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ABSTRACT
Background: The benefit of combining immunotherapy with photon irradiation has been shown pre-
clinically and clinically. This current pre-clinical study was designed to investigate the anti-tumour
action of combining immunotherapy with protons.
Materials and Methods: Male CDF1 mice, with a C3H mammary carcinoma inoculated on the right
rear foot, were locally irradiated with single radiation doses when tumours reached 200mm3. Radiation
was delivered with an 83–107MeV pencil scanning proton beam in the centre of a 3 cm spread out
Bragg peak. Following irradiation (day 0), mice were injected intraperitoneal with anti-CTLA-4, anti-PD-
1, or anti-PD-L1 (10mg/kg) twice weekly for two weeks. Endpoints were tumour growth time (TGT3;
time to reach 3 times treatment volume) or local tumour control (percent of mice showing tumour
control at 90 days). A Student’s T-test (tumour growth) or Chi-squared test (tumour control) were used
for statistical analysis; significance levels of p< 0.05.
Results: Untreated tumours had a mean (± 1 S.E.) TGT3 of 4.6days (± 0.4). None of the checkpoint
inhibitors changed this TGT3. A linear increase in TGT3 was seen with increasing radiation doses (5–
20Gy), reaching 17.2 days (± 0.7) with 20Gy. Anti-CTLA-4 had no effect on radiation doses up to 15Gy,
but significantly enhanced 20Gy; the TGT3 being 23.0 days (± 1.3). Higher radiation doses (35–60Gy)
were investigated using a tumour control assay. Logit analysis of the dose response curve, resulted in
a TCD50 value (radiation dose causing 50% tumour control; with 95% confidence intervals) of 48Gy
(44–53) for radiation only. This significantly decreased to 43Gy (38–49) when mice were treated with
anti-CTLA-4. Neither anti-PD-1 nor anti-PD-L1 significantly affected tumour control.
Conclusion: Checkpoint inhibitors enhanced the response of this C3H mammary carcinoma to proton
irradiation. However, this enhancement depended on the checkpoint inhibitor and radiation dose.

ARTICLE HISTORY
Received 22 May 2023
Accepted 28 June 2023

KEYWORDS
C3H mammary carcinoma;
proton radiation; checkpoint
inhibitors; tumour growth
delay; local tumour control

Background

Various immune checkpoint proteins prevent over-activation
of the normal immune system [1]. Tumours also utilise such
proteins to avoid the immune system [2], especially the cyto-
toxic T-lymphocyte-associated protein 4 (CTLA-4), and pro-
grammed cell death protein 1 (PD-1) and its ligand (PD-L1).
However, antibody inhibitors to these checkpoints have been
developed and undergone testing in a variety of cancer sites,
especially melanoma and lung [3,4], the results of which
have resulted in unprecedented improvements in outcomes
in patients with a spectrum of solid tumours. This has gener-
ally established immunotherapy as the fourth modality in
cancer treatment after surgery, radiation, and chemotherapy.
Despite these significant improvements, many patients actu-
ally do not respond to immunotherapy [5,6]. Consequently,
considerable effort is underway to find alternative treatments
that combined with checkpoint inhibitors could improve

patient response. The ideal candidates for improving immune
therapy are those that preferentially induce significant
tumour damage leading to the release of tumour antigens.
These are then identified by antigen-presenting cells, which
subsequently prime and activate T-cells that attack the
tumour [7]. Our own studies using the vascular disrupting
agent OXi4503, which induces significant indirect tumour cell
killing via the induction of damage to the tumour vascular
supply, as well as through a direct cytotoxic mechanism,
reported that it could convert a C3H mammary carcinoma
model, unresponsive to checkpoint inhibitors, into a
responder to these agents [8].

Radiation treatment is another excellent candidate for
combining with checkpoint inhibitors [9]. Not only does it
induce significant tumour damage, but there is evidence that
the immune system plays a significant role in the response
to radiation. Several pre-clinical studies have shown that
tumours grown in animals that are immune suppressed are
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substantially less radiation sensitive than the same tumours
irradiated in mice with a fully functional immune system
[10,11]. Consequently, numerous pre-clinical studies have
investigated the potential of combining radiation with check-
point inhibitors and demonstrated the benefit of this
approach [12–14]. Many of these checkpoint inhibitors, in
combination with radiation, are under clinical evaluation
[15–17].

Protons have a superior physical dose distribution than
photons/electrons [18]. This would, in turn, result in a more
precise delivery of radiation dose to the tumours, with signifi-
cantly lower normal tissue damage. The probability of killing
immune cells in the surrounding area is also reduced [19],
such that anti-tumour immunity is preserved. These facts
make the use of protons an even more likely candidate for
combination with checkpoint inhibitors. However, before
applying such a combination in patients, pre-clinical studies
are required to determine the optimal combination for the
greatest therapeutic benefit.

Material and methods

Animal and tumour model

C3H mammary carcinomas, subcutaneously implanted in the
right rear foot of male CDF1 mice (Purchased from Janvier
Labs., Le Genest-Saint-Isle, France) that were 10 to 14weeks-
old, were used for all experiments. Details of the derivation
and maintenance of this model has been described previ-
ously [20]. Basically, every three months tumour material,
stored in liquid nitrogen, was thawed and implanted on the
flanks of mice. When large, these tumours were excised and
minced with a pair of scissors under sterile conditions.
Tumour material could then either be implanted on the
flanks of additional mice for continued passage or 5–10 ll of
this material injected into the right rear foot of mice used for
experimental studies. Experiments were initiated when foot
tumours had reached approximately 200mm3 in size. This
volume was achieved about three weeks after inoculation
and was calculated from the formula D1 x D2 x D3 x p/6,
where the D values represent the three orthogonal diame-
ters. Attempts were made to randomise the tumour bearing
mice into the different radiation-dose groups. However, since
the tumours grew at different rates, they did not achieve the
200mm3 starting volume at the same time. Consequently,
some selection was necessary to ensure that tumours starting
treatment on the same day were distributed among the dif-
ferent treatment groups. All animal studies were conducted
according to the animal welfare policy of Aarhus University
(http://dyrefaciliteter.au.dk), and with the Danish Animal
Experiments Inspectorate’s approval (License number: 2021-
15-0201-01008).

Checkpoint inhibitors

The checkpoint inhibitors were anti-CTLA-4 antibody
(invivoMab anti-mouse CTLA-4[CD152], clone 9H10), anti-PD-
1 antibody (invivoMab anti-mouse PD-1[CD279], clone RMP1-
14), and anti- PD-L1 antibody (invivoMab anti-mouse

PD-L1[B7-H1], clone 10 F.9G2), and all three were purchased
from NordicBioSite/BioXCells (Kristiansand, Norway). They
were freshly prepared before each experiment by dissolving
in sterile phosphate-buffered saline (PBS) and intraperito-
neally (i.p.) injected into mice at a constant injection volume
of 0.02ml/g mouse body weight. Drug treatments were
started when tumours reached 200mm3 (day 0) and involved
injecting a standard dose of 10mg/kg on days 1, 4, 7, and 10
regardless of the antibody. This schedule was designed to
mimic experimental settings used by others [12,21].

Tumour irradiation

Single dose tumour irradiations were given as described pre-
viously [22]. All irradiations to the tumour-bearing feet were
given locally to the tumours of non-anaesthetised mice,
which were restrained in specially constructed Lucite jigs; the
tumour bearing legs being exposed and loosely attached to
the jig with tape, without impairing the blood supply to the
foot [23]. Proton beam irradiations were performed with a
Varian AC250 (ProBeam, Varian/Siemans Healthineers, Palo
Alto, CA, USA) system at the Danish Centre for Particle
Therapy (Aarhus, Denmark) in a dedicated Experimental
Room with a horizontal beam line. The set-up consisted of a
temperature controlled (25 �C) water phantom on top of
which up to three mice were positioned with their right hind
leg submerged in the water at a distance of 7 cm from the
phantom wall. Single fraction fields of pencil scanning proton
beam were then delivered perpendicularly to the wall, with
the field size (2.5� 10 cm2) and energies (83-107MeV), cover-
ing all three legs within the Spread-Out Bragg Peak (SOBP;
from 5.5 to 8.5 cm depth). The mice bodies were located out-
side the treatment volume and were additionally shielded
from scattered radiation by a brass block (2 cm thick) posi-
tioned between the mice and the phantom wall. Treatment
plans were prepared in ECLIPSE Treatment Planning System
(Varian, Palo Alto, CA, USA) and tested prior to the experi-
ment with gafchromic EBT-3 films (for the rescaled plan of
5 Gy in SOBP). Film measurements confirmed good field uni-
formity within the planned target volume (deviation <1% for
films positioned at phantom wall and submerged at the
depth of 7 cm) and acceptable dose scattered to mice body
(less than 1% of SOBP dose at films positioned 1 cm above
water surface, behind the brass block).

Response endpoint

The endpoints were either tumour growth delay or local
tumour control, as described previously [23]. For the tumour
growth delay estimates, tumour volume was determined
daily from the day of irradiation and the tumour growth time
(TGT3; time taken for tumours to reach 3 times the initial
treatment volume) calculated. Results were shown as mean
values ± 1 standard error (± 1 S.E.). With the tumour control
assay, treated mice were observed on a weekly basis and the
percentage of animals in each treatment group showing local
tumour control at 90 days, determined. For radiation alone,
and each radiation and checkpoint inhibitor combination, full
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radiation dose-response curves were produced. From these
curves, logit analysis allowed us to calculate the TCD50 dose
(the radiation dose necessary to induce a response in 50% of
animals), with 95% confidence intervals. The ratio of these
values obtained for radiation alone and radiation with check-
point inhibitor was used to calculate enhancement ratios (±
95% confidence intervals). A Student’s T-test (tumour growth)
or a Chi-squared test (tumour control) was used for statistical
analysis, with the significance levels being p< 0.05 for both
methods.

Results

The effect of radiation with/without anti-CTLA-4 on tumour
growth inhibition are shown in Figure 1. Control, untreated
tumours, had a mean (± 1 S.E.) TGT3 of 4.8 days (± 0.1). This
TGT3 increased when tumours were irradiated with single
doses of between 5 to 20Gy, the effect becoming larger as
the radiation dose increased. Using all individual TGT3 values
at each radiation dose resulted in a linear increase in TGT3
with dose; the slope value being 0.68, with a correlation
coefficient of 0.93. Injecting mice with anti-CTLA-4
(4� 10mg/kg), resulted in a TGT3 value of 4.4 days (± 0.3),
which was not significantly (T-test; p> 0.05) different from
the control value. Combining radiation and anti-CTLA-4 also
resulted in a linear increase in TGT3 with radiation dose, but
the slope value (0.93) was higher than that obtained for radi-
ation alone; the correlation coefficient being 0.95. However,
despite this excellent correlation, the use of a slope value is
somewhat misleading, since there was no significant (T-test;
p> 0.05) difference between the TGT3 values for radiation
alone and radiationþ anti-CTLA-4 for all doses between 0
and 15Gy. Only at the 20Gy radiation dose was there a

significant (T-test; p< 0.05) difference between the radiation
and the radiation with anti-CTLA-4 treatments; the respective
TGT3 values being 17.2 days (± 0.7) and 23.0 days (± 1.3).

We investigated the potential effects of higher radiation
doses using the endpoint of local tumour control and the
results are shown in Figure 1 and Table 1. For radiation only,
tumour control began to occur at doses above 40Gy, reaching
a maximum 100% value at 60Gy. Logit analysis of this dose
response curve resulted in a TCD50 value (radiation dose caus-
ing 50% tumour control; with 95% confidence intervals) of
48Gy (44–53). Irradiating tumours and then treating the mice
with anti-CTLA-4 shifted the dose-response curve to the left,
with the calculated TCD50 value significantly (v2-test; p< 0.05)
decreased to 43Gy (38–49). Taking the ratio of the TCD50 val-
ues for radiation alone and radiationþ anti-CTLA-4 allowed us
to determine an enhancement ratio (with 95% confidence inter-
vals), which was found to be 1.12 (1.01–1.25) and this enhance-
ment was statistically significant (v2-test; p< 0.05; Table 1).

Figure 1. The effect of anti-CTLA-4 on the radiation response of a C3H mammary carcinoma. Tumour bearing mice were locally irradiated with graded single doses
when foot implanted tumours had reached 200mm3 (day 0) and then given intraperitoneal injections with PBS or anti-CTLA-4 (10mg/kg) on days 1, 4, 8, and 11.
The left panel shows the endpoint of tumour growth time (time to reach 3 times the treatment volume), and show mean (± 1 S.E.) values for 7–8 mice per group
with the lines fitted following linear regression analysis using individual data points (�indicates the radiationþ anti-CTLA-4 values that were significantly different
from radiation alone). The right panel shows percent local tumour control 90 days after treatment with the points based on 7–12 mice and the lines fitted following
logit analysis. For both figures the symbols are for radiation alone (○) or radiationþ anti-CTLA-4 (�).

Table 1. Summary of the effect of combining radiation and checkpoint inhibi-
tors on local tumour control.

Treatment
TCD50a E.R.b

p-value(95% CI) (95% CI)

Radiation 48 Gy __ __
(44-53)

Radiationþ anti-CTLA-4 43 Gy 1.12 0.025–0.05
(38–49) (1.01–1.25)

Radiationþ anti-PD-1 48 Gy 1.00 0.95–0.975
(44–53) (0.91–1.09)

Radiationþ anti-PD-L1 49 Gy 0.98 0.70–0.80
(41–59) (0.86–1.12)

All results were calculated from the data shown in Figures 1 and 2.
aRadiation dose to give 50% tumour control with 95% confidence intervals
(95% CI).
bEnhancement ratio (TCD50 for radiation/TCD50 for radiationþ checkpoint
inhibitor) with 95% CI.
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Similar experiments were undertaken using anti-PD-1 and
anti-PD-L1. When administered alone, neither agent had any
significant (T-test; p> 0.05) effect on tumour growth com-
pared to controls (data not shown). Neither anti-PD-1 nor
anti-PD-L1 influenced local tumour control as shown in
Figure 2. Here the radiation and the radiation with check-
point inhibitor curves were almost identical. The respective
TCD50 values, calculated from these curves, and the subse-
quent non-significant (v2-test; p> 0.05) enhancement ratios
are summarised in Table 1.

Discussion

This C3H mammary carcinoma is generally considered to be
non-immunogenic when implanted in CDF1 mice, since
tumour take following transplantation is typically 100% and
tumours reach the treatment size of 200mm3 typically within
only two weeks. As in our previous study [8], we found this
tumour model to be unresponsive to treatment with anti-
CTLA-4, anti-PD-1, or anti-PD-L1, supporting the non-
immunogenic suggestion.

This tumour model does respond to local tumour irradi-
ation, with a nice dose-dependent response observed (Figure
1). When mice, with irradiated tumours, were subsequently
injected with anti-CTLA-4, there was an increase in the slope
of the radiation dose-response curve. However, this is some-
what misleading, since for all radiation treatments at 15Gy
and below, there was actually no statistically significant dif-
ference between the radiation-only values and the corre-
sponding radiationþ anti-CTLA-4 response. Only at 20Gy did
we observe a significant enhancement in radiation response
when adding anti-CTLA-4. This suggests that for anti-CTLA-4
to be effective, the other combination treatment needs to
induce a certain level of tumour damage.

To investigate the effects of radiation doses above 20Gy
we opted to use local tumour control as the endpoint
(Figure 1); tumour control also being the more clinically rele-
vant endpoint [24]. Here we clearly saw a change in the
dose-response curve for radiation alone when we include
anti-CTLA-4 in the treatment schedule and this change in
response was statistically significant (Table 1). A previous
study, in which radiation and anti-CTLA-4 were combined,
showed limited effects with a 1� 20Gy treatment, but a
superior effect when a lower radiation dose was administered
in a fractionated schedule [13]. Anti-CTLA-4 clearly has an
effect with single radiation-dose treatments in our C3H mam-
mary model, but maybe even a greater effect would be pos-
sible if we applied radiation in a fractionated schedule. We
certainly saw no effect of combining anti-CTLA-4 with 15Gy
irradiation or below, so maybe low doses per fraction are
simply not able to induce sufficient damage to stimulate an
immune response, suggesting that maybe one needs to
apply high radiation doses in a limited fractionation sched-
ule, such as seen with stereotactic treatments. Of course, one
major difference between our study and those of others is
that they used photon irradiation while we used protons and
this may play a significant role. There are suggestions that
there may be a difference in radiation damage produced by
protons when compared to photons [25]. Protons result in
clustering of energy deposition compared to the same dose
of photons and this could lead to more complex DNA dam-
age which could also be more difficult to repair. The increase
in ionisation density with protons can also increase the level
of reactive oxygen species when compared to the levels
found with photon radiation, again affecting the level of
DNA damage [25]. More significantly for our study, the differ-
ences in energy deposition between photons and protons,
for the same radiation dose, have been suggested to result
in differences in the inflammatory response [25] and this

Figure 2. The effect of anti-PD-1 or anti-PD-L1 on the radiation response of a C3H mammary carcinoma. Tumour bearing mice were locally irradiated with graded
single doses when foot implanted tumours had reached 200mm3 (day 0) and then given intraperitoneal injections with PBS or checkpoint inhibitors (10mg/kg) on
days 1, 4, 8, and 11. The results show percent local tumour control 90 days after treatment with the points based on 6–12 mice and the lines fitted following logit
analysis. The left panel is for anti-PD-1 and the right panel for anti-PD-L1. For both figures the symbols are for radiation alone (○) or radiationþ antibody (�).
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could influence immunological effects. Indeed, recent in vivo
studies reported proton modification of the immune tumour
microenvironment [26,27]. One of those studies actually
found an increase in the level of PD-L1 and that combining
proton irradiation with anti-PD-L1 treatment enhanced
tumour growth delay compared to that seen with protons
alone [27]. Another major advantage of protons over photons
is their superior physical dose distribution [18], which clinic-
ally should result in a reduction of the irradiated volume.
This would also decrease the likelihood of irradiating and kill-
ing the host cells involved in the immune response found in
areas surrounding the tumour [19].

What was surprising was that while we found an effect of
anti-CTLA-4 on radiation response, the same was not seen
with anti-PD-1/anti-PD-L1. Although CTLA-4 and PD-1 sup-
press T cell function they do so by different mechanisms;
CTLA-4 preventing T cell activation and PD-1 suppressing
effector T cell function further down the immune cascade
[7,28]. For immune therapy to work one must overcome both
blockages. One would expect that the higher the radiation
dose the greater the degree of tumour cell killing and the
subsequent higher release of antigens. However, so long as
the CTLA-4 block exists, there will be no increase in T cell
activation. Removing this initial block should increase the
number of activated T cells, perhaps to a level sufficient to
bypass the later PD-1/PD-L1 block. Eliminating the second
block using anti-PD-1/PD-L1 alone would be insufficient
because the CTLA-4 suppression of T cell activation remains
in place.

The type of damage induced may also play a role. In the
current study, there was only a benefit when combining pro-
ton radiation with anti-CTLA-4. Yet, in our previous study
using the same C3H mammary carcinoma model where we
combined vascular disrupting agents (VDAs) with checkpoint
inhibitors, we found different results. Using combretastatin A-
4 phosphate, which induces anti-tumour effects solely via the
induction of vascular damage, a significant increase in
tumour response to combretastatin A-4 phosphate was
observed only when it was combined with anti-PD-L1, not
anti-CTLA-4 nor anti-PD-1 [8]. However, with the combretas-
tatin analogue OXi4503, which has dual functional activity,
causing both a vascular mediated anti-tumour effect and dir-
ect tumour cell killing [29,30], the tumour response to
OXi4503 was enhanced by both anti-CTLA-4 and anti-PD-L1,
but not anti-PD-1. High dose radiation also kills tumour cells
directly, but can also have an indirect cell killing effect via
the induction of vascular damage [31]. Thus, it was a surprise
that only anti-CTLA-4 worked with radiation. For OXi4503 the
primary effect is vascular moderated, with the direct cell kill-
ing a secondary response that occurs due to oxidative activa-
tion to a cytotoxic quinone intermediate [29,30]. While for
radiation, the primary effect is cell killing via the induction of
DNA damage and the vascular effects secondary [31].
Histological and immunological assessment of T cell infiltra-
tion might have helped shed some light on why we
observed such differences. However, this was not undertaken,
because our previous study with OXi4503 showed a decrease
in CD8þ/CD4þ expression in C3H mammary carcinomas fol-
lowing drug treatment, an effect we attributed to a drug-

induced reduction in tumour blood flow [8]. Interestingly,
hyperthermia can also decrease tumour blood flow [32] and
our unpublished results on CD8þ/CD4þ expression following
heat treatment showed similar decreases. Consequently, we
have no reason to expect a different effect following tumour
irradiation. Clearly, how the degree of cell killing, and the
method of induced cell kill, influence the combination of pro-
tons with immune therapy, needs further investigation.

Pre-clinical and clinical studies have reported that larger
benefits were possible if radiation was combined with check-
point inhibitors that target both the CTLA-4 and PD-1/PD-L1
blockade [33–35]. Whether any additional enhancement
would be possible with such a combination in our C3H mam-
mary carcinoma tumour when we were only able to enhance
the proton response when using anti-CTLA-4, is not clear. It
might require a multimodality approach combining different
checkpoint inhibitors and radiation with another treatment,
like VDAs, that have an alternative mechanism of action, but
are also known to enhance radiation response, such as we
previously reported in this C3H mammary carcinoma
model [36].
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