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Background: Monoclonal antibody (mAb) therapy for the treatment of solid and haematologic malignancies has shown poor
response rates as a monotherapy. Furthermore, its use is limited to tumours expressing certain molecular targets. It has been
shown that single-dose radiation can induce immunogenic modulation that is characterised by cell-surface phenotypic changes
leading to augmented tumour cell/cytotoxic T-cell interaction.

Methods: We examined radiation’s ability to upregulate mAb therapy targets. We also used radiation to sensitise tumour cells
to antibody-dependent cell-mediated cytotoxicity (ADCC).

Results: Radiation significantly increased cell-surface and total protein expression of mAb targets HER2, EGFR, and CD20.
Focusing on HER2, targeted by trastuzumab, we observed significant upregulation of HER2 following radiation of 3 out of 3 breast
cancer cell lines, one of which was triple negative, as well as in residential stem-cell populations. HER2 upregulation was sustained
up to 96 h following radiation exposure and was largely dependent on intracellular reactive oxygen species. Improved ADCC and
sensitisation to the antiproliferative effects of trastuzumab demonstrated the functional significance of radiation-induced HER2
upregulation.

Conclusions: We show that single-dose radiation enhances mAb therapy. These findings highlight a mechanism for combining
radiation with immunotherapy and expand the patient population that can be treated with targeted therapy.

Ionising radiation is commonly used for the treatment and
palliation of cancer. The goal of radiation therapy is to directly
kill tumour cells by inducing DNA damage (Kwilas et al, 2012).
Alternative methods of tumour control that exploit the immune-
stimulating potential of radiation therapy are currently being
explored (Kwilas et al, 2012; Formenti and Demaria, 2013). We
have previously described radiation-induced immunogenic mod-
ulation of tumour cells (Chakraborty et al, 2003, 2004; Garnett
et al, 2004; Reits et al, 2006). Tumour cells exposed to sublethal
radiation undergo phenotypic changes, including upregulation of
MHC class I, tumour-associated antigens (TAAs), adhesion
molecules, and death receptors. This immunogenic modulation
translates into improved interaction between CD8þ cytotoxic T

cells and the upregulated molecules, leading to enhanced immune-
mediated tumour cell killing. We hypothesised that single-dose
radiation could alter the surface phenotype of tumour cells and
enhance monoclonal antibody (mAb) therapy by upregulating the
target molecule.

We chose United States Food and Drug Administration (FDA)-
approved mAb targets that are expressed on tumours for which the
standard of care includes radiation. HER2, a receptor tyrosine
kinase, is overexpressed in 15–23% of breast cancers (Mohd Sharial
et al, 2012); EGFR, a related receptor tyrosine kinase, is
overexpressed in 90% of head and neck squamous cell carcinomas
(HNSCCs); and CD20 is expressed by B-cell lymphomas (Dotan
et al, 2010; Tejani et al, 2010). The FDA has approved an mAb
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therapy for each of these three molecules: trastuzumab for HER2,
cetuximab for EGFR, and rituximab for CD20 (Scott et al, 2012).
Although these mAb have shown clinical benefit in the form of
improved overall survival, issues of resistance and poor response
rates have limited their efficacy (Friedberg, 2011; Markovic and
Chung, 2012; Mohd Sharial et al, 2012). We hypothesised that if
radiation could increase expression of the mAb targets such as
HER2, EGFR, and CD20, a greater number of cancer patients could
benefit from mAb therapy.

Monoclonal antibody functions by, among other mechanisms,
inhibiting cell proliferation and engaging the immune system
through antibody-dependent cell-mediated cytotoxicity (ADCC)
(Scott et al, 2012; Tagliabue et al, 2012). Antibody-dependent cell-
mediated cytotoxicity is common to several mAb of the IgG1
isotype, including trastuzumab, cetuximab, and rituximab (Scott
et al, 2012). We focused on the potential for radiation to improve
the functional outcome of mAb therapy as measured by ADCC
and inhibition of proliferation.

This is the first study to report that (a) radiation exposure
significantly increased cell surface and total protein expression of
multiple targets of mAb therapy, including HER2, EGFR, and
CD20; (b) radiation upregulated HER2 in 3 out of 3 breast cancer
cell lines, one of which was triple negative; (c) radiation
significantly upregulated HER2 in a residential stem-cell popula-
tion; (d) HER2 upregulation after radiation was largely dependent
on intracellular production of reactive oxygen species (ROS); and
(e) increased expression of HER2 after radiation improved
trastuzumab-mediated ADCC and sensitised breast cancer cells
to the antiproliferative effects of trastuzumab.

Our finding that single-dose radiation enhances mAb therapy
highlights a mechanism for using radiation in combination with
immunotherapy and expands the patient population that can be
treated with targeted therapy.

MATERIALS AND METHODS

Cell culture. Human breast carcinoma cells (MCF-7, ZR75-1, and
MDA-MB-231) and non-Hodgkin’s B-cell lymphoma (NHL) cells
(Ramos) were obtained from American Type Culture Collection
(Manassas, VA, USA) and cultured in a medium designated by the
provider for propagation and maintenance. Human HNSCC cells
(HN4) were generously provided by Silvio Gutkind (NIH;
Bethesda, MD, USA) and cultured in a medium designated for
propagation and maintenance, as previously described (Gelbard
et al, 2006).

Antibodies. The following primary labelled antibodies were
obtained from BD Biosciences (San Diego, CA, USA) for flow
cytometry analysis: PE-labelled anti-HER2 (Neu 24.7), anti-EGF
receptor 1 (EGFR.1), anti-CD20 (L27), anti-CD56 (B159), FITC-
labelled anti-CD3 (UCHT1), APC-labelled anti-CD44, and PerCP
Cy5.5-labelled anti-CD24. Anti-aldehyde dehydrogenase 1
(ALDH1) antibody and isotype were obtained from LifeSpan
Biosciences, Inc. (Seattle, WA, USA). The appropriate isotype
controls were purchased from BD Biosciences and R&D Systems
(Minneapolis, MN, USA). The following antibodies were used for
western blot analysis: anti-b-actin (13E5), anti-HER2 (29D8), anti-
EGFR (D38B1), anti-phospho-NF-kB-p65 (93H1), anti-NF-kB-
p65 (C22B4) (Cell Signaling Technology, Danvers, MA, USA), and
anti-CD20 (L26) (Santa Cruz Biotechnology, Dallas, TX, USA).
Sterile N-acetyl-L-cysteine (Enzo Life Sciences, Farmingdale, NY,
USA) was used for ROS inhibition. Both trastuzumab and
rituximab (Genentech, San Francisco, CA, USA) were diluted with
sterile PBS to a working stock of 2 mg ml� 1.

Radiation treatment. Human tumour cells were harvested while
in log-growth phase and kept in suspension during radiation

treatment. Cells were irradiated with 5 or 10 Gy by exposure to a
Cs-137 source (Gammacell-1000; AECL/Nordion, Kanata, ON,
Canada) at a dose rate of 5.56 Gy per min.

Flow cytometry. Flow cytometry was used to determine the level
of expression of HER2 on breast carcinoma cells (MCF-7, ZR75-1,
and MDA-MB-231), EGFR on HNSCC cells (HN4), CD20 on
NHL cells (Ramos), and CD3 and CD56 on peripheral blood
mononuclear cells (PBMCs) and natural killer (NK) cells. Cells
were incubated with antibodies for 30 min at 4 1C. 7AAD (BD
Biosciences) staining was used to determine cell viability. Samples
were acquired on a FACScan flow cytometer (Becton Dickinson,
Franklin Lakes, NJ, USA) using CellQuest software (BD
Biosciences). All cells used for analyses were determined to be
viable by 7AAD staining. A cutoff ofo5% isotype control staining
was used to determine positivity for all samples analysed. Data
analysis was performed using FlowJo software (Tree Star, Inc.,
Ashland, OR, USA). Expression of CD44, CD24, ALDH1, and
HER2 on MDA-MB-231 cells was determined as above using an
LSRII flow cytometer (Becton Dickinson) and FACS Diva software
(BD Biosciences).

Western blot analysis. Cells were lysed with 1� cell lysis buffer,
PMSF, as per manufacturer’s instructions (Cell Signaling Technology).
Protein concentration was determined using the BCA assay
(Thermo Scientific Pierce, Rockford, IL, USA). Equal amounts of
protein were loaded per sample and separated by electrophoresis
on 4–20% Tris-glycine gels (Invitrogen, Grand Island, NY, USA)
before being transferred to PVDF membranes (Invitrogen) using
the iBlot Blotting System (Invitrogen). Densitometric analysis of
western blots was performed using the ImageJ application (NIH) to
calculate the differences in protein expression (Schneider et al, 2012).

Immunofluorescence. Cells were mock-irradiated or irradiated
(10 Gy) and plated on glass coverslips (Fisher Scientific, Pittsburgh,
PA, USA). After 48 h in culture, cells were fixed with ice-cold
(� 20 1C) methanol (Midland Scientific Inc., Omaha, NE, USA)
for 15 min. Cells were stained for HER2 according to the
manufacturer’s protocol (Cell Signaling Technology). Images
were acquired using a Leica DMI 4000B Automated Inverted
Microscope (Leica, Buffalo Grove, IL, USA). Fluorescence intensity
of individual cells was acquired using ImageJ software (NIH).
Corrected total cell fluorescence was calculated as follows:
integrated density� (area of selected cell�mean fluorescence of
background), (Gavet and Pines, 2010). For display, contrast was
adjusted uniformly across all images.

Reactive oxygen species measurement. Reactive oxygen species
were measured using a total ROS detection kit (Enzo Life Sciences)
using a protocol modified from Hafer et al (2008). Samples were
acquired on a FACScan flow cytometer.

Isolation of natural killer cells. Peripheral blood mononuclear
cells obtained from a normal donor and stored at –80 1C were
thawed, washed, and resuspended in sterile PBS. Natural killer cells
were isolated through negative selection with a MACS separator
(Miltenyi Biotec, Auburn, CA, USA), according to the manufac-
turer’s protocol. Purity of isolated NK cells was examined by flow
cytometry using FITC-CD3, PE-CD56, and appropriate isotype
controls (BD Biosciences), and acquired on a FACScan flow
cytometer.

Antibody-dependent cell-mediated cytotoxicity assay. Forty-
eight hours after irradiation (mock or 10 Gy), cells were harvested
and labelled with 111In for 30 min at 37 1C. Radiolabelled tumour
cells were incubated with 20 mg ml� 1 trastuzumab or rituximab for
30 min on ice. Monoclonal antibody excess was removed by
washing. Radiolabelled and mAb-treated tumour cells (2� 103)
suspended in medium were added to 96-well U-bottom plates
(Costar, Cambridge, MA, USA) containing increasing numbers of
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effector cells (PBMCs or NK cells) and incubated at 37 1C with 5%
CO2 for 4 h. Supernatants were collected using cellulose acetate
absorption cartridges (Molecular Devices, Sunnyvale, CA, USA)
and radioactivity was quantitated using a Cobra Autogamma
counter (Packard Instruments, Downers Grove, IL, USA).

Tumour cell proliferation assay. MCF-7 cells (2� 104 cells per
well) were exposed to radiation (mock or 10 Gy), resuspended in
medium, and cultured for 4 days in 96-well flat-bottomed plates.
After 48 h of culture, trastuzumab (100mg ml� 1), rituximab
(100 mg ml� 1), or medium was added to triplicate wells. 3H-
thymidine (1 mCi per well) was added to all wells for the last 24 h
of culture, and cells were harvested using a Tomtec cell harvester
(Wallac Inc., Gaithersburg, MD, USA). The incorporated radio-
activity was measured using a Wallac 1205 Betaplate liquid
scintillation counter (Wallac). All culture steps were performed at
37 1C with 5% CO2.

Statistical analysis. Significant differences in the distribution of
data acquired by flow cytometry analysis were determined by the
Kolmogorov–Smirnov test using FloJo software (Tree Star, Inc.).
Statistical differences between two treatments were analysed by
unpaired Student’s t-test with a two-tailed distribution and

reported as P-values using GraphPad Prism 6 for Mac OS X
(GraphPad Software Inc., La Jolla, CA, USA).

RESULTS

Radiation increases total and cell-surface expression of mAb
target molecules. As radiation was used in these studies to modify
surface phenotype of tumour cells as opposed to model a
therapeutic setting, we focused on a single fraction of radiation.
We first examined whether single-dose radiation could modulate
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Figure 1. Radiation increases total and cell-surface expression of
target molecules. Tumour-cell lines were mock-irradiated (open
histograms) or treated with radiation (shaded histograms). After 48 h of
culture, expression of target molecules was examined by flow
cytometry and western blot analysis. (A) Expression of HER2 in MCF-7
breast carcinoma cells. (B) Expression of EGFR in HN4 HNSCC cells.
(C) Expression of CD20 in Ramos NHL cells. Insets: numbers indicate %
positive cells and MFI (parentheses). Cells used for analysis were viable
as determined by 7AAD staining, and staining was corrected for isotype
control binding. This experiment was repeated two times with similar
results. Comparisons of protein expression HER2 (A), EGFR (B), or
CD20 (C) were determined by using band densitometry analysis using
ImageJ software normalising b-actin relative to control. ‘*’ denotes
statistical significance relative to untreated cells (Po0.05).
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Figure 2. Radiation-induced upregulation of HER2 cell-surface
expression visualised by immunofluorescence. (A) ZR75-1 breast
carcinoma cells were mock irradiated (open histograms) or irradiated
with 10 Gy (shaded histograms), and HER2 expression was examined by
flow cytometry and western blot 48 h post exposure. Insets: numbers
indicate % positive cells and MFI (parentheses). Cells used for analysis
were viable as determined by 7AAD staining, and staining was
corrected for isotype control binding. ‘*’ denotes statistical significance
relative to untreated cells (Po0.05). (B) ZR75-1 cells were mock
irradiated or irradiated with 10 Gy, and HER2 expression was examined
by immunofluorescence 48 h post exposure. Nuclei were stained with
DAPI; images represent � 20 magnification. Insets: average HER2
expression per cell corrected by total cell fluorescence±s.d. The
images presented are representative of three independent
experiments with similar results.
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mAb target expression in breast (MCF-7), HNSCC (HN4), and
NHL (Ramos) cell lines. Forty-eight hours after cells were exposed
to radiation (mock or 10 Gy), protein expression was determined
by flow cytometry and western blot analysis (Figure 1A). Exposing
MCF-7 cells to radiation significantly increased cell-surface
expression of HER2 (2.3-fold; Po0.01) and total expression of
HER2 (1.4-fold). In the HN4 cell line, radiation significantly
upregulated cell-surface expression of EGFR (1.8-fold; Po0.01),
and total EGFR increased by 1.9-fold (Figure 1B). Radiation (mock
or 5 Gy) of the NHL (Ramos) cell line significantly increased cell-
surface expression of CD20 (3.5-fold; Po0.01), and total protein
increased by 2.6-fold as measured by flow cytometry and western
blot analysis, respectively (Figure 1C). 7AAD staining confirmed
that radiation doses were sublethal (7AAD% positive o10%).
In another experiment, ZR75-1 breast cancer cells exposed to
radiation showed a significant (1.8-fold; Po0.01) increase in HER2
cell-surface expression and a 1.2-fold increase in total HER2
(Figure 2A and B). We used immunofluorescence microscopy to
confirm subcellular localisation of HER2 protein post radiation.
ZR75-1 cells were irradiated (mock or 10 Gy) and cultured for 48 h

before immunofluorescence analysis. Fluorescence intensity of
individual cells was quantified using ImageJ (NIH). Treated cells
showed a significant (1.7-fold; P¼ 0.0084) increase in mean HER2-
corrected total cellular fluorescence compared with mock-irra-
diated cells (Figure 2A). In all cases, viability of tumour cells after
radiation exposure remained above 90%. Collectively, these data
show that radiation treatment leads to significant upregulation of
the mAb targets HER2, EGFR, and CD20 at both cell-surface and
total protein levels.

Radiation increases HER2 expression in triple-negative breast
cancer cells. Triple-negative breast cancer (TNBC) is defined by
the absence of oestrogen receptor, progesterone receptor, and
HER2 expression, as characterised by IHC (Stagg and Allard,
2013). To determine whether radiation could upregulate cell-
surface HER2 expression on a TNBC cell line, we exposed MDA-
MB-231 cells to 10 Gy. Forty-eight hours post exposure, HER2
expression had significantly increased in irradiated cells (1.4-fold;
Po0.05) compared with mock-irradiated cells (Figure 3A), as
determined by flow cytometry. We also examined the resident
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stem-cell population in MDA-MB-231 cells (defined as
CD44hiCD24loALDH1þ ) by flow cytometry. The proportion of
resident stem cells had increased in MDA-MB-231 cells treated
with 10 Gy (Figure 3B) compared with mock-irradiated cells
(Figure 3C) owing to resident stem cells’ relative radioresistance, as
previously reported (Phillips et al, 2006). However, radiation did
significantly upregulate HER2 in this cell population (Figure 3D).

Radiation-induced HER2 upregulation is time- and dose
dependent. We next investigated the role of dose and time in
radiation-induced upregulation of HER2. We exposed MCF-7
breast cancer cells to 10 Gy and examined HER2 expression daily
up to 96 h (Figure 4A). HER2 was significantly upregulated
(Po0.01) at the cell surface 24 h post irradiation and continued to
increase up to 96 h (Figure 4A). To explore the effect of radiation
dose, we exposed MCF-7 cells to a single 5 Gy dose of radiation
and analysed HER2 cell-surface expression over time up to 96 h
post irradiation (Figure 4B). Results showed that even at this lower
dose of radiation, HER2 expression was significantly upregulated
(Po0.01) 24 h post treatment and continued to increase for up to
96 h (Figure 4B).

Radiation-induced upregulation of HER2 is mediated by ROS
and is associated with phosphorylation of NF-kB. It has
previously been shown that NF-kB is activated by ROS, including
ROS secondary to ionising radiation (Gloire et al, 2006). We used
the ROS inhibitor N-acetyl-L-cysteine to associate radiation-
induced ROS with HER2 cell-surface upregulation (Figure 5).
We first confirmed the response of ROS to radiation and the ability
of the ROS inhibitor to abrogate ROS production. Radiation
(10 Gy) significantly increased ROS (1.5-fold; Po0.01); however,

this post-irradiation increase was significantly inhibited (Po0.01)
when 10 Gy was given in the presence of ROS inhibitor (Figure 5A
and B). To determine whether alterations in intracellular ROS were
associated with changes in HER2 cell-surface expression, we mock-
irradiated or irradiated (10 Gy) MCF-7 cells in the presence or
absence of ROS inhibitor. Forty-eight hours post treatment, HER2
cell-surface expression was analysed by flow cytometry. Cells
exposed to radiation (10 Gy) alone showed a two-fold increase in
HER2 expression, whereas cells irradiated (10 Gy) in the presence
of ROS inhibitor showed only a 1.4-fold increase in HER2
expression, a significant inhibition of HER2 upregulation com-
pared with radiation treatment alone (Po0.01) (Figure 5A and C).
These data suggest that increased levels of intracellular ROS
mediate radiation-induced HER2 upregulation.

NF-kB, a family of transcription factors activated by a variety of
extracellular stimuli, can induce expression of a large number of
genes, including those necessary for survival and proliferation
(Diamant and Dikstein, 2013). We used phospho-NF-kB-p65
(Ser536) as a marker of NF-kB activation. We exposed MCF-7 cells
to radiation (mock or 10 Gy) in the presence or absence of ROS
inhibitor and analysed phospho-NF-kB-p65 levels by western blot
24 h post treatment. Radiation (10 Gy) induced a significant
increase (2.2-±0.07-fold; P¼ 0.0036) in phosphorylation of the
p65 subunit (Ser536) (Figure 5D). When cells were irradiated in
the presence of ROS inhibitor, phosphorylation was not significant
(P¼ 0.69) compared with baseline, and was significantly lower
(P¼ 0.0371) than the phospho-NF-kB-p65 level seen in cells
treated with radiation alone (Figure 5D).

Radiation enhances tumour cell killing and antiproliferative
effects of trastuzumab. We used an in vitro assay for ADCC to
analyse the functional effects of a radiation-induced increase in
HER2 expression. We initially used normal-donor PBMCs as
effector cells at decreasing effector:target ratios (100 : 1 to 25 : 1).
Flow cytometry revealed the NK cell (CD56þ /CD3–) subpopula-
tion of normal-donor PBMCs to be 19% (Figure 6A). Forty-eight
hours after radiation exposure (mock or 10 Gy), MCF-7 target cells
were left untreated, incubated with trastuzumab (20 mg ml� 1) or
incubated with isotype control antibody (rituximab), and then
incubated with effector cells. Mock-irradiated cells incubated with
trastuzumab showed significantly increased sensitivity to cytotoxi-
city compared with mock-irradiated cells left untreated
(P¼ 0.0022) or incubated with isotype control antibody
(P¼ 0.0011), confirming previous findings that trastuzumab could
mediate ADCC in HER2-nonamplified cell lines. MCF-7 cells
exposed to radiation (10 Gy) showed significant increases in
sensitivity to ADCC of 1.4-fold at 100 : 1 (P¼ 0.0031) and 1.3-fold
at 50 : 1 (P¼ 0.0067) effector:target ratios compared with mock-
irradiated cells incubated with trastuzumab (Figure 6A).

To further investigate the importance of NK cell activity, we
purified NK cells from normal-donor PBMCs and used them as
effector cells at decreasing effector:target ratios (25 : 1 to 1.56 : 1).
Flow cytometry placed NK cell (CD56þ /CD3–) purification at 94%
(Figure 6B). The sensitivity to cytotoxicity of irradiated (10 Gy)
MCF-7 cells incubated with trastuzumab significantly increased
(two-fold) compared with untreated cells incubated with trastuzu-
mab at 4 effector:target ratios (Po0.0001 at effector:target ratio of
25 : 1) (Figure 6B). These data collectively indicate that radiation
exposure sensitises tumour cells to trastuzumab-mediated ADCC,
and that NK cells appear to have the major role in ADCC, although
other innate immune cells have been implicated as effectors.

Trastuzumab exerts tumour control by a variety of mechanisms,
including inhibition of proliferation (Tagliabue et al, 2012). We
investigated the sensitivity of MCF-7 cells to the antiproliferative
actions of trastuzumab before and after radiation treatment.
We irradiated MCF-7 cells (mock or 10 Gy) and measured
proliferation by 3H-thymidine incorporation 4 days post
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treatment. Trastuzumab (100 mg ml� 1) or isotype control antibody
(100 mg ml� 1) was added 48 h post treatment to allow upregulation
of HER2. Mock-irradiated MCF-7 cells showed no sensitivity to
trastuzumab (P¼ 0.068). However, proliferation of irradiated
(10 Gy) cells cultured in the presence of trastuzumab was
significantly reduced compared with irradiated (10 Gy) cells
cultured alone (P¼ 0.049) (Figure 6C). These data suggest that
MCF-7 cells that are initially insensitive to the antiproliferative
effects of trastuzumab are sensitised by radiation pretreatment.

DISCUSSION

Monoclonal antibodies for therapy have transformed oncology;
however, the prevailing dogma has been that expression of the
‘target’ must be present for the mAb to be effective. Our study was
designed to ascertain whether ionising radiation can upregulate

poorly expressed targets and thus enlarge the opportunities for
therapeutic mAbs. HER2, a receptor tyrosine kinase that mediates
cell proliferation and survival, is overexpressed by 15–23% of
breast cancers (Mohd Sharial et al, 2012). EGFR is a related
receptor tyrosine kinase that is overexpressed by 90% of HNSCC
(Tejani et al, 2010). CD20 is expressed by B-cell lymphomas that
represent 85% of all NHL (Dotan et al, 2010). The FDA has
approved an mAb therapy for each of these three target molecules:
trastuzumab for HER2, cetuximab for EGFR, and rituximab for
CD20 (Scott et al, 2012). Although mAb therapy has had some
clinical success, issues with resistance have limited its efficacy. Up
to 70% of patients eligible to receive trastuzumab will not respond
to treatment (Kute et al, 2004). For patients with recurrent or
metastatic disease, the response rate to cetuximab monotherapy is
13% (Markovic and Chung, 2012). Finally, one-third of patients
with diffuse large B-cell lymphoma will develop relapsed/refractory
disease despite the availability of rituximab (Friedberg, 2011).
For these patients, the goal is to improve outcomes by delivering
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Expression of HER2, phospho-NF-kB-p65, and b-actin was examined by western blot analysis 24 h post treatment. ‘*’ denotes statistical
significance (Po0.05). The data presented is representative of three independent experiments with similar results.
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a single dose of radiation to upregulate respective target
molecules before mAb therapy. This approach has been tried before.
Kitazono et al (2001) previously reported using a low-dose sensitising
agent (specifically, a histone deacetylase inhibitor) to upregulate a
specific molecular target to induce expression of a functional Na/I
transporter in thyroid cancer cells to improve the targeting of 125I.

Here, we first showed that radiation upregulates HER2, EGFR,
and CD20 (Figures 1–3). We used trastuzumab and its target
HER2 as a model to investigate the potential of radiation to

upregulate targets of mAb therapy. We showed that radiation
upregulates HER2 in 3 out of 3 breast cancer cell lines tested
(MCF-7, ZR75-1, and MDA-MB-231) (Figures 1–3). Although
trastuzumab is currently indicated for breast cancer that is HER2
3þ by IHC, it has been shown to mediate ADCC in breast cancer
cells that do not express high levels of HER2 (Beano et al, 2008;
Collins et al, 2012). We suggest that radiation may increase the
efficacy of trastuzumab in breast cancer that is 0–2þ HER2 by IHC
at diagnosis and thus ineligible for mAb therapy. Triple-negative
breast cancer, which lacks oestrogen receptor, progesterone
receptor, and HER2 expression, does not currently benefit from
HER2-targeted therapy or endocrine therapy (Stagg and Allard,
2013). However, in our study, radiation increased HER2 expression
on the TNBC cell line MDA-MB-231 (Figure 3A). This is a similar
upregulation as that seen in HER2þ cell lines (Figures 1A and 2A),
although comparisons in expression of HER2 cannot be made
between the cell lines because the data was acquired on different
flow cytometers. As previously reported, radiation can transiently
increase the proportion of cancer stem cells within a tumour
because radiation eradicates the non-stem-cell population, whereas
cancer stem cells are relatively radioresistant (Phillips et al, 2006;
Lagadec et al, 2010; Pajonk et al, 2010). We observed this
phenomenon (Figure 3B and C) while noting that radiation was
capable of significantly upregulating HER2 expression on this
resident stem-cell population (Figure 3D), suggesting that radiation
may have clinical benefit in TNBC by making tumours and
particularly cancer stem cells more sensitive to HER2-targeted
therapy as has been previously proposed (Ithimakin et al, 2013).

We next explored the longevity of post-radiation HER2
expression and demonstrated that HER2 upregulation was
maintained up to 96 h after exposure to 5–10 Gy (Figure 4).
Interestingly, HER2 upregulation was not substantially different
after doses of 5 or 10 Gy at all time points examined. We suggest
that, in vivo, fractionated doses of radiation as low as 5 Gy may
provide an effect similar to a single dose of 10 Gy while limiting the
potential for toxicity to normal tissue. Our data confirm those of
Voutsas et al (2013) who have reported that radiation of two breast
cancer cell lines with 5 Gy induced HER2 gene amplification, and
we extend these observations into additional targets for mAb
therapy, EGFR and CD20.

We next examined the potential mechanism of radiation-
induced HER2 upregulation. As previously reported (Gloire et al,
2006), ROS generated by irradiation mediates NF-kB activation.
Cao et al (2009) showed that following radiation, NF-kB subunits
p65 and p50 are recruited to the HER2 promoter. We confirmed
and extended these findings by demonstrating the link with HER2
expression. Using a ROS inhibitor, we showed that radiation-
induced ROS is required for the upregulation of HER2 and
correlated this finding with p65 phosphorylation, a marker of NF-
kB activation (Figure 5) (Diamant and Dikstein, 2013). It is
interesting to note that other standard-of-care therapies for breast
cancer, such as doxorubicin and docetaxel, have been reported to
induce ROS, suggesting that these therapies could also augment
mAb therapy (Tsang et al, 2003; Cao et al, 2004).

Regarding the functional consequence of enhanced HER2
expression on tumour cells, we found that upregulation of HER2
correlated with the ability of innate immune effector cells to lyse
tumour cells incubated with trastuzumab through the action of
ADCC, an important mechanism by which trastuzumab functions
(Figure 6A and B) (Weiner et al, 2009). Radiation alone did not
increase the sensitivity of MCF-7 cells to ADCC, suggesting that
the increase in cell lysis observed when radiation was combined
with trastuzumab was trastuzumab, and therefore HER2, depen-
dent. Evidence suggests that trastuzumab prevents HER2 signaling,
thus inhibiting proliferation (Tagliabue et al, 2012). MCF-7 cells
have previously been shown to be resistant to the antiproliferative
actions of trastuzumab (Junttila et al, 2009). Although we
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Figure 6. Radiation exposure augments tumour-cell killing in an
in vitro ADCC assay and sensitises tumour cells to the antiproliferative
effects of trastuzumab. (A) Peripheral blood mononuclear cells isolated
from a normal donor were used as effector cells. Number indicates
percent NK cells in sample. MCF-7 cells were mock irradiated or
irradiated with 10 Gy 48 h before the ADCC assay. Triplicate wells of
untreated cells (open symbols) and irradiated cells (closed symbols)
were incubated with trastuzumab (triangles), isotype control antibody
(rituximab) (circles), or left untreated (squares). (B) Natural killer cells
were purified from the normal-donor PBMCs used in A and used as
effector cells. Number indicates NK cell purity. MCF-7 cells were mock-
irradiated or irradiated with 10 Gy 48 h before the ADCC assay. Three
replicate wells of untreated cells (open symbols) and irradiated cells
(closed symbols) were incubated with trastuzumab (triangles),
incubated with isotype control antibody (rituximab) (circles), or left
untreated (squares). ‘*’ denotes statistical significance relative to
untreated cells incubated with trastuzumab (Po0.05). (C) MCF-7 cells
were irradiated (mock or 10 Gy) and cultured in triplicate wells of a 96-
well plate for 4 days. Trastuzumab or isotype control antibody
(rituximab) was added for the final 48 h of culture. Proliferation was then
measured by incorporation of 3H-thymidine, which was added for the
final 24 h of culture. The data presented is representative of three
independent experiments with similar results. Data were analysed using
a non-paired Student’s t-test. ‘*’ denotes statistical significance
(Po0.05).
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confirmed this finding, we also showed that radiation sensitises
MCF-7 cells to trastuzumab-mediated inhibition of proliferation
(Figure 6C). Radiation alone reduces the proliferation capacity of
these cells, but this effect is significantly amplified by the addition
of trastuzumab as has been seen previously (Duru et al, 2012).

Strategies for sensitising tumours to ADCC by upregulating
target molecules have previously relied on systemic therapies.
Maruyama et al (2011) showed that lapatinib upregulates HER2,
thus improving trastuzumab-mediated ADCC. Similarly, Shimizu
et al (2010) used a histone deacetylase inhibitor to sensitise B-cell
lymphoma to rituximab therapy through upregulation of CD20.
We suggest that localised radiation therapy may avoid the toxicities
associated with systemic therapy.

As a mechanism for ADCC-induced antitumor adaptive T-cell
response, Weiner et al (2009) proposed that NK cell-mediated
tumour destruction liberates TAAs that are then taken up by
dendritic cells and presented to CD8þ and CD4þ T cells. These
liberated TAAs would include the targeted antigen as well as other
antigens expressed by the tumour. The T-cell response would thus
be more diverse and would confer continued protection against
primary tumour recurrence and distant metastasis after the
primary response of ADCC was complete. We suggest that
irradiation of a single lesion, in combination with mAb therapy,
may invoke NK cell-mediated tumour destruction, release TAAs,
and generate an adaptive immune response that would attack
distant metastatic lesions.

Recent advances, including the development of new mAb that
target HER2, are providing numerous opportunities for combining
radiation with targeted therapy. In 2013, the FDA-approved ado-
trastuzumab emtansine (Kadcyla; Genentech), the first antibody–
drug conjugate, for the treatment of HER2þ metastatic breast
cancer. Ado-trastuzumab emtansine, which is trastuzumab linked
to maytansinoid DM1 (ImmunoGen) (Reichert, 2013), has been
shown to induce ADCC, and thus could provide the same NK cell-
mediated tumour killing as trastuzumab while also delivering a
cytotoxic agent (Barok et al, 2011). Multiple novel antibody–drug
conjugates are under development, including some that use shiga-
like toxin 1 A, a ribosome inhibitor, conjugated with mAb against
either HER2 or CD20 (Rajagopalan et al, 2013; Wirth et al, 2013).

Here, we demonstrate that single-dose radiation enhances mAb
therapy. This finding offers a new therapeutic combination to
cancer patients, expands the patient population eligible for targeted
therapy, and elucidates a mechanism for using radiation in
combination with immunotherapy.
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