors in multiple myeloma, the model can be applied to general im-
munotherapeutic and TRT combinations with various targets and therapeutics. Example 
can be targeting the BCMA CAR-T cells [13-15] instead of CS1 CAR-T cells or targeting 
with a beta particle therapeutic like 177Lu rather than alpha particle therapeutic like 225Ac. 

The mathematical formulation in the proposed model makes assumptions that may 
be disease and application specific. The simplifying assumption of exponential tumor 
growth is consistent with experimental preclinical data presented here, however, tumor 
growth rates evaluated at later time points can slow down, reflecting the sigmoidal 
growth. Clinically, tumors can grow slower than preclinical models where the assumption 
of exponential growth rate would suffice. An important aspect to note of the model is the 
mass-action kinetics of CAR-T cell killing (𝒌𝟏) and proliferation/exhaustion (𝒌𝟐), that per-
mits oscillating solutions which are not realistic or likely to be observed in vivo. We note 
that consistent with our prior work in this model[8], the observed parameter ranges do 
not predict oscillating solutions.  

Additionally, here we assume a mono-exponential decay of CAR-T cells, however, 
there is some evidence of a bi-exponential decay in the CAR-T cell concentration in the 
blood [16]. A key reason for this assumption is that here we use the CAR-T cell percentage 
measured in the bone marrow rather than the blood. In this scenario, the magnitude of 
the exponent of the mono-exponential decay will be higher, dominating over a bi-expo-
nential dynamic. Moreover, it is assumed in the current work that the CAR-T cells are well 
mixed and evenly distributed with the tumor cells. Of course, CAR-T cells can distribute 
across different organs of the body, potentially increasing the number of CAR-T cells in 
the tumor. The distribution of the CAR-T cells can also be variable across the tumor and 
different CAR-T cell densities can result in variable response across the tumor. Although 
the well-mixed assumption is reasonable for a disseminated disease such as multiple my-
eloma, repeated measurements of CAR-T cells in the tumor in a preclinical model setting 
would help support this assumption. In our experimentally derived parameters, the value 
of k2 which indicates CAR-T cell proliferation or exhaustion is extremely low as compared 
to killing rate constant k1, indicating very low proliferation of CAR-T cells – thus the CAR-
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T cell numbers in the body follow a mono-exponential decay curve. However, this might 
not be the general case. In two lesions evaluated using the CARRGO model[8], the value 
of k2 in a lesion with favorable response to CAR-T cell therapy was significantly higher 
than a non-responding lesion indicating more complex immune system dynamics.  

A critical issue to consider in combination therapies involving immune and radiation 
therapies is toxicity. Toxicity in immunotherapy is typically shown in the form of cytokine 
release syndrome that limits the dose of therapeutic administered. On the other hand, 
radiation toxicity tends to be proportional to dose in peripheral organs, mostly the bone 
marrow. Apart from individual therapeutic toxicities, the mechanistic interactions be-
tween radiation and immunotherapy and potential common targets of both therapies can 
pose limits to either of the two therapies and these cells or organs might need to be mod-
eled into the mathematical framework to optimize the dosage, interval and number of 
cycles either of these therapies can be administered. Additionally, there is recent evidence 
that radiation can induce changes in the immune system and can stimulate significant 
immune response for better therapeutic efficacy [17-19]. With a better understanding of 
the mechanistic basis and experimental data to support, the interactions between radia-
tion and immunotherapy can be better modeled and additional interaction terms can be 
introduced in the mathematical formulation to account for toxicity. With the current for-
mulation, the effect of radiation results in death of CAR-T cells, thus it is advantageous to 
administer CAR-T cells before TRT; however, with the stimulation of the immune system 
with radiation and subsequent expansion of the model for radiation-immune interactions, 
TRT before immunotherapy might present a better therapeutic outcome for survival. The 
CAR-T cells that are stimulated by radiation can then be separately modeled in the math-
ematical framework and a result in increased tumor eradication.  

5. Conclusion 
With increasing number of therapies and possible combination of therapies, it has 

become essential to incorporate mathematical models to consider the effects of dose, se-
quence, and timing of multiple therapies. Here we investigated a mathematical model of 
CAR-T cell immunotherapy and targeted radionuclide therapy. The mathematical model 
calibrated with experimental data makes two predictions about this therapeutic combina-
tion; 1) tumor proliferation rate is the most important factor in determining the timing 
between the therapies and 2) CAR-T cells followed by TRT will be more efficacious than 
TRT followed by CAR T. These predictions are specific to the disease model (MM1S mul-
tiple myeloma), CAR-T cells (CS1), and TRT (225Ac-dota-daratumumab) therapeutic mo-
dalities investigated here, however it is possible these predictions may be generalized and 
applied to other disease settings. Additional studies are warranted to investigate combi-
nation therapies with multiple administrations of one or more of the treatments. 

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1, 
S2 and S3, Table S1, S2, Video S1, S2, Supplementary data table on BLI of control and CAR-T cell 
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