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Abstract

Background: Mesenchymal stromal cell (MSC)-based therapy has great potential to modulate
chronic inflammation and enhance tissue regeneration. Crosstalk between MSC-lineage cells and
polarized macrophages is critical for bone formation and remodeling in inflammatory bone
diseases. However, the translational application of this interaction is limited by the short-term
viability of MSCs after cell transplantation.

Methods: Three types of genetically modified (GM) MSCs were created: (1) luciferase-
expressing reporter MSCs; (2) MSCs that secrete interleukin (IL)-4 either constitutively; and (3)
MSCs that secrete I1L-4 as a response to nuclear factor kappa-light-chain-enhancer of activated B
cell (NFxB) activation. Cells were injected into the murine distal femoral bone marrow cavity.
MSC viability and bone formation were examined /n vivo. Cytokine secretion was determined in a
femoral explant organ culture model.

Results: The reporter MSCs survived up to 4 weeks post-implantation. No difference in the
number of viable cells was found between high (2.5 x 10%) and low (0.5 x 106) cell-injected
groups. Injection of 2.5 x 10° reporter MSCs increased local bone mineral density at 4 weeks post-
implantation. Injection of 0.5 x 106 constitutive IL-4 or NF xB-sensing 1L-4—secreting MSCs
increased bone mineral density at 2 weeks post-implantation. In the femoral explant organ culture
model, LPS treatment induced IL-4 secretion in the NF xB-sensing IL-4—secreting MSC group and
IL-10 secretion in all the femur samples. No significant differences in tumor necrosis factor
(TNF)a and IL-1 secretion were observed between the MSC-transplanted and control groups in
the explant culture.

Correspondence: Stuart B. Goodman, MD, PhD, Department of Orthopaedic Surgery, Stanford University School of Medicine, 450
Broadway Street, Redwood City, CA 94063, USA. goodbone@stanford.edu.

Disclosure of interests: The authors have no conflicts of interest to declare.

Supplementary materials
Supplementary data to this article can be found online at doi:10.1016/j.jcyt.2018.06.009.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

LIN etal. Page 2

Discussion: Transplanted GM MSCs demonstrated prolonged cell viability when transplanted to
a compatible niche within the bone marrow cavity. GM IL-4—secreting MSCs may have great
potential to enhance bone regeneration in disorders associated with chronic inflammation.
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Introduction

Mesenchymal stromal cells (MSCs) are characterized by their capacity for
immunomodulation and multi-lineage differentiation, and can be isolated from several
sources including bone marrow and adipose tissue. MSC-based therapy has great potential to
modulate chronic inflammation and enhance tissue regeneration, including bone, and has
been applied in more than 400 clinical trials, such as graft-versus-host disease, diabetes and
osteoarthritis [1]. In the bone and joint diseases, MSC transplantation showed improved
bone structure and reduced fracture incidence in the patients with osteogenesis imperfecta
[2,3]. Local administration of MSCs was shown to enhance cartilage quality and decrease
progressive destruction of the joint [4]. Encouraged by the promising results in early-phase
clinical trials, strategies have been developed to further enhance the therapeutic effects of
MSCs, including cell preconditioning [5] and genetic modification [6]. However, the
translational application of MSCs in chronic diseases is limited by the short cell survival
period of only 37 days after implantation [7-9].

Bone marrow is one of the most abundant sources for MSC isolation. Endogenous MSCs are
mainly located in a unique bone marrow niche that includes hematopoietic stem cells,
endothelial cells, macrophages and osteoblasts [10,11]. Although the regulatory mechanisms
of hematopoietic stem cell homeostasis in the quiescent endosteal and the active perivascular
niche have been identified [12], the most crucial environmental factors to maintain MSC
viability /n vivo remain largely unknown.

Bone formation and remodeling are closely associated with crosstalk between MSC-lineage
cells and polarized macrophages [13]. At the beginning of the inflammatory process,
macrophages infiltrate the local area, and are polarized into pro-inflammatory macrophages
(M1) that initiate the clearance of pathogens or debris from damaged tissues. Resolution of
inflammation is then mediated by anti-inflammatory cytokines, such as interleukin (IL)-4,
which polarize macrophages into an anti-inflammatory, pro-neovascularization, pro-tissue-
repairing phenotype (M2). Recent studies suggest that the status of macrophage polarization
determines changes in local bone mineral density [14-16]. To enhance bone regeneration in
the presence of inflammatory bone diseases, we previously generated two types of
genetically modified (GM) IL-4—secreting MSCs. In the first construct, IL-4 was over-
expressed constitutively (Cytomegalovirus (promoter)[CMV]-IL-4); in the second one, IL-4
expression was induced by the activation of the inflammatory transcription factor nuclear
factor kappa-light-chain-enhancer of activated B cell (NFxB) (NFxB-1L-4), allowing
targeted IL-4 delivery that is active only when the cells are placed in an inflammatory
microenvironment. We subsequently demonstrated improved capabilities for

Cytotherapy. Author manuscript; available in PMC 2019 February 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

LIN et al.

Page 3

immunomodulation of macrophage phenotype by these GM IL-4-secreting MSCs in vitro
[6]. However, the application of these novel GM MSCs has not been examined in an /in vivo
model.

We hypothesized that the bone marrow environment could support implanted MSCs and
prolong cell viability and function. In the current study, the viability of MSCs and their
effects on bone formation were examined in a murine model in which luciferase reporter
MSCs were transplanted into the marrow space. The therapeutic potential of GM IL-4—
secreting MSCs [6] was also examined /7 vivo.

Materials and methods

Isolation of murine MSCs

The methods of isolating murine bone marrow—derived MSCs have been described
previously [17]. Stanford’s Administrative Panel on Laboratory Animal Care (APLAC)
approved this isolation protocol (APLAC 17566) and institutional guidelines for the care and
use of laboratory animals were observed in all aspects of this project. In brief, bone marrow
was collected from the femurs and tibias of 8- to 10-week-old Balb/c male mice. For MSC
isolation, the cells were carefully suspended and passed through a 70-4m strainer, spun
down and resuspended in alpha-minimal essential medium (a-MEM) supplied with 10%
MSC certified fetal bovine serum (FBS; Invitrogen) and antibiotic anti-mycotic solution
(100 U penicillin, 100 1g of streptomycin and 0.25 g of Amphotericin B/mL; Hyclone,
Thermo Scientific). Media was replaced the next day to remove the unattached cells
(passage one). The immunophenotype of isolated MSCs (Scal+/CD105+/CD44+/CD45-/
CD34-/CD11b-; Supplementary Figure 1) was characterized using LSR 11 flow cytometer
(BD Bioscience) at passage four.

Generation of IL-4—secreting MSCs

The luciferase reporter and IL-4—secreting lentiviral vector preparations were performed as
previously described using human embryonic kidney 293T cells (ATCC) [18]. In brief, the
luciferase reporter or IL-4—expressing (CMV-IL-4 or NF xB-1L-4) lentivirus vector, psPAX2
packaging vector and pMD2G VSV-G envelope vector were co-transfected into 293T cells
using a calcium phosphate transfection kit (Clontech) with 25 gmol/L chloroquine. The
culture supernatant was collected 48 h and 72 h post-transfection and the cellular debris was
removed by centrifugation. The virus titer was determined by using 293T cells; the titer of
the multiplicity of infection (MOI) on 293T cells was used to calculate the amount of virus
used in MSC infection (40:1). The supernatant was mixed with MSC culture medium at 1:1
ratio and supplemented with 6 pg/mL of polybrene (Sigma Aldrich) and infected to murine
MSCs. The infection efficiency (number of Green fluorescence protein (GFP)+ cells) was
confirmed using LSRII flow cytometer (BD) 4 days post-infection. Flow cytometry analysis
was done on instruments in the Stanford Shared FACS Facility.

Cell implantation

The model described by Takada et a/. in which cells are implanted into the bone marrow [19]
was used in the present study. The cell number and the injection site were modified as
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described below. Balb/c male mice (12 weeks old) were used as the recipients of MSC
implantation. The mice were placed under isoflurane inhalation anesthesia and the left and
right distal femurs were exposed under aseptic conditions via a lateral parapatellar
arthrotomy. A 25-gauge needle was used to drill an axial hole to the middle of the
intercondylar region to gain access to the medullary cavity. The luciferase reporter MSCs
(500,000 or 2,500,000 cells/10 gL phosphate-buffered saline [PBS]; five mice per group)
were injected into bone marrow cavity of the right distal femur using a Hamilton micro-
syringe. The mice were euthanized 4 weeks post-operation. For the IL-4—secreting MSCs,
[1] vehicle control (n = 3), [2] MSC control (n = 3), (3) CMV-IL-4 (n = 4) and [4] NFxB-
IL-4 (n = 4) MSCs were injected (500,000 cells/10 4L PBS) into the distal end of both left
and right femurs. The mice were euthanized 2 weeks post-operation. The study design is
summarized in Figure 1la.

Quantification of implanted MSCs in vivo

The viability of the injected luciferase reporter MSCs was evaluated by the In Vivo Imaging
System (IVIS; Perkin Elmer) immediately after the cell injection and then every 2 days
(Caliper) for 28 days. Luciferase substrate D-luciferin was administered by intraperitoneal
injection (150 mg/kg) 5 mins before imaging. One mouse from each group was euthanized
at day 14 to examine the localization of implanted MSCs in femurs histologically. The data
were analyzed using Living Image Software (Perkin Elmer) and presented as the
bioluminescence (recorded as photon [p]/s/cm?/surface radiance [sr]) in the regions of
interest (ROI) drawn over the injected femurs.

Micro-computed tomography scanning

The mice underwent micro-computed tomography (#CT) scans at day 14 (IL-4—secreting
MSCs) or 28 (luciferase MSCs) post-injection using a Trifoil CT120 scanner with 50 gm
resolution. Two three-dimensional (3D) ROI (ROI = 4 x 4 x 3 mm3) in the femurs were
created at the epiphysis (beginning from distal end) and diaphysis (beginning 6 mm from the
distal end of the femur). Quantification of bone mineral density (BMD; represents bone
mineralization status or bone quality) and bone volume fraction (BVF; the mineralized bone
per unit volume) and generation of 3D-reconstructed images were performed using GEMS
MicroView. BMD was the primary outcome variable based on the cell transplantation model
by Takada et al. [19].

Immunohistochemistry staining

Femurs were fixed in 4% paraformaldehyde overnight and decalcified in 0.5 mol/L
ethylenediaminetetra acetic acid (EDTA,; pH 7.4) for 2 weeks. The specimens were
embedded in optimal cutting temperature compounds and cut into 10-4m transverse sections
using Leica CM3050S Cryostat for subsequent histological staining. Implanted MSCs were
identified by anti-luciferase antibody (Abcam) with the use of Avidin-biotin complex
(\Vector Laboratories) immunohistochemistry. Corresponding rabbit immunoglobulin (1g)G
antibodies were used to control the specificity of the staining.
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Femur organ culture model

Murine femurs implanted with IL-4—secreting MSCs or corresponding controls were
dissected using sterile technique at 14 days post-operation. The femurs were placed in 12-
well tissue culture plates supplemented with 1 mL of MSC growth medium with (left
femurs) or without (right femurs) 1 tg/mL lipopolysaccharide (LPS). The supernatants were
collected 24 h later, and the concentration of IL-4, tumor necrosis factor (TNF)a, IL-10 and
IL-18was measured using the DuoSet Enzyme-Linked ImmunoSorbent Assay (ELISA) kits
(R&D system). The manufacturer’s protocol was followed carefully.

Statistical analysis

Non-paired ¢tests were performed for data with two groups, and a one-way analysis of
variance (ANOVA) with Tukey post hoc test was performed for data with three or more
groups. Two-way ANOVA was performed for data affected by two factors (LPS treatment
and MSC injection). The statistical analysis was conducted using Prism 7 (GraphPad
Software). Data are reported as mean + standard deviations. < 0.05 was chosen as the
threshold of statistical significance.

Results

Prolonged cell viability of the luciferase reporter MSCs implanted into bone marrow

The luciferase signal was detected in both high (2,500,000) and low (500,000) MSC-injected
mice throughout the 28-day experimental period (Figure 1b; five mice per group). The signal
first increased, peaking at day 4, and gradually decreased thereafter (Figure 1c). The ratio in
the signal strength between the high and low cell number groups remained around 5:1 until
day 10, whereas no significant difference was found after day 12. The IVIS images showed
that injected MSCs were distributed throughout the bone marrow cavity at earlier time points
(Figure 1b), whereas at later time points the localization was restricted to the distal end of
femurs (Figure 1b and Figure 2a).

Increased BMD at the distal femurs implanted with higher dose of luciferase reporter MSCs

LCT analysis was performed at 4 weeks post-operation. The BMD at the distal femur was
increased in the high-dose MSC-injected group (387.3 + 5.52 mg/mm3; £=0.014) but not in
the low-dose MSC-injected group (373.0 + 11.01 mg/mm3) compared with the non-injected
sites (368.2 + 9.75 mg/mms3 and 363.2 + 11.46 mg/mm? in high- and low-dose MSC-
injected groups, respectively). No significant difference of BMD between injected and non-
injected sites was observed at the femoral diaphysis (Figure 2b and 2d). There was no
significant difference of BVF between high- or low-dose MSC-injected versus non-injected
sites in the femurs (Figure 2c).

Localization of implanted MSCs in bone marrow environments

The femurs with or without MSC implantation at week 2 (Figure 2a) were processed for
histological analysis. The immunohistochemistry staining showed that the luciferase-positive
MSCs were lining the surface of the endosteum at the distal femur (Figure 3).
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IL-4—secreting MSCs increased BMD at the distal femur

The GM MSCs with constitutive activity or NFxB-sensing IL-4 secretion [6] were injected
into murine femurs, and 4CT analysis was performed at 2 weeks post-operation. The BMD
at the distal femur was significantly increased in CMV-IL-4 MSC- (420.3 + 8.34 mg/mm3;
four mice) and NFxB-I1L-4 MSC- (418.8 + 6.76 mg/mm3; four mice) injected groups (P =
0.005 and 0.013, respectively) compared with the unmodified MSC (407.7 + 4.34 mg/mms3;
three mice) or no MSC injected (404.9 + 9.90 mg/mm3; three mice) control groups (Figure
4a and 4c). No significant difference in BVF among the groups was observed at the distal
femurs (Figure 4b).

Secretion of IL-4 was detected in femurs injected with CMV-IL-4 and NFxB-IL-4 MSCs in the
organ culture model

The MSC-injected femurs were dissected after 4CT scanning and placed in culture medium
for 24 h as illustrated in Figure 5a. IL-4 production was higher in the femurs injected with
CMV-IL-4 and NF «xB-1L-4 MSCs compared with the controls (column factor < 0.05).
Exposure to LPS showed a trend for increased IL-4 production in the NF xB-1L-4 group (P=
0.094). LPS exposure also significantly increased I1L-10, TNFa and IL-1 secretion (row
factor £< 0.005) in all four groups, but no differences were observed between the MSC-
injected groups and controls (Figure 5b).

Discussion

Our findings indicate that transplanted exogenous luciferase reporter MSCs could survive up
to 4 weeks, and the GM IL-4—secreting MSCs could survive for at least 2 weeks, when
injected into the bone marrow cavity. Injection of a higher number of MSCs increased BMD
at the injection site, and IL-4-secreting MSCs accelerated the process even when lower cell
numbers were injected.

The amount of viable MSCs was quickly reduced to comparable amounts at later time
points, irrespective of the initial number of implanted cells; the numbers reduced more
slowly after day 18 (Figure 1c). These results suggest that the bone marrow environment
could accommodate only a limited number of transplanted MSCs. It is likely that the excess
amount of implanted MSCs were not able to survive due to limited space and nutrients, and
a lack of necessary survival signals from paracrine factors and direct cell to cell contact. In
the current study;, it was not possible to study the localization of endogenous versus
exogenous implanted MSCs in detail. Therefore, it is unclear whether implanted MSCs will
compete with the endogenous cells for the limited space and resources for survival. This
question could be clarified in future studies by using the MSC cell-tracking reporter murine
models using nestin [10] or leptin receptor [20] promoters.

The majority of the MSCs that demonstrated long-term viability was located in the distal
femur, rather than in the diaphyseal region (Figure 2a). This phenomenon could be explained
by the unique osteoblast/endothelial cell niche within the trabecular bone region and the
particular environmental conditions in this region. Several paracrine regulators have been
reported to enhance MSC proliferation and survival in experimental models [21]. The
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potential paracrine regulation from osteoblast/endothelial cells on MSC viability remains to
be clarified. Local oxygen level could also contribute to the determination of implanted
MSC viability. Direct measurement of absolute local oxygen concentration showed that bone
marrow has a hypoxic environment (range, 1.3-4.2%), despite the high vascular density
[22]. The lowest oxygen concentration (1.3%) was found in the deeper peri-sinusoidal
regions. Previous studies showed that cell proliferation and biological functions of ex vivo-
expanded MSCs were improved under a hypoxic environment [23], and hypoxic
preconditioning of MSCs enhanced the cell survival and angiogenesis in a heart ischemic rat
model [24]. These findings indicate that a hypoxic environment is favorable for MSCs /in
vitro. Further investigation is required to clarify the optimal oxygen level for MSC survival
in vivo.

Increased BMD was only observed in the high-dose MSC-injected femurs, suggesting that

initial MSC number is crucial for long-term facilitation of the bone mineralization process.

The mechanism of MSC-mediated tissue generation by direct cell differentiation or indirect
paracrine regulation is still debated [25]. In our model, it is likely that the implanted MSCs
enhanced bone mineralization through paracrine factors because the viable cell numbers at

the study endpoints were similar.

IL-4 secretion can modulate the bone-remodeling process by different mechanisms. The
sequential polarization of macrophages with IL-4 enhanced osteogenesis via crosstalk with
MC3T3 osteoprogenitors [14] or murine MSCs (unpublished data) using /n vitro co-culture
models. A mechanistic study suggested that paracrine factors including CCL2, CCL5 and
insulin growth factor 1 (IGF1) participate in the induction of MC3T3 cell differentiation
[26]. Notably, the reduced osteogenesis /n vitro using IL-4—secreting MSCs does not reflect
the observation in the current /7 vivo model, indicating that the initial suppressive effect of
IL-4 on osteogenesis could be a result of the /n vitro culture conditions [6]. IL-4 can also
modulate osteoclast activity through direct inhibition of osteoclast precursors [27,28] or
indirect regulation on the osteoclast-activating signals mediated by immune cells [29].
Although the amounts of IL-4 at the injected femurs were not quantified /n vivo, it is
expected that IL-4 secretion by implanted NF xB-1L-4 MSCs was induced by transient
inflammation caused by the trauma of the cell injection procedure, and diminished to basal
levels a few days later [6]. The transient induction of IL-4 secretion was sufficient to
enhance bone mineralization after implantation /n vivo (Figure 4), suggesting that the “on-
demand”, inflammation-provoked NF xB-sensing IL-4—secreting MSCs may have great
potential to mitigate inflammation-associated bone loss with minimal adverse effects /in vivo
(30-34).

The constitutive secretion and “on-demand” secretion of IL-4 by the implanted MSCs were
demonstrated in the femur explant organ culture model. However, the protective effects on
the modulation of proinflammatory cytokines were not observed (Figure 5b) due to the
significant induction of IL-10 by LPS. MSC-mediated 1L-10 induction in macrophages is a
crucial protective mechanism against sepsis-associated death [35]. No significant difference
in TNFa and IL-18 levels was observed between the MSC injected femurs versus controls,
suggesting that endogenous cells were sufficient to mediate the protective mechanism.
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There are other limitations in this study. The cell viability of IL-4—secreting MSCs was not
quantified due to their lacking the luciferase reporter expression. The potential effects of
IL-4 on MSC viability /n vivo were not addressed. In addition, the inflammatory response
could be limited in the current model to induce a higher amount of I1L-4 secretion in the
NFxB-IL-4 MSC in vivo. The therapeutic effects of the IL-4—secreting MSCs will be further
examined using inflammatory bone disease models.

In conclusion, injection of transplanted bone marrow MSCs into bone marrow cavity have
extended cell survival and increased bone mineralization. Identification of critical factors
supporting MSC cell survival /n vivo could help to advance the design of bio-scaffolds for
MSC-based cell therapy and tissue engineering.
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Figurel.
Quantification of injected MSC viability using the IVIS system. The luciferase reporter

MSCs (500,000 or 2,500,000 cells/10 (L PBS; five mice per group) were injected into bone
marrow at femurs. Cell viability was evaluated using VIS every 2 days for 28 days. (a)
Summary of experiment design. (b) The IVIS images at day 0, 14 and 28. (c) Quantification
results of MSC viability during 4 weeks of experiments (p/s/cm?/sr). p=photon, sr=surface
radiance.
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Figure 2.
Evaluation of the effects of injected MSCs on bone homeostasis using 4CT. (a) Localization

of injected luciferase reporter MSCs (500,000 or 2,500,000 cells per injection) examined
using VIS at day 14. (b and c) Quantification results of BMD (b) and BVF (c) in the femurs
at the epiphysis (distal end) and diaphysis (700 HU) at day 28. (c) 3D reconstructed images
at the distal end of femurs at day 28 (ROl = 2 x 4 x 3 mm3/1000 HU). *P< 0.05. HU=
Hounsfield Unit (scale).
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Figure 3.
Examination of the localization of injected MSCs in the bone marrow environment. The

epiphyseal bone sections (40X) from the injected (left and right) or non-injected (middle)
were stained with anti-luciferase antibody. Luciferase-positive cells indicated with yellow
arrows.
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Figure4.
Evaluation of the effects of injected IL-4—secreting MSCs on bone homeostasis by 4CT.

BMD (a) and BVF (b) at the femurs injected with vehicle control, MSC control, CMV-IL-4
MSCs and NF xB-IL-4 MSCs (500,000 cells) were analyzed (700 HU) 14 days post-
operation. (c) 3D reconstructed images at the distal end of femurs at day 14 (ROl =2 x4 x 3
mm?3/1000 HU). *P < 0.05.
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Figureb.

Secretion of IL-4 by implanted MSCs in the ex vivo femur culture model. (a) Illustration of
the ex vivo femur culture model. (b) I1L-4, IL-10, TNFa and IL-14 secretions in the femur
culture system for 24 h were analyzed using ELISA.
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