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Abstract
Lung cancer is the most common primary tumor to metastasize to the brain. Although advances in lung cancer therapy have 
increased rates of survival over the past few decades, control and treatment of lung cancer brain metastasis remains an urgent 
clinical need. Herein, we examine the temporal coordination of α-CTLA-4 administration in combination with whole-brain 
radiation therapy in a syngeneic preclinical model of lung cancer brain metastasis in both C57Bl/6 and athymic nude mice. 
Brain tumor burden, survival, and weight loss were monitored. Immunotherapy administration 24 h prior to irradiation 
resulted in increased brain tumor burden, while administration of immunotherapy 12 h after radiation decreased tumor burden. 
Neither of the treatments affected survival outcomes or weight loss due to brain tumor recurrence. These findings suggest 
that the coordination of α-CTLA-4 administration in addition to whole-brain radiation therapy may be a viable strategy for 
reduction of tumor burden for the management of lung cancer brain metastasis.
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Introduction

Lung cancer is the leading cause of cancer deaths globally 
and is among the most common cancer types to result in 
brain metastasis, with approximately 40% of patients devel-
oping brain metastases in their lifetime. While innovations 
in lung cancer therapy in recent decades have increased 
5-year survival from 14 to 24%, the 5-year survival rate 
for patients with lung cancer brain metastases (LCBM) 
remains at 4.7% [1, 2]. These data highlight an urgent need 
for new approaches to the management of LCBM. Cur-
rently, approved therapies for brain metastases include ste-
reotactic radiosurgery (SRS), whole-brain radiation therapy 
(WBRT), surgical resection, chemotherapies, and targeted 

therapies. Typically, patients will receive varied combina-
tions of treatments to manage the primary tumor and result-
ing metastases.

Although immunotherapy has been successful in the 
management of primary lung tumors [3–5], evidence for 
the efficacy of immunotherapy for LCBM is mostly lim-
ited to retrospective analyses due to the frequent exclusion 
of patients with brain metastases from clinical trials [6–8]. 
Nevertheless, the few available prospective clinical tri-
als seem promising [9, 10]. For example, a small phase II 
study in patients with previously untreated brain metastases 
resulted in an intracranial response rate of 29.7% following 
treatment with pembrolizumab [NCT02085070]. Additional 
prospective clinical trials are needed to validate the intrac-
ranial efficacy of immunotherapies.

The optimal sequence of immunotherapy administration 
and radiotherapy has not yet been characterized. Peripheral 
tumor biology demonstrates the rationale for combining 
radiotherapy and immunotherapy to produce synergistic 
effects, presumably due to the abscopal response elicited 
by radiation [11, 12]. A recent phase I/II clinical trial evalu-
ated the safety and efficacy of nivolumab and ipilimumab 
with concurrent SRS in patients with LCBM. The study 
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concluded that the combinatorial therapy had minimal tox-
icity and a 4-month progression-free survival rate of 70.7% 
[13]. However, it is still unclear which treatment should be 
administered first, and whether the therapeutic sequence is 
a determinant of patient response. An additional challenge 
to LCBM immunotherapy research is a lack of appropriate 
preclinical models, with most established models utilizing 
human cancer cells in immunocompromised animals [14].

We have previously demonstrated an inflammatory 
response and breakdown of the blood–brain barrier 12 h fol-
lowing whole-brain radiation therapy (WBRT) in wild-type 
C57Bl/6 mice [15]. Due to the aforementioned lack of syn-
geneic LCBM models, we developed and characterized an 
immunocompetent preclinical model of LCBM to evaluate 
immunotherapy efficacy. We hypothesized that administra-
tion of immunotherapy post-WBRT would decrease tumor 
burden and increase survival. The α-CTLA-4 immunother-
apy was selected due to its well-documented mobilization 
of T-cells to “cold” tumors, elicitation of clonal diversity, 
rare tumor recurrence following treatment, and efficacy in 
various preclinical and clinical studies when combined with 
radiotherapy [16–18].

This study aimed to 1) develop a syngeneic model of 
LCBM and 2) evaluate if timed administration of immuno-
therapy with radiotherapy increases survival and decreases 
tumor burden. Herein, we successfully generated a synge-
neic LCBM preclinical model amenable for use in immu-
nocompetent and immunocompromised mice. Mice were 
treated with clinical radiotherapy dosing schedule of 30 Gy 
in 10 fractions delivered over 12 days. We hypothesized 
that immunotherapy would be more efficacious when deliv-
ered 12-h post-WBRT than if it was delivered 24 h prior to 
WBRT. Administration of immunotherapy 12 h after WBRT 
significantly decreased tumor burden in immunocompetent 
mice compared to administration of immunotherapy 24 h 
prior to radiation. Unexpectedly, the responses to immuno-
therapy and radiation were not durable, and treatment had 
no effect on survival. Together these data suggest that the 
appropriate timing of immunotherapy administration relative 
to radiotherapy is important to delay tumor progression, but 
treatments may need to be continued long term, and use of 
immunotherapy for brain metastasis warrants further study.

Materials and methods

Cell culture

The parental LLC-Luc2 cell line was purchased from ATCC 
(Manassas, VA) and came transduced to express firefly 
luciferase to allow for bioluminescence imaging (BLI). 
Cells were cultured in DMEM (ATCC, Manassas, VA) 
supplemented with 10% fetal bovine serum (Global Life 

Sciences Solutions, Cranbury, NJ), 1% antibiotic–antimy-
cotic (Thermo Fisher Scientific, Waltham, MA), and 2 µg/
mL blasticidin (Thermo Fisher Scientific, Waltham, MA) 
to ensure the selection of transduced cells. Cells were incu-
bated at 37 °C and 5% CO2. All cells used for in vivo and 
in vitro experiments were maintained between passages 1–8.

Scratch assay

A 24-well plate was coated with collagen (Sigma-Aldrich, 
St. Louis, MO) at a concentration of 100 µg/mL and placed 
in a refrigerator at 4 °C. The parental (LLC-P) and brain-
tropic (LLC-Br) cell lines were plated at 5 × 105 cells/well 
and incubated overnight at 37 °C and 5% CO2. The following 
day, a scratch was made in each well with a 200-µL pipette 
tip and imaged on an Olympus MVX stereomicroscope 
(Olympus, Tokyo, Japan) (optical zoom range 0.63–12.6, 
NA = 0.5) immediately, 1-, 2-, 3-, 6-, 12-, and 24-h post-
scratch. A wound healing application on ImageJ software 
was utilized to calculate scratch area of each image. The 
area of the scratch at each time point was divided by the area 
at T0 and multiplied by 100 to calculate the percent wound 
closure over time.

Animals and brain tumor model development

All animal experiments were approved by the Institutional 
Animal Care and Use Committee at West Virginia Univer-
sity. Female C57Bl/6 and athymic nude mice were purchased 
from Jackson Laboratory (Bar Harbor, ME). All animals 
were approximately 6–8 weeks of age and ~ 23 g during 
tumor implantation. Animals were allowed to acclimate for 
at least 1 week prior to experimentation. Mice were anes-
thetized with 2% isoflurane and placed into a stereotactic 
device (Stoelting, Wood Dale, IL). Animals were injected 
with 150,000 LLC cells suspended in 100-µL PBS in the left 
ventricle of the heart. Biweekly BLI was performed to con-
firm tumor presence in the brain. The protocol for the devel-
opment of the brain-seeking line was modified from Yoneda 
et al. and previously described by our laboratory [19, 20]. 
Animals were euthanized once we observed significant BLI 
signal, and brains were collected then homogenized and 
digested with collagenase in DMEM. The homogenate was 
ejected from a 19G needle and strained with a 70-µm cell 
strainer to produce a single-cell suspension. The solution 
was centrifuged and resuspended three times with DMEM 
and 50% FBS, PBS, and then 25% BSA in PBS to remove 
the myelin layer. The remaining cell pellet was resuspended 
in complete medium and cultured. Once the flask became 
confluent, cells were washed with PBS thrice and injected 
into mice. This process was repeated until cells predomi-
nantly seeded into the brain, which was six times for the 
LLC cell line, referred to as LLC-Br.
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Monitoring tumor progression, weight, and survival

Tumor progression and weight were monitored biweekly. 
Animals were injected intraperitoneally with 150 mg/kg 
D-luciferin potassium salt (PerkinElmer, Waltham, MA) and 
anesthetized with 2–3% isoflurane. Approximately 15-min 
post-injection, animals were imaged with the IVIS Spectrum 
CT (PerkinElmer, Waltham, MA), and bioluminescence 
(BLI) was captured at auto-exposure and 1-min time frames 
on Stage D with medium binning. BLI was quantified by 
drawing a region of interest (ROI) around the cranium or 
peripheral body of each mouse. The BLI is reported as radi-
ance (photons/sec/cm2/steradian). The brain-to-body ratios 
were calculated by dividing radiance of the brain ROI by the 
radiance of the peripheral body ROI. Fold change of brain 
BLI was normalized to radiance at day 3. Mice were eutha-
nized when they displayed signs of neurological symptoms 
or had over 20% weight loss. Survival was monitored and 
plotted on a Kaplan–Meier curve.

Irradiation protocol

As described previously, the XenX irradiator (Xstrahl, 
Suwanee, GA) at West Virginia University was commis-
sioned to deliver clinically-relevant doses of radiation [21]. 
On day 3, mice were randomized into five groups (vehi-
cle, α-CTLA-4 only, radiation only, α-CTLA-4 24 h before 
WBRT, and α-CTLA-4 12-h post-WBRT) and began treat-
ment. Mice receiving radiation therapy were anesthetized 
with 1–3% isoflurane and treated with whole-brain irra-
diation at a dose of 30 Gy in 10 fractions delivered over 
12 days, the clinical radiation treatment schedule.

Immunotherapy preparation and administration

The anti-CTLA-4 antibody (Bio X Cell, Lebanon, NH) was 
diluted in Bio X Cell’s recommended InVivoPure dilution 
buffer (pH 7.0) to deliver 100 µg of antibody/100 µL intra-
peritoneally. Immunotherapy treatment groups began treat-
ment on day 3 and were treated twice more on days 6 and 
9. The vehicle group received mouse IgG2b isotype control 
antibody (Bio X Cell, Lebanon, NH) diluted 100 µg/100 µL 
in dilution buffer and delivered on the same days immuno-
therapy groups received treatment. Immunotherapy groups 
combined with radiation were delivered their treatment 
either 24 h prior to radiation or 12 h after.

Statistical analysis

Data were analyzed and plotted with GraphPad Prism 8 
software (GraphPad Software, San Diego, CA). Results are 
presented as mean ± S.E.M. unless noted otherwise. Statis-
tical differences between two groups were assessed using 
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Fig. 1   Tumor burden in the brain increases with passages of LLC 
brain explants a The ratio of BLI (radiance) in the brain vs body of 
mice increases over passages of the LLC-Br cell line. Passage 6 has a 
significantly higher brain vs body ratio at D14 in comparison with all 
previous passages. b Comparison of the brain tumor growth kinetics 
of the parental LLC (LLC-P) to the brain-tropic (LLC-Br) cell line 
in  vivo. Brain tumor burden as measured by BLI (radiance) plotted 
over time (days post-injection of LLC cells). No significant differ-
ences in growth kinetics are present. c A representative image depict-
ing localization of tumor cells in the brain with 3D bioluminescent 
CT imaging. N = 3–5
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Student’s t-test. One-way ANOVA with a Tukey post-test 
was utilized for data with more than two groups. Differences 
were considered statistically significant at p < 0.05 (*).

Results

Development of the brain‑tropic LLC‑Br cell line

Wild-type C57Bl/6 mice were injected intracardially with 
LLC cells and allowed to develop brain tumors, which were 
then excised and cultured ex vivo. This process was repeated 
for six passages. The ratio of bioluminescent signal (radi-
ance) in the brain versus body increased with each passage, 
shown in Fig. 1A. Passage six had a significantly higher 
brain-to-body tumor burden ratio than previous passages, 
with a ratio of 5.8 ± 2.4, indicating a sufficient brain metas-
tasis model. Cells isolated from mouse brains following 
passage six were used in further experiments and hereafter 
referred to as LLC-Br. Brain tumor growth kinetics of LLC-
Br and the parental cell line, LLC-P, were monitored with 
bioluminescent imaging. Despite mice injected with LLC-Br 
cells exhibiting greater brain-specific tumor burden, we did 
not observe any differences in the in vivo brain tumor growth 
rates between LLC-Br and LLC-P cell lines, as shown in 
Fig. 1B. Future BLI data with the LLC-Br model are nor-
malized to day 3 because the growth is linear after this time 

point. The presence of LLC-Br brain lesions with little to 
no peripheral tumors was confirmed with 3D bioluminescent 
CT imaging. A representative image is shown in Fig. 1C.

LLC‑Br cell line is more invasive than parental cell 
line

Cells were counted at various time points over a period 
of 24 h to determine the growth rates of LLC-P and LLC-
Br. Similar to in vivo findings above, LLC-P and LLC-Br 
growth rates did not differ significantly in vitro as measured 
by area under the curve (Fig. 2A–B). To evaluate the inva-
sive capabilities of LLC-Br and LLC-P, a scratch assay was 
performed. We observed a significant increase in percent 
wound closure time in the LLC-Br cell line compared to 
LLC-P, as demonstrated by the area under the curve increas-
ing from 1221 ± 44 to 1823 ± 115 (Fig. 2C–D).

Similar tumor burden in wild‑type and nude mice 
22 days post‑inoculation

The LLC-Br tumor progression with BLI in WT C57Bl/6 
and nude mice was measured to confirm our model can be 
used in both mouse strains, as shown in Fig. 3. The fold 
change of LLC-Br brain tumor progression over time in 
each strain is shown in Fig. 3A. At day 22, we observed no 
differences in total brain tumor burden between nude mice 

Fig. 2   LLC-Br has a higher 
migration rate but similar 
growth rate compared to LLC-P 
a Comparison of the growth 
kinetics of LLC-Br and LLC-P 
over time as measured by 
counting in vitro cells at various 
time points. b No significant 
differences in cell growth rates 
as measured by area under the 
curve. c LLC-Br and LLC-P 
percent wound closure over 
time from in vitro scratch 
assay. d LLC-Br has signifi-
cantly increased cell migration 
compared to the parental as 
measured by area under the 
curve. N = 6
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(10,202 ± 6989) and WT mice (27,434 ± 12,040), shown in 
Fig. 3B. Additionally, we observed similar median survival 
between mouse strains, with nude mice having a median sur-
vival of 21 days compared to 19 days for WT mice (Fig. 3C).

Temporal administration of immunotherapy affects 
brain tumor burden but not survival or weight loss

To examine the relationship between timing of immunother-
apy administration and therapeutic response in combination 
with radiotherapy, we treated nude and WT mice bearing 
LLC-Br tumors with radiation therapy either 24 h after or 
12 h before immunotherapy. After 14 days, tumor burden 
was significantly reduced in WT mice treated with either 
α-CTLA-4 alone (208 ± 50) or α-CTLA-4 administered 
12-h post-WBRT (204 ± 93) groups compared to vehicle 
(622 ± 144) group (Figs. 4A–B, 5A–B, and 6A–B). At day 
18, all treatment groups had significantly lower tumor bur-
den compared to control (Figs. 4C, 5C, and 6C); however, by 
day 22, none of the treatment groups differed from vehicle 
mice (Figs. 4D, 5D, and 6D). Additionally, there were no 
significant differences observed in survival or weight loss 
(Figs. 4E–F, 5E–F, and 6E–F). All treatment groups had 
median survival times of 22 days compared to 19 days for 
the vehicle group.

A significant increase in tumor burden was observed in 
WT mice treated with α-CTLA-4 24 h prior to WBRT com-
pared to mice treated with immunotherapy 12 h after radia-
tion at days 14 (Fig. 5B), 18 (Fig. 5C), and 22 (Fig. 5D). 
Similarly, tumor burden was increased in mice treated with 
α-CTLA-4 prior to radiation compared to those treated with 
WBRT alone at days 18 (Fig. 5C) and 22 (Fig. 5D).

Temporal administration of immunotherapy with radia-
tion altered treatment efficacy. The WT mice treated with 
α-CTLA-4 24 h prior to radiation had a higher tumor burden 
than mice treated with α-CTLA-4 only at day 14 (Fig. 6B). 
The group treated with α-CTLA-4 12 h after radiation had a 
significantly lower tumor burden at day 22 compared to the 
α-CTLA-4 only group (Fig. 6D).

As anticipated, the only treatment group with decreased 
tumor burden in nude mice was the radiation-only group 
at day 18 (Supp. Figure 1C). Surprisingly, this effect was 
absent at day 22 (Supp. Figure 1D). Similar to WT mice, 
no significant differences in survival or weight loss were 
observed between groups (Supp. Figures 1E–F, 2E–F, and 
3E–F).

Discussion

A major impediment to effective treatment of LCBM is the 
blood–tumor barrier (BTB), which restricts distribution 
of systemic therapeutic agents to lesions. The BTB tightly 
restricts access of conventional pharmacologic agents to 
CNS tumors, but immunotherapy presents a unique means 
to overcome this barrier to drug delivery by instead trig-
gering activated immune cells to traverse the BTB and 
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Fig. 3   Similar tumor burden and survival in WT and nude mice a 
Tumor progression of LLC-Br in wild-type and athymic nude mice 
as measured by brain tumor growth via BLI over time normalized to 
day 3. b No significant differences in tumor burden between wild-
type and nude mice as measured by area under the curve at day 22. 
c Kaplan–Meier plot of survival of WT and nude mice with LLC-Br 
tumors. No significant differences in median survival times. N = 7–9
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initiate destruction of intracranial tumor cells. For optimal 
immunotherapy efficacy, priming of the immune response 
and timing of administration are critical considerations. 
Without appropriate preclinical models of brain metastasis, 
the ramifications of sequencing immunotherapy with other 
local or systemic treatment modalities cannot be elucidated. 
Herein, we establish and characterize a novel syngeneic 
model of LCBM to evaluate the efficacy of immunotherapy 
and whole-brain radiation therapy.

We observed a significant increase in brain tumor burden 
compared to peripheral tumor burden upon the sixth passage 
of the LLC cell line, indicating a sufficient model to observe 
brain tumor-specific effects of treatment. Brain-specific 
tumor burden was confirmed with in vivo 3D biolumines-
cent imaging. As expected, the brain-tropic LLC-Br cell line 
exhibits increased motility compared to parental, LLC-P, 
cell line as measured by in vitro scratch assay. Additionally, 

we observed no differences in growth rates of LLC-P or 
LLC-Br cell lines in vitro or in vivo. Our model also has 
similar in vivo growth rates and survival times in WT and 
nude mice, suggesting that it is an appropriate model to com-
pare the effects of the immune response on brain metastases 
and blood–tumor barrier.

Both radiation and α-CTLA-4 treatments resulted in 
significant decreases in tumor burden at days 14 and 18, 
but not at conclusion of the study (day 22). Unexpectedly, 
these treatments did not have an effect on survival or weight 
loss. We hypothesize that this could be occurring due to 
the rapid growth rate of LLC-Br cells. The treatments may 
delay tumor progression during and shortly following treat-
ment, but lesions recur and mice succumb to the disease. 
This mimics clinical characteristics of LCBM, with 73–76% 
of patients treated with stereotactic radiosurgery (SRS) 
experiencing recurrence. When combined with WBRT, this 
decreases to 27–46% of patients [22]; however, toxicities 

Fig. 4   Delay in tumor progres-
sion until the conclusion of 
treatment in control groups. 
a Brain tumor progression 
of LLC-Br in wild-type mice 
treated with vehicle (solid black 
bar), radiation (solid light gray 
bar), or α-CTLA-4 (solid dark 
gray bar) as measured by bio-
luminescent imaging over time 
normalized to day 3. b Signifi-
cant decrease in tumor burden 
of mice treated with α-CTLA-4 
compared to vehicle at day 14. 
c Significant decrease in tumor 
burden of mice treated with 
radiation only or α-CTLA-4 
only at day 18. d No significant 
differences in tumor burden 
between vehicle, radiation, and 
α-CTLA-4 groups as measured 
by area under the curve at day 
22. e Kaplan–Meier plot of 
survival of WT mice with LLC-
Br tumors treated with vehicle, 
radiation, or α-CTLA-4. f No 
significant differences in percent 
weight loss over time were 
observed. N = 7–9
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associated with WBRT indicate an urgent need to identify 
systemic therapies for combination with SRS. Recurrence 
with immunotherapy is typically observed with α-PD-1; 
approximately 20% of patients with non-small cell lung 
cancer (NSCLC) initially respond to α-PD-1 treatment, but 
the majority develop resistance [23, 24].

We observed a significant increase in tumor burden in 
mice treated with α-CTLA-4 24 h before radiation, while 
there were no differences between mice treated with radia-
tion alone and those treated with α-CTLA-4 12-h post-
WBRT. A similar non-significant trend was observed in 
nude mice. Human-derived NSCLC cell lines express 
CTLA-4, and treatment with α-CTLA-4 antibody has been 
shown to induce PD-L1 expression. Additionally, binding of 
α-CTLA-4 promotes cell proliferation through activation of 
the EGFR pathway [25]. EGFR signaling is associated with 

diverse functions in lung cancer cells, including increased 
radioresistance, metastatic capabilities [26–28], DNA syn-
thesis, proliferation, and cell cycle arrest [29]. It is well 
documented that phases of the cell cycle are a determinant 
of radiotherapy response, with cells in late S phase being 
most radioresistant and cells in M phase most radiosensi-
tive [30, 31]. A study in 2020 demonstrated inhibition of 
EGFR/HER2 signaling in LLC cells results in decreased 
proliferation, reduced metastasis, and increased radiosensi-
tivity [32]. We treated LLC-Br cells with α-CTLA-4 for 72 h 
and noted a significant increase in percent survival based on 
an MTT assay (Supp. Figure 4). Therefore, we hypothesize 
that the radioprotective effect we observed could be due to 
α-CTLA-4 stimulation of EGFR signaling, ultimately pro-
moting proliferation, and potentially arresting cells in a more 
radioresistant phase of the cell cycle.

Fig. 5   Potential tumor 
protective role of administer-
ing α-CTLA-4 24 h prior to 
whole-brain radiation therapy 
a Brain tumor progression 
of LLC-Br in wild-type mice 
treated with radiation (solid 
light gray bar), α-CTLA-4 24 h 
before radiation (black and 
white diagonal striped bar), or 
α-CTLA-4 12 h after radiation 
(gray and white checkered bar) 
as measured by bioluminescent 
imaging over time normalized 
to day 3. b Significant increase 
in tumor burden of mice treated 
with α-CTLA-4 24 h prior to 
radiation compared to 12 h 
after at day 14. c Significant 
increase in tumor burden of 
mice treated with α-CTLA-4 
24 h prior to radiation at day 18. 
d Wild-type mice treated with 
α-CTLA-4 24 h before radiation 
had significantly higher tumor 
burden compared to radia-
tion and α-CTLA-4 12 h after 
radiation groups as measured 
by area under the curve at 
day 22. e Kaplan–Meier plot 
of WT mice survival with 
LLC-Br tumors treated with 
radiation ± α-CTLA-4. f No 
significant differences in percent 
weight loss were observed in 
radiation groups. N = 7–9

0 2
0.1

1

10

100

1000

10000

5 10 15 20 25

Days Post-Injection

Fo
ld

C
ha

ng
e

Radiation
-CTLA-4 -> Radiation

Radiation -> -CTLA-4 0

200

400

600

800

A
re
a
U
nd

er
C
ur

ve *

0
1000
2000
3000
4000
5000

A
re
a
U
nd

er
C
ur

ve

* *

0

10000

20000

30000

A
re
a
U
nd

er
C
ur

ve * *

a.

c.

b.

d.

0 5
0

50

100

10 15 20 25 30

Days Post-Injection

Pe
rc
en

tS
ur
vi
va

l

2
-10

0

10

20

30

5 10 15 20 25

Days Post-Injection

Pe
rc
en

tW
ei
gh

tL
os

s

e. f.



	 Cancer Immunology, Immunotherapy (2024) 73:2020  Page 8 of 10

Between all immunotherapy groups, mice treated with 
α-CTLA-4 12 h post-radiation had the lowest tumor burden; 
conversely, the mice treated with α-CTLA-4 24 h prior to 
radiation had the highest tumor burden. These data suggest 
that timing of immunotherapy administration with radio-
therapy does play a role in therapeutic efficacy and war-
rants further investigation. Treatment with α-CTLA-4 has 
varied effects depending on cell type and microenvironment 
[33], which could contribute to varied responses observed in 
immunotherapy studies.

Although we generated a syngeneic LCBM model and 
completed a study with immunotherapy and radiotherapy, 
our work has limitations. First, this study only evaluated 
a single low dose of α-CTLA-4 with radiotherapy. Future 
studies should evaluate if there is a dose effect of α-CTLA-4 
when coordinated with WBRT. Additionally, we studied 

α-CTLA-4 as a single immunotherapy because we hypoth-
esized that it would mobilize T-cells to brain lesions more 
effectively than α-PD-1 therapy. Studies to investigate coor-
dination of α-CTLA-4 and α-PD-1 administration in combi-
nation with radiation should be performed. We hypothesize 
that combining α-PD-1 with α-CTLA-4 would enhance the 
synergistic effects we observed. Lastly, studies are needed 
to evaluate the mechanism of immunotherapy delaying pro-
gression with timed radiotherapy coordination.

Conclusion

Patients with LCBM have poor prognosis and usually suc-
cumb to the disease within a year after diagnosis. Immuno-
therapy is a promising treatment modality for brain lesions, 

Fig. 6   Administering 
α-CTLA-4 12 h post-radiation 
decreases tumor burden a 
Tumor progression of LLC-
Br in wild-type mice treated 
with α-CTLA-4 only (solid 
dark gray bar), α-CTLA-4 24 h 
before radiation (black and 
white diagonal striped bar), or 
α-CTLA-4 12 h after radiation 
(gray and white checkered bar) 
as measured by bioluminescent 
imaging normalized to day 3. 
b Mice treated with α-CTLA-4 
24 h prior to radiation had 
significantly higher brain tumor 
burden at day 14 compared 
to immunotherapy only or 
immunotherapy delivered 12 h 
post-WBRT. c Mice treated with 
α-CTLA-4 12-h post-WBRT 
had significantly lower brain 
tumor burden at day 18 than 
mice administered immuno-
therapy 24 h prior to radiation. 
d Wild-type mice treated with 
α-CTLA-4 12 h after radiation 
had significantly lower tumor 
burden compared to α-CTLA-4 
only and α-CTLA-4 24 h before 
radiation groups as measured by 
area under the curve at day 22. e 
Kaplan–Meier plot of WT mice 
survival with LLC-Br tumors 
treated with α-CTLA-4 ± radia-
tion. f No significant differences 
in percent weight loss were 
observed in the immunotherapy 
groups. N = 7–9
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but preclinical models are limited. Our study demonstrates 
that we successfully created and characterized a syngeneic 
LCBM model to be used for immunotherapy studies. The 
model has a similar growth rate to its parental cell line, but 
higher motility. Additionally, we observed administration 
of α-CTLA-4 after radiation decreases brain tumor bur-
den compared to α-CTLA-4 alone and administration of 
α-CTLA-4 prior to radiation. These data demonstrate the 
importance of optimizing sequence of treatment modali-
ties and potentially increasing immunotherapy treatment 
throughout the course of disease to ensure positive out-
comes. Further research is needed in the field of brain 
metastasis immunotherapy, and we aim to contribute with 
our novel LCBM model.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00262-​023-​03599-w.

Acknowledgements  We would like to thank the West Virginia Uni-
versity (WVU) Animal Models and Imaging Facility (AMIF) and 
Microscope Imaging Facility. The AMIF is supported by the WVU 
Cancer Institute, the WVU Health Sciences Center (HSC) Office of 
Research and Graduate Education, and National Institutes of Health 
(NIH) grants P20GM121322, U54GM104942, and P30GM103488. 
The Microscope Imaging Facility is supported by the WVU Cancer 
Institute, WVU HSC Office of Research and Graduate Education, and 
NIH grants P20GM121322, P20GM144230, and P20GM103434.

Author contributions  PRL and KEB helped in conceptualization; KEB 
and PRL helped in methodology; KEB, TAA, CPW, GLP, LPD, BNK, 
and PRL worked in investigation; KEB and PRL helped in formal 
analysis; KEB, TAA, CPW, GLP, LPD, BNK, and PRL contributed 
to writing, review, and editing; PRL worked in supervision; and PRL 
worked in funding acquisition. All authors reviewed and approved the 
final manuscript.

Funding  This research was funded by the National Cancer Institute 
grant number F99CA264445-01 and the National Institute of General 
Medical Sciences, grant number P20GM121322 and supplement. Addi-
tional funding was provided by the Mylan Chair Endowment Fund and 
METAvivor.

Data availability  The datasets used and/or analyzed for this study are 
available upon reasonable request from the corresponding author.

Declarations 

Conflict of interest  The authors declare that they have no competing 
interests.

Ethical approval  All animal experiments were approved by the Insti-
tutional Animal Care and Use Committee at West Virginia University.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 

the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

	 1.	 Lofling L et al (2022) Temporal trends in lung cancer survival: 
a population-based study. Acta Oncol 61(5):625–631

	 2.	 Yuan J et al (2022) Prognosis of lung cancer with simple brain 
metastasis patients and establishment of survival prediction 
models: a study based on real events. BMC Pulm Med 22(1):162

	 3.	 Brahmer JR et  al (2023) Five-year survival outcomes with 
nivolumab plus ipilimumab versus chemotherapy as first-line 
treatment for metastatic non-small-cell lung cancer in check-
mate 227. J Clin Oncol 41(6):1200–1212

	 4.	 Paz-Ares L et al (2019) Durvalumab plus platinum-etoposide 
versus platinum-etoposide in first-line treatment of extensive-
stage small-cell lung cancer (CASPIAN): a randomised, con-
trolled, open-label, phase 3 trial. Lancet 394(10212):1929–1939

	 5.	 Reck M et al (2021) Five-year outcomes with pembrolizumab 
versus chemotherapy for metastatic non-small-cell lung can-
cer with PD-L1 tumor proportion score >/= 50. J Clin Oncol 
39(21):2339–2349

	 6.	 Veccia A et al (2021) Management of brain metastases from 
lung cancer in the era of immunotherapy: a review of the litera-
ture. Future Oncol 17(5):597–609

	 7.	 Yang G, Xing L, Sun X (2022) Navigate towards the immuno-
therapy era: value of immune checkpoint inhibitors in non-small 
cell lung cancer patients with brain metastases. Front Immunol 
13:852811

	 8.	 Sun L et al (2021) Outcomes in patients with non-small-cell 
lung cancer with brain metastases treated with pembrolizumab-
based therapy. Clin Lung Cancer 22(1):58–66

	 9.	 Ready NE et al (2023) First-line nivolumab plus ipilimumab 
for metastatic non-small cell lung cancer, including patients 
with ECOG performance status 2 and other special populations: 
CheckMate 817. J Immunother Cancer. https://​doi.​org/​10.​1136/​
jitc-​2022-​006127

	10.	 Reck M et al (2023) Systemic and intracranial outcomes with 
first-line nivolumab plus ipilimumab in patients with metastatic 
NSCLC and baseline brain metastases from checkmate 227 Part 
1. J Thorac Oncol 18(8):1055–1069

	11.	 Theelen W et al (2021) Pembrolizumab with or without radio-
therapy for metastatic non-small-cell lung cancer: a pooled anal-
ysis of two randomised trials. Lancet Respir Med 9(5):467–475

	12.	 Kong Y et al (2022) PD-1 Inhibitor combined with radiotherapy 
and GM-CSF (PRaG) in Patients with metastatic solid tumors: 
an open-label phase II study. Front Immunol 13:952066

	13.	 Altan M et al (2023) Nivolumab and ipilimumab with concur-
rent stereotactic radiosurgery for intracranial metastases from 
non-small cell lung cancer: analysis of the safety cohort for non-
randomized, open-label, phase I/II trial. J Immunother Cancer. 
https://​doi.​org/​10.​1136/​jitc-​2023-​006871

	14.	 Valiente M et  al (2020) Brain metastasis cell lines panel: 
a public resource of organotropic cell lines. Cancer Res 
80(20):4314–4323

	15.	 Blethen KE et al (2023) Effects of whole-brain radiation therapy 
on the blood-brain barrier in immunocompetent and immunocom-
promised mouse models. Radiat Oncol 18(1):22

	16.	 Formenti SC et al (2018) Radiotherapy induces responses of lung 
cancer to CTLA-4 blockade. Nat Med 24(12):1845–1851

https://doi.org/10.1007/s00262-023-03599-w
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1136/jitc-2022-006127
https://doi.org/10.1136/jitc-2022-006127
https://doi.org/10.1136/jitc-2023-006871


	 Cancer Immunology, Immunotherapy (2024) 73:2020  Page 10 of 10

	17.	 Twyman-Saint Victor C et al (2015) Radiation and dual check-
point blockade activate non-redundant immune mechanisms in 
cancer. Nature 520(7547):373–377

	18.	 Yoshimoto Y et al (2014) Radiotherapy-induced anti-tumor immu-
nity contributes to the therapeutic efficacy of irradiation and can 
be augmented by CTLA-4 blockade in a mouse model. PLoS ONE 
9(3):e92572

	19.	 Yoneda T et al (2001) A bone-seeking clone exhibits different bio-
logical properties from the MDA-MB-231 parental human breast 
cancer cells and a brain-seeking clone in vivo and in vitro. J Bone 
Miner Res 16(8):1486–1495

	20.	 Shah N et al (2020) Drug resistance occurred in a newly charac-
terized preclinical model of lung cancer brain metastasis. BMC 
Cancer 20(1):292

	21.	 Sprowls SA, Pizzuti VJ, Pentz W, Nwafor DC, Siochi RA, Lock-
man PR (2021) Irradiator commissioning and dosimetry for 
assessment of LQ α and β parameters, radiation dosing schema, 
and in vivo dose deposition. JoVE (J Vis Exp) 11(169):e61692

	22.	 Stockham AL et al (2012) Management of recurrent brain metas-
tasis after radiosurgery. Prog Neurol Surg 25:273–286

	23.	 Borghaei H et al (2015) Nivolumab versus docetaxel in advanced 
nonsquamous non-small-cell lung cancer. N Engl J Med 
373(17):1627–1639

	24.	 Horn L et al (2017) Nivolumab versus docetaxel in previously 
treated patients with advanced non-small-cell lung cancer: 
two-year outcomes from two randomized, open-label, phase 
III trials (checkmate 017 and checkmate 057). J Clin Oncol 
35(35):3924–3933

	25.	 Zhang H et al (2019) Tumour cell-intrinsic CTLA4 regulates 
PD-L1 expression in non-small cell lung cancer. J Cell Mol Med 
23(1):535–542

	26.	 Kim JC et  al (2005) Correlation of HER1/EGFR expression 
and degree of radiosensitizing effect of the HER1/EGFR-
tyrosine kinase inhibitor erlotinib. Indian J Biochem Biophys 
42(6):358–365

	27.	 Burdak-Rothkamm S et al (2005) Radiosensitivity of tumor cell 
lines after pretreatment with the EGFR tyrosine kinase inhibitor 
ZD1839 (Iressa). Strahlenther Onkol 181(3):197–204

	28.	 Chen G et al (2022) Golgi phosphoprotein 3 confers radioresist-
ance via stabilizing EGFR in lung adenocarcinoma. Int J Radiat 
Oncol Biol Phys 112(5):1216–1228

	29.	 Lui VW, Grandis JR (2002) EGFR-mediated cell cycle regulation. 
Anticancer Res 22(1A):1–11

	30.	 Liu C et al (2019) The cell cycle G2/M block is an indicator of cel-
lular radiosensitivity. Dose Response 17(4):1559325819891008

	31.	 Jung SY et al (2019) Radiosensitizing effect of novel phenylpy-
rimidine derivatives on human lung cancer cells via cell cycle 
perturbation. J Pharmacol Exp Ther 370(3):514–527

	32.	 Tien Y et al (2020) Targeting human epidermal growth factor 
receptor 2 enhances radiosensitivity and reduces the metastatic 
potential of Lewis lung carcinoma cells. Radiat Oncol 15(1):58

	33.	 Oyewole-Said D et al (2020) Beyond T-cells: functional charac-
terization of CTLA-4 expression in immune and non-immune cell 
types. Front Immunol 11:608024

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Coordination of anti-CTLA-4 with whole-brain radiation therapy decreases tumor burden during treatment in a novel syngeneic model of lung cancer brain metastasis
	Abstract
	Introduction
	Materials and methods
	Cell culture
	Scratch assay
	Animals and brain tumor model development
	Monitoring tumor progression, weight, and survival
	Irradiation protocol
	Immunotherapy preparation and administration
	Statistical analysis

	Results
	Development of the brain-tropic LLC-Br cell line
	LLC-Br cell line is more invasive than parental cell line
	Similar tumor burden in wild-type and nude mice 22 days post-inoculation
	Temporal administration of immunotherapy affects brain tumor burden but not survival or weight loss

	Discussion
	Conclusion
	Acknowledgements 
	References




