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A central tenet in understanding the biological effects of ionizing
radiation has been that the initially affected cells were directly
damaged by the radiation. By contrast, evidence has emerged
concerning “bystander” responses involving damage to nearby
cells that were not themselves directly traversed by the radiation.
These long-range effects are of interest both mechanistically and
for assessing risks from low-dose exposures, where only a small
proportion of cells are directly hit. Bystander effects have been
observed largely by using single-cell in vitro systems that do not
have realistic multicellular morphology; no studies have as yet
been reported in three-dimensional, normal human tissue. Given
that the bystander phenomenon must involve cell-to-cell interac-
tions, the relevance of such single-cell in vitro studies is question-
able, and thus the significance of bystander responses for human
health has remained unclear. Here, we describe bystander re-
sponses in a three-dimensional, normal human-tissue system. End-
points were induction of micronucleated and apoptotic cells. A
charged-particle microbeam was used, allowing irradiation of cells
in defined locations in the tissue yet guaranteeing that no cells
located more than a few micrometers away receive any radiation
exposure. Unirradiated cells up to 1 mm distant from irradiated
cells showed a significant enhancement in effect over background,
with an average increase in effect of 1.7-fold for micronuclei and
2.8-fold for apoptosis. The surprisingly long range of bystander
signals in human tissue suggests that bystander responses may be
important in extrapolating radiation risk estimates from epidemi-
ologically accessible doses down to very low doses where nonhit
bystander cells will predominate.
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central tenet in our understanding of radiation-induced
biological damage has been that the initially affected cells
were directly damaged by the radiation, either by the radiation
track itself or through consequent nanometer-ranged, short-
lived free radicals. By contrast, a range of evidence has now
emerged concerning so-called “bystander” responses involving
damage to cells that were not directly traversed by ionizing
radiation, being located at significant distances from the directly
hit cells. Bystander effects were first reported for the endpoint
of sister chromatid exchanges (1); since then, they have been
observed for many endpoints, including clonogenic survival,
chromosome aberrations, apoptosis, micronuclei, in vitro onco-
genic transformation, mutation induction, genomic instability,
and changes in gene expression (2-8). In vitro, bystander effects
have been observed to be mediated by direct gap-junction
signaling (9) as well as by molecules secreted into medium (10).
Such long-range effects are of interest both mechanistically (11)
and for assessing the risk from a low-dose exposure to a
carcinogen such as ionizing radiation, where only a small pro-
portion of cells are actually directly hit (12).

Almost all bystander-effect studies to date have been carried
out by using conventional single-cell in vitro systems that do not
have a realistic three-dimensional, multicellular structure (2-8).
A few studies have been reported in monolayer explants (13-15),
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but no studies have as yet been reported in normal, three-
dimensional human tissue. Given that the bystander phenome-
non must involve cell-to-cell communication, directly or indi-
rectly, the relevance of single-cell studies is questionable; thus,
experimental models that maintain tissue-like intercellular sig-
naling and three-dimensional structure are important to assess
the relevance of bystander responses for human health (16) (in
particular, to estimate the range of these bystander signals in
human tissue). Here, we report bystander responses in a three-
dimensional, normal human tissue system; specifically, a recon-
structed human skin model is used. This study is made possible
by the use of a charged-particle microbeam (17), which allows
irradiation of cells in defined locations in the tissue yet guaran-
tees that cells more than a few micrometers away receive no
radiation exposure.

Bystander responses have been reported in single-cell systems
for endpoints that might be considered detrimental [such as
mutational or chromosomal damage (2-4, 6, 7)] as well as
protective against carcinogenesis [such as cell killing (18, 19)].
Consequently, in this study, we have chosen one endpoint from
each category: induction of micronuclei and induction of apo-
ptotic cell death.

Methods

Reconstructed Human Skin Systems. We report bystander responses
in two types of reconstructed, normal human three-dimensional
skin tissue systems (MatTek, Ashland, MA), shown in Fig. 1.
These systems are generated by growing differentiated keratin-
ocyte cultures on acellular or fibroblast-populated dermal sub-
strates (20, 21). One of the systems reconstructs the human
epidermis, and the other is a “full-thickness” skin model corre-
sponding to the epidermis and dermis of normal human skin.
Morphologically, these reconstructed tissues show very sim-
ilar microarchitectures to the corresponding tissue in vivo:
Epidermal layers of the skin models consist of basal, spinous,
granular, and cornified layers, analogous to those found
in vivo. Analysis of the tissue microstructure has demonstrated
the presence of keratohyalin granules, tonofilament bundles,
desmosomes, and a multilayered stratum corneum containing
intercellular lamellar lipid layers arranged in patterns charac-
teristic of the in vivo epidermis (22). The reconstructed tissues
are mitotically and metabolically active, maintaining the same
differentiation patterns as those in vivo (21, 23). Markers of
mature epidermis-specific differentiation such as profilaggrin,
the K1/K10 cytokeratin pair, involucrin, and type I epidermal
transglutaminase, are expressed (24). The reconstructed tis-
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Fig. 1. The two reconstructed normal human skin tissue systems used here. Shown are the keratinocyte-containing epidermis (EPI-200, Left) and full-thickness
skin (EFT-300, Right), consisting of a dermal layer containing fibroblasts and an epidermal layer similar to that in EPI-200, containing keratinocytes.

sues show lipid profiles similar to the corresponding tissue
in vivo, release the relevant cytokines, and demonstrate the
presence of gap junctions (21-24).

These reconstructed tissues are very stable and allow a high
degree of experimental reproducibility (25).

Reconstructed Epidermis. The model of the human epidermis (Fig.
1 Left, designated EPI-200) consists of normal human epidermal
keratinocytes that have been cultured to form a multilayered,
differentiated model of the human epidermis (20). It closely
resembles human epidermal microarchitecture (see above), with
in vivo-like morphological and growth characteristics that are
uniform and highly reproducible. It contains 8-12 cell layers and
is ~75-pum thick.

Reconstructed Full-Thickness Skin. The model for full-thickness
skin (Fig. 1 Right, designated EFT-300) contains both an epi-
dermal layer containing keratinocytes and a dermal layer con-
taining fibroblasts and extracellular matrix. These layers corre-
spond to the epidermis and dermis of normal human skin and are
cultured from normal human epidermal keratinocytes and der-
mal fibroblasts. Histological cross sections of this full-thickness
tissue demonstrate an “epidermal” layer that is very similar to
the EPI-200 model (see above) on top of a fibroblast-containing,
collagen matrix dermis-like layer. The overall thickness of this
tissue is ~700 pm.

Tissue Culture. The reconstructed tissues were cultivated by using
an air-liquid interface tissue culture technique: The tissue is
grown on a semipermeable membrane, fed with serum-free
medium from below, and cultivated on Millicell-CM culture
inserts (Millipore) by using a 28-um hydrophilic membrane. The
surface of the tissue is exposed to the air, which stimulates
differentiation. The diameter of the tissues is 8 mm, and their
useful lifetime is 2-3 weeks.

Microbeam Irradiation. To be able to produce direct radiation
damage in cells spatially defined locations in the three-
dimensional tissue, and guarantee no direct radiation damage to
the remainder of the cells in the tissue, the Columbia University
charged-particle microbeam was used. The charged-particle
microbeam delivers defined numbers of charged particles (in this
case, a-particles) with high accuracy to specified locations. The
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charged particles are focused with a series of electrostatic lenses
(26) to a beam diameter of <5 um. A detailed description of the
microbeam is given in ref. 17. In the current experiments,
7.2-MeV a-particles were used (range ~ 60 wm; initial stopping
power of 80 keV/um). As schematized in Fig. 2, each tissue
sample was irradiated with the microbeam such that all of the
irradiated cells were in a single thin vertical plane, of thickness
no more than two cell diameters, which bisects the tissue sample.
Because the a-particles scatter very little (<<1 um) as they pass
through the tissue sample, the arrangement guarantees that cells
more than a few micrometers away from the plane of irradiated
cells will receive a zero radiation dose.

Irradiation Protocols. The tissue samples were irradiated from
below through the membrane that forms the base of the culture
insert. The insert was positioned in a custom-designed holder
attached to the microbeam stage, with a repositioning accuracy
of better than 2 um. Ten a-particles were delivered every 100 um
along a diameter of each tissue, corresponding to 80 locations
across the tissue diameter. Typical total irradiation times were
~2 min per tissue.

For the EPI-200 epidermal tissue, a given a-particle will
traverse 5-10 cells as it penetrates the tissue; thus, as 80 locations
across a diameter of tissue were microbeam-irradiated, a total of
400-800 cells located in the designated irradiation plane were
actually traversed by a-particles, with each traversed cell receiv-
ing an average dose of ~1 Gy.

For the full-thickness skin (EFT-300) experiments, separate
protocols were used to irradiate the tissue from the dermal and
the epidermal sides. Thus, one protocol directly targeted only
keratinocytes in the epidermis, and the other directly targeted
only fibroblast cells (and extracellular matrix) in the dermis. In
each case, the keratinocyte cells in the epidermal layer were
subsequently assayed for apoptotic cell frequency as a function
of the distance from the irradiated plane. No assays were
undertaken in dermal fibroblasts because of their low density.

Distance-Dependent Assays. After microbeam irradiation of a
single plane across the tissue diameter, each tissue was returned
to a multiwell dish filled with fresh medium and incubated at
37°C in a humidified atmosphere with 5% CO,. At 72 h
postirradiation, the tissues were formalin-fixed, paraffin-
embedded, and sectioned into 5-um-thick strips parallel to the
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Schematic of the irradiation procedure. Each tissue sample consists of an 8-mm-diameter cylinder that is 75 um (epidermal model, EPI-200) or 700 um

(full-skin model, EFT-300) in height that is microbeam-irradiated along a diameter by a-particles (10 particles every 100 um along the diameter). The microbeam
is <5 um across, less than one cell diameter, so the plane of irradiated cells is no more than two cells wide. After irradiation, the tissue is fixed and sectioned
into 5-um slices parallel to, and progressively farther from, the irradiated plane of cells.

plane of irradiated cells (see Fig. 2). As illustrated in Fig. 2, this
protocol allows separate analysis of slices of tissue containing
only nonirradiated cells, each slice having been located at
increasing and known distances from the plane of irradiated
cells.

An estimate of the shrinkage produced in the fixed, embedded
samples was made by comparing morphometric data obtained
with unfixed vs. fixed samples. Shrinkage of ~10% in each
direction was observed, as described in ref. 27.

TN o)
i Le A P AY ST

Fig. 3.

Distance-Dependent Apoptosis Assay. Apoptotic cells were scored
in each section on day 3 postirradiation by using a TUNEL (28)
enzymatic in situ labeling kit (DermaTACS, Trevigen, Gaith-
ersburg, MD) optimized for paraffin sections. This time was
chosen based on preliminary experiments to reflect the maximal
apoptotic response. Some typical images are shown in Fig. 3. The
fractions of apoptotic cells were assessed in 5-um-thick tissue
slices at distances from 200 to 1,100 wm from the plane of
irradiated cells and compared with corresponding controls for

5%

Examples of apoptosis in unirradiated bystander cells in artificial human skin systems. Shown are EPI-200 (A) and EFT-300 (B) stained with a DermaTACS

apoptosis kit; positive apoptotic cells appear blue. Each slice of tissue shown was >200 um from the plane of irradiated cells and thus received no direct or
scattered radiation exposure. Formalin-fixed, paraffin-embedded, 5-um-thick histological sections are shown. (Scale bar: 10 um.)
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membrane

Fig. 4. Micronuclei observed in unirradiated bystander cells in three-dimensional epidermal tissue (EPI-200) stained with DAPI. Each slice of tissue shown was
>200 um from the irradiated cells and thus received no direct or scattered radiation exposure. The support membrane can be seen at the bottom of each image.
The large arrows indicate micronuclei associated with individual cell nuclei. The small arrows show the location of a broken nucleoplasmic bridge, indicating,
as expected, a plane of cellular division parallel to the membrane. (Scale bar: 10 um.)

which the central plane of cells had been sham-irradiated. At
each distance, a total of ~10,000 cells were scored in three repeat
samples.

Distance-Dependent Micronucleus Assay. Three days were allowed
postirradiation for cell proliferation and division to continue.
Tissues were then fixed in formalin and paraffin-embedded, and
5-pum sections were sliced at 100-um intervals parallel to the
plane of microbeam irradiation (different slices thus having been
at increasing distances from the irradiated cells). The tissue
sections on microscope slides were stained with DAPI, a fluo-
rescent DNA-binding dye that labels all cell nuclei and
micronuclei.

Micronuclei and/or nucleoplasmic bridges will result from
aberrant mitotic divisions involving chromosomal aberrations.
Such events, examples of which are shown in Fig. 4, are readily
induced by ionizing radiation and have been seen, in vitro, in cells
that were known bystanders of known irradiated cells (29).
Frequencies of cell nuclei with associated micronuclei, relative to
all nuclei, were recorded in three 500-cell samples at each plane
at different distances (200—1,100 wm) from the plane of irradi-
ated tissue, as well as the sham-irradiated control tissues.

Controls. The control tissues were handled in exactly the same
manner as the irradiated samples, except that the central plane
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Fig. 5.

of cells (Fig. 2) was sham-irradiated (i.e., the microbeam was not
turned on, so no cells were irradiated).

Statistical Analyses. For the control cells (those in the same
location at which bystander responses were probed, but for
sham-irradiated tissue samples), to see whether the location of
the sample within the tissue was significant apart from any
bystander effects, a standard Poisson homogeneity test (30) was
performed, intercomparing the results from each slice.

For the nonirradiated cells in the irradiated tissue, we com-
pared the results by using Fisher’s exact test (31), both with the
control sample from the same location and, when appropriate
(see homogeneity test, above), with the pooled controls from all
locations.

Results

For the epidermal skin tissue (EPI-200), Fig. 5 shows the
measured fractions of apoptotic cells and micronucleated cells.
All of the data shown are for unirradiated tissue, plotted as a
function of distance from the irradiated cells or (for the controls)
the sham-irradiated cells.

For the control cells (those in the same location at which
bystander responses were probed, but from sham-irradiated
tissue samples), the results for both endpoints were independent
of the location within the tissue (P > 0.25 using an exact
homogeneity test).
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Fraction of apoptotic (A) and micronucleated (B) cells in unirradiated bystander cells at different distances from the plane of irradiated cells in a

three-dimensional human epidermal skin model (EPI-200). Controls refer to sham irradiations, with conditions otherwise identical. Dotted lines show mean value
of control points. Each data point (and SEM) is derived from experiments with three independent tissues.
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Fraction of apoptotic cells in unirradiated keratinocyte layers at different distances from a plane of irradiated cells in a three-dimensional, full-thickness

human skin model (EFT-300). Controls refer to sham irradiations, with conditions otherwise identical. Each data point (and SEM) is derived from studies with three
independent tissues. (A) Microbeam irradiation of a plane of cells only in the epidermal layer, showing a significant bystander response. (B) Microbeam irradiation
of a plane of cells only in the dermal layer, showing no evidence of a bystander response in the unirradiated epidermal layer.

For the apoptotic endpoint, a statistically significant bystander
response in unirradiated cells relative to the controls was ob-
served at all distances up to 1,000 um (1 mm) away from the
irradiated cells (P < 0.05 at each distance, Fisher’s exact test,
two-sided). Averaged over distances from 200 to 1,000 mm from
the plane of the irradiated cells, the mean proportion of apo-
ptotic cells was 3.7 = 0.6% in the bystander cells vs. 1.3 = 0.3%
in the controls. The bystander-related enhancement in effect
over controls was a factor of 2.6 = 0.4 at a distance of 200 wm
from the irradiated cells, and the corresponding enhancement,
averaged over all distances from 200 to 1,000 wm, was a factor
of 2.8 = 0.3.

For micronucleus induction, a statistically significant by-
stander response, relative to the controls, is apparent in unir-
radiated cells at all distances up to 600 um (0.6 mm) away from
the irradiated cells (P < 0.05 at each distance, Fisher’s exact test,
two-sided). The bystander-related enhancement in effect rela-
tive to controls was a factor of 2.0 £ 0.4 at a distance of 200 um
from the irradiated cells, and the corresponding enhancement,
averaged over all distances from 200 to 600 wm, was a factor of
1.7 = 0.3.

Fig. 6 shows the results with the full-thickness skin model
(EFT-300), which contains an epidermal keratinocyte layer on
one side and a fibroblast-containing dermal layer on the other.
Separate protocols were used to irradiate the full-thickness
tissue from the epidermal side and the dermal side, each with
a-particles of range ~ 60 wm; thus, one protocol irradiates only
a plane of epidermal keratinocytes, and the other irradiates only
a plane of dermal fibroblasts (plus extracellular matrix) within
the 700-wm-thick tissue. The fraction of apoptotic cells in the
keratinocytes in the epidermal layer was assessed as above in
unirradiated tissue sections that were at increasing distances
from the plane of the irradiated cells.

When the epidermal layer in the full-thickness tissue was
irradiated (Fig. 6A4), there was a clear bystander response
extending to 1,100 wm (P < 0.05 at each distance, Fisher’s exact
test, two-sided); this response was very similar to that when the
epidermis-only system (EPI-200) was studied (Fig. 54). How-
ever, when only the dermal region containing fibroblasts (and
extracellular matrix) was irradiated, no bystander response was
seen in the keratinocytes (Fig. 6B). This observation may suggest
that there is no signaling from the dermal to the epidermal layers
in terms of the bystander response, although it could simply be
the consequence of the distance (=600 wm) between the irra-
diated dermal cells and the probed unirradiated keratinocytes.

Discussion

In summary, we have shown that unirradiated human cells in
normal, three-dimensional human tissue systems can respond to
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radiation-induced cellular damage that occurs in cells at quite
large distances away. Specifically, the results suggest that the
bystander response is propagated over distances up to 1 mm in
normal human tissue. We have demonstrated this effect both for
a cytogenetic damage endpoint (at distances up to 0.6 mm),
which might be expected to be associated with deleterious
consequences, and a cell-killing endpoint (at distances up to 1
mm), which, through the elimination of damaged cells, could be
associated with protective consequences. Bystander responses
for both potentially protective and potentially deleterious end-
points have also been reported in in vitro single-cell experimental
systems (2-4, 6, 7).

The magnitude of the bystander response was clearly statis-
tically significant for both the apoptotic and the micronucleus
endpoints, although the magnitude of the response is clearly less
than for directly hit cells. For example, based on in vitro results
(32), the frequency of micronucleated cells among those cells
that were directly hit by a-particles (based on a dose of ~1 Gy
to these hit cells) would be ~0.25, compared with a maximum
frequency of micronucleated cells that we observed among
unirradiated bystander cells of 0.03. In contrast, given a bystand-
er-signal range of up to 1 mm, in most low-dose situations, there
will be far more potential bystander cells than hit cells.

The shape of the curves in Fig. 3 (relatively flat over a distance
of several hundred micrometers) suggests, as have much other
data from single-cell systems (19, 33), that bystander effects are
characterized by a binary threshold response (i.e., unirradiated
cells respond in a binary way to a damage signal, as long as the
intensity of the signal remains above a threshold value). The
range of the bystander signal in tissue, up to 1 mm, corresponds
to ~50-75 cell diameters. This surprisingly long range implies
either that directly damaged cells produce long-range, diffusible
bystander signals, perhaps through autocrine/paracrine mecha-
nisms (34-37), or that a cell relay system is active, in which cells
signal only their immediate neighbors (juxtacrine signaling), the
signal being relayed by spatially intermediate, unirradiated
bystander cells (38—40).

In terms of potential consequences, bystander responses have
been hypothesized to be significant both for radiotherapy,
essentially extending the margins of the treatment volume, and
for low-dose radiation protection, essentially increasing the
number of cells affected by a low radiation dose.

In the radiotherapy context, even a bystander signal range as
large as 1 mm would suggest that the bystander effect is unlikely
to be a confounding factor at the margins of a radiotherapy
treatment volume in the context of the larger uncertainties due
to setup variations and organ motion (41).
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By contrast, in the context of low-dose radiation risk assess-
ment, an effective bystander signal range of ~1 mm would imply
that far more cells could be affected by a very low dose of
radiation than expected based on simple target theory. Thus,
bystander responses may potentially play a significant role in the
extrapolation of radiation risks in humans from high doses to
very low doses where nonhit bystander cells will predominate;
simple extrapolations based on the number of cells directly hit
may well be inadequate (42). At this point, it is not known
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whether a single a-particle can initiate the types of effects
observed here in three-dimensional tissue: In single-cell studies,
single a-particles have been reported to induce bystander effects
for some endpoints (43) but not for others (6).
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