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Abstract

Objectives: Ultra-high dose rate irradiation (UHDR) has been shown to spare normal tissue in various model systems. This study evaluates its
potential to sterilize cancer cells using spheroid tumor models.

Methods: Spheroids from glioblastoma (U87), hypopharyngeal squamous cell carcinoma (2 sizes, FaDugman and FaDuj,rge) and breast adenocar-
cinoma (T47D) cells were irradiated with electron beams using UHDR (>200 Gy/s) or conventional dose rate (CONV, ~0.1 Gy/s) exposures un-
der ambient or reduced oxygen (1%) conditions. U87 and FaDugm, Were also irradiated with protons. Spheroids were monitored using imaging
for up to 100 days to determine the dose required to cure 50% of spheroids (SCDsg). These data were used to calculate dose-modifying factor
estimates for UHDR at the 50% survival level (DMFscpso).

Results: A total of 3230 spheroids were analyzed. Under ambient oxygen tension, UHDR and CONV showed no significant differences in U87
(DMFgcpso = 0.98, P = .47), FaDugmai (DMFscpsg = 1.01, P=.75), and T47D (DMFgcpsg = 1.04, P = .25), regardless of electron or proton irradia-
tion. Under reduced oxygen levels, significantly higher UHDR doses were required to sterilize the spheroids, with DMFscpsg 1.14 (U87, P < .01),
1.07 (FaDugman, P=.02), and 1.13 (T47D, P < .01). FaDuj,ge-spheroids irradiated under ambient oxygen showed a DMFgcpsg of 1.66 (P < .001).

Conclusion: Using spheroid tumor models with long follow-up, we demonstrate that efficacy of UHDR varies across cancer types and condi-
tions. Whereas small spheroids exhibit iso-efficacy, both reduced oxygen tension and increased spheroid size lead to higher DMF.

Advances in knowledge: This preclinical study suggests that tumor iso-efficacy with UHDR may not hold true for all cancer types and is associ-

ated with oxygen level.
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Introduction

Over the past decade, ultra-high dose rate irradiation
(UHDR) has been demonstrated to preferentially increase tol-
erance in normal tissues. It has been shown for tissues such as
skin, brain, intestines, and lung, offering hope to reduce the
dose-limiting side effects associated with clinical radiother-
apy.!™ In a recent comprehensive analysis of published litera-
ture on tumor efficacy, it was found that on average, no
differences in tumor responses could be seen between UHDR
and conventional dose rate irradiation (CONV).> Thereby,
UHDR should provide a widening of the therapeutic window,
which is known as the FLASH effect. However, the studies
assessing tumor efficacy were found to be mostly relying on
tumor growth comparisons between UHDR and CONV at 1
or a few dose levels with a short follow-up (average 30 days),
potentially hampering the ability to detect smaller dose-rate
dependent differences. Only 1 study provided results from a
tumor controlling dose (TCDj5) experiment.®

According to classical radiobiological target theory, a tumor
is sterilized when every clonogenic cell is killed.” To assess the

curative potential in vivo, the golden standard is to use
TCDsg-experiments with long enough follow-up to allow sur-
viving cells to repopulate the tumor.®” In earlier days of radio-
biological research, studies utilizing thousands of mice were
used, providing detailed tumor-response relationships.!®!!
With the current views of animal ethics in research, such
experiments might be hard to justify, and would also come at
a considerable cost.'*'? Nonetheless, when investigating a
new radiation technique such as UHDR, it is of utmost impor-
tance to comprehensively investigate its potential to sterilize
cancer cells in preclinical models.

There are several open questions in our current knowledge
of the FLASH effect. The underlying mechanism is to be elu-
cidated, as well as the differential effect seen on tumors com-
pared with normal tissue. Moreover, it is not known if all
tumors, or tumors in different environments, respond in a
similar way following UHDR or CONV irradiation. The role
of oxygen has been widely investigated and debated, and dif-
ferent experiments have found contradictory results with in-
creased or decreased effect of UHDR in hypoxia.'*'? Some
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studies suggest a dose-threshold before a FLASH-effect can
be seen, whereas other experiments report FLASH-effects oc-
curring at doses well below 10 Gy.?**

In this study, UHDR irradiation was administered using
electron or proton beams, which are currently the predomi-
nant methods, whereas photon-based UHDR remains techni-
cally challenging.> Each method has its advantages, and
only few studies have compared electron and proton UHDR
within the same model system.>*%¢

To allow a detailed assessment of tumor response after
UHDR, we have established a spheroid tumor model allow-
ing large-scale experiments with long follow-up. While still
being in vitro, the 3D-structure of the spheroids contributes
to a naturally occurring oxygen and nutrient gradient, as well
as cell-to-cell-interactions.””*® The aim of the present study
was to comprehensively evaluate the potential of UHDR to
sterilize cancer cells using spheroid tumor models, addressing
the following questions:

1) is the sterilization efficacy maintained across different
cancer cell lines?

2) is the sterilization efficacy affected by variations in con-
ditions such as oxygen levels and spheroid size?

Methods
Spheroid models

To study responses across different cancer types, we selected
3 cell lines representing tumors where radiotherapy plays a
key role in the clinical management. The hypopharyngeal
squamous cell carcinoma cell line FaDu (ATCC:HTB-43)
was acquired from DSZS (DSZS German Collection of
Microorganisms and Cell Cultures GmbH, Braunschweig,
Germany). The hormone receptor positive breast adenocarci-
noma cell line T47D (ATCC:HTB-133) and the glioblastoma
cell line U87 (ATCC:HTB-14) were acquired from ATCC
(Manassas, VA, USA). Exponentially growing cells were grown
in DMEM (Sigma-Aldrich, Schnelldorf, Germany) supplied
with 10% fetal bovine serum (FBS) and 1% pencillin-
streptomycin (PEST, Sigma-Aldrich, Schnelldorf, Germany) and
maintained in a humidified incubator at 37°C and 5% CO,.

Spheroids were constructed by using non-adherent spe-
cially coated U-shaped 96-well plates (Cat No 7007,
Corning, Tewksbury, MA, USA). For the FaDuy,, spheroids,
50 000 cells were used, while 5000 cells were used for the
FaDugpa, and for the T47D and U87 spheroids. The specified
number of cells were added per well, and the plates were
placed on an orbital shaker set to 100 rpm in an incubator for
2-3 days to allow spheroids to form. Throughout the experi-
ments, the cell medium was carefully exchanged twice weekly,
with half of the volume being replaced each time. The size of
the spheroids was assessed by high-resolution scanning. The
spheroids were monitored for up to at 100 days after irradia-
tion, or, for some samples, until they had clearly surpassed the
volume thresholds and were thereby considered treatment fail-
ures. For further details, see Supplementary Methods.

Irradiation

Electron beam irradiations were performed on a modified
Elekta Precise (Elekta AB, Stockholm, Sweden) medical linear
accelerator at an energy of 10 MeV allowing irradiation at
dose rates up to ultra-high values as previously described.””>*°
Proton irradiation was performed using pencil beam scanning
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Table 1. Beam characteristics for ultra-high dose rate and conventional
dose rate irradiation, using electrons and protons.

CONV UHDR
Irradiation type Electrons Electrons
Beam energy 10 MeV 10 MeV
Dose per pulse 0.65 mGy 1.0 Gy
Pulse repetition frequency 200 Hz 200 Hz
Pulse width 3.5 s 3.5 s
Minimum dose rate for any dose 0.13 Gy/s 200 Gy/s

CONV UHDR
Irradiation type Protons Protons
Beam energy 244 MeV 250 MeV
Field size (mm?) 24 x 80 24 x 80
No. of spots 7 %21 7 %21
Spot spacing (mm) 4 4
Repaintings 37% to 120x None
Field dose rate (Gy/s) 0.24 = 0.02 24.8 =1.6
Pencil Beam Scanning dose rate (Gy/s) 0.24 + 0.02 161 =21

(PBS) on the fixed horizontal beam line at Danish Centre for
Particle Therapy at Aarhus University Hospital, Denmark.*’
For details, see Table 1 for beam characteristics and
Supplementary Methods.

Hypoxia

To reduce the level of available oxygen, we used a hypoxia
chamber (HypoxyLab, Oxford Optronix, Adderbury, UK)
set to 8 mmHg oxygen tension (~1.1%), 37°C, 70% humid-
ity, and 5% CO,. Spheroids subject to hypoxia were placed
in the hypoxia chamber 24 hours prior to irradiation. While
remaining in the hypoxia chamber, a sterile seal tape
(SealPlate Film, Sigma-Aldrich, St. Louis, MO, USA) was
tightly applied to maintain the reduced oxygen state during
irradiation. Following irradiation, the plates were put back in
the hypoxia chamber, the seal was removed, and incubated
for another 24 hours under reduced oxygen tension before
being moved to an incubator set to ambient oxygen level.
Hypoxia within spheroids was visualized using immunofluo-
rescence staining of GLUT1 (Supplementary Methods).

Data analysis and statistics

Sterilization of spheroids was determined by the end of
follow-up, with at least 12 spheroids analyzed per condition
and dose level. The dose-response relationship was fitted us-
ing logit analysis, which was also used to estimate the spher-
oid controlling dose to sterilize 50% of the spheroids, SCDj5.
To incorporate the time component of the radiation response,
additional analyses of time-to-reach 5x the initial volume
(TGT 5V,) was analyzed using Cox-regression with all dose
levels and dose rate (UHDR vs. CONV) within a single statis-
tical model. For details, see Supplementary Methods.

Results

In total, 3230 spheroids (598 US87, 432 T47D, 884
FaDugan, and 1316 FaDuy,g. spheroids) were treated and
followed for up to 100 days in experiments conducted over a
period of 2 years. All spheroid models showed clear dose-
response relationship, but with distinct growth and response
characteristics. U87-spheroids grew directly upon seeding,
and following irradiation, the spheroids continued to grow


https://academic.oup.com/bjr/article-lookup/doi/10.1093/bjr/tqaf219#supplementary-data
https://academic.oup.com/bjr/article-lookup/doi/10.1093/bjr/tqaf219#supplementary-data
https://academic.oup.com/bjr/article-lookup/doi/10.1093/bjr/tqaf219#supplementary-data
https://academic.oup.com/bjr/article-lookup/doi/10.1093/bjr/tqaf219#supplementary-data

BJR, 2026, Volume 99, Issue 1177 67
A U876lectrons B FaDusmall (electrons) D FaDujarge
20 1.5 1.5] &
=] = .
~ @ =
% E ] E E'Y Dose (Gy)
£15 = / E 2 =
£ E°§e @ 210 : ?"se @ 21.0 5
£ -1 3 / -3 =] ol
35 iz 3 : ¢ 5] s
210 P2 o 3
z TN A is 1] 3 =g = o
z A ~ B 905 - i g() 5 205
T g5 g =t 2 : ® g g
@ e
0.0 - ' 0.0 o.
0 35 50 75 100 0 35 50 75
days days
U87hypoxia 05 Fabusmal hypoda FaDujarge hypoxic
-~ 1.5 i
® = . = 1
£ : 3 @ |
E1.00 2 £ £20 Ew 0 | | /
° . ; B E dose @y 2 doseay S /\ N A oeseen
5075 <A % EL0 o 215 B E 0//\‘/ %
20. : 2 2 16 S 2 2 7SS 20
s 3 S 20 ] %
2 ' 2 3 £ 2 = 2 5
S 050 { ] 5 3 o 1.0 -5 205 5
5 - - 2 -2 o3 -2 S -z
2 -9 0.5 -2 £ 36 = -2
=3 / 58 'S 3 % 05 -& —-32
025 @ &
. | 0.0l - 0.0 0.0
- 0 20 40 60
0 25 50 75 100 0 25 50 75 100
0 25 dse(])yS 75 100 s days days

Figure 1. Spheroid growth curves displaying the evolution up to 100 days after irradiation for the glioblastoma U87 (A and E), breast adenocarcinoma
T47D (B and F), squamous cell carcinoma FaDugmai (C and G), and FaDujarge (D and H), after electron irradiation in ambient oxygen tension (A-D) or under
reduced oxygen (1.1%) (E-H) at conventional dose-rate (CONV, solid lines) or UHDR (dashed lines), and non-irradiated controls (dotted lines). Colors
indicate the irradiation doses as noted in the figure legends, and vertical lines display 1 SE of the volumes at the indicated time point.
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Figure 2. Spheroid controlling probability as a function of dose for U87 (A and E), T47D (B and F), FaDugmai (C and G), and FaDujarge (D and H), after
electron irradiation in ambient oxygen tension (A-D) or under reduced oxygen (1.1%) (E-H). Markers represent the proportion of spheroids cured at the
indicated dose, for CONV (red) and UHDR (blue), as well as the fitted regression lines. The spheroid controlling dose (SCDsg) indicate the dose required to

sterilize 50% of the spheroids, with 95% confidence interval in brackets.

for 5-7 days before responding with a dose-dependent
growth-delay. T47D-spheroids started to grow about a week
after seeding, and displayed a substantially longer growth-
delay following irradiation compared with U87. FaDugy,y
spheroids started to grow 2-3 weeks upon seeding. FaDuy, -
spheroids shrunk in size during the first 3-4 weeks while
forming a dense core, followed by a growth period, just sur-
passing the initial volume.

Spheroids displaying iso-efficacy to UHDR radiation
The U87, T47D, and FaDug,,-spheroids all demonstrated
similar responses to UHDR and CONV irradiation in

ambient conditions (Figure 1A-C). No significant differences
in sterilizing efficacy were observed between the 2 modalities,
as indicated by overlapping SCDs¢-values and DMFgcpso
estimates not significantly different from 1 (Figure 2A-C and
Table 2). Likewise, the Cox-regression analysis revealed no
dose rate-dependent difference in growth, with DMFg,qwih
estimates also not significantly different from 1 (Table 3).
The response to proton irradiation was investigated in
U87- and FaDug,,-spheroids. The growth behavior was sim-
ilar for proton-UHDR and proton-CONV (Figure 3A and B)
with no difference in statistical testing using Cox-regression
(Table 3). There was no difference in the sterilizing efficacy
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Table 2. Summary of estimated spheroids controlling doses (SCDsq) to sterilize 50% of the spheroids for CONV and UHDR across the spheroids studied,

with corresponding 95%Cl.

Cell line Condition Irradiation SCDSOCONV 95% CI SCDSOFLASH 95% CI P (FLASH DMFSCDSO 95% CI
vs. CONV)
us7 Normoxic Electron 16.2 15.3-17.0 15.8 15.1-16.5 47 0.98 0.91-1.04
us7 Hypoxic Electron 42.9 40.3-44.8 49.1 46.2-52.3 <.01 1.14 1.07-1.22
T47D Normoxic Electron 9.3 8.9-9.8 9.8 9.3-10.2 25 1.04 0.98-1.12
T47D Hypoxic Electron 23.8 22.9-24.5 26.8 25.6-28.5 <.01 1.13 1.08-1.17
FaDugan Normoxic Electron 12.2 11.5-12.8 12.3 11.6-13.2 .75 1.01 0.94-1.11
FaDugpan Hypoxic Electron 27.6 26.3-29.0 29.5 28.2-30.8 .02 1.07 1.01-1.14
FaDuy, e Normoxic Electron 11.6 10.9-12.3 19.2 17.9-20.5 <.001 1.66 1.54-1.83
FaDuy, g Hypoxic Electron 23.6 22.7-24.4 27.4 26.6-28.7 <.001 1.16 1.10-1.21
us7 Normoxic Proton 18.6 18.0-19.4 18.6 18.0-19.3 .87 1.00 0.95-1.05
FaDugpap Normoxic Proton 13.6 13.3-14.0 13.9 13.6-14.2 .24 1.02 0.99-1.05

The dose modifying factor (DMFscpso) at the SCDs dose level is presented, with values greater than 1 indicate reduced efficacy of UHDR compared

to CONV.

Table 3. Analyses of time to reach 5x the initial volume (5V,) using a Cox-regression model, providing p-estimates for the covariates dose and dose rate

(coded as 1 for UHDR and 0 for CONV).

Cell line Condition Irradiation BrLASH P Bbose P Binteraction P DMFG,owh at
SCD50 (95%CI)
us7 Normoxia electron -.201 42 —-.682 <.001 NS 0.98 (0.93-1.03)
us7 Hypoxia electron -1.029 .28 -.388 <.001 .073 .014 1.13 (1.08-1.17)
T47D Normoxia electron .032 .89 -1.219 <.001 NS 1.00 (0.96-1.04)
T47D Hypoxia electron 1.249 <.001 —-.449 <.001 NS 1.12 (1.06-1.17)
FaDugpan Normoxia electron .007 .98 -.627 <.001 NS 1.00 (0.93-1.07)
FaDugpap Hypoxia electron -1.275 .022 -.232 <.001 .0684 0.010 1.10 (1.03-1.15)
us7 Normoxia proton .03 .61 —-.673 <.001 NS 1.00 (0.97-1.03)
FaDugman Normoxia proton -.217 .07 -.438 <.001 NS 0.96 (0.92-1.00)

A statistical interaction term between dose and dose rate was examined to assess potential dose-dependent differences in efficacy. When significant, the
interaction term was included in the model. The p-estimates were used to calculate corresponding dose-modifying factor (DMFg,owh) for UHDR versus
CONV at the SCDsg-dose. For further details, see the Supplementary Material. NS: Not significant.

for the proton-irradiated U87- and FaDugy,y-spheroids in
ambient conditions (Figure 3C and D and Table 2).

UHDR response with varying oxygen level and
spheroid size

We next aimed to investigate the UHDR response under vary-
ing conditions, by altering spheroid size and inducing hyp-
oxia by reducing the available oxygen.

As expected, reducing oxygen induced a significant radio-
resistance across all spheroid models. On average, a 2.5%
higher dose was required to sterilize 50% of the hypoxic
spheroids using CONV-irradiation. U87}yp0xic demonstrated
a sparing with SCDso-doses of 49.1 Gy (46.2-52.3) for
UHDR compared with 42.9 Gy (40.3-44.8) for CONV (P <
.01), representing a DMFscpso of 1.14 (1.07-1.22) (Figure 2E
and Table 2). The growth analyses revealed a significant in-
teraction (P = .01) between dose and dose rate, representing
larger sparing for UHDR with increasing dose. At the SCDs-
dose a DMFgoweh of 1.13 (1.08-1.17) was estimated
(Table 3). For T47Dpypoxic the SCDso-doses were 26.8 Gy
(25.6-28.5) and 23.8 Gy (22.9-24.5) for UHDR and CONV,
respectively (P < .01), representing a DMFscpso 1.13 (1.06-
1.21) (Figure 2F and Table 2). This was also reflected in the
growth analyses with a DMFgowen of 1.12 (1.06-1.17)
(Table 3 and Figure S1). For FaDusmaii hypoxic the SCDso-
doses were 29.5 Gy (28.2-30.8) and 27.6 Gy (26.3-29.0) for
UHDR and CONV, respectively (P = .02), representing a
modest DMFscpso of 1.07 (1.01-1.14) (Figure 2G). Again,
the growth analyses revealed a significant interaction, sug-
gesting less efficacy for UHDR with increasing dose (P = .01)

and an estimated DMFg.owen of 1.10 (1.03-1.15) at the
SCDso-dose (Table 3).

The FaDu cell line was further examined by increasing the
spheroid size. These FaDuy,,ge-spheroids showed a different
response compared to the FaDug,-spheroids. Following
CONV-irradiation, a typical dose-response relationship was
observed, with a SCDs, of 11.6 Gy (10.9-12.3). In contrast,
UHDR-irradiation produced an indistinct dose-response rela-
tionship in the 12-22 Gy dose-range (Figures 1D and 2D). A
significant sparing was found, with SCDjg of 19.2 Gy (17.9-
20.5, P < .001 compared with CONV), representing a large
DMFscpso of 1.66 (1.54-1.83).

Additionally, FaDuj,g.-spheroids were investigated under
reduced oxygen conditions. In these FaDuj,ee hypoxic, the
sparing was less pronounced compared with ambient condi-
tions, although it remained significant with SCDjso of
27.4 Gy (26.6-28.7) for UHDR compared with 23.6 Gy
(22.7-24.4) for CONV (P < .001), representing a DMFscpsg
of 1.16 (1.10-1.21). Moreover, the indistinct dose-response
relationship found for UHDR in FaDuj,e was not present
under reduced oxygen conditions, and the steepness of the
curve for UHDR resembled the one for CONV (Figure 2H).

Immunofluorescence to visualize hypoxia

A small core of cells expressing hypoxic marker GLUT1 was
present in the center of the FaDugpy,-spheroids, while the
outer layers showed no signs of hypoxia (Figure 4A).
Hypoxia treatment for 24 hours efficiently upregulated hyp-
oxic markers throughout all cell layers (Figure 4E). In the
FaDuy,,ge, a large proportion of the cells were spontaneously
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(CONV, solid lines) or UHDR (dashed lines), and non-irradiated controls (dotted lines). Colors indicate the irradiation doses as noted in the figure legends,
and vertical lines display 1 SE of the volumes at the indicated time point. (C, D) Corresponding tumor spheroid controlling probability for U87 (C) and

FaDugman (D).

Ambient air

1% oxygen

Figure 4. Immunofluorescence staining of 3-day-old spheroids for endogenous hypoxia expression using GLUT1 (green), with cell nuclei counterstained
using Hoechst (blue). Spheroids were incubated under ambient oxygen conditions (FaDugmay (A), FaDujage (B), U87 (C), and T47D (D)), or under reduced

oxygen tension (1.1%) for 24 hours prior to imaging (FaDugsmai (E), FaDujarge (F), U7 (G), and T47D (H)). Scale bar indicates the magnification.
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expressing hypoxic markers, excluding the outermost cell
layers. (Figure 4B). Hypoxia treatment upregulated GLUT1-
expression throughout the spheroids (Figure 4F).

In the U87- and T47D spheroids, no hypoxic staining were
displayed in ambient conditions (Figure 4C and D), but
heavily upregulated after hypoxic treatment (Figure 4G-H).

Discussion

We have used an in vitro model allowing large-scale experi-
ments with high statistical power to study responses after
UHDR irradiation. The results reveal that spheroid tumor
models do not respond uniformly to UHDR. Whereas some
spheroids are equally efficiently controlled by UHDR as
CONV, others exhibit a significant sparing effect. The spar-
ing occurred across different histological subtypes and was
affected by spheroid size and oxygen tension, with a clear
sparing effect for larger spheroids or hypoxic conditions.

The spheroid model provided a detailed dose-response re-
lationship. In the present iz vitro attempts to mimic tumor
cure, the model provides radiobiologically relevant results
that reflect the survival of clonogenic cells, consistent with
classical target theory. The long follow-up should allow
enough time for a few, or even a single, surviving cell to di-
vide and repopulate the tumor. Thereby, the model is useful
to investigate potential differences in tumor response between
UHDR and CONV. Accordingly, the study detected statisti-
cally significant results corresponding to less than a 10% dif-
ference in DMFscpso. Such a small magnitude of difference
could easily go undetected in in vivo models using 10 animals
per condition, at a single dose level.

A sparing effect at UHDR is widely shown to occur in nor-
mal tissues.'>2%3235 The present results show that a sparing
can also arise in tumor models, with dose-modifying factors of
1.07-1.66, which is similar to observations for normal tissues.
Interestingly, the sparing effect differed and was most pro-
nounced in the large FaDuy,.-spheroids under ambient oxygen
tension, whereas iso-efficacy between UHDR and CONV was
found in small spheroids from the same cell line. Thereby, the
present sparing should not be defined by genetics or histology.
Instead, phenotypic changes that arise in the FaDuy,ge-sphe-
roids appear to trigger the sparing effect. Here, oxygen tension,
nutrient gradients, altered cell-cell-interaction, cell cycle distri-
butions, and necrotic areas could play a role. Importantly, re-
duction in available oxygen (24 hours before and after
irradiation) altered the UHDR response in the spheroid types
studied. In the U87-, T47D-, and the FaDu,,.-spheroids, re-
duced oxygen induced a sparing effect. For FaDuj,, a sparing
effect persisted under reduced external oxygen conditions,
though it was less pronounced than under ambient conditions.

The spatial distribution of hypoxia, as assessed by immu-
nofluorescence staining of endogenous marker, differed be-
tween the spheroids studied. Thereby, the current results
picture an intricate relationship between oxygen, tumor-
specific factors and response to UHDR. While not ruling out
a tumor-agnostic first-order relationship between UHDR re-
sponse and oxygen, a more detailed understanding of cur-
rently unknown tumor-specific factors is needed. Baseline
oxygen tension, nutrient gradients, and cell cycle differences
are known to be dependent on spheroid size, and differ be-
tween tumor types.>”>>® For the spheroid models used in this
study, size-dependent oxygen gradients, oxygen consumption
and thresholds for expressing endogenous GLUT1 might
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have impacted the hypoxia stainings. However, it was evident
that lowering the oxygen level effectively induced the expres-
sion across cancer types. It could also be noted that despite
expression of hypoxic markers in the core of FaDug,.-sphe-
roids (Figure 4A), no sparing effect was found at UHDR.

We have previously found a sparing effect at UHDR
in vitro using 2D-monolayer clonogenic assays.** Similar to
the present results, an oxygen dependance was evident in that
model as well."” The present spheroid model has several
advantages compared to traditional 2D-monolayer clono-
genic assays. Like iz vivo studies, there is no initial difference
between spheroids across the different dose levels. In clono-
genic assays, the number of seeded cells typically differs,
which has been shown to affect the radiation response.’” The
spheroid model allows for a wider dose-range to be studied,
whereas clonogenic assays provide challenges at higher dose
levels with low surviving fractions.>®? It is also plausible to
assume that the intramodel variety, such as proliferative sta-
tus and cell cycle-phases across cells, are more heterogenous
in spheroids compared to clonogenic assays, which should re-
semble the in vivo scenario to a higher degree.”” Moreover,
the long follow-up time used in the spheroid model provides
additional information, as some spheroids started to grow
more than 2 months after irradiation.

To our knowledge, there are no published in vivo studies
reporting a sparing effect of tumors. Instead, iso-efficacy, or
even enhanced tumor efficacy, have been reported.'
6:21,32.4048 The only published TCDso-study investigating
UHDR found iso-efficacy for the C3H-breast cancer model,
subcutaneously grown on the foot of the mice.® There are,
however, previous iz vitro findings where UHDR was less ef-
ficient compared with CONV. Using clonogenic assays, re-
duced efficacy of UHDR was found under ambient
conditions,** whereas oxygen-dependent differences were
found in other studies.'®** Moreover, tumors in iz vivo mod-
els typically exhibit hypoxia,’® although no apparent sparing
at UHDR has been published to date. These discrepancies
will be crucial to investigate in future studies. In this regard,
it should be noted that most iz vivo results are based on small
studies with short follow-up using tumor growth as primary
endpoint. From previous studies it is known that tumor
growth-based endpoints do not always correlate with
TCDsg-assays, with the latter one being regarded as the
golden standard.”* '3 Based on the current results, further
in vivo studies using TCDjsg-assays and a variety of cancer
models under different conditions seem indicated.

Using the same proton beam as Serensen et al,® the current
results for the U87 and FaDugy,-spheroids are well in line
with previous i vivo data indicating iso-efficacy. Adding to
this, we used the same spheroid model for electron- and
proton-irradiation, both providing iso-efficacy between
CONV and UHDR. For practical reasons hypoxic conditions
could not be investigated by protons in this study, but this
would be interesting to address in coming studies to see if the
observed sparing effect also applies for other beam modalities
than pulsed electron beams. There still may be differences in
response between the modalities. Beam characteristics, such as
scanning mode, pulse dose-rate, pulse repetition frequency and
dose per pulse, total irradiation time, innately differs between
electron and proton-UHDR. The importance of beam charac-
teristics in the UHDR field is an ongoing area of research.’*

Previous data suggest that sparing at UHDR becomes more
evident at higher doses.”® In this study, the statistically
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significant interaction between dose and dose rate in the
growth analyses (U87hypoxia and FaDupypoxia) suggests a po-
tential relationship between sparing effect and dose level.
However, our results do not support the existence of a uni-
versal dose-threshold for sparing, as U87 exhibited iso-
efficacy at higher doses than those at which sparing occurred
for FaDujag. Further studies with additional data are needed
to clarify the nature of this association.

Spheroid models have previously been shown to resolve a
sparing effect at UHDR. Khan et al*’ irradiated spheroids,
dissolved them, reseeded for clonogenic survival, and showed
a sparing effect for lung cancer A549 cells. DNA damages in
spheroids were recently demonstrated to be reduced after
UHDR for certain conditions.’® The present results further
add to these findings and demonstrate a varying efficacy of
UHDR depending on oxygen tension and spheroid size.

The clinical implications of the current findings remain to
be investigated. While UHDR could provide efficacious erad-
ication of certain tumors, there is a prudent risk that others
may be spared. It is outside the scope of the present paper to
speculate which clinical scenarios (eg, radical treatment vs.
adjuvant treatment for microscopic disease), tumor charac-
teristics, histologies or phenotypes that are, or are not, suit-
able for UHDR. But we believe that the results underline that
clinical trials should be preceded with rigorous preclinical
testing, to carefully select appropriate tumors and clinical sce-
narios for UHDR trials.

There are several limitations in this study. Using a purely
in vitro based model, the results do not necessarily reflect the
in vivo response to UHDR. There is a lack of immune system,
tumor microenvironment composed of different cell types,
and blood vessels. Further, the nutrient and hypoxia gradient
that naturally arise in the spheroids do not resemble the more
intricate heterogeneity present iz vivo. We do, however, be-
lieve that in vitro models play an important role and are cru-
cial to underpin radiobiological principles,*® and should be
able to capture some of the fundamental characteristics of the
mechanisms underlining the FLASH effect. Suggestively, the
spheroid model may capture some characteristics of early tu-
mor growth within areas of microscopic tumor infiltration.
The FaDuUgmaii hypoxia Were not monitored for the full 3
months, potentially biasing the results. The reported oxygen
level only refers to the oxygen tension in the medium sur-
rounding the spheroids. It is plausible to assume that the
same oxygen tension applies for the outermost cells of the
spheroid, whereas the inner core of the spheroid should have
a lower tension. In the study, we had no methods to detect
the oxygen level across the spheroids, other than immunoflu-
orescence staining using hypoxia markers. Although the
study provides evidence of an oxygen dependence for the
sparing effect at UHDR, it does not provide evidence that ox-
ygen depletion is the underlying mechanism.

To conclude, we have shown that the UHDR response in
spheroids differs between cancer cell lines as well as within
the same cancer cell line. Under certain conditions UHDR
and CONV are iso-efficacious, but other spheroids are spared
by UHDR. A reduction in the available oxygen induces a
sparing effect. For the cancer cell lines studied, both proton-
UHDR and electron-UHDR provided iso-efficacious results
for small spheroids under ambient conditions. Further studies
in tumor-specific factors affecting the UHDR response and
their relationship to oxygen are warranted to map and under-
stand the underlying mechanism of FLASH. Also, additional
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in vivo-studies using TCDsp-assays and a variety of cancer
models under different conditions seem indicated.
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