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Abstract

Objective—Mesenchymal stem cells (MSCs) are capable of modulating the immune system
through interaction with a wide range of immune cells. This study investigates the hypothesis that
interaction of MSCs with macrophages could play a significant role in their anti-inflammatory/
immune modulatory effects.

Materials and Methods—MSCs were derived from bone marrow and monocytes were isolated
from peripheral blood of healthy donors. We cultured human monocytes for seven days without any
added cytokines to generate macrophages, and then co-cultured them for three more days with
culture-expanded MSCs. We used cell surface antigen expression and intracellular cytokine
expression patterns to study the immunophenotype of macrophages at the end of this co-culture
period, and phagocytic assays to investigate their functional activity in vitro.

Results—Macrophages co-cultured with MSCs consistently showed high level expression of
CD206, a marker of alternatively activated macrophages. Furthermore, these macrophages expressed
high levels of IL-10 and low levels of IL-12, as determined by intracellular staining, typical of
alternatively activated macrophages. However, macrophages co-cultured with MSCs also expressed
high levels of IL-6 and low levels of TNF-a, compared to controls. Functionally, macrophages co-
cultured with MSCs showed a higher level of phagocytic activity.

Conclusions—We describe a novel type of human macrophage generated in vitro after co-culture
with MSCs that assume an immunophenotype defined as IL-10 high, IL-12 low, IL-6 high and TNF-
a low secreting cells. These MSC-educated macrophages may be a unique and novel type of
alternatively activated macrophages with potentially significant role in tissue repair.
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Mesenchymal stem cells (MSCs) are fibroblast-like cells originally isolated from bone marrow
(BM) more than 40 years ago [1]. Inside the BM they provide the stromal support tissue for
hematopoietic stem cells, but are also capable of differentiating into mesenchymal lineages
such as bone, fat and cartilage [2,3]. Cells with similar characteristics to BM-MSCs have been
found in most human tissues examined [4-6], as well as other animals [7-9]. In vitro studies
using murine and human MSCs show these cells are capable of interacting with a plethora of
immune cells in their different stages of activation, and modulating their responses through a
variety of mechanisms [10-13]. Such unique immunological properties of MSCs combined
with their other tissue regeneration properties [14,15], have caused great enthusiasm about the
potential of these cells for treatment of a wide variety of disorders [16-18]. Currently, ex vivo
culture-expanded MSCs from bone marrow, or other tissues such as adipose tissues, are being
actively investigated for treatment of a variety of disorders in a multitude of several phase I-
I11 clinical trials [19].

Although the interaction of MSCs with T-lymphocytes, B-lymphocytes, natural killer cells and
dendritic cells have been investigated in detail [20], there is very little known about the
interaction of MSCs with cells of monocytic lineages, specifically macrophages. Due to the
central role of inflammation in many conditions for which MSCs are proposed to be potentially
beneficial, we hypothesize that macrophages are a major type of effector cells through which
MSCs might exert their therapeutic effects. In this study, we investigated the effect of MSCs
on the immunophenotype and functional characteristics of human monocyte-derived
macrophages.

Materials and methods

Cell culture

We used human blood and bone marrow to derive monocytes and MSCs, respectively. All
protocols were approved by the Health Sciences Institutional Review Board of University of
Wisconsin-Madison School of Medicine and Public Health. Monocytes were isolated from
human peripheral blood by using magnetic bead separation methods according to
manufacturers’ protocol. Briefly, peripheral blood mononuclear cells were collected from
blood of healthy donors by density gradient separation using Percoll (GE Healthcare Bio-
sciences, Piscataway, NJ, USA). Red blood cells were lysed by incubating cells in ACK lysis
buffer for 3 minutes and mononuclear cells were washed with phosphate buffered saline (PBS).
To reduce platelet contamination, cell suspensions were centrifuged at 700 rpm for 15 min and
cell pellets were resuspended and incubated with anti-human CD14 microbeads (Miltenyi
Biotech, Auburn, CA, USA) for 15 minutes at 4° C degree. After washing to remove unbound
antibody, cell separation was done using autoMACS Pro Separator (Miltenyi Biotech). Purity
of isolated CD14+ cells was over 95% when checked with flow cytometry. Purified CD14+
monocytes were plated into 6 well cell culture plates at a concentration of 0.5-1 x 10° per well
in IMDM media supplemented with 10% human serum blood type AB (Mediatech, Herndon,
VA, USA), 1X Non-essential amino acids (NEAA-Lonza, Walkersville, MD, USA), 4mM L-
Glutamine (Invitrogen, Carlsbad, CA, USA), 1mM Sodium pyruvate (Mediatech) and 4ug/ml
recombinant human insulin (Invitrogen). Cells were cultured for 7 days, without adding any
cytokines, to generate macrophages with one change of media 3-4 days after initiation of
cultures at 37° C with 5% CO2.

Mesenchymal stem cells were isolated from filters left over after BM harvest from normal
healthy donors to HLA-matched siblings. Briefly, leftover BM cells trapped in filter [21] were
washed with PBS and mononuclear cells were separated using Ficoll-Hypaque 1.073 (GE
Healthcare Bio-sciences) and Leucosep tube (Greiner Bio-one, Monroe, NC, USA) according
to the manufacturer’ protocol. Red blood cells were lysed with 3 minute incubation in ACK
lysis buffer and mononuclear cells were suspended in aMEM supplemented with 10% fetal
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bovine serum (FBS, US origin, uncharacterized - Hyclone, Logan, UT, USA), 1X NEAA, and
4mM L-Glutamine. Cells were cultured in 75 cm? filter cap cell culture flask (Greiner Bio-
one, Monroe, NC). Attached cells (passage 0) were harvested using TrypLE cell dissociation
enzyme (Invitrogen) and then replated into new flasks as described before [22]. Passage 4 cells
were characterized by flow cytometry and used for co-culture studies.

For co-culture experiments, 2 x 10° MSCs were added to each well of monocyte-derived
macrophages at day seven and incubated for an additional three to four days. For transwell co-
culture, 0.4 um pore size transwells (Corning, Lowell, MA, USA) were placed in 6 well plates
containing macrophages plated at the bottom 7 days earlier. Then, 2 x 10 ® MSCs suspended
in macrophage culture media were added on top of each transwell and cultured for an additional
three days.

Flow cytometry

Intracellular

Antibodies used were anti-CD3 Allophycocyanin (APC), anti-CD14 APC, anti-CD31 APC,
anti-CD45 Phycoerythrin (PE), anti-CD90 PerCP-Cy5.5, anti-CD105 APC, anti-CD163 PE,
anti-HLA-ABC Fluorescein isothiocyanate (FITC) (eBioscience, San Diego, CA, USA), anti-
CD1a FITC, anti-CD209 FITC, anti-IL10 PE, anti-IL12 PE (Miltenyi Biotech), anti-CD54
APC, anti-IL6 PE, anti-IL10 PE, unconjugated anti-1L10 (RnD systems, Minneapolis, MN,
USA), anti-CD14 FITC, anti-CD29 PE, anti-CD34 FITC, anti-CD44 PE, anti-CD73 PE, anti-
CD90 APC, anti-CD163 PE, anti-CD206 FITC, anti-CD206 PE, anti-HLA-DR FITC (BD
Pharmingen, San Diego, CA, USA). For surface staining, cells were harvested with cell scraper;
Fc receptors were blocked with Fc Receptor Blocking agent (Miltenyi Biotech) for 15 min at
4° C. Surface antibodies were added and incubated for 30 minutes at 4° C in dark and then
cells were washed and fixed with 1% paraformaldehyde (PFA) in PBS. Cell surface staining
was anlayzed using a FACScalibur (Becton Dickinson, Franklin Lakes, NJ, USA) within 24
hour of staining. FlowJo software version 7.2.5 (Tree Star, Ashland, OR, USA) was used to
analyze the acquired data.

cytokine staining

For detection of cytokine expression inside the macrophages, per respective protocols
[23-25], cells were stimulated with LPS 1ug/mL for 24 hours (for 1L-10); LPS 1pg/mL for 5
hours (for IL-6); IFN-y 2000 1U/mL for 2 hours then 1ug/ml LPS for 24 hours (for IL-12); and
1ug/ml lonomycin with 50nM PMA for 5 hours (for TNF-a). Brefeldin A (Invitrogen) or
Monensin (eBioscience) was added to block secretion of cytokines [26], and staining was
performed using Fix & Perm kit (Invitrogen). Briefly, after blocking of Fc receptor mediated
non-specific binding, cells were stained with antibodies against surface markers for 15 minutes
at room temperature. Cells were then fixed, washed, and permeabilized. Cytokine-specific
antibodies were added and incubated for 20 minutes at room temperature, then washed and
fixed with 1% PFA in PBS for flow cytometry as above.

Phagocytic assay

Macrophages were incubated with Alexa 488-conjugated E. coli (Invitrogen) for 1 hour at 37°
C and 4° C, respectively. After incubation, cells were washed with cold PBS three times to
reduce non-specific attachment of E. Coli and then collected by scraping. Collected cells were
treated with Fc Receptor blocker for 10 minutes and then stained with CD90-PerCP-Cy5.5 and
CD14-APC for 30 minutes at 4° C. After washing, cells were fixed with 1% PFA in PBS and
stored for < 24 hours until analysis.
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Statistical analysis

Student’ t-test was performed to compare results. A p-value of less than 0.05 was considered
statistically significant. Data are presented as mean + SD.

Results

Isolation and characterization of MSCs from human bone marrow

All MSCs derived from normal healthy BM were positive for MSC markers (CD29, CD44,
CD73, CD90, CD105) and negative for hematopoietic markers (CD31, CD34, CD45, CD54)
(data not shown), as previously described [22]. Specifically, MSCs expressed high levels of
surface CD90 and were negative for CD14 cell surface marker, while macrophages expressed
an opposite pattern. MSCs derived from BM could differentiate into bone, fat and cartilage in
vitro, using appropriate growth factors (data not shown).

MSCs increase expression of CD206 on co-cultured macrophages

To test our hypothesis that MSCs induce anti-inflammatory phenotype in macrophages, we
examined cell surface expression of CD206, a well known marker for anti-inflammatory
macrophages [27]. After three to four days of co-culture with MSCs, peripheral blood
monocyte derived macrophages increased expression levels of CD206 significantly, compared
to macrophages cultured alone, as determined by mean fluorescence intensity (MFI) [28]
(Figure-1). Using CD1a and CD209 [29] staining we did not detect presence of any dendritic
cells either at the end of seven days culture of monocyte-derived macrophages or at the end of
co-culture period (data not shown).To test whether secreted factors are responsible for the
upregulation of CD206, we used transwell inserts during co-culture to prevent direct physical
contact between MSCs and macrophages. Transwell results were compared to macrophages
directly co-cultured with MSCs and macrophages cultured alone (Figure-1). Macrophages co-
cultured in direct contact with MSCs showed MFI value of 49.09 £ 3.07, macrophages co-
cultured with MSCs in transwell showed MFI value of 30.02 + 3.11and control macrophage
showed MFI value of 17.96 £1.28. The p-values for all these differences are < 0.05. The
intermediate CD206 expression after co-culture in the transwells suggests direct physical cell
to cell interaction is partly responsible for changes in CD206 expression.

Cytokine secretion of MSC co-cultured macrophages

As MSC-cocultured macrophages expressed anti-inflammatory macrophage marker CD206,
intracellular cytokine staining, utilizing established stimulation protocols [30,31], was done to
further characterize their immunophenotype. The results show MSC co-cultured macrophages
produce more IL-10 (Figure-2) compared to control macrophages. MSC co-cultured
macrophages also express lower levels to no IL-12 (Figures-3A and 3B), higher levels of 1L-6
(Figures-3C and 3D) and lower levels of TNF-a (Figures-3E and 3F). Comparison of fold
changes in the percentage of positive cells, with intracellular staining, for multiple repeats is
summarized in Figure-4. The fold level increase in expression of I1L-10 was 3.44 + 2.21 and
of IL-6 was 1.74 £ 0.76, while 1L-12 and TNF-o expressions were decreased in MSC co-
cultured macrophages (compared to controls) by 0.31 + 0.20 and 0.38 + 0.17, respectively.

MSC co-cultured macrophage shows increased phagocytic activity

To investigate differences in the function of MSC co-cultured macrophages and control
macrophages, we measured phagocytic activity of these cells using Alexa 488 conjugated E.
coli [32]. Macrophage co-cultured with MSCs and control macrophage were gated using CD14
and CD90 (Figures-5A and 5B). Nonspecific attachment of E. coli to macrophages was
negligible as demonstrated by incubation at 4° C (Figure-5C). Assays performed at 37° C to
allow phagocytosis showed higher activity in MSC co-cultured macrophages compared to
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control macrophages (Figure-5D). Fold increase of MSC co-cultured macrophages over control
macrophages in fluorescence intensity was 5.80+1.81 (p value = 0.044). As nonspecific surface
attachments of E. coli are identical between MSC co-cultured macrophage and control
macrophages (Figure-5C), the difference observed after incubating macrophages with Alexa
488 conjugated inactivated E. coli at 37 degree C is due to phagocytosis and not nonspecific
attachment.

Discussion

Macrophages are widely distributed in many different tissues in the human body and are a key
component of innate immunity. These cells differentiate from circulating peripheral blood
monocytes after migration into tissues, either to replace long-lived tissue macrophages or in
response to injurious insults [33]. Macrophages, in addition to their role in initial phases of
tissue defense, play an indispensable role in later phases of tissue homeostasis and repair, such
as removal of cellular debris and clearance of apoptotic cells [34]. Indeed, macrophages can
be polarized by their microenvironment to mount specific functional activities relevant to
different phases of inflammation [35]. Although various categories of classification have been
proposed, macrophages are typically classified in two main groups: classically-activated
macrophages and alternatively-activated macrophages [36]. Classically-activated
macrophages and alternatively-activated macrophages are frequently referred to as M1 and M2
macrophages, respectively. Although an oversimplification, in general M1 macrophages
exhibit potent anti-microbial properties reminiscent of Thl responses, and M2 macrophages
promote Th2 type of responses, secrete less pro-inflammatory cytokines and play a role in
resolution of inflammation through trophic factor synthesis and high phagocytic activities
[37]. Importantly, M2 macrophages now encompass several distinct classes of macrophages,
M2a, M2b, and M2c that are defined by their specific patterns of cytokine production [38]. In
general, these categories of M2 macrophages are characterized by low production of pro-
inflammatory cytokines, such as IL-12, and high production of anti-inflammatory cytokines
such as IL-10; however, M2b macrophages retain high levels of inflammatory cytokine
production, such as TNF-a and IL-6 [39].

In many phase | and Il clinical studies MSCs, autologous or allogeneic, have been shown to
be potentially efficacious for treatment of a wide variety of clinical conditions such as acute
graft versus host disease after allogeneic hematopoietic stem cell transplantation [40,41],
myocardial, infarction [42], amyotrophic lateral sclerosis [43], stroke [44], Crohn’ disease
[45], diabetes mellitus [46] and refractory wounds [47]. What is shared between these
seemingly diverse clinical conditions is the role of inflammation in their pathogenesis [48]. To
investigate the interactions between MSCs and macrophages we used macrophages derived
from peripheral blood monocytes by seven days of culture without added cytokines; these
macrophages are equivalent to steady state peripheral blood monocyte derived-macrophages
[49-51]. Importantly, we did not use cytokines GM-CSF and IL-4, known inducers of dendritic
cell generation from monocytes, and the absence of dendritic cells in our co-culture system
was verified by lack of expression of dendritic cell markers. [52]. The interactions between
MSCs and dendritic cells, generated by adding GM-CSF and IL-4 to monocyte cultures, have
been investigated before [53-55]. Upon addition of MSCs to these macrophages, we observed
an increase in expression of cell surface marker CD206, a marker upregulated in M2
macrophages [27]. Although in many studies the level of cytokines in different types of cells,
including macrophage, is typically measured by ELISA or other assays to define their
immunophenotype [56], to further characterize these cells we used intracellular staining as a
direct measurement of different types of cytokines. This methodology has advantages over
measurement of cytokines in culture supernatants. For example, using ELISA for measurement
of cytokines in co-culture experiments can not define the cellular source of those cytokines, as
many of these cytokines can also being secreted by MSCs. Furthermore, in these co-culture
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experiments we could directly define the cytokine expression of different populations of
macrophages, CD206+ versus CD206—. We used a stimulation step prior to detection of
intracellular expression of each individual cytokine, as without these stimulation steps it is very
difficult to detect cytokines intracellulary [30]. However, as a baseline control, we used the
exact same stimulation steps in macrophages cultured without MSCs and then used the ratio
of expression of each individual cytokine between these two groups to show their differences.
Based on these findings we define MSC-educated macrophages (IL-10 high, IL-12 low, IL-6
high and TNF-a low) as a type of alternatively activated population of macrophages (M2M or
MEM for MSC-educated macrophages) different from other subcategories of macrophages
reported so far.

Our study was focused on the effects of third party human BM-derived MSCs, types of cells
used in the majority of clinical trials, on human peripheral blood monocyte derived
macrophages. Oritz et al. showed MSC-conditioned media inhibits the capacity of RAW-264.7
cells activated by silica or LPS to secrete TNF-a [57], and Nemeth et al. investigated the effect
of mouse BM-derived MSCs in a murine model of septicemia and showed LPS stimulated
macrophages produced more IL-10 when co-cultured with BM-derived MSCs [58]. Similar to
our study, Nemethe et al. showed, by intracellular staining, that the number of IL-10 producing
macrophages isolated from septic mice treated with MSCs was significantly higher (about 1%
versus 0.3%). The differences between human and murine MSCs [59] or macrophages [60] is
very well known. Thus, the correlation of these studies, one using a murine macrophage cell
line [57] and the other using murine MSCs and macrophages [58], with our study using primary
allogeneic human BM-derived MSCs and peripheral blood monocyte-derived macrophages
needs further investigation.

We propose the combination of IL-10 high, IL-12 Low, IL-6 High and TNF-a low cytokine
expression defines a novel type of M2 macrophages potentially useful clinically for tissue
repair. Although in many inflammatory conditions IL-6 is induced along with other pro-
inflammatory cytokines, endogenous IL-6 from tissue macrophages [61], can also play a
significant anti-inflammatory role in both local and systemic inflammatory responses [62].
Furthermore, several animal models have shown the importance of IL-6 for wound repair, such
as impairment of wound healing processes in IL-6 deficient mouse [63] and IL-6 capability to
restore abnormal wound repair in immuosuppressed mice [64]. MSCs made from autologous
BM have shown promising results when used for treatment of refractory non-healing wounds
[47]. However, a major logistical issue with use of BM-derived MSCs is the time, usually
several weeks, needed to culture expand sufficient MSCs for potential application. Our study
suggests collection of mononuclear cells (monocytes) through leukopheresis, followed by co-
culture with a universal source of third party allogeneic MSCs, could provide sufficient
autologous MSC-educated macrophages for repair of wounds in a simple and clinically feasible
fashion. Interestingly, macrophages prepared from a unit of blood without manipulation have
been used for treatment of decubitus ulcers through local injection [65]. The same group have
also reported promising results using locally injected or applied macrophages, collected from
a unit of blood of healthy donors and activated by hypo-osmotic shock, for treatment of
refractory ulcers in more than 1000 patients without any side effects [66]. We propose one of
potential applications of our MSC-educated macrophages cells could be for treatment of
chronic non-healing wounds.
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Figure-1.

Comparison of expression of CD206 cell surface marker on macrophages co-cultured in direct
contact to MSCs (MSC) or within a transwell system (Transwell), and without any MSCs
(Control). Results are shown comparing mean fluorescence intensity of CD206 expression.
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Figure-2.

Gating strategy to separate macrophage from MSC and comparison of expression of IL-10 in
MSC co-cultured macrophage versus control macrophage. A) Gating of MSC co-cultured

macrophages using CD14 APC and CD90 PerCP-Cy5.5; B) Isotype control to show specificity

of IL-10 staining of MSC co-cultured macrophage; C) Expression of IL10 in MSC co-cultured

macrophages; D) Expression of IL-10 in control macrophages.
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Intracellular cytokine staining of MSC co-cultured and control macrophages. A) MSC co-
cultured macrophages stained with anti-IL-12 PE; B) Control macrophage stained with anti-
IL12 PE; C) MSC co-cultured macrophage stained with anti-1L6 PE; D) Control macrophage
stained with anti-1L6 PE; E) MSC co-cultured macrophage stained with anti-TNF-a PE; F)

Control macrophage stained with anti-TNF-o PE.
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Figure-4.
Fold changes of percentages of MSC co-cultured macrophages versus control macrophage
positively stained for the intracellular target cytokine.
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Figure-5.

Phagocytic assay: A) Gating strategy for MSC co-cultured macrophages looking at CD14+
CD90- cells; B) Gating of control macrophages; C) MSC co-cultured macrophage in gray and
control macrophage in white, Incubated at 4° C for 1 hour; D) MSC co-cultured macrophages
in gray and control macrophage in white incubated at 37° C for 1 hour.
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