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Abstract

Donor cell leukaemia (DCL) is a complication of haematopoietic stem cell transplantation where donated cells become malignant within the
patient’s bone marrow. As DCL predominates as acute myeloid leukaemia, we hypothesized that the cytokine storm following chemotherapy
played a role in promoting and supporting leukaemogenesis. Cytokines have also been implicated in genotoxicity; thus, we explored a cell line
model of the human bone marrow (BM) to secrete myeloid cytokines following drug treatment and their potential to induce micronuclei. HS-5
human stromal cells were exposed to mitoxantrone (MTX) and chlorambucil (CHL) and, for the first time, were profiled for 80 cytokines using an
array. Fifty-four cytokines were detected in untreated cells, of which 24 were upregulated and 10 were downregulated by both drugs. FGF-7 was
the lowest cytokine to be detected in both untreated and treated cells. Eleven cytokines not detected at baseline were detected following drug
exposure. TNFa, IL6, GM-CSF, G-CSF, and TGFp1 were selected for micronuclei induction. TK6 cells were exposed to these cytokines in isolation
and in paired combinations. Only TNFa and TGFB1 induced micronuclei at healthy concentrations, but all five cytokines induced micronuclei at
storm levels, which was further increased when combined in pairs. Of particular concern was that some combinations induced micronuclei at
levels above the mitomycin C positive control; however, most combinations were less than the sum of micronuclei induced following exposure
to each cytokine in isolation. These data infer a possible role for cytokines through chemotherapy-induced cytokine storm, in the instigation and
support of leukaemogenesis in the BM, and implicate the need to evaluate individuals for variability in cytokine secretion as a potential risk factor
for complications such as DCL.
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Introduction Therapy-related leukaemia (TRL) and donor cell leukae-
mia (DCL) are significant complications post-chemotherapy
and HSCT, respectively. TRL is associated with exposure to
alkylating agents and topoisomerase inhibitors [9], whereas
DCL is a malignancy shown to develop in the donated stem
cells despite the donor remaining healthy [10]. This donor
cell-derived neoplasm has gained wider attention in the past
decade; however, its aetiology and pathogenic mechanism re-
main unexplained [10,11]. Of interest, both TRL and DCL
predominantly follow the myeloid lineage, mainly present-
ing as acute myeloid leukaemia (AML) and myelodysplasia
[12,13]. Cytokines and their cognate receptors are central to
directing stem cells to develop into specific lineages; thus, we
speculated that cytokines involved in myeloid lineage devel-
opment would play a role in DCL aetiology and support the
development as an AML.

Previous work in our laboratory (K. Okeke, A.D.
Thomas, M.E. Conway & H.R. Morse, in preparation)
suggests a chemotherapy-induced bystander effect (CIBE)
exists. Briefly, BM stromal cells were directly exposed to 22

There are about 9900 new leukaemia cases every year in the
UK, with about 25% of cases affecting children; these num-
bers are projected to rise by about 5% between 2014 and
2035 [1]. Improved therapies have increased survival with
roughly half of patients surviving beyond 10 years [2]. The
mainstays of treatment are systemic therapies such as chemo-
therapy and various targeted approaches, but haematopoietic
stem cell transplantation (HSCT) is considered if these treat-
ments fail. HSCT also utilizes high doses of chemotherapy as
a ‘conditioning therapy’ to clear the bone marrow (BM) of
leukaemia and immunosuppress the patient before transplant.
Studies show that while the stem cell compartment is depleted
in myeloablative conditioning, the microenvironment remains
of patient origin [3,4] and suffers long-term damage [5,6].
Despite being considered a ‘curative option’ HSCT still has
significant short- and long-term complications [7,8].

Given that patients currently have longer survival, an
increasing concern is the development of new malignancy
over the years following genotoxic chemotherapy exposure.

Received 25 July 2022; accepted 14 June 2023

© The Author(s) 2023. Published by Oxford University Press on behalf of the UK Environmental Mutagen Society.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https://creativecommons.org/
licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For
commercial re-use, please contact journals.permissions@oup.com

£20z 1snBny Gz uo 1senb Aq $£966 L L/L0/v/8€/2101ME/0BEINW/ W00 dNo"0lWepEo.)/:SdRY WOl Papeojumoq


https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
mailto:ruth.morse@uwe.ac.uk?subject=

202

chemotherapeutic drugs, which included alkylating agents,
antibiotics, anti-metabolites, plant alkaloids, and topoisomer-
ase inhibitors at clinically relevant doses, then using a trans-
well co-culture model, TK6 cells were utilized as bystander
cells. Both cytotoxicity and genotoxicity occurred in the TK6
cells either when co-cultured with treated BM cells or when
the culture medium was transferred from treated cells to un-
treated cells. These observations reflect cell communication
through secreted factors supporting the idea that cytokines
may play a role in CIBE, possibly resulting in DCL.

The role of cytokines in inducing a bystander effect (BE)
following radiation exposure is well-described [14,15], and
cytokines have also been widely researched following HSCT
[16-18]. Following chemotherapy treatment and HSCT con-
ditioning therapy, it is observed that there is a ‘cytokine storm’
in vivo [16,19,20] with cytokines demonstrating variability
in very high levels produced, duration of release, and time
of peaking post-therapy [16]. Cytokines, including TGF-f1,
GM-CSE, IL-4, and IL-13 activate downstream signalling
pathways and increase the expression of other cytokines and
growth factors, resulting in toxicity through high levels of re-
active oxygen species (ROS) when other immune cells, such as
macrophages and T cells are activated [21,22]. Indeed, studies
into irradiation exposure support the concept that BE occurs
through cytokine secretion from activated T cells [23]. While
cytokines play a well-described role in the genotoxic BE from
irradiation, their role in CIBE and the influence of such high
levels produced during cytokine storm post-chemotherapy
have not been previously studied.

Not all patients get TRL [24] or DCL [12], inferring that
inter-individual differences exist, which would be helpful to
identify to monitor at-risk patients. Homeostatic or detoxi-
fication mechanisms may influence risk, but cytokine genes
are also known to be highly polymorphic, which predicts
variations in secretion levels between individuals [25,26].
Thus, given the observation that some cytokines have been
shown to influence post-transplant outcomes [27] and have
been shown to be genotoxic [28], the levels of cytokines pro-
duced could be important. Thus, we hypothesized that cyto-
kines expressed at ‘storm’ levels from the BM could be a
contributing factor to the development of DCL in donated
cells that were unexposed to chemotherapeutics. This re-
search, therefore, compared the profile of secreted cytokines
in a cell line model of the human BM (HS-5) with and with-
out chemotherapy exposure and determined the capacity of
highly secreted and myeloid differentiating cytokines to in-
duce cyto- and genotoxicity at baseline versus storm levels in
a model of the haematopoietic compartment (TK6 lympho-
blasts). The alkylating agent (nitrogen mustard) chlorambucil
(CHL), and the topoisomerase II inhibitor (anthracenedione)
mitoxantrone (MTX) were chosen as these are both impli-
cated in TRL [24]. Chlorambucil is a crosslinking agent,
which disrupts DNA replication and leads to strand breakage
[29], whereas mitoxantrone potently inhibits topoisomerase
II, which is responsible for DNA uncoiling, leading to DNA
fragmentation. Mitoxantrone can also intercalate into the
DNA, resulting in crosslinks and strand breakage [30].
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Materials and methods

Chemotherapeutic agents

All reagents used in this research were purchased from Sigma-
Aldrich (Dorset, UK) except where otherwise stated. Two
chemotherapeutic drugs linked to TRL [31,32] were used
at doses equivalent to clinically relevant or in vivo observed
plasma concentrations [33-36]. CHL (alkylating agent) and
MTX (topoisomerase II inhibitor) were assessed for induc-
tion of cytokine secretion in the human BM stromal cell
line HS-5. Drug stocks were prepared in 100% ethanol at
100x concentrates and frozen at -80°C. CHL was used at
40 pM, which was equivalent to plasma levels measured in
mouse pharmacokinetic studies [33,34]. MTX was used at
1.12 pM (500 ng/ml), aligning with levels measured in human
plasma following in vivo administration [35,36]. Mitomycin
C (MMC; 10,000 pg/ml/30 nmol) was used as a positive
control in the micronucleus (MN) assay and was dissolved
in dimethyl sulphoxide (final concentration 0.01%; Thermo
Fisher Scientific).

Cell culture

The human lymphoblastoid cell line TK6 (13051501;
ECACC) was utilized for the genotoxicity studies as a model
of the donor cells, as TK6 are well described for their ac-
curacy in predicting genotoxicity [37]. TK6 and the human
BM stromal cell line HS-5 (CRL-11882; ATCC), were cul-
tured in Roswell Park Memorial Institute (RPMI) 1640 (Life
Technologies) and in high glucose Dulbecco’s Modified Eagles
(DMEM-HG) culture medium, respectively, supplemented
with 10% heat inactivated foetal bovine serum (FBS; Life
Technologies), 2 mM L-glutamine, 100 U/ml penicillin, and
100 mg/ml streptomycin (termed ‘complete culture medium’
[CCM]). TK6 cells were maintained in culture between 3 x
10° and 1 x 10° cells/ml, and HS-5 cells were maintained be-
tween 4 x 10° and 2.4 x 10* cells/cm? (37°C, 5% CO,). Cells
in passages 3-9 (TK6) and 6-10 (HS-5) were used for experi-
ments.

Cytokine array analysis of drug-treated HS-5 cells

A profile of candidate cytokines released by HS-5 with and
without drug exposure was performed using the Abcam 80
targets cytokine array (ab133998). We focussed on cytokine
secretion on 2- and 3-day post-chemotherapy exposure for
MTX and CHL, respectively, as previously unpublished data
within our laboratory demonstrated higher respective cyto-
kine expression on these days, which also aligned with max-
imal genotoxic bystander effects, measured as MN, following
1 h of drug exposure.

Three culture flasks (25 cm?) were seeded with HS-5 at
1.4 x 10° cells/flask with DMEM-CCM to allow cells to ad-
here to flasks for 72 h under normal culture conditions. After
72 h, one flask was treated with 40 pM of CHL. After 1 h
incubation, this flask was washed with phosphate-buffered
saline (PBS) three times and fresh DMEM-CCM was added
before incubating for 48 h under standard conditions (37°C,
5% CO,). Twenty-four hours later, a further flask was treated
for 1 h with 1.12 pM of MTX. The flask was washed three
times with PBS and replaced with fresh DMEM-CCM before
incubating overnight (24 h) During treatment with CHL and
MTX, an untreated control flask was also washed three times
with PBS and replenished with medium to undergo the same
manipulation of treated flasks.
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To collect the cytokines only produced within the 24-h
period on day 2 (MTX) and day 3 (CHL), all the culture
media were removed from the flasks and replaced with 5 ml
of fresh DMEM-CCM. One flask with only culture medium
(no cells) was also prepared as a negative control to negate
any natural cytokines in the FBS, which may bind to the array
and distort the data. The four flasks were placed into the in-
cubator for 24 h at 37°C, 5% CO,, and this medium (condi-
tioned medium) would be collected for cytokine analysis.

The Abcam cytokine array was performed as described in
the manufacturer’s instructions. Following the addition of the
detection buffer, membranes were placed between a plastic
sheet and inserted into the Li-cor reader (Bioscience UK Ltd)
on a tray and were read simultaneously at 2 min. Utilizing
the densitometry data, a positive control normalization fac-
tor was determined using the ‘positive control IgG spots’ on
all four array membranes and was used to normalize signal
responses for data comparison. Cytokine spots on each array
were then similarly corrected for the respective correction fac-
tor for a given array and could be compared within and be-
tween repeats as described in the manufacturer’s instructions.

Each array experiment was repeated three times, and re-
sults were analysed using ‘Image Studio Lite’ and averaged
for each cytokine. Background intensities (medium alone)
were subtracted from untreated cells to find baseline secretion
(cytokines that are typically secreted from the HS-5 cells) and
also from each cytokine array spot in drug-treated samples
to obtain the absolute changes in cytokine secretion due to
drug exposure. Cytokine secretion was also assessed for fold
change in secretion as well as to determine which cytokines
were only secreted prior to, or following, drug exposure. Five
cytokines were selected for further investigation based on the
highest absolute expression and/or fold up-regulation in re-
sponse to both drugs relative to untreated cells. The selection
of some cytokines was also based on a possible role in pro-
moting myeloid differentiation.

In vitro micronucleus assay for recombinant
candidate cytokines at reference range and
cytokine storm levels

A literature search was performed to ascertain the range of
cytokine concentrations measured in healthy individuals ver-
sus cytokine storm events. A panel of test concentrations were
then established to cover these ranges [17,38-44]. Healthy
baseline doses of 50, 250, 500, and 1000 pg/ml were used
for TNFa and IL-6, and 100, 250, 500, 750, and 1000 pg/
ml for GM-CSE, G-CSF, and TGFf1. Storm levels of 1000,
2000, 3000, and 4000 pg/ml were utilized for all five cyto-
kines. Of note is that what might be deemed ‘high’ for one
person at healthy levels could be deemed ‘low’ for another at
storm levels, and so there are no clear threshold divides due
to genetic polymorphism in cytokine genes. Thus, 1000 pg/
ml was utilized as a suggested overlap between healthy and
storm levels for GM-CSF, G-CSF, and TGF1, whereas 2000
pg/ml was considered and overlap for TNFa and IL-6.

TK6 cytotoxicity and genotoxicity assessment

The in vitro MN assay was performed according to the
Organisation for Economic Co-operation and Development
(OECD [45]) guidelines 487, using the 24-h treatment plus
24-h recovery period approach as described by Wilson and
colleagues [46]. The OECD requirement of a relative popu-
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lation doubling (RPD) of > 55% = 5% as a measure of cyto-
toxicity for the accurate assessment of MN was applied to
all samples. Therefore, cell counts were also taken at 24 h
pre- and post-treatment using the automated Luna-FLTM cell
counter (Labtech International Ltd), and RPD was calculated
as described in Fellows et al. [47].

TK6 cells were directly exposed to three different treat-
ment approaches: each recombinant cytokine in isolation at
healthy reference range doses; each recombinant cytokine at
cytokine storm doses; and pairs of cytokines at combinations
of ‘high’ baseline and ‘high’ storm doses. The combination
doses were determined based on data procured from single
cytokine exposures. Thus, doses used were 1000 and 4000
for IL-6 and 1000 and 3000 pg/ml for the other four cyto-
kines.

In each MN assay, TK6 was treated with MMC as a posi-
tive control and PBS as a negative control. The MMC dose
was determined from historical lab data with RPD > 50%
and statistically significant MN induction and was used at 30
nM (10 ng/ml; 48).

Briefly, on day 1 (0 h), TK6 were seeded at 1.5 x 10° cells/
ml in RPMI-CCM and cultured overnight. On day 2 (24 h),
a cell count was determined, and then cells were exposed to
recombinant cytokine(s) for 24 h. Cells were then washed,
counted, and reseeded into the fresh culture medium for a
further 24 h recovery. On day 4 (72 h), cell counts were per-
formed to determine RPD, then 2 x 10* cells were centri-
fuged at 800 rpm (300 x g) for 8 min onto glass slides using
a Cytospin 4 (ThermoFisher Scientific) to assess MN. Slides
were air dried and fixed using 90% methanol for 10 min
at room temperature before being stained with 12% (w/v)
acridine orange in PBS for 1 min. Slides were destained in
two washes of fresh PBS (15 and 10 min, respectively). Slides
were air-dried and stored in the dark until scoring. MN was
analysed using a fluorescent microscope (Nikon Eclipse 80i
TE300) with an attached Nikon Digital Sight DSF1 camera
Nikon Coolpix 950 camera (Nikon Instruments Europe) at
x40 magnification.

Images were visualized with NIS Elements software, and
slides were scored for MN. A total of 2000 cells were scored
per treatment. For all concentrations, three biological rep-
licates were performed; data were averaged and presented
per 1000 mononucleated cells. RPD was measured relative
to the vehicle (PBS) and positive (MMC) control in line with
the OECD guideline 487 [45]. None of the cytokine doses
produced an RPD < 50%, so all treatments were scored for
MN.

Statistical analysis

Statistical analyses were performed using analysis of vari-
ance (ANOVA) to evaluate the significant differences, where
P < 0.05 was considered significant. Error bars are expressed
as mean = standard deviation (SD) of three independent ex-
periments performed in duplicate. All statistics and graph-
ical illustrations were done using GraphPad Prism software
v. 8.2.1 for Windows (GraphPad Software, Inc., La Jolla, CA,
USA).

Two-way ANOVA was used to compare samples for simple
effects within rows. Tukey’s multiple comparison tests were
used to identify pairs with significant differences relative to
the negative control in the MN assay or other candidate cyto-
kines in array data.
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Results

Profile of cytokine secretion from HS-5 cells

Out of 80 cytokines on the array, 54 cytokines were se-
creted at baseline (untreated) HS-5 cells (Fig. 1). These 54
cytokines showed positive absorbances on all three repeat
membranes after correction for technical positive and nega-
tive controls, and when the culture medium alone values
were subtracted. FGF-7 was secreted at the lowest levels,
which was still positive on all three membranes; for this
reason, an absorbance value of 0.01 (average absorbance
for FGF-7 was 0.0095) was set as a threshold of ‘presence’
of the cytokine with anything below this to be considered
as not secreted/absent. Fifteen of the 80 cytokines were ex-
cluded from the baseline data due to negative absorbances
in at least one repeat membrane; these included IL-4, IL-
7, TNF-B, EGE, angiogenin, PDGF-BB, BDNE, IGFBP-1,
LIGHT, NT-4, PARC, PIGE, TGF-p2, TGF-3, and HGE.
Caution should be assigned for some of these cytokines,
however, as some of these were positive in two of the three
membranes and had values higher than both the 0.01
threshold, and also the FGF-7 average. These cytokines
included: IL-4, IL-7, TNF-B, EGF, angiogenin, PDGF-BB,
BDNE, IGFBP-1, PARC, and HGF. The remaining 11 cyto-
kines were not secreted in untreated cells (at least two nega-
tive membranes).

The change in cytokine secretion due to drug exposure was
compared with baseline cytokine secretion levels. Changes in
absorbance for secretion levels were not statistically signifi-
cant for any of the cytokines; however, it was acknowledged
that a change from very low to higher levels might be more
biologically relevant; for these reasons, absolute changes in
absorbance (Fig. 2) as well as fold change in secretion (Fig. 3)
were explored.

Out of the 54 baseline-expressed cytokines, 24 cytokines
were up-regulated for both drugs following treatment (Fig.
2A). Similar to the baseline data, the highest cytokine ex-
pressed by HS-5 following treatment was IL-6, with TNFa
and GM-CSF next most highly secreted. FGF-7 again was the
lowest cytokine to be both positive in all three membranes
and also up-regulated by both drugs. IL-8 was the fourth most
highly secreted at baseline but was slightly down-regulated
following exposure to the drugs, alongside nine other cyto-
kines, which also had slightly lower secretion following both

Absorbance at 450nm
T
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drug exposures (Fig. 2B). Two cytokines were increased by
MTX exposure but not by CHL (ENA-78 and GRO-alpha;
Fig. 2C), whereas 18 cytokines were increased by CHL, but
decreased by MTX (Fig. 2C).

On reviewing the fold difference in expression, the order
of placement of cytokines in the graphs from highest to low-
est, differed when absolute secretion data for each cytokine
was compared with its respective fold change. Figure 3A
demonstrates the descending order of fold change for cyto-
kines which were increased following exposure to both
drugs. Although IL-6 was the most highly secreted cytokine,
the fold change was the lowest, with both TNFo and GM-
CSF similarly placed towards the lower end of fold change.
Unsurprisingly, as SCF and SDF-1 had low secretion at base-
line, the fold change was more marked following drug treat-
ment, and these were the highest relative changes overall. For
all of these cytokines, CHL created a higher fold increase than
MTX, reflecting the higher absolute secretion levels post-drug
exposure.

The 10 cytokines with decreased secretion following ex-
posure to both drugs are represented as decreased fold
change in Figure 3B and presented in decreasing order of
change. Nine out of the 10 cytokines showed higher fold re-
duction with CHL than MTX; only FGF-4 was reduced more
by MTX (Fig. 3B). While the order of placement of cytokines
also changed relative to the absolute secretion levels, this was
not as marked as for the cytokines which were upregulated.
The order of placement of cytokines which were upregulated
by one drug and down regulated by the other, showed a re-
arrangement of the placement order, with GRO-alpha and
ENA-78 having higher overall secretion levels, but the lowest
fold change of this group of cytokines (Fig. 3C). While some
of the more highly secreted cytokines had the lowest fold
change (e.g. MIP-3a, TIMP-1), and some of the less highly
secreted had the highest fold change (e.g. IGFBP-2, Leptin,
IL-3), this pattern did not follow for all cytokines. Thus,
a consideration of whether absolute levels or fold change
might be more biologically significant warrants further in-
vestigation.

Out of the 24 upregulated cytokines, the top 10 highest
fold change cytokines with CHL treatment were SCF, SDF-1,
MIE, TGF-f1, G-CSF, IL-5, GRO, IP-10, VEGE, and MCP-
4, whereas the MTX highest were MIF, SCF, GRO, SDF-1,
G-CSE, IP-10, TGF-p1, VEGE, RANTES, and MCP-4. Thus,
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Figure 1. Profile of cytokine secretion by untreated HS-5 cells. Out of 80 cytokines tested, 54 cytokines were secreted in untreated HS-5. Normalization
was performed using positive control signals on each array. Cytokines were measured semi-quantitatively utilizing absorbance values of each cytokine
spot on the membrane and corrected for background cytokines from the culture medium. Data show mean + SD (n = 3).

£20z 1snBny Gz uo 1senb Aq $£966 L L/L0/v/8€/2101ME/0BEINW/ W00 dNo"0lWepEo.)/:SdRY WOl Papeojumoq



Genotoxicity of cytokines in a model of the human bone marrow

A

Absorbance at 450nm

iﬁi arﬁi irﬁi ‘ﬁi ﬁﬁi ﬁﬁ!i ;ﬁa “T"

205

Bl Untreated
[1 Chlorambucil
Bm Mitoxantrone

fo wlE o e ot o fe ma

M.

o S a3 > , S S S > 53 » S > S BN (s} < < > S A
S 5 > o S SR S < KR P : < < 9 S > &
B eSS <>°5‘< FIF SIS TS TS S
4
1 Cytokines
1.2
£
=
o 1.0
-
= 0.8
g
5 0.6
=
=
2 0.4
=
0.2
0.0
B3 > > o > > > S
& ] > S . S N R N
N RS T3 & & 0 & e S
C L6 & o & < « AT
oS o o~ S
E Cytokines
3 1.2+
-
-
<
3 0.8
=
<
=
St
2 0.4
=
- i alld . i
0.0 : ii ‘ii‘ii‘ﬁﬁﬁﬁ iﬁiiﬁaiﬁ;&ﬁaiﬁlaﬁ iﬁ:.a iﬁﬁa’.&ﬁ;
'\*""’ ‘=°<z'\<z&9’\""«9“«"’%’\'“\"’\"%’“\“&&"‘@””'&
¥ : \ad N3 RS N2 AR T & VY K
&7 @\*é VF e ¥ Y Y YEES & S
&
‘0
N

Cytokines

Figure 2. Cytokine secretion at 72 and 48 h from HS-5 cells following 1 h exposure to CHL and MTX, respectively. Cytokine secretion is arranged in
the order of magnitude for CHL. (A) Cytokines which were upregulated by both drugs in comparison to untreated HS-5 cells. (B) Cytokines which were
downregulated by both drugs relative to untreated HS-5 cells. (C) Cytokines which were upregulated by one drug, but down regulated by the other;
ENA-78 and GRO-Alpha were upregulated by MTX, whereas the remaining cytokines were upregulated by CHL. Data show mean + SD (n = 3). CHL,

chlorambucil; MTX, mitoxantrone.

the common cytokines in the top 10 for both drugs were
SCF, SDF-1, MIF, TGF-p1, G-CSE, GRO, IP-10, VEGE, and
MCP-4.

All 11 cytokines that were deemed to be not secreted by
HS-5 cells at baseline were detected following drug expos-
ure. All 11 were more highly upregulated by CHL than MTX
and are presented in descending order of secretion in Figure
4, alongside FGF-7 as a comparator cytokine which was the
lowest cytokine to be detected on all three membranes at
baseline and following drug exposure.

Based on the array data, IL-6, TNFa, GM-CSE G-CSE, and
TGF-B1 were chosen to explore genotoxicity in further detail
and were chosen as representatives of high overall secretion
or high fold increase, involvement in myeloid differentiation,
contribution to cytokine storm iz vivo and known role in car-
cinogenesis.

Evaluation of the functional change to the HS-5
following drug exposure

We performed a literature review of all 80 cytokines on the
array to explore their functionality in order that a general

picture might surface of how the HS-5 cells respond to
chemotherapy. The overall response inferred an upregulation
of pro-inflammatory cytokines, supported by an increase in
chemotactic factors, promotion of angiogenesis, and prolifer-
ation. There appeared to be a balance in control of pro- and
anti-apoptotic factors, with an overall sway towards promot-
ing apoptosis. These observations align with the clinical pic-
ture of a cytokine storm in patients following chemotherapy.
Thus, these data support the use of HS-5 as a model of the
BM microenvironment.

In vitro MN assay

All treatments were assessed for RPD, and all cytokine treat-
ments demonstrated RPD values of 50% or more; thus, all
were scored for MN (Fig. 5). At ‘healthy’ concentrations, only
TNFo showed a dose-dependent decrease in RPD, but re-
mained above the 50% threshold set by the OECD guidelines
for scoring MN. All cytokines except TGF-f1 showed some
degree of cytotoxicity at cytokine storm concentrations but
still remained above the 50% threshold, as might be expected
for natural biological molecules.
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Figure 3. Fold change of cytokine expression in HS-5 cells exposed to CHL and MTX for 1 h relative to untreated cells. Cytokines are arranged in order
of magnitude of fold change for CHL. (A) Cytokines which have positive fold change by exposure to both CHL and MTX. (B) Cytokines which have
negative fold change common to both drugs. (C) Cytokines which were positive for one drug, but negative fold change for the other. Data show mean +

SD (n = 3). CHL, chlorambucil; MTX, mitoxantrone.

Except for the positive control (MMC), there was no stat-
istically significant increase in MN compared to the negative
control (PBS). All MN scoring for the negative control and
MMC was consistent with historical laboratory data (control
=7.875 +1.78; MMC 36.75 = 4.94; mean = SD). As expected,
G-CSF did not increase MN at healthy concentrations. GM-
CSF had a slight increase in MN for healthy treated samples
over the negative control, but the levels were consistent be-
tween doses. Similarly, IL-6 only increased the presence of
MN towards the higher end of the ‘healthy’ range, at concen-
trations >500 pg/ml. However, at concentrations above 1000
pg/ml for TNFa, and at all doses for TGF-$1, MN were non-
significantly induced at levels more than twice the negative
control, which may infer alignment with previous reports of
a role in genotoxicity [49] and carcinogenicity (Fig. 5; [50]).

However, at storm levels, all cytokines were able to in-
duce MN at more than twice the untreated control, with
most treatments resulting in at least 3-fold induction of MN.
TNFa at 3000 and 4000 pg/ml showed a 3-fold increase in
MN over the negative control in TK6. A 3-fold increase in
MN was also apparent at 4000 pg/ml of IL-6. Both 2000 and
3000 pg/ml of GM-CSF induced MN at levels 3-fold above
the negative control, and all concentrations above 2000 pg/ml
of G-CSF were more than 2-fold higher, with 2000 pg/ml at
3-fold higher. Intriguingly, as doses escalated for G-CSE, MN
numbers decreased, despite an overall improvement in RPD
at these doses compared with lower doses. Contrastingly,
TGF-B1 approached a 2-fold increase at 1000 pg/ml but was
more than 3-fold higher than the negative control at all doses
above 2000 pg/ml.
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Figure 4. Detection of cytokines secreted only in response to CHL and MTX drug exposure. Cytokines were identified for being absent in untreated
HS-5 (negative absorbance values on untreated membranes) but then detected following drug exposure. Out of 80 cytokines, 11 cytokines were not
secreted from untreated HS-5 cells however, all were detected following drug exposure. FGF7 as the lowest detected cytokine both in untreated and
drug treated HS-5 cells is presented for comparison of relative secretion levels. Data are presented as mean = SD (n = 3).
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Figure 5. The induction of micronuclei in TK6 cells due to direct treatment of cytokines at healthy and storm plasma concentrations. TK6 cells were
cultured in the presence of each cytokine for 24 h. After a 24-h recovery pe