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Over the years, many in vitro and in vivo studies have shown the antineoplastic effects of
cannabinoids (CBDs), with reports advocating for investigations of combination therapy
approaches that could better leverage these effects in clinical translation. This study
explores the potential of combination approaches employing CBDs with radiotherapy
(RT) or smart biomaterials toward enhancing therapeutic efficacy during treatment of
pancreatic and lung cancers. In in vitro studies, clonogenic assay results showed greater
effective tumor cell killing, when combining CBDs and RT. Meanwhile, in vivo study results
revealed major increase in survival when employing smart biomaterials for sustained
delivery of CBDs to tumor cells. The significance of these findings, considerations for
further research, and viable roadmap to clinical translation are discussed.
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INTRODUCTION

Many in vitro and in vivo studies have reported on the antitumorigenic effects of plant-derived can-
nabinoids (CBDs) and their synthetic analogs, including effects in inducing apoptosis and inhibiting
tumor cell growth and metastasis (1, 2). Despite these reports of demonstrating the potential of CBDs
as anticancer agents, clinical translation has been hampered in part by the need to demonstrate
significant therapeutic efficacy with minimal toxicities or side effects. So far, the only published
clinical trial on the use of CBDs for cancer treatment has been on a small pilot study involving
intratumoral (IT) administration of CBDs in patients with recurrent glioblastoma multiforme
(1, 3). This study and subsequent reports (1, 2) highlighted the need for further research to enhance
the therapeutic efficacy of CBDs, including via combinations with other therapies like chemotherapy
or radiotherapy (RT), or the use of other routes of administration that can better leverage the effects
seen in preclinical in vitro and in vivo studies.

The advantage of combining CBDs with other therapies is that this may allow simultaneous
targeting of tumor progression at different levels, while minimizing toxicities for these therapies
relative to toxicities from higher doses when used as monotherapies. For example, studies suggest
that fractionated RT can be a double-edged sword (4), killing tumor cells while also inducing tumor
cell metastasis or invasion from the primary tumors. The use of CBDs in combination with RT
could benefit from findings that CBDs can inhibit metastasis or invasion (5-8). CBDs have also
been reported to enhance tumor cell apoptosis via increased generation of reactive oxygen species,
which could enhance the DNA-damaging effects of RT (9). This could allow for the reduction of RT
doses or fractions to minimize RT toxicities. Such a combination would be particularly beneficial for
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patients needing salvage RT but who are close to their RT normal
tissue limits (10).

Meanwhile, the route of administration has a significant
bearing on pharmacokinetics, the bioavailability, time course
and hence effectiveness of CBDs as anticancer agents. The
solubility of CBDs in water is poor, with inherent limits to
intravenous and other routes of CBD delivery. Absorption
following oral administration route for cancer treatment could
also be limited by potential for CBD degradation by the acid
of the stomach (11). Inhalation route exposes valid concerns
about the adverse pulmonary effects this may have and limited
effectiveness if not well targeted (12). It has been proposed that
the administration of a low dose of CBDs directly to the tumor
would increase effectiveness and reduce adverse side effects
(13). The published pilot clinical trial (3) employed such an IT
route with repeated daily administrations of CBDs. However,
many studies suggest that sustained drug delivery approaches,
e.g., using smart biomaterials can be more effective than
repeated injections (12, 14-17).

Pancreatic and lung cancers are amongst the deadliest forms
of cancers (18, 19), where greater effective treatment approaches
are needed. Here, we explore the potential for enhancing the
effectiveness of pancreatic and lung tumor cell kill via: (1)
combination of CBDs with RT and (2) use of smart biomaterials
loaded with CBDs for sustained in situ delivery. These findings
are discussed with considerations toward clinical translation.

MATERIALS AND METHODS

Cell Culture and Materials

Human lung cancer cell line A549 (ATCC) was maintained in
RPMI media (GIBCO) supplemented with 10% FBS, 2 mmol/L
L-glutamine, 1% penicillin, and streptomycin solution. Lewis lung
cancer C57BL/6 back ground mouse cell line LLC-1 (ATCC)
and pancreatic adenocarcinoma C57BL/6 back ground mouse
cell line PANC-02 (ATCC) were maintained in DMEM media
(GIBCO) supplemented with 10% FBS, 2 mmol/L L-glutamine,
1% penicillin, and streptomycin solution following standard

protocol. All cells were maintained at 37°C in a humidified incu-
bator under a 5% CO, atmosphere following standard protocol.
All supplements were obtained from Sigma-Aldrich and tissue
culture plastics were obtained from Corning Life Sciences. All
experimental cells were at least 95% alive.

Clonogenic Cell Survival Assay

A549 cells from an actively growing monolayer were trypsinized
and 300 cells per well were seeded in 12-well plates (Corning).
After 24 h, seeded cells were treated with 0, 1, 2, and 5 pg/well of
CBD concentrations. The cells were irradiated at 0, 2, and 4 Gy
using 220 kVp energy, 13 mA, 24 h after the CBD treatment.
A small animal radiation research platform (SARRP) (20, 21) was
used for RT (Figure 1). The growing colonies (>50 cells/colony)
were fixed with 75% ethanol and stained with 1% crystal violet
(Sigma) 7-10 days after treatment. Colonies were counted using
Image] software and a percent survival was calculated following
standard protocol (22, 23).

Smart Biomaterials

Smart radiotherapy biomaterials (SRBs) were prepared as
described in previous work (14) using 200 mg of poly(lactic-
co-glycolic) acid (Sigma-Aldrich) with MW 40,000-75,000
dissolved in 4 mL of Acetone. The resulting blend was loaded
with a constant flow rate into a silicon tubing (VWR and Versilic)
using a Harvard apparatus (Harvard Bioscience) and dried at
50°C for 72 h. The dried biomaterials were cut into 4 mm length
to incorporate the CBD payload. CBD payloads were custom
loaded into the SRBs with a unique potential for image-guided
RT and sustained in situ delivery of the CBD payload. The SRBs
are customizable allowing for loading of different concentration
of CBD payloads tagged with fluorescence dye and the incor-
poration of high-Z nanoparticles (NPs) for enhanced computed
tomography (CT) imaging contrast.

In vitro release of payloads was investigated by placing CBD-
loaded SRBs into wells of a microplate, triplicated for each day the
payload release was observed. The fluorescence intensity of the
released payload was read using a microplate reader/photometer.

Caudal

FIGURE 1 | Small animal radiation research platform (SARRP). Showing pictures of set-up for (A) image-guided radiotherapy (RT) with computed tomography
imaging done using 65 kVp photons at 0.5 mA, (B) in vitro studies with RT delivered using 220 kVp photons and 13 mA.
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Animal Studies

Immune uncompromised, wild-type (W+/+) C57BL/6 strain
male and female mice were purchased from Jackson laboratory
at the age of 8 weeks. All mice were maintained at Dana Farber
Cancer Institute (DFCI) animal facility in accordance with
institutional policies and Institutional Animal Care and Use
Committee (IACUC)-approved guidelines. Mice between 10
and 12 weeks of age were used for the experiments. Syngeneic
mouse models were created by subcutaneously (s.c.) implanting
C57BL/6 mice with 2 X 10° cells per tumor for PANC-02 cells for
the pancreatic tumor model, and 5 X 10* cells per tumor LLC-1
cells for the lung tumor model, in the flank of same background
wild mice. For both cases, only the live cells were counted deter-
mined by Trypan blue staining.

Tumor growth was supervised regularly following DFCI
animal protocol until a tumor size of approximately 6 mm in
length was reached. Mice were then randomized into different
cohorts. For the direct IT administration method, IT injection of
CBD (0.1 mg, 5 mg/kg) dissolved in methanol was given using a
26 G insulin needle (BD Bioscience). Same volume of methanol
was injected in control group tumors. For SRB-CBD treatment
method, SRBs with the same dose of CBD as for IT method were
administered to the tumors using clinical brachytherapy needles
(IZI Medical Products). A control group of mice with tumors
were also administered with SRBs loaded with same methanol
concentration as CBD solution.

After treatment, a Vernier caliper was used to measure the
length and width of the subcutaneous tumors. Tumor volumes
were calculated as: (length X width?)/2. Dimension imaginary
longitude to the leg was designated as length and the perpen-
dicular was for width. The tumors were measured between the
skin surface layers. The tumor volume was plotted against time.

Animal survival was performed for treatments following
TACUC-approved protocol, which was predetermined based on
published evidence justifying such a study design. Tumors reach-
ing >1 cm in diameter or actively bleeding were determined as
excessive tumor burden and mouse was euthanized following the
protocol. For IT release studies, CT imaging was carried out using
the SARRP (Figure 1) with 65 kVp and 0.5 mA. The CT imaging
was conducted over 1 week.

CT Image Analysis

The CT images were analyzed using the Preclinical Imalytics
software. In the image analysis, the segmented tumor was made
transparent to highlight the SRB. The results clearly depict the
SRB disintegration in the tumor volume with lapse of time. The
quantification of the images was performed using MATLAB
software.

Statistical Analysis

Log-rank (Mantel-Cox) test and Gehan-Breslow-Wilcoxon test
were performed to analyze statistical significance of the survival
assay for in vivo lung cancer model with GraphPad prism
software.

RESULTS

Clonogenic assay results are shown in Figures 2A,B demonstrat-
ing substantially enhanced tumor cell killing when using CBDs
with RT. Significant synergy is observed in the study arm combin-
ing 2 pg of CBD with RT at 4 Gy. Such synergy may allow for
greater effective tumor cell killing while reducing the dose of RT.
Remarkably, 5 pg of CBD was found to achieve greater tumor cell
killing than 4 Gy of RT. This supports findings in previous studies
that CBDs can induce apoptosis, with potential mechanism being
the generation of highly potent reactive oxygen species (9). This
effect combined with DNA damage by RT could account for the
observed synergistic outcomes.

The remarkable in vitro study results with and without RT
followed an exposure of the tumor cells to CBD over a prolonged
period of 24 h. With view to translating such effective tumor
cell killing in vivo, we hypothesized that using smart biomaterials
for sustained/prolonged delivery of CBDs in tumors can also
enhance the effectiveness of in vivo tumor cell kills with CBDs.
To test this hypothesis, CBD was loaded into SRBs.

The design of the smart biomaterial is illustrated in Figure 3A,
while actual SRBs with CBD payloads are shown in Figure 3B.
The result in Figure 3C shows the sustained release of the payload
over time. Noteworthy is the initial burst release with over 50%
of the payload released over the first day, followed by a slower
prolonged release over several days. Such sustained release is

A 0Opug/ml

0 Gy

BOGy ®A4Gy

Percent survival

CBD concentration (pg/ml)

FIGURE 2 | In vitro antitumor effect of cannabinoid (CBD). (A) Clonogenic assay results comparing results for different CBD radiotherapy (RT) dose combinations.
(B) Perspective results of synergistic outcomes when combining RT at 4 Gy with different CBD doses.
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FIGURE 3 | Sustained release of cannabinoid (CBD). (A) One design of multifunctional smart biomaterial (SRB) made of Food and Drug Administration-approved
biocompatible biodegradable polymer loaded with a payload of CBDs/nanoparticles (NPs); (B) actual SRBs with payload; (C,D) in vitro release of CBD payload
from SRB, demonstrating the ability for (C) sustained release over many days, and (D) quick release. The release kinetics (i.e., how slow or fast) can be optimized
to treatment schedules, by varying the degree of cross-linking in the polymer or the polymer weighting. (E) Computed tomography image of mouse imaged over
time with small animal radiation research platform showing degradation of SRB as payload is released over time in the tumor on the right side of image.

(F) Average pixel intensity from maximum amplitude image for all image slices. The data are obtained from evaluating the same region of interest in the

processed maximum intensity images.

designed to expose tumor cells to the CBDs over a prolonged
period to enhance therapy outcomes.

Figure 3D shows quicker release results demonstrating poten-
tial for controlled release, e.g., by varying the weighting of the SRB
polymer component or degree of cross-linking of the smart poly-
mer, to allow for quick or slow release as needed for any treatment
schedule. Such controlled/customizable release may be useful
when combining CBDs with other treatment modalities like RT,
chemotherapy, or immunotherapy. Meanwhile, Figure 3E shows

processed CT images of mice with tumors on both flanks, with
one of the tumors on the right side (image view) implanted with
the SRB. The decrease in intensity of this maximum amplitude
image indicates that overtime the SRB degrades to release the
payload into the tumor subvolume (Figure 3F).

Further confirmation of the release of CBD is evident in its
action in Figure 4A, which shows tumor growth inhibition
results in animal cohorts with CBD-loaded SRB compared to
cohorts with direct IT administration of the same dose of CBD,
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versus control cohorts. Results of separate survival study also sup-
ports this (Figure 4B) comparing mice treated with empty SRBs
(n = 11), mice treated with CBD (n = 13), versus mice treated
with CBD-loaded SRB (n = 12). This result shows significantly
(p < 0.0001) increased survival for the mice with CBD-loaded
SRBs relative to the other cohorts including control cohort
(n = 12). These initial lung tumor survival study results support
the hypothesis that sustained delivery with prolonged exposure
of tumor cells to CBD may be more effective in inhibiting tumor
growth than direct IT administration of the same dose of CBD.

Figures 4C,D show initial results from a parallel study with
pancreatic tumors in mice. Direct IT injection of CBD demon-
strates slight increase survival benefit compared to untreated mice
(Figure 4C). In another study, the benefit of prolonged exposure
of tumors to CBD is again observed in Figure 4D with 100% of
the mice alive in the CBD-SRB cohort, compared to fewer mice
alive in the CBD (IT) and control group. The result here justifies
further studies with higher concentrations of CBDs delivered by
the SRBs which could further enhance tumor cell kill.

DISCUSSION

Pancreatic cancer is one of the deadliest cancers, with a dismal
5-year survival rate of less than 5% (24, 25). Meanwhile lung can-
cer is amongst the top killers, with a growing burden, especially
in low- and middle-income countries with limited access to treat-
ment (19). There is, thus, great need to develop more effective

and accessible therapeutic approaches for treating these cancers.
Our results suggest that the use of a combination of strategies
could allow for greater therapeutic efficacy when using CBDs for
cancer treatment. The in vitro study results showing synergistic
outcomes when using CBDs in combination with RT are in con-
sonance with previous work highlighted in recent reviews (1, 2).
In one such previous study, synergy was observed in vivo when
using RT with CBDs in the treatment of brain tumors, in a glioma
model (26). Over the years, different reports have advocated for
investigations of combination therapy approaches where such
synergies could be established toward clinical translation (1, 13).

A significant innovation in the approach to leverage CBDs for
cancer treatment highlighted by our study is the use of smart bio-
materials loaded with CBDs. In general, smart materials (14) are
designed to be sensitive to specific stimuli (e.g., tumor microenvi-
ronment, pH, the wavelength, or intensity of incident radiation or an
electrical or magnetic field). Once activated, they can respond in
active ways including changing their structure to deliver payloads
(e.g., CBDs in this case), or other functions that have the potential
to effectively enhance treatment outcomes. Advancing a smart
CBD cancer therapy approach with smart biomaterials presents
a number of advantages toward enhancing therapeutic efficacy.
First, the sustained delivery of CBDs via this approach will allow
for prolonged exposure of the tumor cells to CBDs with expected
enhanced effectiveness in tumor cell kills as seen in our initial
results. Highlighting the viability of such a sustained delivery
approach, the US Food and Drug Administration (FDA) has
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FIGURE 4 | Antitumor effect of cannabinoid (CBD) and smart biomaterial (SRB)-CBD in vivo. (A) Lung tumor volume measurements highlight greater inhibition of
tumor growth when using CBD-loaded SRBs compared to direct intratumoral administration (IT injection) and control cohorts: empty SRB. (B) Inhibition of lung
tumor growth when using SRBs for sustained delivery of CBD, confirming higher killing effect of sustain release of CBD in the tumors. The Kaplan-Meier survival
curve showing survival time (in days) for mice tumors treated with an empty SRB (n = 11), direct CBD (n = 13), CBD-loaded SRB (n = 12), and control cohort
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approved biodegradable disks infused with carmustine for the
treatment of brain tumors (27) for greater effective treatment
outcomes. Our approach with SRBs could also be developed to
leverage the antitumor effects of CBDs more effectively.

Second, the in situ delivery afforded using smart biomaterials
allows direct delivery of CBD payloads to the tumor subvolume
while minimizing off-target toxicities, as seen with other deliv-
ery approaches like oral or intravenous administration. The
in situ delivery also ensures that 100% of the payload is delivered
to the tumor compared to other approaches. This could allow
for reducing the dose of CBDs used, to further minimize any
potential toxicities or side effects which have so far limited clini-
cal translation. CBD receptors are not located in the brainstem
areas which control respiration and, therefore, lethal overdoses
from CBDs are not common (8, 13). Nevertheless, there are
CBD receptors in other tissues throughout the body, which may
lead to toxicities or adverse effects such as tachycardia, hypo-
tension, conjunctival injection, bronchodilation, and decreased
gastrointestinal motility. Site-targeted delivery via SRBs could
minimize such adverse effects as well as the psychoactive effects
that have limited clinical translation efforts. Ongoing work is
focusing on demonstrating this expected toxicity advantage in
a large cohort study.

A limitation of the current study is the short-term investi-
gation on the survival. This is partly due to an initial focus to
explore and demonstrate feasibility to inform further studies.
With view to clinical translation, further investigations will build
on the current work for longer term survival studies employing
CBD-loaded smart biomaterials with and without RT. This will
also include investigations of other CBDs besides CBD that have
demonstrated potential as anticancer agents but have not been

rigorously tested, or have been limited by off-target toxicities,
which may be minimized with the use of SRBs.

Figure 5 illustrates a potential pathway for clinical translation
using SRBs that integrates and builds on the results of this study,
demonstrating thebenefits of combining CBDswith RT and smart
biomaterials. In current clinical practice, inert RT biomaterials
(fiducials, spacers, beacons) illustrated in Figure 5A are routinely
employed to ensure geometric accuracy during RT for tumors
that move during treatment, e.g., lung or pancreatic tumors due to
respiratory motion (28). We propose that these inert RT
biomaterials could simply be replaced by CBD CBD-loaded
SRBs (Figure 5B), at virtually no additional inconvenience to
cancer patients. The multifunctional SRBs will be able to ensure
geometric accuracy but also sustainably deliver potent CBD
payloads directly to the tumor with the anticipated benefits of
greater therapeutic efficacy and minimal toxicities. While our
initial studies have focused on pancreatic and lung tumors
(Figure 5C), this approach could be extended to other sites
where inert RT biomaterials are also currently used, including:
breast, prostate, and liver cancers. In the previous clinical trial on
brain tumors (3), CBDs had to be repeatedly administered. Our
approach could allow for sustained delivery, which will obviate
the need for repeated administration and be more convenient
for patients.

The use of smart RT biomaterials for sustained delivery could
also integrate the use of NP drones (12) loaded with CBDs
that can bind specifically to tumor cells to deliver their potent
payloads, enhancing tumor cell kill with minimal off-target
distribution. The drone technology could also be designed to
target CBDs to CB1-type receptors expressed on the peripheral
terminals of nociceptors around the RT planning target volume
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FIGURE 5 | llustration of innovative approach with potential to significantly enhance therapeutic efficacy using cannabinoids (CBDs). (A) Currently used
commercially available inert radiotherapy (RT) biomaterials, e.g., fiducials (CIVCO Medical); (B) one design of multifunctional biomaterial [smart biomaterial (SRB)]
made of Food and Drug Administration-approved biocompatible biodegradable polymer loaded with a payload of CBDs; (C) potential clinical translation pathway is
envisioned where the smart SRB could simply replace the inert biomaterials currently used for image-guided RT. Such replacement would come at no additional
inconvenience to cancer patients. Once in place the SRB can be activated to sustainably release its payload as the polymer coating degrades for greater effective
tumor cell kill working in synergy with RT as highlighted by our study results.
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for CBD-induced analgesia. It has been shown (29) that CBDs
mediate analgesia largely via peripheral type 1 CBD receptors in
nociceptors, so such an approach with sustained delivery could
also help in pain management for cancer patients.

In the US, an increasing number of states have now legalized
the use of medical cannabis. This trend has also spread interna-
tionally, with more countries recognizing the medicinal com-
ponents of cannabis and legalizing medical use. Unfortunately,
medical cannabis research has been lagging in animal or human
placebo-controlled studies addressing barriers to clinical transla-
tion. Viable pathways to clinical translation for cancer treatment
should include combination approaches or smart CBD cancer
therapy that leverages the antitumor effects of CBDs with high
therapeutic efficacy and minimal side effects.

Altogether, our results offer an approach for leveraging the
antineoplastic activity of CBDs to achieve enhanced therapeutic
efficacy during cancer treatment with the possibility of address-
ing toxicity concerns that have hampered clinical translation
efforts. The potential for using smart RT biomaterials, which
integrate enhanced tumor cell killing when combining CBDs
with RT, and delivery with smart biomaterials, provide a
promising pathway for clinical translation. To this end, ongoing
work is investigating such SRBs loaded with CBDs, which could
simply replace currently used inert RT biomaterials during

REFERENCES

1. Velasco G, Sanchez C, Guzman M. Towards the use of cannabinoids as
antitumour agents. Nat Rev Cancer (2012) 12(6):436-44. doi:10.1038/nrc3247

2. Cridge BJ, Rosengren R]. Critical appraisal of the potential use of cannabinoids
in cancer management. Cancer Manag Res (2013) 5:301-13. doi:10.2147/
CMAR.S36105

3. Guzman M, Duarte MJ, Blazquez C, Ravina J, Rosa MC, Galve-Roperh I, et al.
A pilot clinical study of delta9-tetrahydrocannabinol in patients with recur-
rent glioblastoma multiforme. Br J Cancer (2006) 95(2):197-203. doi:10.1038/
5j.bjc.6603236

4. Errico A. Radiotherapy: a double-edged sword for NSCLC? Nat Rev Clin
Oncol (2014) 11(2):66. doi:10.1038/nrclinonc.2013.247

5. Blazquez C, Salazar M, Carracedo A, Lorente M, Egia A, Gonzalez-Feria L,
et al. Cannabinoids inhibit glioma cell invasion by down-regulating
matrix metalloproteinase-2 expression. Cancer Res (2008) 68(6):1945-52.
doi:10.1158/0008-5472.CAN-07-5176

6. Haustein M, Ramer R, Linnebacher M, Manda K, Hinz B. Cannabinoids
increase lung cancer cell lysis by lymphokine-activated killer cells via upreg-
ulation of ICAM-1. Biochem Pharmacol (2014) 92(2):312-25. doi:10.1016/j.
bcp.2014.07.014

7. Preet A, Ganju RK, Groopman JE. Delta9-tetrahydrocannabinol inhibits
epithelial growth factor-induced lung cancer cell migration in vitro as well as
its growth and metastasis in vivo. Oncogene (2008) 27(3):339-46. doi:10.1038/
sj.onc.1210641

8. Abrams DI, Guzman M. Cannabis in cancer care. Clin Pharmacol Ther (2015)
97(6):575-86. d0i:10.1002/cpt.108

9. Shrivastava A, Kuzontkoski PM, Groopman JE, Prasad A. Cannabidiol induces
programmed cell death in breast cancer cells by coordinating the cross-talk
between apoptosis and autophagy. Mol Cancer Ther (2011) 10(7):1161-72.
doi:10.1158/1535-7163.MCT-10-1100

10. Kim E, Song C, Kim MY, Kim JS. Long-term outcomes after salvage radio-
therapy for postoperative locoregionally recurrent non-small-cell lung cancer.
Radiat Oncol J (2017) 35(1):55-64. d0i:10.3857/r0j.2016.01928
11. Grotenhermen F. Pharmacokinetics and pharmacodynamics of cannabi-

noids. Clin Pharmacokinet (2003) 42(4):327-60. doi:10.2165/00003088-
200342040-00003

image-guided RT, all at no additional inconvenience to cancer
patients.

ETHICS STATEMENT

This study was carried out in accordance with the recommenda-
tions of Dana-Farber Cancer Institute Institutional Animal Care
and Use Committee (IACUC). The protocol was approved by the
Dana-Farber Cancer Institute IACUC.

AUTHOR CONTRIBUTIONS

SY-K designed the work, acquired and analyzed data, and partici-
pated in writing the manuscript; MM acquired and analyzed data
and revised the manuscript; RM and NS analyzed the CT image
data and contributed in revision of the manuscript; RD and AH
contributed to the concept and design of the work, reviewed and
revised the manuscript; and WN contributed to the concept of the
work, reviewed and revised the manuscript.

ACKNOWLEDGMENTS

Funding support is acknowledged from the BWH Biomedical
Research Institute and CBIS Cannabis Science Inc for this work.

12. Ngwa W, Kumar R, Moreau M, Dabney R, Herman A. Nanoparticle drones to
target lung cancer with radiosensitizers and cannabinoids. Front Oncol (2017)
7:208. doi:10.3389/fonc.2017.00208

13. Guzman M. Cannabinoids: potential anticancer agents. Nat Rev Cancer (2003)
3(10):745-55. d0i:10.1038/nrc1188

14. Ngwa W, Boateng F, Kumar R, Irvine DJ, Formenti S, Ngoma T, et al. Smart radi-
ation therapy biomaterials. Int ] Radiat Oncol Biol Phys (2017) 97(3):624-37.
doi:10.1016/j.ijrobp.2016.10.034

15. Priya James H, John R, Alex A, Anoop KR. Smart polymers for the controlled
delivery of drugs — a concise overview. Acta Pharm Sin B (2014) 4(2):120-7.
doi:10.1016/j.apsb.2014.02.005

16. Mieszawska AJ, Kaplan DL. Smart biomaterials - regulating cell behavior
through signaling molecules. BMC Biol (2010) 8:59. doi:10.1186/1741-7007-
8-59

17. Ngwa W, Irabor OC, Schoenfeld JD, Hesser J, Demaria S, Formenti SC.
Boosting the abscopal effect of local radiotherapy. Nat Rev Cancer (2018).
doi:10.1038/nrc.2018.6

18. Wang C, Ye Y, Hochu GM, Sadeghifar H, Gu Z. Enhanced cancer immuno-
therapy by microneedle patch-assisted delivery of anti-PD1 antibody. Nano
Lett (2016) 16(4):2334-40. doi:10.1021/acs.nanolett.5b05030

19. Rahib L, Smith BD, Aizenberg R, Rosenzweig AB, Fleshman JM, Matrisian LM.
Projecting cancer incidence and deaths to 2030: the unexpected burden of
thyroid, liver, and pancreas cancers in the United States. Cancer Res (2014)
74(11):2913-21. doi:10.1158/0008-5472.CAN-14-0155

20. Herter-Sprie GS, Korideck H, Christensen CL, Herter JM, Rhee K, Berbeco R,
etal. Image-guided radiotherapy platform using single nodule conditional lung
cancer mouse models. Nat Commun (2014) 5:5870. doi:10.1038/ncomms6870

21. Ngwa W, Korideck H, Chin LM, Makrigiorgos GM, Berbeco RI. MOSFET
assessment of radiation dose delivered to mice using the small animal
radiation research platform (SARRP). Radiat Res (2011) 176(6):816-20.
doi:10.1667/RR2536.1

22. Munshi A, Hobbs M, Meyn RE. Clonogenic cell survival assay. Methods Mol
Med (2005) 110:21-8. doi:10.1385/1-59259-869-2:021

23. Ngwa W, Korideck H, Kassis AI, Kumar R, Sridhar S, Makrigiorgos GM, et al.
In vitro radiosensitization by gold nanoparticles during continuous low-dose-
rate gamma irradiation with I-125 brachytherapy seeds. Nanomedicine (2013)
9(1):25-7. d0i:10.1016/j.nan0.2012.09.001

Frontiers in Oncology | www.frontiersin.org

April 2018 | Volume 8 | Article 114


https://www.frontiersin.org/Oncology/
https://www.frontiersin.org
https://www.frontiersin.org/oncology/archive
https://doi.org/10.1038/nrc3247
https://doi.org/10.2147/CMAR.S36105
https://doi.org/10.2147/CMAR.S36105
https://doi.org/10.1038/sj.bjc.6603236
https://doi.org/10.1038/sj.bjc.6603236
https://doi.org/10.1038/nrclinonc.2013.247
https://doi.org/10.1158/0008-5472.CAN-07-5176
https://doi.org/10.1016/j.bcp.2014.07.014
https://doi.org/10.1016/j.bcp.2014.07.014
https://doi.org/10.1038/sj.onc.1210641
https://doi.org/10.1038/sj.onc.1210641
https://doi.org/10.1002/cpt.108
https://doi.org/10.1158/1535-7163.MCT-10-1100
https://doi.org/10.3857/roj.2016.01928
https://doi.org/10.2165/00003088-
200342040-00003
https://doi.org/10.2165/00003088-
200342040-00003
https://doi.org/10.3389/fonc.2017.00208
https://doi.org/10.1038/nrc1188
https://doi.org/10.1016/j.ijrobp.2016.10.034
https://doi.org/10.1016/j.apsb.2014.02.005
https://doi.org/10.1186/1741-7007-8-59
https://doi.org/10.1186/1741-7007-8-59
https://doi.org/10.1038/nrc.2018.6
https://doi.org/10.1021/acs.nanolett.5b05030
https://doi.org/10.1158/0008-5472.CAN-14-0155
https://doi.org/10.1038/ncomms6870
https://doi.org/10.1667/RR2536.1
https://doi.org/10.1385/1-59259-869-2:021
https://doi.org/10.1016/j.nano.2012.09.001

Yasmin-Karim et al.

Cancer Treatment With CBDs

24.

25.

26.

27.

28.

Ryan DP, Hong TS, Bardeesy N. Pancreatic adenocarcinoma. N Engl ] Med
(2014) 371(22):2140-1. doi:10.1056/NEJMc1412266

Wong MCS, Jiang JY, Liang M, Fang Y, Yeung MS, Sung JJY. Global temporal
patterns of pancreatic cancer and association with socioeconomic develop-
ment. Sci Rep (2017) 7(1):3165. doi:10.1038/s41598-017-02997-2

Scott KA, Dalgleish AG, Liu WM. The combination of cannabidiol and
delta9-tetrahydrocannabinol enhances the anticancer effects of radiation in
an orthotopic murine glioma model. Mol Cancer Ther (2014) 13(12):2955-67.
doi:10.1158/1535-7163.MCT-14-0402

Ewend MG, Brem S, Gilbert M, Goodkin R, Penar PL, Varia M, et al.
Treatment of single brain metastasis with resection, intracavity carmustine
polymer wafers, and radiation therapy is safe and provides excellent local
control. Clin Cancer Res (2007) 13(12):3637-41. doi:10.1158/1078-0432.CCR-
06-2095

Cormack RA, Sridhar S, Suh WW, D’Amico AV, Makrigiorgos GM. Biological
in situ dose painting for image-guided radiation therapy using drug-loaded
implantable devices. Int ] Radiat Oncol Biol Phys (2010) 76(2):615-23.
doi:10.1016/j.ijrobp.2009.06.039

. Agarwal N, Pacher P, Tegeder I, Amaya E, Constantin CE, Brenner GJ, et al.

Cannabinoids mediate analgesia largely via peripheral type 1 cannabinoid
receptors in nociceptors. Nat Neurosci (2007) 10(7):870-9. doi:10.1038/
nnl916

Conflict of Interest Statement: Coauthors RD and AH work for the for-profit
company Cannabis Science Inc. All other authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Yasmin-Karim, Moreau, Mueller, Sinha, Dabney, Herman and
Ngwa. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Oncology | www.frontiersin.org

April 2018 | Volume 8 | Article 114


https://www.frontiersin.org/Oncology/
https://www.frontiersin.org
https://www.frontiersin.org/oncology/archive
https://doi.org/10.1056/NEJMc1412266
https://doi.org/10.1038/s41598-017-02997-2
https://doi.org/10.1158/1535-7163.MCT-14-0402
https://doi.org/10.1158/1078-0432.CCR-
06-2095
https://doi.org/10.1158/1078-0432.CCR-
06-2095
https://doi.org/10.1016/j.ijrobp.2009.06.039
https://doi.org/10.1038/nn1916
https://doi.org/10.1038/nn1916
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	Enhancing the Therapeutic Efficacy of Cancer Treatment With Cannabinoids
	Introduction
	Materials and Methods
	Cell Culture and Materials
	Clonogenic Cell Survival Assay
	Smart Biomaterials
	Animal Studies
	CT Image Analysis
	Statistical Analysis

	Results
	Discussion
	Ethics Statement
	Author Contributions
	Acknowledgments
	References


