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Abstract: Cancers of the brain and nervous system account for 1 in every 100 cancer diagnoses in 

the United States and about 0.3 million diagnoses globally, every year. Surgery, radiotherapy, and 

chemotherapy constitute the standard of care. Despite advancements in diagnosis and treatment 

delivery, mortality rate for these cancers have remained steady for over three decades. 

Immunotherapy is an emerging fourth treatment modality which has been effective against several 

cancers but not brain cancers, such as glioblastoma, GBM. Here, we develop in vitro assays to 

quantify molecular readouts of cell death, cell migration and clonogenicity, and synopsize these as 

biophysical markers for the rapid evaluation of immune checkpoint inhibitors (ICI), durvalumab 

and pembrolizumab, alone and in combination with radiotherapy (radioimmunotherapy). We find 

different trends in their direct action on two GBM cell lines (T98G and U87), even in the absence of 

immune cells. Radiation alone, and pembrolizumab with radiation, both reduced (p < 0.05) cell-cell 

adhesion. This reduction suggests increased potential for local invasion. Our assays offer additional 

insights regarding ICIs, may enable evaluation of their potential efficacy, and could set the stage for 

patient-specific radioimmunotherapy against brain cancers, engendering improved treatment 

outcomes.  

Keywords: pembrolizumab; immunotherapy; temozolomide; durvalumab; brain tumor; cell 

migration; metastasis; glioblastoma; PD-1; PD-L1 

 

1. Introduction 

Glioblastoma (GBM) is the most aggressive primary brain tumor, with a dismal median survival 

rate of approximately 15 months despite the current standard of care that includes surgery, 

radiotherapy, and chemotherapy1–4. The 5-year survival rate for GBM patients after diagnosis is a 

dismal 5-10%.5,6 According to the Central Brain Tumor Registry of the United States (CBTRUS) 

Statistical Report7, 2015-2019, GBM accounted for 50.1% of primary malignant brain tumors.7 GBM is 

notorious for its radioresistant and chemo-resistant nature8–11, hindering curative therapy with 

existing techniques. The lethality and invasiveness of this tumor make it imperative to explore 

innovative treatment options.8,12,13. The recent success of immune checkpoint inhibitors (ICSs)14,15 in 

treating metastatic melanoma and non-small-cell lung cancer16, inter alia, has led to their evaluation 

in various clinical trials for potential use against glioblastoma and other forms of brain cancer. Three 

different groups of ICIs, including PD-1 inhibitors (Nivolumab, Pembrolizumab, and Cemiplimab), 

PD-L1 inhibitors (Atezolimumab, Durvalumab and Avelumab), and CTLA-4 inhibitor (Ipilimumab) 

have been approved by the US Food and Drug Administration (FDA) for the treatment of various 
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types of cancer.17–19. Results from recent clinical trials using ICIs alone against GBM are 

disappointing20–22. Unsurprisingly, GBM has become a prime target for combination therapies, 

including radioimmunotherapy (RIT), which involves integrating radiation therapy and 

immunotherapy23–27. Phase I/II clinical trials involving ICIs in RIT for glioblastoma are currently 

underway and the cellular level impacts of these ICI-based RIT on GBM are still unknown, since the 

ICIs were adopted for clinical trials based on their safety profiles in treating other cancers.23,27–30 Of 

course, immunotherapies in general focus on system-level outcomes, especially those involving the 

immune system. In the context of RIT and combination therapies against GBM, an underlying 

question often neglected but relevant for full understanding, therefore presents itself: namely, what 

are the molecular and cellular-level effects of immunotherapeutic agents alone and in combination 

with radiotherapy on the for glioblastoma cells themselves? 

This question reveals an urgent need for the development of new assays and platforms that 

provide deeper insights into the mechanisms of action of effective or ineffective cancer 

immunotherapies and RITs, both at the cellular level and at the system level. Here, we present in 

vitro assays we developed, which rapidly quantify biophysical markers of potential therapeutic 

efficacy for two immunotherapeutic drugs, in combination with radiotherapy. Our novel platform 

aims at providing cellular and molecular level insights for evaluation of efficacy or otherwise.  

We use a Faxitron CellRad cell irradiator for applying clinically relevant doses31 to cancer cells 

following exposure to the immune checkpoint inhibitors, durvalumab and pembrolizumab. Through 

fluorescence microscopy and in-house developed morphometric routines32,33, we measure nuclear-

lacunarity and mitotic cell ratio within 24-48 hours of treatment as early molecular readouts for cell 

repair/death. We utilize an Electric Cell Impedance Sensor (ECIS)3435,36 for measuring cell migration 

in real time (for 7 days following treatment) and extract from the data, a barrier function that reflects 

cell-cell adhesion37, an important indicator of local invasion and metastatic competence. We use 

cloud-based automated clonogenic assays (CytoSMART Omni) and more traditional colony counting 

techniques to quantify cell death and produce survival curves38 within 14-21 days. Thus, when 

optimized to systematically include more in vivo tissue microenvironment (TME) parameters, cells 

of the immune system and ultimately samples from patient biopsies39,40, our assays should tell within 

one month, the best options and the likely course of treatment (prognosis). In this work, we present 

results using these methods at the in vitro level, emphasizing the biophysical markers themselves, 

with respect to radioimmunotherapy (RIT) using immune checkpoint inhibitors (ICS).  

The immune checkpoint blockers, durvalumab (anti-PD-L1)41, and pembrolizumab (anti-PD-1)42 

in our in vitro assays, lead to several cellular and molecular level differences38 in their direct action 

on GBM cell lines, T98G and U87, even in the absence of immune cells. Interestingly, radiation alone 

as well as pembrolizumab with radiation, both reduced (p < 0.05) cell-cell adhesion. This reduction is 

indicative of increased potential for local invasion. These methods have the potential of providing a 

framework for patient-specific targeted cancer therapy. We envisage our in vitro assays to be 

applicable to cells from patient biopsies, to evaluate the potential efficacy of treatment strategies for 

the overall improvement of treatment outcomes against aggressive cancers such as glioblastomas.  

2. Results 

2.1. Cell Migration and Cell-Cell Adhesion 

2.1.1. RIT using pembrolizumab, has no significant effect on cell migration compared to radiation 

alone or pembrolizumab alone 

Using ECIS, we analyze the effect of treatment with immune checkpoint agent, pembrolizumab, 

in combination with radiation treatment doses of 0, 5, and 20 Gy, on cell migration in T98G and U87 

cells. The analysis of the rate of migration (ROM) from the ECIS impedance curves after treatment, 

using one-way ANOVA hypothesis testing, indicates that there are no statistically significant 

differences in cell migration resulting between the group treated with the immune checkpoint 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 7 December 2023                   doi:10.20944/preprints202312.0497.v1

https://doi.org/10.20944/preprints202312.0497.v1


 3 

 

inhibitor, pembrolizumab, and radiation doses at 5 Gy and 20 Gy (the RIT group), and the group 

treated with radiation alone or pembrolizumab alone for both cell lines, as presented in Figure 1. 
 

Figure 1. Electric cell impedance sensing (ECIS) migration results based on normalized resistance 

measured for 7 days (168 hours). (a) T98G and treatment conditions; (b) Violin plots showing 

percentage differences in rate of migration (ROM) for conditions in (a) compared to untreated T98G 

cells; (c) U87 and treatment conditions; (d) Violin plots showing percentage differences in rate of 

migration (ROM) for conditions in (c) compared to untreated U87 cells. 

However, while there is no significant alteration to cell migration using the ANOVA method, 

the rate of migration analysis comparing the mean percentage difference from the three trials reveals 

a reduction of about 25% in cell migration for treatment condition with concurrent 20 Gy of 

irradiation and pembrolizumab (RIT), compared to untreated T98G while showing the highest 

possible reduction relative to other treatment conditions. A similar trend was observed in U87 cells 

where the rate of migration (ROM) shows no significant difference among treatment conditions 

versus radiation alone or pembrolizumab alone; however, mere evaluation of the percentage 

difference graph again shows that 20 Gy radiation dose with concurrent pembrolizumab (RIT) 

treatment led to reduction in cell migration to the tune of about 25% relative to untreated cells 

compared to other treatments conditions. 

2.1.2. Decrease in cell-cell adhesion at 20 Gy irradiation with and without pembrolizumab 

Maintaining adhesion is crucial to impede the metastatic cascade. Any reduction in this function 

may lead to increased metastasis and poorer long-term treatment outcomes. We hypothesized that 

the combination of pembrolizumab and radiation will improve cell-cell adhesion in glioblastoma 

(a) (b) 

(c) 
(d) 
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cells. By direct modeling of ECIS data, we extracted the barrier function Rb as a readout of cell-cell 

adhesion. The Rb for comparisons and statistical testing were acquired at average range of 80 hours 

to 168 hours post-treatment, the late Rb period in the ECIS data, to isolate the effects of treatment on 

cell-cell adhesion after three to seven days of treatment (Figure 2).  
 

Figure 2. T98G barrier function plots quantifying cell-cell adhesion. (a) The barrier function for 

various T98G treatment conditions as for 168 hours following treatments. (b) Violin plots of 

percentage differences in the three-trial experiment for late barrier function from 80 hours to the 168 

hours, between various conditions in (a) and the untreated condition, T98G. Radiation and 

immunotherapy (pembrolizumab) resulted in no significant change to barrier function relative to 

treatment with radiation alone or pembrolizumab alone. 

The ANOVA analysis conducted on T98G barrier function did not reveal any statistically 

significant differences between the group receiving the combined treatment using pembrolizumab 

and radiation, and the group treated with radiation alone or pembrolizumab only. However, the 

barrier function (Rb) of T98G treated with 20 Gy radiation dose together with or without the addition 

of pembrolizumab yielded a significant difference relative to untreated T98G cells (p < 0.05). No 

significant differences were found at 5 Gy radiation dose (with or without the addition of 

pembrolizumab). This further reinforce the need for anti-metastatic strategies especially for high 

radiation dose use. 

Barrier function (Rb) results were also analyzed for U87 cells, although they are not exclusively 

monolayer-forming cells at high density, barrier function calculations frequently produced rapidly 

fluctuating results, as clusters of cells moved over or away from electrodes.  

2.2. Cell Survival From Clonogenic Assays 

2.2.1. Radiation most significantly determined decrease in cell survival 

The Survival Fraction (SF) is a measure of the proportion of cells that survive after exposure to 

radiation and other treatment agent. A lower SF indicates greater cell killing or reduced cell survival. 

We carried out ANOVA analysis using the percentage difference of the SF at different treatment 

conditions compared to the untreated glioblastoma cells. 

The SF for T98G cells alone without any treatment was 1 (obviously without radiation and 

pembrolizumab treatment). As the radiation dose increases, the SF decreases, which is expected 

(Figure 3).  
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Figure 3. Three repeated trials (N1, N2 and N3) of clonogenic assay for Survival Fraction of T98G cells 

with radiation alone, pembrolizumab alone and the combination of radiation and pembrolizumab. IR 

in the legend represents radiation. The varying doses of radiation are presented in the x-axis of the 

graph. 

As the radiation dose increases (T98G + 2 Gy, 5 Gy, 10 Gy, 20 Gy, 50 Gy), the SF decreases 

significantly, indicating that radiation is effective at reducing cell survival in the T98G cell line. This 

dose-response relationship is consistent with the known effects of radiation on cell viability. 

Statistically significant difference (p < 0.05) was found for treatment with 2 Gy radiation dose while 

with 5 Gy radiation dose treatment, a more statistically significant difference at p < 0.0001 was 

observed, indicating more effectiveness in cell killing than 2 Gy radiation treatment. Treatment with 

higher radiation doses at 10 Gy (𝑝 < 1 ×  10−10), 20 Gy (𝑝 < 1 ×  10−12), and 50 Gy (𝑝 < 1 ×  10−14), 

indicated extremely high levels of statistical significance (Figure 4). This further justifies the use of 

higher radiation in clinical treatment technique such as stereotactic radiosurgery (SRS) for the 

treatment of glioblastoma. 

(a) (b) 

(c) 
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Figure 4. Relative percentage difference of Survival Fraction at varying radiation doses and with 

pembrolizumab treatment relative to untreated T98G cells. 

At the p < 0.05 level of testing, there was no significant difference between treatment with 

radiation alone and treatment with radiation and pembrolizumab at the different radiation doses 

tested in this experiment. This suggests that the combination of pembrolizumab and radiation even 

at higher doses adds no significant effect on cell killing for glioblastoma. Furthermore, Table S1 and 

S2 show the α/β data obtained through the clonogenic assay SF for the different conditions. The α/β 
showed no significant changes with the addition of pembrolizumab to radiation, suggesting little 

effect of these agents as radiosensitizers for T98G glioblastoma cells.  

2.3. Molecular Readouts of Cell Death From Fluorescence-Guided Morphometry 

2.3.1. Evidence of increased DNA damage with Pembrolizumab-based RIT 

In fluorescence experiments, the dyes Calcein AM and Hoechst 33342 were utilized. The Hoechst 

dye stains DNA, while Calcein dye stains the cytoplasm, allowing for the selective examination of 

cellular constituents. The results of morphometric studies provide information regarding cell death 

and related pathways. Images and analysis of cells at about the time of treatment (0 hour, Figure S1) 

and 36 hours after treatment are shown. Compared to untreated cells, T98G cells treated with 20 Gy 

radiation alone and the combination of 20 Gy radiation dose with concurrent pembrolizumab showed 

increased damage to cell nuclei. The average size of the nuclei in treated cells, and the cases of DNA 

mis-segregation that produced micronuclei and lost symmetry indicating DNA damage increased43–

45 (Figures 5 and 6). 
 

Figure 5. Hoechst-stained nuclei of cells enable morphometry, even without the Calcein cytoplasmic 

dye. Visible indicators of damage included enlarged and asymmetrical nuclei. Ratio of mitotic cells 

(a) (b) (c) 
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(those with dividing nuclei) compared to cells with round nuclear was a major quantifying parameter 

(Figure 6). 

 

Figure 6. Mitotic cell ratios obtained from fluorescence-guided morphometry. (a), N1; (b), N2; and (c) 

N3, repeated experiments show the mitotic cell ratio 36 hours after treatment with radiation and 

pembrolizumab. Treatment with 20 Gy radiation alone and 20 Gy with Pembrolizumab reveal lowest 

average mitotic cell ratio (higher probability of cell death). . 

We directly compared the mitotic cell ratio for T98G immediately after treatment, (0 hour) and 

at 36 hours posttreatment in view of developing early molecular-level signals of potential treatment 

efficacy. As expected, there was an increased mitotic ratio observed in all conditions between 0 hr 

and 36 hr (Figure 7). Treatment outcome at 36 hours was more stable than at 0 hours. T98G cells 

treated at the 20 Gy radiation dose alone and the combination of 20 Gy radiation dose and 

pembrolizumab had the lowest mitotic cell ratio relative to untreated T98G cells, signaling lower 

metabolic activity at higher radiation doses.  

(a) (b) 

(c) 
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Figure 7. Increase in mitotic cell ratio in all conditions, between 0 hour and 36 hours. (a) N2 and (b) 

N3 at 0 hour; (c) the corresponding N2 (as in (a)) and N3 (as in (b) 36 hours after treatment. T98G cells 

treated at the 20 Gy radiation dose and pembrolizumab had a low mitotic cell ratio than other treated 

conditions, signaling lower metabolic activity at higher radiation doses and pembrolizumab. . 

Treatments with 20 Gy radiation alone, 5 Gy plus pembrolizumab, and 20 Gy with 

pembrolizumab showed a decrease compared to untreated T98G cells. However, for the three trials, 

ANOVA showed no significant difference between all the all the conditions (Figure 8). 

(a) 
(b) 

(d) (c) 
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Figure 8. Percentage difference in mitotic cell ratio with respect to untreated cells.  (a) T98G 0 hour 

posttreatment. T98G cells treated with pembrolizumab alone had a lowest mitotic cell ratio. There 

was statistically no significant difference for all the conditions tested. (b) T98G 36 hours 

posttreatment. T98G cells treated at the 20 Gy radiation dose alone and in combination with 

pembrolizumab had the lowest mitotic cell ratio compared to other treated conditions, signaling 

lower metabolic activity at higher radiation doses and pembrolizumab. 

Finally, for U87 cells, although cells treated with radiation alone and concurrent pembrolizumab 

combination showed some damage to cell nuclei (Figure S1), no significant cellular or nuclear 

morphology changes were observed in U87 treated with radiation alone or concurrent 

pembrolizumab when used together 36 hours after treatment. 

3. Discussion 

The chemoresistance and radioresistance of GBM are not enough reasons for the poor outcome 

of clinical trials involving ICIs against GBM. New discoveries about the complexity of GBM continue 

to emerge. For instance, it has recently been reported that tumors from recurrent GBM cases have 

significantly more tumor-infiltrating lymphocytes and macrophages, as well as higher PD-L1 and 

PD-1 expression than tumors at primary diagnosis and benign brain specimens from epilepsy 

surgery46. Another new and startling complexity is the discovery that in GBM patients, PD-1, 

independent of PD-L1 ligation, can promote tumor growth47. About 8% of cells within the human 

GBM microenvironment were found to coexpress PD-1 and the marker for brain tumor-initiating 

cells which drive GBM growth. In fact, the tumor intrinsic promoting effects of PD-1 in GBM occurred 

even in the absence of T and B cells, pointing to a critical and yet nonimmune system resistance 

mechanism of patients with GBM to PD-1 and PD-L1 therapies47. These new findings accentuate the 

importance of our main question in this work: namely, what are the molecular and cellular-level 

effects of immunotherapeutic agents alone and in combination with radiotherapy on glioblastoma 

cells themselves? This question does not undermine but can help provide a more comprehensive 

picture regarding the roles of various components of the immune system when these components are 

also considered.  

  

(a) 
(b) 
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To address this question, we have developed and published in vitro assays which use 

biophysical parameters to quantify changes to cell behavior and cell death for both standard-of-care 

therapy, namely, temozolomide, (TMZ) against GBM, and radioimmunotherapy with durvalumab48, 

which is undergoing phase I/II clinical trials. Durvalumab, a PD-L1 inhibitor, did not alter cell 

migration as both radiation and TMZ did for the two glioblastoma cell lines (T98G and U87) tested. 

Cell–cell adhesion increased (p < 0.05) with durvalumab at a low radiation dose (5 Gy), unlike TMZ 

and radiation, which lowered cell–cell adhesion, in T98G cells. Thus, durvalumab shows a potential 

antimetastatic or anti-invasion effect at sublethal radiation doses. In the present work, we have 

carried out similar molecular and cellular level investigations using pembrolizumab, a PD-1 

inhibitor. Motivated by previous research indicating that certain chemotherapeutic agents and 

radiation may inadvertently promote metastasis49–52 and having seen some of the cellular implications 

from research on the combination of immunotherapeutic agent, durvalumab52, and radiation, we 

conducted rigorous in-vitro assays to assess the cellular-level impact of pembrolizumab within the 

context of radioimmunotherapy for glioblastoma. Our study enabled us to simultaneously evaluate 

changes in various cellular characteristics, including cell death, motility, adhesion, and morphology, 

in real-time, following treatment. These findings lay the foundation for developing patient-adaptive 

therapeutic strategies, addressing an urgent need for more effective glioblastoma treatments. 

An interesting aspect of our study lies in the observed trend shared by the responses of the two 

glioblastoma cell lines, T98G with its fibroblastic morphology53,54 and U87 with its epithelial 

morphology55, to the combination treatment of radiation and pembrolizumab. We found a 25% 

reduction in cell migration in both cell lines when subjected to concurrent 20 Gy radiation and 

pembrolizumab. Despite the lack of statistical significance in the one-way ANOVA analysis, this 

consistent response suggests an intriguing commonality between these cell lines: intriguing largely 

because they are known to respond differently10,56 to TMZ, the only FDA approved chemotherapy 

against GBM. The shared reduction in cell migration observed in both T98G and U87 cells when 

subjected to concurrent 20 Gy radiation and pembrolizumab is a notable finding that merits further 

investigation. This is because several reports have shown that radiation alone, in general, causes 

increase in migration of several cancer cells including GBM12,50–52. Since cell migration is a step in 

metastasis12,50–52,57,58 treatment strategies that reduce migration may be anti-metastatic as well, 

contributing to developing effective and targeted treatment strategies for glioblastoma and 

potentially other cancers.  

Furthermore, the barrier function, Rb, in the Electric Cell Impedance Sensing (ECIS) model is 

useful in understanding potential pro- or anti-metastatic effects of therapeutic interventions since it 

is a readout of cell-cell adhesion. The loss of cell-cell adhesion, often associated with compromised 

tight junction integrity, is a fundamental step in the metastatic cascade, enabling invasive behavior 

as cancer cells detach from the primary tumor and infiltrate surrounding tissues. The absence of 

significant changes in barrier function following combined treatment with radiation and 

pembrolizumab suggests that this therapeutic approach does not markedly impact the integrity of 

tight junctions in T98G and U87 cells. Interesting, this result for pembrolizumab, an anti-PD-1 ICI, 

contrasts with our previous result for durvalumab, an anti-PD-L1 ICI, in which there was a reduction 

in barrier function (p < 0.05). This work, along with our previous RIT study using durvalumab, 

therefore presents a novel immune-system independent readout for characterizing RIT with various 

ICIs. This gives scientific rationale for similar investigations using other ICIs, such as the anti-CTLA-

4 ICI, ipilimumab. 

Regarding cell death, we found no statistically significant differences in cell death between the 

treatment groups. Whether exposed to pembrolizumab and 20 Gy radiation or 20 Gy radiation alone, 

the observed cell death rates did not significantly differ. This implies that pembrolizumab alone may 

not contribute significantly to cell death. Since pembrolizumab-induced radiosensitization has been 

reported in the case of clinical and system level RIT against skin cancer59, our work produces a novel 

insight: namely, that pembrolizumab is not an intrinsic radiosensitizer, at least against GBM. 
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Although radiation had the most significant reduction in cell survival (p < 0.0001) in our testing, 

in vitro assays that include the immune system in co-cultures will better reveal the cancer cell killing 

and tumor control abilities of the immune-modulating and immunotherapeutic agents we have 

tested, as well as similar agents under clinical trials. These methods have the potential of providing 

a framework for patient-specific targeted cancer therapy. Our assays provide biophysical markers by 

quantifying molecular level effects via morphometry in about 36-48 hours, cell migration within 7 

days and clonogenic death between 14-21 days. These assays are potentially applicable to cells from 

patient biopsies and could rapidly evaluate the efficacy of treatment strategies for the overall 

improvement of treatment outcomes against aggressive cancers such as glioblastomas.  

4. Materials and Methods 

All the methods used in this work and most of the materials, are described in detail in our earlier 

durvalumab-based RIT work48 as well as previous chemo- and radiotherapy reports60–63. We briefly 

describe these methods again and provide details about the new materials employed in this work.  

4.1. Cell Culture Materials, Drugs and Methods 

We utilized T98G (ATCC CRL-1690) and U87 MG (ATCC HTB-14) glioblastoma multiforme cell 

lines for this research study. Both cell lines were purchased from the American Type Cell Culture 

Collection (ATCC, Manassas, VA, USA). We cultured the two cell lines following the same general 

cell culture protocol from ATCC, as described in detail in our previous work48. The main steps are 

illustrated in Figure S2.  

Pembrolizumab (SigmaMAb Pembrolizumab MSQC24-0.5MG, SLCH2041) with a concentration 

of 10 µg/mL was used in this research as an immunotherapeutic agent. The drug was purchased from 

Sigma-Aldrich, USA. Pembrolizumab (anti-PD-1) is a potent, highly selective, fully humanized 

immunoglobulin (Ig) G4-kappa monoclonal antibody against PD-1 with potential immune 

checkpoint inhibitory and antineoplastic activities. The purity is 99.06%, protein concentration is 9.97 

mg/ml, and Endotoxin Level is ≤1 EU/mg. The appropriate in vitro doses of pembrolizumab that are 
both effective and relevant in a clinical setting are currently not uniformly established. This is due to 

ongoing clinical trials to identify the appropriate dosage for patients under different conditions64–66. 

The in vitro concentration of pembrolizumab used in this experiment was determined to be 10 μg/mL, as observed for similar experiments in two well-reviewed previous studies67–69 that used 

pembrolizumab within the range of 2 to 10 μg/mL, and by following the guide provided by Liston 

and Davis, which lists the in vivo dosage corresponding to a standard clinical dose of anticancer 

drug.70 The half maximal effective concentration (EC50) for pembrolizumab is 39.90 ng/ml (34.01–
46.80 ng/ml)68 and a typical standard dose for GBM patients is 2 mg/kg patient, which in-vitro, 

corresponds to a maximum plasma concentration of 0.44090 μmol/L.70 

4.2. Cell Irradiation Migration Measurements 

The Faxitron CellRad compact x-ray device was used to deliver radiation at clinically relevant 

doses 48. We used a commercially available Electric Cell-Substrate Impedance Sensing (ECIS) device 

from Applied Biophysics (NY) for electrically assessing cell characteristics, including morphology, 

proliferation, migration, and behavior 48. The procedure for loading and running the ECIS is 

illustrated in Figure S3.  

4.3. Fluorescence Microscopy, Clonogenic Assays and Statistical Analyses 

Cell fluorescence microscopy was performed with a Zeiss Vert.A1 AXIO fluorescence 

microscope equipped with an inserted USB microscope camera (AmScope MU300) and captured 

with the AmScope (86x) image capture program. Hoechst 33342 (ThermoFisher Scientific) and 

Calcein AM (Invitrogen by ThermoFisher Scientific) fluorescent dyes were used to stain the cells for 

imaging (Figure S1). The imaging procedures and morphometric analyses were done as already 

described48. Clonogenic assays were also performed, and results analyzed as previously reported48. 
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Some of these procedures are illustrated in Figure S4. The equations for the extraction of parameters, 

all statistical analyses procedures for the determination of statistical significance and for comparisons 

were done as previously presented elaborately48, including analysis of variance (ANOVA).  

5. Conclusions 

Our multimodal in vitro testing serves as a platform that could be upgraded by addition of 

immune system components to provide useful molecular and cellular level insights into therapeutic 

windows for improved brain tumor treatment outcomes. The methods established in this research 

quantify molecular and cellular level biophysical parameters that evaluate the performance of ICIs. 

They offer the potential for the development of patient-specific targeted therapies. Advancements in 

this direction can empower healthcare providers to assess the effectiveness of different agents and 

therapies against a patient's specific cancer before treatment. This personalized approach may 

significantly improve therapeutic outcomes by aiding in selecting optimal treatment strategies 

especially against primary brain tumors such as glioblastoma. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 

paper posted on Preprints.org, Figure S1: Green fluorescing Calcein and blue-fluorescing Hoechst-stained U87 

cells; Figure S2: Cell culture protocol; Figure S3: Loading and preparation of the ECIS; Figure S4: Preparation of 

clonogenic assays. 
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