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Abstract
Bone marrow stromal cells (BMSC) and osteoblasts are critical components of the
microenvironment that support hematopoietic recovery following bone marrow transplantation.
Aggressive chemotherapy not only affects tumor cells, but also influences additional structural and
functional components of the microenvironment. Successful reconstitution of hematopoiesis
following stem cell or bone marrow transplantation after aggressive chemotherapy is dependent
upon components of the microenvironment maintaining their supportive function. This includes
secretion of soluble factors and expression of cellular adhesion molecules that impact on
development of hematopoietic cells. In the current study, we investigated the effects of
chemotherapy treatment on BMSC and human osteoblast (HOB) expression of Interleukin-6
(IL-6) as one regulatory factor.

IL-6 is a pleiotrophic cytokine which has diverse effects on hematopoietic cell development. In the
current study we demonstrate that exposure of BMSC or HOB to melphalan leads to decreases in
IL-6 protein expression. Decreased IL-6 protein is the most pronounced following melphalan
exposure compared to several other chemotherapeutic agents tested. We also observed that
melphalan decreased IL-6 mRNA in both BMSC and HOB. Finally, using a model of BMSC or
HOB co-cultured with myeloma cells exposed to melphalan, we observed that IL-6 protein was
also decreased, consistent with treatment of adherent cells alone. Collectively, these observations
are of dual significance. First, suggesting that chemotherapy induced IL-6 deficits in the bone
marrow occur which may result in defective hematopoietic support of early progenitor cells. In
contrast, the decrease in IL-6 protein may be a beneficial mechanism by which melphalan acts as a
valuable therapeutic agent for treatment of multiple myeloma, where IL-6 present in the bone
marrow acts as a proliferative factor and contributes to disease progression. Taken together, these

© 2012 Elsevier Ltd. All rights reserved.
Corresponding Author: Laura F. Gibson West Virginia University School of Medicine P.O. Box 9300 MBRCC Morgantown, WV
26506 Phone: 304-293-1547 Fax: 304-293-4667 lgibson@hsc.wvu.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Cytokine. Author manuscript; available in PMC 2013 May 1.

Published in final edited form as:
Cytokine. 2012 May ; 58(2): 245–252. doi:10.1016/j.cyto.2012.01.012.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



data emphasize the responsiveness of the microenvironment to diverse stress that is important to
consider in therapeutic settings.
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1. Introduction
The ability of the supportive cells of the bone marrow microenvironment, including bone
marrow stromal cells (BMSC) and osteoblasts that comprise the endosteal niche, to maintain
their functional integrity following chemotherapy or irradiation is vital for efficient
reconstitution of hematopoiesis. The importance of specialized niches within the marrow
environment that support stem cell self-renewal and a supply of mature blood cells has been
described in detail[1–4].

Several groups have documented chemotherapy-induced stromal cell damage[5–7]. In
addition, BMSCs isolated from patients receiving standard chemotherapy regimens had a
reduced capacity to form confluent monolayers[5]. Chemotherapy-induced damage
diminishes the ability of the BMSCs to self-repair, ultimately leading to decreased numbers
of functional mature blood cells[6]. Galotto et al. demonstrated that the patients receiving
allogenic bone marrow transplants have irreversible stromal damage measured using
functional assays that showed CFU-F frequencies did not recover to normal levels even after
12 years post-transplant[7]. These investigations emphasize the vulnerability of the
components of the endosteal niche.

Interleukin-6 (IL-6) is a pleiotropic cytokine that has important roles in expansion of
hematopoietic progenitors, induction of acute-phase proteins for immune and inflammatory
responses, and regulation of bone metabolism[8,9]. IL-6 is secreted from BMSCs and
osteoblasts, and has both proliferative and anti-proliferative effects. In the bone marrow
microenvironment, IL-6 regulates B-cell differentiation and stimulation of T-cells, both
necessary to maintain the immune system[10]. An IL-6 deficiency in the microenvironment
decreases DNA synthesis in normal hematopoietic progenitor cells[11]. Long-term bone
marrow cultures established from IL-6 knockout mice had delayed stromal cell layer
development[11]. Additionally, reduced hematopoietic support activity, measured by CFU-
GM, BFU-E, and cobblestone areas, which are characteristic of active hematopoietic
proliferation was noted in the absence of IL-6 as well [11]. Moreover, IL-6 deficient mice
have impaired immune and acute-phase responses[12]. IL-6 deficient mice challenged with
diverse viruses and pathogens demonstrated acute-phase inflammatory responses were
compromised[12]. Relevant to the current study, Patchen et al. observed that IL-6
administration following radiotherapy accelerated hematopoietic recovery in a murine
model[13]. Based on the association of IL-6 deficits with sub-optimal hematopoietic
recovery, we undertook investigation to determine whether chemotherapy dysregulates IL-6
expression in BMSC and osteoblasts as one factor which might be involved in the
dysregulated hematopoietic support capacity of the bone marrow microenvironment
following dose-escalated chemotherapy that has been described by others[5–7].

In the current model of chemotherapy-induced damage we included the chemotherapeutic
agent melphalan. Melphalan is extensively used in pre-transplant chemotherapy regimens
for autologous and allogeneic stem cell transplantations[14,15]. As such, damage imposed
by it on the microenvironment is of pronounced clinical relevance.
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Our results indicated that BMSCs and osteoblasts express diminished IL-6 protein following
chemotherapy exposure with melphalan. DNA damage accumulation by interruption of
repair did not result in the same magnitude of decrease in IL-6 as that observed following
melphalan exposure, suggesting that there is some specificity to the melphalan induced
change that exceeds general DNA damage effects. In addition, in a co-culture model of
BMSC and HOB with myeloma cells, melphalan exposure sustained its ability to decrease
IL-6 protein, suggesting melphalan’s effect is sustained in a microenvironment that is typical
of tumor and stromal or osteoblast interactions. Collectively, our data suggest that
melphalan treatment induces an IL-6 deficit in BMSCs and osteoblasts of the endosteal
niche, which may contribute to diminished ability of the bone marrow microenvironment to
support reconstitution of hematopoiesis following transplantation. Additionally, melphalan’s
effect is maintained even in the presence of myeloma tumor cells, potentially contributing to
its efficacy in this disease setting. As such, both the negative and positive effects of this
alklyating agent via its influence on the marrow microenvironment are highlighted in the
distinct settings of hematopoietic support as well as a tumor sanctuary site.

2. Materials and Methods
2.1 Cell culture and reagents

Primary human BMSC were derived from consenting donors with the approval of the West
Virginia University Institutional Review Board. These cells are cultured to morphological
homogeneity and are characterized by their constitutive expression of VCAM-1 as well as
GM-CSF, kit-ligand and other hematopoietic factors. In addition, the BMSC support IL-7
dependent pro-B cells. BMSC were maintained in alpha-modification of Eagle’s medium (α-
MEM) supplemented with 2mM L-glutamine, 10% fetal bovine serum (Hyclone, Logan,
UT), 100μg/ml streptomycin, 100 IU/ml penicillin and 5×10−5-M 2-β mercaptoethanol at
37°C in 6% CO2. Primary human osteoblasts (HOB) were obtained from PromoCell
(Heidelberg, Germany) and maintained in osteoblast growth media with osteoblast
supplement as recommended by the manufacturer. HOB are isolated from normal femoral
bone tissue from the hip and knee region. Phenotype of the osteoblasts was confirmed by
alkaline phosphatase staining and bone mineralization assays. The HOB also express
osteocalcin and collagen 1A1 consistent with the typical osteoblast phenotype. In
experiments that include chemotherapy exposure, melphalan (Sigma Aldrich, St. Louis,
MO) was used at a concentration of [50μg/ml]. Melphalan was dissolved in diluent at a
concentration of 50 mg/ml immediately before use. Etoposide (VP-16) (Bristol-Myers
Squibb, New York, NY) was stored at a concentration of 33.98 mM and a final
concentration of 50 μM was used in all experiments. Methotrexate (Sigma; [50μg/ml]),
vincristine (Sigma; [20μg/ml]), docetaxel (Sigma; [50μM]), carboplatin (Sigma; [50μM]) or
mechlorethamine hydrochloride (Sigma; [10μM or 25μM]) were included where indicated.
KU-55933, an ATM kinase inhibitor (Calbiochem, Philadelphia, PA) was used at a
concentration of 10 μM.

2.2 ELISA
BMSC and HOB were cultured in α-MEM complete media or complete osteoblast growth
media until confluent, and subsequently treated with melphalan [50μg/ml] for 24 hours.
Following treatment, the media was replaced, supernatants collected at 2, 4, 6, 8, 24, and 48
hours post-treatment and the confluent layers of BMSC and HOB were lysed in RIPA buffer
to allow quantitation of both supernatant and intracellular IL-6 protein levels. Following
collection of samples at all timepoints, an IL-6 ELISA (eBioscience, San Diego, CA) was
completed. In additional IL-6 ELISAs, BMSC and HOB were treated for 24 hours with
melphalan, VP-16, methotrexate, vincristine, docetaxel, carboplatin or mechlorethamine
hydrochloride at the doses indicated previously. Following exposure, the cells were rinsed,
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media replaced and supernatants collected at 2, 4, 6, 8, 24 or 48 hours post-treatment and an
IL-6 ELISA completed. For ATM kinase inhibition experiments, BMSC or HOB were
treated with KU-55933 [10 μM] or melphalan [50 μg/ml] for 24 hours, rinsed and
supernatants collected and IL-6 ELISA completed as described above. For co-culture
experiments, BMSC and HOB were grown to confluence and H929 myeloma cells (ATCC:
NCI-H929) were added at a density of 1×106 H929 cells per milliliter for 24 hrs prior to
treatment with melphalan [50μg/ml] for 24 hours.

2.3 RNA Isolation and Real Time PCR
Total RNA was isolated using the Qiagen RNeasy kit following the recommendations of the
manufacturer (Qiagen Inc., Valencia, CA). RNA concentration was determined by
NanoDrop. To determine relative levels of IL-6 expression, real-time PCR was completed.
All reactions were performed in triplicate using 50 ng of RNA per reaction and the one-step
QuantiTect SYBR Green RT-PCT kit (Applied Biosystems, Foster city, CA). Specific
primers for IL-6 (Real Time Primers, Elkins Park, PA) or the housekeeping gene beta-
glucuronidase (GusB) (Real Time Primers) were used. Amplifications were completed using
a 7500 real-time cycler (Applied Biosystems). The amplification conditions included 50°C/
30 minutes, 95°C/ 15 minutes and 45 cycles of 94°C/ 15 seconds, 55°C/ 30 seconds, and
72°C/ 45 seconds. The relative changes in gene expression were calculated using the
Comparative Ct method[16].

2.4 Statistical Analysis
Analysis of data was completed using SigmaPlot 11.0 graphing and statistical software using
One-Way ANOVA, student’s t-test and Tukey post hoc test when appropriate. P< 0.05 is
indicated as statistically significant. Data are presented as means +/− standard deviation.
Additional statistical analysis was completed using log transformed data prior to ANOVA.
Post hoc comparisons were made with Tukey’s HSD (Honestly Significantly Different)
procedure. The statistical analysis used for each data set is indicated in the appropriate figure
legend.

3. Results
3.1 Melphalan treatment of BMSCs and HOBs results in diminished IL-6 protein.

To determine if melphalan disrupted IL-6 protein expression, BMSCs and HOBs were
exposed to melphalan and evaluated for IL-6 expression. Melphalan treatment led to
decreased IL-6 protein detected in supernatants and lysates of both BMSCs and HOBs
(Figure 1 A-D). To determine if IL-6 protein detection was decreased due to expression of
the soluble IL-6 receptor (sIL-6R) which might mask antibody recognition, BMSCs and
HOBs were exposed to melphalan and a sIL-6R ELISA completed. No detectable levels of
sIL-6R were detected in BMSCs or HOBs (data not shown). Finally, to evaluate whether
IL-6 protein was being degraded more rapidly in melphalan treated populations of cells,
BMSCs and HOBs were exposed to melphalan alone or in combination with cyclohexamide
[100ug/ml]. Cycloheximide exposure resulted in the expected decrease in IL-6 protein over
24 hours with addition of melphalan not affecting the rate of degradation of IL-6 protein
(data not shown).

3.2 Melphalan exposure, compared to other chemotherapeutic agents tested, resulted in
the most pronounced decrease in IL-6 protein.

Based on the previous data, we investigated if the melphalan-induced decrease in IL-6
protein was specific or if chemotherapeutic agents, in general, had a comparable effect.
While all the different chemotherapeutic agents investigated led to significant changes in
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IL-6 protein compared to untreated BMSC or HOB, melphalan treatment consistently led to
the most pronounced decrease in IL-6 (Figure 2 A and B).

3.3 Melphalan leads to a more pronounced decrease in IL-6 than that observed following
mechlorethamine hydrochloride exposure.

To determine if melphalan’s effects on IL-6 protein expression in BMSC and HOB was drug
class specific, an additional alkylating agent, mechlorethamine hydrochloride (nitrogen
mustard) was evaluated by treating the cells for 24 hours, removing treatment and
completing an IL-6 ELISA as described for melphalan. While both additional alkylating
agents elicited decreased IL-6 protein, BMSC and HOB had differential sensitivity to them.
Exposure of BMSC to mechlorethamine hydrochloride did not lead to significant decreases
in IL-6 protein compared to untreated BMSC. While exposure of HOB to mechlorethamine
hydrochloride led to significant decreases in IL-6 up to 8 hours post-treatment, this decrease
was not as pronounced as that following melphalan exposure (Figure 3 A and B). Overall,
the effect of melphalan was consistent across both BMSC and HOB, suggesting the
melphalan-induced decrease in IL-6 protein may be attributed to an additional mechanism of
action beyond that of its alkylating effect.

3.4 The G>C174 IL-6 polymorphism does not correlate with BMSC response to melphalan.
An IL-6 polymorphism has been well described in autoimmune and inflammatory
diseases[17–20]. To evaluate a potential correlation between of the G>C174 IL-6 SNP in
BMSCs treated with melphalan to drug associated changes in IL-6 expression, primary
BMSCs were first genotyped. Two representative cell lines of each SNP were treated with
melphalan [50ug/ml] and an IL-6 ELISA completed. Regardless of genotype, all cell lines
had decreased detection of IL-6 protein with melphalan treatment (Figure 4).

3.5 Melphalan treatment decreased IL-6 mRNA.
Based on the observation that melphalan decreases IL-6 protein expression, we investigated
changes in IL-6 mRNA. The levels of IL-6 mRNA transcripts increased initially following 4
hours of melphalan exposure, but overall, decreased following longer exposures (Figure 5 A
and B). To evaluate if melphalan altered the stability of IL-6 RNA, BMSCs and HOBs were
treated with melphalan alone or in combination with Actinomycin-D or α-amanitin.
Treatment of cells with Actinomycin-D or α-amanitin in combination with melphalan
treatment did not decrease the stability of IL-6 mRNA (data not shown). Additionally,
BMSC and HOB were left untreated or treated with melphalan [50ug/ml] and cellular
fractionation and western blot completed to determine if there were pronounced changes in
the cellular localization of p65, c-jun or C/EBP-β. These three transcription factors have
been previously described to be required for optimal IL-6 gene expression[8]. Negligible
alterations in localization were noted in the nuclear fraction when melphalan treated cells
were compared to untreated cells (data not shown).

3.6 ATM kinase inhibition is less effective than melphalan in reducing IL-6.
To evaluate an additional mechanism by which melphalan decreases IL-6 protein,
KU-55933, an ATM kinase inhibitor, was used to inhibit the repair of generic DNA damage.
While melphalan significantly decreased IL-6 at every time point in BMSC and HOB,
KU-55933 did not significantly decrease IL-6 protein in BMSC, and only ledto significant
decreases in IL-6 protein for the first 8 hours post-treatment (Figure 6 A and B). These data
suggest that an additional mechanism other than accumulation of DNA damage that you
would expect after either ATM inhibition or melphalan exposure may be responsible for the
melphalan-induced decrease in IL-6 protein in both BMSC and HOB.
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3.7 Melphalan decreases total IL-6 in a co-culture with myeloma cells.
Previous studies have shown that the interaction of myeloma cells with supportive cells bone
marrow microenviroment leads to increased IL-6 secretion from the microenvironment that
enhances scenario, the osteoblast contribution to the effect may be most relevant early in the
disease, prior to a predominance of osteoclast activity in later stages. proliferation of the
myeloma cells and can contribute disease progression [21]. When considering this To
investigate the effects of melphalan in a co-culture setting that might mimic early stages of
the tumor:microenvironment interactions, H929 myeloma cells were co-cultured with
BMSC or HOB and exposed to melphalan. Following melphalan exposure, the cells were
rinsed, fresh media added and supernatants collected at 2, 4, 6 and 8 hours post-treatment.
Melphalan retained its ability to result in an overall decrease in IL-6 protein in this co-
culture model of BMSC or HOB with myeloma cells (Figure 7 A and B).

4. Discussion
In the current study we investigated the effects of chemotherapy on IL-6 expression in
BMSC and HOB as two representative supportive cells of the bone marrow
microenvironment that influence stem and hematopoietic progenitor cell development[3,22–
24] .While the target of dose-escalated chemotherapy or irradiation is a tumor cell
population, it is clear that additional cells are also vulnerable to therapy. Successful stem
cell or bone marrow transplantation following immuno-suppressive or myeloablative
chemotherapy is dependent on the ability of diverse cellular components of the
microenvironment to maintain their functionality, including secretion of soluble factors and
expression of cellular adhesion molecules that are critical for the survival, proliferation, and
differentiation of stem and immature progenitor cells[25–30].

Previously mentioned was the damage that BMSC are vulnerable to during aggressive
treatment. In addition, there has also been diverse literature describing the effects of
osteoblast functional deficiencies on hematopoiesis. Work by Visnjic et al. described deficits
in hematopoiesis in mice where osteoblast deficiency was induced in a transgenic mouse
model with herpes virus thymidine kinase gene under the control of a collagen alpha 1 type I
promoter, allowing for lineage specific expression of the gene in osteoblasts[31]. This
targeting allowed for the specific ablation of osteoblasts by addition of ganciclovir and
subsequent loss of lymphoid, myeloid and erythroid progenitors in the bone and
significantly decreased HSCs. When osteoblasts recovered, a coincident recovery in
hematopoiesis occurred as well in the bone marrow. Chitteti et al. showed that CFU
expansion of colonies of multiple lineages was increased when HSCs were cultured with
osteoblasts[32], suggesting that osteoblasts have critical roles in the regulation of
hematopoiesis, with disrupted function having potential direct impact on hematopoietic
recovery.

In the current study, we have shown that melphalan exposure decreases IL-6 protein
detected in cell supernatants in the absence of intracellular accumulation, suggesting
melphalan induced changes in BMSC or HOB is not causing dysregulated secretion of IL-6
(Figure 1). IL-6 signals through both its membrane receptor as well as a soluble
receptor[33–35]. To confirm that the decrease in IL-6 protein detected was not due to
masking of IL-6 by the sIL-6R, we evaluated if BMSC and HOB expressed the sIL-6R in
vitro. The sIL-6R was not detected in untreated cells or in cells treated with melphalan,
suggesting the sIL-6R is not interfering with our detection of IL-6 protein in cell
supernatants (data not shown). To determine whether the effects of chemotherapy on IL-6
were specific to melphalan or if chemotherapeutic agents with diverse mechanisms of action
resulted in comparable damage, BMSC and HOB were exposed to a variety of agents.
Heterogeneity in the drugs examined is reflected by VP-16 being a topoisomerase II
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inhibitor, methotrexate an anti-metabolite, vincristine a tubulin inhibitor, docetaxel an anti-
microtubule agent, carboplatin a heavy metal DNA alkylating-like agent and an additional
alkylating agent, mechlorethamine hydrochloride, a nitrogen mustard. While all these agents
led to significant changes in IL-6 protein compared to cells that were untreated, melphalan
had the most pronounced and consistent decrease in IL-6 protein in both BMSC and HOB
(Figures 2 and 3).

In addition to our studies to evaluate different classes of drugs, we investigated sensitivity to
melphalan induced changes in IL-6 associated with an IL-6 polymorphism. The 174 G>C
SNP has been well characterized in the setting of autoinflammatory and autoimmune
diseases and it remains somewhat controversial regarding whether or not the genotype is a
prognostic factor[17–20,36]. In general, individuals with a genotype of G/C are thought to
have “normal” levels of IL-6 in their serum and when presented with an immune challenge,
IL-6 levels increase and then return to normal. In contrast, individuals with a G/G genotype
are described as having high levels of serum IL-6 and hyper-respond when presented with
an immune challenge, while individuals with a C/C genotype are described as having very
low levels of IL-6 in their serum and have a minimal inflammatory response when presented
with an immune challenge[20]. It was of interest to us if the genotype of an individual
affected a person’s response to other stresses, including chemotherapy. Our data show that
regardless of genotype, all cell lines had decreased IL-6 protein in response to melphalan
(Figure 4). Additionally, the amount of IL-6 detected in untreated cells did not correlate with
genotype as the BMSC genotyped as C/C had the highest levels of IL-6, compared to
relatively low levels in the context of immune challenges reported by others[17–20].

With changes in IL-6 protein in response to chemotherapy, we next investigated whether the
decreased IL-6 protein was due to changes in mRNA. Melphalan decreased IL-6 mRNA in
both BMSC and HOB (Figure 5), suggesting melphalan may be effecting IL-6 expression at
a transcriptional level. We evaluated if melphalan treatment was decreasing the stability of
mRNA through experiments using actinomycin-D and α-amanitin and determined that
melphalan treatment did not affect the stability of IL-6 mRNA (data not shown). We also
investigated whether three of the transcription factors known to positively regulate IL-6
transcription were affected by melphalan exposure. BMSC and HOB were left untreated or
exposed to melphalan and cellular fractionation and western blot analysis completed
evaluating NF-κB (p65), AP-1 (c-jun) and C/EBP-β (data not shown). It was not evident that
any of these transcription factors were completely excluded from the nuclear fraction, which
would be expected if this was the mechanism of action by which melphalan decreased IL-6
mRNA and protein. However, this does not address binding efficiently to the DNA during
melphalan treatment, which still needs to be investigated to fully evaluate IL-6 promoter
activity. We also evaluated if accumulation of DNA damage would elicit the same decrease
in IL-6 protein as melphalan exposure. KU-55933, an ATM kinase inhibitor was used to
inhibit DNA damage repair, allowing for an accumulation of damage. KU-55933 did not
significantly decrease IL-6 protein in BMSC and was only able to significantly decrease
IL-6 protein in HOB for 8 hours post-treatment, however the effect was still not as
pronounced as the decrease induced by melphalan exposure, suggesting an additional
mechanism other than DNA damage (Figure 6).

We next determined if melphalan effectively reduced microenvironment derived IL-6 in a
co-culture model of myeloma cells with BMSC or HOB. Work by Gupta et al. and many
others has shown that MM cells in contact with BMSC or osteoblasts increase the secretion
of IL-6 from both of these microenvironment cell types [21,37,38]. Importantly, in the
setting of MM, IL-6 is a potent proliferative and survival factor [39] and many attempts
have been made to decrease IL-6 in the bone marrow microenvironment through the use of
proteosome inhibitors and anti-IL-6 neutralizing antibodies as part of the therapeutic
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strategy[40]. For treatment of MM, melphalan is commonly used as first-line therapy but the
connection between melphalan and IL-6 in the current study has not been previously
described. In an effort to evaluate the effects of melphalan in a biologically relevant setting,
co-cultures of BMSC or HOB with H929 were exposed to melphalan (Figure 7). We
observed that even in this co-culture setting, melphalan was able to sustain the effects of
decreased IL-6 protein that were previously observed in cultures of the adherent, supportive
cells only.

5. Conclusions
In conclusion, we have demonstrated that melphalan, more so than other chemotherapeutic
agents tested in the current study, decreases BMSC and HOB IL-6 mRNA and protein with
decreases not due to instability of message or protein. As previously mentioned, murine IL-6
knock-out models have been described as having hematopoietic deficits, suggesting that the
IL-6 family members are not completely redundant and that optimal IL-6 levels are required
to sustain hematopoiesis. Based on its documented role in regulation of hematopoietic
development, it is important to investigate the sensitivity of the bone marrow
microenvironment to stress induced changes in IL-6 production, including those imposed by
aggressive chemotherapy prior to bone marrow or stem cell transplantation. Previously,
administration rIL-6 to patients following bone marrow transplant was attempted to augment
hematopoietic recovery, however, the toxicity associated with rIL-6 precluded its sustained
use in a clinical setting[41]. This study demonstrates how decreased IL-6 in the bone
marrow microenvironment may lead to two different outcomes. In the setting of
hematopoietic recovery, decreased IL-6 may be detrimental while in the setting of MM, the
decrease in IL-6 induced by agents, such as melphalan, may be beneficial in the early stages
of treatment of the disease. Further investigations are needed in both of these contexts to
fully understand the implications of decreased IL-6 in the bone marrow microenvironment
in diverse therapeutic settings.
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*Highlights

• Bone marrow stromal cells and osteoblasts demonstrate reduced IL-6 expression
in response to chemotherapy exposure.

• Melphalan more dramatically induces IL-6 reduction than a variety of other
agents evaluated.

• IL-6 remains effectively reduced by Melphalan even in the setting of myeloma
and ostoeblast or stromal cell co-culture.

• Previously characterized IL-6 polymorphisms do not correlate with stromal cell
response to chemotherapy.
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Figure 1. Treatment of human BMSC and HOB with Melphalan decreases Interleukin-6 protein
BMSC (A,C) and HOB (B,D) cells were seeded into a 96 well plate in triplicate and left
untreated or were treated with melphalan [50 μg/ml] in media for 24 hours. After 24 hours,
the media was replaced and supernatants (A,B) or cell lysates in RIPA buffer (C,D) were
collected at the time points above. An Interleukin-6 ELISA was performed to quantitate
changes in the levels of IL-6 protein secreted following chemotherapy. While IL-6 protein
levels in supernatants were consistently reduced, no accumulation of intracellular IL-6 was
observed to suggest deregulated secretion. One-way ANOVA and Tukey post hoc tests were
used for analysis of data summarized in graphs A and B. One-way ANOVA and Tukey post
hoc and Student’s t-tests were used for data presented in graphs C and D. For data included
in graph C, Student’s t-test was used for the 24 and 48 hour time points and for data shown
in graph D, Student’s t-test was used for the 6, 8, 24 and 48 hour time points, as these points
fell out of the range that could be tested appropriately in the ANOVA (* represents p<0.05).
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Figure 2. Melphalan exposure led to the most pronounced decrease in IL-6 protein compared to
several agents
BMSC (A) and HOB (B) were exposed to the various chemotherapeutic agents indicated for
24 hours. After 24 hours, the cells were rinsed, the media replaced, supernatants collected at
24 and 48 hours post-treatment and an IL-6 ELISA completed. The concentration of drug
used was the highest tolerable dose without a decrease in cell viability (data not shown).
Melphalan exposure led to the most pronounced decrease in IL-6 protein in both BMSC and
HOB. Log transformed ANOVA and Tukey post hoc statistical analysis were completed (*
represents p<0.05).
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Figure 3. Melphalan leads to a more pronounced decrease in IL-6 than that observed following
mechlorethamine hydrochloride exposure
BMSC (A) and HOB (B) were treated with melphalan or mechlorethamine hydrochloride
for 24 hours. After 24 hours, the cells were rinsed, the media replaced, supernatants
collected at 2, 4, 6, 8, 24 and 48 hours post-treatment and an IL-6 ELISA completed.
Melphalan treatment led to the most pronounced decrease in IL-6 protein in both BMSC and
HOB. Log transformed ANOVA and Tukey post hoc statistical analysis were completed (*
represents p<0.05).
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Figure 4. The IL-6 G>C174 SNP does not affect BMSC response to melphalan
BMSC isolated from different patients were genotyped for the presence of the IL-6
polymorphism. Two cell lines from each genotype (P1-P6) were treated with melphalan
[50ug/ml] for 24 hours. Following treatment, cells were rinsed, supernatants collected 24
hours post-treatment and an IL-6 ELISA completed. All BMSC lines had decreased IL-6
protein, regardless of genotype. One-way ANOVA and Tukey post hoc tests were used for
statistical analysis (* represents p<0.001).
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Figure 5. Sustained treatment of BMSC or HOB with melphalan decreases IL-6 mRNA
expression
BMSC (A) or HOB (B) were left untreated or treated with melphalan [50μg/ml] for 4 or 16
hours. Following treatment, RNA was isolated and quantitated and real-time PCR completed
to evaluate changes in IL-6 mRNA expression in chemotherapy treated cells as compared to
their untreated controls treated controls. Melphalan treatment decreases IL-6 mRNA in both
BMSC and HOB after 16 hours of exposure.
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Figure 6. ATM kinase inhibition is less effective than melphalan in reducing IL-6
BMSC (A) and HOB (B) were treated with melphalan [50 μg/ml] or KU-55933 [10 μM] for
24 hours. After 24 hours, the cells were rinsed, the media replaced, supernatants collected at
2, 4, 6, 8, 24 and 48 hours post-treatment and an IL-6 ELISA completed. Melphalan
treatment led to the most pronounced decrease in IL-6 protein in both BMSC and HOB. Log
transformed ANOVA and Tukey post hoc statistical analysis were completed (* represents
p<0.05).
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Figure 7. Melphalan decreases IL-6 protein in a co-culture with myeloma cells
BMSC and H929 (A) and HOB and H929 (B) cells were co-cultured for 24 hours. After 24
hours, co-cultures were left untreated or exposed to melphalan [50ug/ml] for 24 hours.
Following treatment, cells were rinsed, media replaced, supernatants collected at 2, 4, 6 and
8 hours post-treatment and an IL-6 ELISA completed. Melphalan exposure significantly
decreased IL-6 protein expression. Log transformed ANOVA and Tukey post hoc tests were
used for statistical analysis (* represents p<0.05).
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