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“Take home message”: Mesenchymal stem cells enhance bacterial killing 

via production of phagosomal reactive oxygen species in macrophages  

 

 

 

 

 

 

 



 

ABSTRACT 

Human Mesenchymal Stem/Stromal Cells (MSCs) have been reported to 

produce an M2-like, alternatively activated phenotype in macrophages. In 

addition, MSCs mediate effective bacterial clearance in pre-clinical sepsis 

models. Thus, MSCs have a paradoxical anti-microbial and anti-inflammatory 

response that is not understood. Here we studied the phenotypic and 

functional response of monocyte-derived human macrophages to MSC 

exposure in vitro. 

MSCs induced two distinct, co-existent phenotypes: M2-like macrophages 

(generally elongated morphology, CD163 positive, acute phagosomal 

acidification, low NADPH oxidase expression and low phagosomal superoxide 

production) and M1-like macrophages, characterized by high levels of 

phagosomal superoxide production. Enhanced phagosomal ROS production 

was also observed in alveolar macrophages from a rodent model of 

pneumonia-induced sepsis. The production of M1-like macrophages was 

dependent on PGE2 and PI3 kinase. MSCs enhanced human macrophage 

phagocytosis of unopsonized bacteria and enhanced bacterial killing 

compared to untreated macrophages. Bacterial killing was significantly 

reduced by blockade of NOX2 using diphenyleneiodonium, suggesting that 

M1-like cells are primarily responsible for this effect. MSCs also enhanced 

phagocytosis and polarization of M1-like macrophages derived from patients 

with severe sepsis.  

The enhanced anti-microbial capacity (M1-like), and inflammation resolving 

phenotype (M2-like), may account for the paradoxical effect of these cells in 

sepsis in vivo. 

 

 

 

 

 

 

 

 



 

INTRODUCTION 

Sepsis is the biggest cause of mortality in critically ill patients [1], and may 

contribute to one-half of all hospital deaths [2]. Improved treatment of sepsis 

could offer meaningful improvements in population mortality.  

 

Mesenchymal stem/stromal cells (MSCs) are stromal cells that form a 

supportive, perivascular niche for hematopoietic stem cells (HSCs) in bone 

marrow and coordinate the trafficking of HSCs and monocytes [3, 4]. Although 

initially identified in bone marrow [5], MSCs are also present as perivascular 

cells in other tissues, including muscle, umbilical cord and adipose tissue [6],  

and are easily isolated and expanded in culture. MSCs have demonstrated 

promise in pre-clinical models [7-9] such that they are being tested in early 

phase clinical trials in critically ill patients with sepsis (NCT02421484) [10].  

 

A key interaction for the therapeutic benefit of MSCs is that of MSCs and 

monocytes/macrophages. MSCs have been shown to alter the behavior of 

mononuclear phagocytes to induce an anti-inflammatory (M2) or tolerant 

phenotype [11]. MSCs facilitate monocyte to macrophage transition, attenuate 

activated M1 macrophages and enhance M2 activation [12]. This MSC-

mediated modulation of monocyte/macrophage immune responses is believed 

to play a critical role in their therapeutic effects [13]. M2 macrophages 

suppress inflammation and facilitate wound repair, but have limited cellular 

machinery capable of effective microbicidal responses, including the powerful 

oxidative system composed of the NADPH oxidase [14]. In fact, IL-10 

secreting M2 macrophages are particularly adept at suppressing antimicrobial 

immunity and can enhance the survival and spread of some microorganisms 

[15, 16]. However, this anti-inflammatory phenotype is inconsistent with 

several studies, which have demonstrated MSCs to be effective in improving 

bacterial clearance and survival in animal models of sepsis, an effect that 

appears dependent in part on macrophages [13, 17-19].  

Thus, it remains unclear how MSCs can enhance both bacterial clearance 

and induce an anti-inflammatory macrophage phenotype. 

 



 

To better define the effect of MSCs on macrophages, we studied human 

macrophage phenotype and function in response to human bone marrow-

derived MSC exposure. Specifically, we wished to define how exposure to 

MSCs alter macrophage polarization and key functions such as superoxide 

production and phagocytosis. Finally, we also aimed at identifying some of 

the mediators and signaling pathways through which MSCs alter macrophage 

functions.  

 

MATERIALS AND METHODS 

All work was approved by the Human Ethics Committee and the Animal Care 

and Use Committee of the Keenan Research Centre for Biomedical Science 

of St Michael’s Hospital, Toronto and conducted under license from Health 

Canada. Detailed methods are described in the Online Data Supplement.  

 

MSC, fibroblasts and monocyte/macrophage isolation and culture 

Human bone marrow MSCs were obtained from the Center for the 

Preparation and Distribution of Adult Stem Cells 

(medicine.tamhsc.edu/irm/msc-distribution.html) at Texas A&M Health 

Science Center College of Medicine Institute for Regenerative Medicine 

(Temple, USA). Human umbilical cord MSCs were provided by Tissue 

Regeneration Therapeutics (TRT) Inc., Toronto, Canada. The cells fulfilled 

international criteria. Human normal dermal fibroblasts were purchased from 

Lonza, Canada. Human peripheral blood mononuclear cells (PBMCs) were 

isolated from the blood of healthy adult donors or patients with sepsis using 

dextran/Ficoll or Lympholyte H cell separation media (Cedarlane 

Cat#CL5015). Detailed protocols are provided in the Online Data 

Supplement. Briefly, following isolation human blood-derived monocytes were 

cultured for 8 days with media containing serum (defined as M0 

macrophages) or after 5 days the cells were cultured with bone barrow-

derived MSCs in transwell (TW) or co-culture for 3 days as indicated in the 

figure legends. For production of defined M1 or M2 macrophages, monocytes 

were treated with M-CSF(25 ng/ml) for 6 days then IL-4 (10 ng/ml) for 2 days 

(M2), or GM-CSF (25 ng/ml) for 6 days then IFNg (10 ng/ml) and LPS (500 

ng/ml)  for 2 days (M1), as reported previously [14]. 



 

 

Serum-opsonized zymosan and nitroblue tetrazolium (NBT) assay  

Dried Zymosan A (S. cerevisiae) Bioparticles (Life Technologies) were 

labeled with fluorophores (Alexa-555 or FITC) as reported previously [14]. 

NBT assays were performed as described previously [14]. Briefly, Alexa-555-

conjugated SOZ and nitroblue tetrazolium (NBT, Sigma Cat#N5514-25TAB) 

were added to cells at the concentrations indicated in the figure legends for 

30 minutes, washed and then fixed in 4% paraformaldehyde in PBS for 15 

minutes. Cells were visualized by differential interference contrast 

microscopy. Dark formazan deposits were indicative of phagosomal 

superoxide production. In some experiments after the NBT assay the cells 

were fixed in ice-cold methanol for 2 min at -20  C and processed for 

immunofluorescence microscopy. 

 

Bacterial phagocytosis, phagosomal pH measurements and killing 

assay 

Cultures of Red Fluorescent Protein (RFP)-expressing E. coli (DH5a) or RFP 

expressing Burkholderia cenocepacia were added to macrophage cells at the 

concentration indicated in the figure legends, washed and fixed in 4% 

PFA/BSA for 15 minutes. Bacterial phagocytosis was monitored by spinning 

disk confocal microscopy. Phagosomal pH was measured using ratio imaging 

as described previously [14]. For bacterial killing, the gentamicin exclusion 

assay was used, as described in the Online Data Supplement. 

 

Rodent E. coli induced Injury  

Specific-pathogen-free adult male Sprague Dawley rats (Charles River 

Laboratories, Quebec, Canada) weighing between 350–450g were used in all 

experiments. Animals were anesthetized and intubated with a size 14G 

intravenous catheter (BD Insyte®, Becton Dickinson Ltd, Oxford, UK). 2 x 109 

CFU of E. coli in a 300 l PBS suspension was instilled into the trachea using 

a 1 ml syringe, and the animals allowed to recover and treated with 10 x 106 

MSCs/kg or PBS [20]. After 48 hours animals were killed by exsanguination 

under anesthesia. The heart-lung block was dissected from the thorax, 



 

bronchoalveolar lavage (BAL) was performed, and alveolar macrophages 

were isolated using Lympholyte R cell separation media (Cedarlane 

Cat#CL5041). 

 

Statistical Analysis 

All values reported are mean ±SD or ±SE as stated in the figure legends. An 

unpaired t-test assuming equal variance was used for two condition 

comparisons. ANOVA followed by Tukey’s post-hoc test was used for multiple 

condition comparison. p<0.05 was considered significant. 

 

 

RESULTS 

MSCs promote production of phagosomal ROS in macrophages in vitro 

and in vivo 

MSCs have been reported to enhance bacterial clearance in several animal 

models of infection in vivo, although the precise mechanism remains unclear 

[13, 17-19, 21]. Mitochondrial transfer [21, 22], production of antimicrobial 

peptides LL-37 [23], and lipocalin 2 [24] have been shown to be involved in 

bacterial clearance by MSCs. Moreover, M1 macrophages in particular are 

thought to have potent anti-microbial capacity in part due to high levels and 

activity of the phagosomal NADPH oxidase that facilitates bacterial killing [14].  

To examine the effect of MSCs on macrophage phagosomal oxidase activity 

human bone marrow-derived MSCs were co-cultured with human monocyte-

derived macrophages and phagosomal superoxide was monitored by 

exposing macrophages to serum opsonized zymozan (SOZ) in the presence 

of nitroblue tetrazolium (NBT). The product of NBT reacting with superoxide is 

formazan, a dark deposit easily visualized by light microscopy [14].  

 

Remarkably, as shown in Fig. 1A,B, under conditions where limited or no 

phagosomal superoxide was detected in control M0 cells (white arrows), 

many formazan positive cells were apparent in M0 cells that were exposed to 

MSCs (Fig. 1A, yellow arrows). This M1-like phenotype was observed in both 

transwell and co-culture conditions. M0 cells exposed to fibroblasts rather 

than MSCs demonstrated no change in production of superoxide 



 

(Supplemental Fig. 1). Formazan production was dependent on NADPH 

oxidase activity since no cells with phagosomal formazan deposits were 

observed in M0+MSC cells treated with the NADPH oxidase inhibitor 

diphenyleneiodonium (DPI) (Fig. 1A), which did not affect the ability of the 

cells to phagocytose SOZ. Overall, under the conditions of the experiment, 

there was an ~3-fold increase in formazan positive macrophages exposed to 

MSCs in transwell compared to M0 control (Fig. 1B).  Additionally, we 

observed that at high NBT concentrations, where now most of the round cells 

produced phagosomal formazan (Fig. 1C, yellow arrows), a subset of mostly 

elongated macrophages in the M0+MSC condition were completely devoid of 

phagosomal formazan (Fig. 1C, inset, white arrows). This is indicative of very 

limited phagosomal superoxide production, which is a feature of M2 

macrophages [14] (Fig. 1C, right panel). To verify that macrophage 

phagosomal oxidase activity is indeed enhanced by MSC exposure we 

performed a luminol assay in live macrophages (Fig 2A and B). Analysis of 

multiple experiments revealed a significant increase in phagosomal ROS 

production at early time points in macrophage cells exposed to MSCs (Fig. 

2B). 

 

In order to determine whether enhanced phagosomal superoxide production 

in response to MSCs occurs in vivo, we isolated macrophages from a rodent 

model of E. coli pneumonia induced sepsis. Alveolar macrophages were 

isolated after treatment of rats with MSCs or PBS and an NBT assay was 

performed after isolation and culture. The number of formazan positive cells 

(indicative of high phagosomal superoxide production) was significantly 

increased in the MSC-treated condition (Fig. 3). 

 

MSC-induced phagosomal ROS production in macrophages is 

dependent on activation of NADPH-oxidase 2 

Given that phagosomal superoxide production is dependent on the NADPH 

oxidase enzyme, we examined the expression and localization of gp91 

(NOX2), the membrane bound catalytic subunit, which has been shown to be 

expressed at higher levels in M1 compared to M2 macrophages [14]. gp91 

expression was readily detected in both control M0 cells, as well as in 



 

macrophage cells in the M0+MSC condition (Supplemental Fig. 2) (white 

arrows). In contrast, elongated M2-like cells observed only in the M0+MSC 

condition had low gp91 expression (Supplemental Fig. 2 yellow arrows). 

gp91 staining in macrophage cells following SOZ phagocytosis in the NBT 

assay revealed that expression is highest in cells that produce phagosomal 

superoxide as detected by formazan production (Supplemental Fig. 2, white 

arrowheads), while M2-like cells had lower levels of gp91. However, total 

gp91 levels in round macrophage cells in the M0+MSC condition were not 

significantly different from control M0 cells (Supplemental Fig. 2D and E).  

 

Thus, enhanced phagocytosis-induced NADPH oxidase activation, rather than 

increased levels of the catalytic NOX2 (gp91) subunit, is the more likely 

mechanism for MSC-induced ROS production in macrophages. Phagocytosis-

induced activation of the oxidase is a complex and highly regulated process 

that involves assembly of a functional multisubunit enzyme complex at the 

newly forming phagosome by recruitment of several cytosolic subunits to the 

membrane-bound components gp91phox and p22phox [25, 26]. We examined 

the localization of one of the cytosolic subunits, p47phox. An NBT assay was 

performed in M0 cells or M0 exposed to MSCs, followed by immunostaining 

for p47phox. As shown in Fig. 4 most M0 cells that phagocytosed SOZ did not 

produce formazan under the assay conditions used, while most of the p47phox 

was cytosolic or sequestered in a perinuclear location. In M0 cells exposed to 

MSCs, phagosomal ROS production was evident as revealed by dark 

phagosomal formazan deposits (Fig. 4, right panels yellow arrows). In these 

cells many of the zymozan particles were surrounded by bright p47phox 

immunostaining (Fig. 4, left panels yellow arrows). Thus, cells with enhanced 

ability to produce phagosomal superoxide, which are more prevalent in the 

M0+MSC condition, have overall increased levels of active oxidase. 

 

MSC-induced phagosomal ROS production is dependent on PGE2 and 

PI3 kinase 

Next, we wished to gain insight into the mechanisms whereby MSC augment 

oxidase activity. In response to phagocytosis, the cytosolic subunits p47phox 

and p40phox are recruited to the phagosome by binding to PI (3,4) P2 and PI 



 

(3)P respectively, which are generated by distinct PI3 kinases [25-27]. Thus, 

we hypothesized that PI3 kinase activity might be increased in some M0 cells 

exposed to MSCs and that this may in part contribute to the enhanced ability 

to recruit the cytosolic oxidase subunits, resulting in enhanced ability to 

activate the oxidase in response to a phagocytic stimulus. Analysis of 

phospho-Akt, a down-stream target of the PI3 kinase pathway, showed an 

increase in M0 cells exposed to MSCs compared to M0 alone (Fig. 5A). 

Furthermore, inhibition of PI3 kinase activity with wortmannin prevented the 

increase in cells with enhanced phagosomal superoxide production (Fig. 5B) 

without affecting SOZ phagocytosis (Fig. 5C), indicating that PI3 kinase 

activity is required for this effect. Similar results were obtained with the PI3 

kinase inhibitor LY294002 (results not shown).  

 

PI 3 kinase can be activated by a number of factors including PGE2, which is 

known to be produced by MSCs [13]. Indeed, PGE2 alone enhances 

phospho-Akt levels in human M0 macrophages (Fig. 5D) and PGE2 levels are 

markedly enhanced when MSCs are co-cultured with macrophages (Fig. 5E). 

To test whether PGE2 is required for the increase in the number of cells with 

enhanced phagosomal ROS, we inhibited PGE2 production with CAY10526, 

which prevented the increase in ROS positive macrophages in response to 

MSC exposure (Fig. 5F). Thus, MSC production of PGE2 could lead to 

enhanced PI3 kinase activation in a subset of macrophages and allow for 

enhanced (NOX2) NADPH oxidase assembly in response to phagocytosis 

resulting in enhanced phagosomal ROS production. 

 

MSCs promote some features of M2-like macrophages  

Previous studies have identified that MSCs polarize a population of 

macrophages resembling an M2-like phenotype [28]. Our results support and 

extend these findings. Analysis of cell morphology revealed that some 

macrophage cells cultured with MSCs in transwell had an elongated 

appearance that is typical of many M2 cells (Fig. 6A). Quantification revealed 

that MSCs caused ~20% of the population to adopt this morphology (Fig. 6B). 

An important functional characteristic of M2 cells is that, in contrast to M1 

cells, they rapidly acidify newly formed phagosomes [14]. To determine if the 



 

MSC-induced M2-“like”-cells behaved like bona-fide M2 cells, we monitored 

phagosomal pH by ratio imaging in macrophage cells exposed to FITC-

labelled serum opsonized zymozan (SOZ). Elongated macrophage cells 

produced in response to MSC exposure rapidly acidified newly formed 

phagosomes as observed by the drop in the 490nm/444nm excitation 

wavelength ratio (Fig. 6C), similar to M2 cells [14].  

 

M2 macrophages are also distinguished by the expression of certain cell 

surface proteins [29, 30], such as CD163 in human cells [30, 31]. We 

monitored localization and levels of CD163 by immunofluorescence 

microscopy using a specific antibody [32].  The number of cells with CD163 

immunostaining (both round and elongated) was higher in M0 cells exposed 

to MSCs compared to control M0 cells (Fig. 6D). Quantification of total 

fluorescence (Fig. 6E) and surface levels by flow cytometry (Fig. 6F) showed 

that MSC-treated macrophages express CD163 at levels higher than M0 cells 

or defined M2 cells. 

 

Given that phagosomal ROS production is a feature of M1 macrophages, we 

determined whether M0 cells exposed to MSCs, particularly those with 

enhanced ROS production, had enhanced levels of M1-specific proteins such 

as CD40 [29]. Immunofluorescence microscopy confirmed CD40 surface 

staining in M1 macrophages that produce phagosomal superoxide as 

detected by the NBT assay (Supplemental Fig. 3). However, macrophages 

exposed to MSCs had little or no CD40 staining (Supplemental Fig. 3). Thus, 

although M1-like cells have some features of M1 cells, such as high 

phagosomal superoxide production, they lack markers of bona-fide 

inflammatory M1 cells.  

 

MSCs enhance bacterial phagocytosis and killing in healthy human 

macrophages and in macrophages from patients with sepsis 

Given that the NADPH oxidase has an essential role in microbicidal capacity 

[26] and we observe an increase in cells with enhanced oxidase activity, we 

hypothesized that MSCs may promote bacterial killing via this mechanism. 

Phagocytosis of unopsonized Escherichia coli (Fig. 7A-C) and Burkholderia 



 

cenocepacia (Supplemental Fig. 4) was markedly increased in macrophage 

cells that had been exposed to MSCs either in transwell or co-culture. We 

next examined the effect of MSCs on bacterial killing. As shown in Fig. 7D 

macrophage cells that had been exposed to MSCs had greater capacity to kill 

E. coli compared to control M0 or M2 cells. Bacterial killing was markedly 

reduced by inhibition of the NADPH oxidase with DPI, suggesting that M1-like 

cells are likely primarily responsible for the enhanced bacterial killing 

observed. 

Given the pre-clinical evidence for MSCs as a novel adjunct to antibiotic 

therapy, we also examined the effect of MSCs on monocyte-derived 

macrophages isolated from patients with sepsis. MSCs enhanced 

phagocytosis of SOZ and production of phagosomal ROS (Fig. 8A and B), as 

well as phagocytosis of E. coli (Fig. 8C and D).  This suggests that MSCs 

could enhance macrophage phagocytosis and bacterial killing in sepsis. 

 

 

DISCUSSION 

In this study we have uncovered the ability of bone marrow-derived MSCs to 

affect macrophage polarization and function, in vitro and in vivo, to induce a 

heterogenous population. Our studies implicate PGE2 as an important 

mediator of the effect (Figure 9). To our knowledge we are the first to report 

such a striking heterogeneity in monocyte-derived macrophages exposed to 

MSCs. Unexpectedly, we found that MSCs induce co-existent M1-like and 

M2-like macrophage phenotypes. The fact that macrophages can be directed 

to a phenotype endowed with enhanced anti-microbial capacity (M1-like), and 

also an inflammation resolving and tissue repair phenotype (M2-like), may 

account for the paradoxical effect of these cells in pathogenic conditions such 

as sepsis in vivo.  

 

Previous work in this area by Kim and Hematti [28] and others [13, 33, 34] 

have described a population of M2-like human macrophages generated in 

vitro after co-culture with human MSCs, defined as CD206-positive, IL-10–

high, IL-12–low, IL-6–high, and TNF-α–low. Here, we find that the M2-like 

macrophage phenotype induced by MSCs in a fraction of the population 



 

indeed had many features associated with M2 macrophage cells, including 

elongated shape [35], surface markers (CD163), acute phagosomal 

acidification and low NOX2 expression with limited phagosomal superoxide 

production [14].  

 

Remarkably, MSCs also induced an M1-like macrophage phenotype in a 

portion of the macrophage population, characterized by enhanced 

phagosomal superoxide production. However, unlike defined M1 

macrophages, MSC-induced M1-like cells have low or undetectable levels of 

the M1 macrophage marker CD40. Importantly, this M1-like phenotype was 

also observed in isolated alveolar macrophages from an in vivo rodent model 

of E. coli pneumonia in response to intravenous MSC treatment. 

 

We found that MSCs induced PI3 kinase and PGE2 dependent increase in 

NOX activity. We also demonstrated an enhanced ability to kill E. coli in 

macrophages exposed to MSCs, which was significantly impaired by inhibition 

of the NADPH oxidase. It is well established that activation of the phagocyte 

NADPH oxidase (NOX2) is a vital innate immune mechanism [26]. Indeed, 

many intra-cellular pathogens are known to thrive in the acidic 

phagolysosome, such as Leishmania spp., are particularly sensitive to ROS-

mediated killing [36, 37]. The NADPH oxidase catalyzes the formation of the 

highly unstable superoxide anion, which can be converted to hydrogen 

peroxide. Both of these ROS can damage proteins, lipids and DNA resulting 

in microbicidal activity [38]. Our data support a key role for augmented 

NADPH oxidase (NOX2) induced by MSCs plays a key role in MSC-induced 

enhanced bacterial killing. MSCs also enhance phagocytosis and phagosomal 

ROS generation in macrophages obtained from patients with severe sepsis. 

Monocyte anergy and immune suppression contributes to an increased risk of 

adverse events in sepsis [39]. Restoration of monocyte/macrophage 

antimicrobial function with MSCs represents a promising therapeutic strategy. 

Our findings provide strong support that MSCs can indeed promote such an 

improved microbial clearance. We suggest that augmented phagocytosis and 

oxidase-mediated killing could be one of the mechanisms for the beneficial 

therapeutic effects of MSCs.  



 

 

Reactive oxygen species play a critical role in a multitude of cellular 

processes, including destruction of phagocytosed bacteria [40]. Given the 

novel M1-like phenotype uncovered, we focused our efforts on identifying how 

MSCs might mediate enhanced phagosomal ROS production in 

macrophages. The phagocytic NADPH oxidase complex (NOX2), which 

consists of membrane-bound subunits (gp91phox and p22phox) and an array of 

cytoplasmic factors (p40phox, p47phox, p67phox, and Rac) that translocate to the 

membrane resulting in formation of a primed and active NOX2 complex. We 

found that oxidase assembly is increased in macrophages with enhanced 

ability to produce phagosomal superoxide, as monitored by the distribution of 

p47phox in the NBT assay and that PI 3-kinase activity is essential for the 

increase in M1-like cells. Basal PI 3-kinase activity was enhanced in the 

macrophage population exposed to MSCs. Presumably this would enhance 

the ability to recruit cytosolic oxidase components in a subset of macrophages 

in response to phagocytosis, which is dependent on the production of 

phosphoinositides to facilitate the recruitment of  cytosolic oxidase subunits to 

the membrane bound subunits at the forming phagosome [25-27].  

 

NOX2 activation by MSCs in our study is PGE2 dependent. However, 

prostanoids, including PGE2, have traditionally been believed to exert anti-

inflammatory effects in macrophages. PGE2 has been demonstrated to inhibit 

the production of pro-inflammatory molecules such as TNF-α [41] and 

increase the secretion of anti-inflammatory cytokines, such as IL-10 [42]. 

Regarding the MSC-mediated polarization of macrophages to an M2 

phenotype, a major role has been ascribed to prostaglandin E2 [13]. However, 

studies of prostanoid receptors in mice, on helper T (TH)-cells and dendritic 

cells revealed that different prostanoid receptors regulate the immune 

response at various steps by exerting often opposing actions [43, 44]. In 

particular, although PGE2 suppresses pro-inflammatory actions of 

macrophages and TH1 differentiation by raising intracellular cyclic AMP 

(cAMP) concentrations, PGE2 also facilitates TH1 differentiation via P13K.  

Moreover, PGE2 induces production of ROS in mast cells in a PI3K-

dependent manner [45]. Here, we demonstrated that inhibition of MSC-



 

derived PGE2 prevented MSC-induced phagosomal ROS production, while 

co-culture of MSCs and macrophages induces enhanced production of PGE2 

from MSCs. PGE2 alone activated PI 3-kinase and ROS production in 

macrophages. Diverse functions of PGE2 may be dependent on several 

factors including differential expression of EP receptors on macrophages [46], 

dynamics of EP receptors expression during the course of macrophage 

activation [47], differences in ligand affinity of EP receptors and kinetics of the 

receptors desensitization, and finally the specific downstream pathways of 

each receptor [48].  

 

It is also important to point out that although the NADPH oxidase is a key 

component of the anti-bacterial response, other factors may also contribute to 

enhanced bacterial killing. Indeed, although M2 cells have limited NOX2 

expression they were still able to kill E. coli, although less efficiently than M1 

or M1-like cells. Presumably, this is due to the degradative capacity in the low 

pH environment of the phagolysosome [49]. Furthermore, mitochondrial ROS 

has also been implicated in contributing to pathogen killing [50], and recent 

studies have shown that MSCs can potentially deliver mitochondria to 

macrophage cells via extracellular vesicles [51] and via tunneling nanotubules 

[21]. 

 

How do MSCs produce different macrophage phenotypes from the same 

blood-derived monocytes? At least three distinct types of blood-derived 

monocytes exist [52] and presumably at least one of these populations gives 

rise to macrophages  that respond to PGE2 to produce the M1-like phenotype 

we have observed. As we, and others, have shown [11, 13], MSCs also 

induce an M2-like phenotype from monocytes. This directed maturation is 

partially regulated via direct cell contact, but also by MSC secretion of PGE2, 

IL-6, IDO and TSG-6 [13, 33, 34, 53]. However, other factors may also 

contribute to MSC-induced effects. Other investigators [22, 51] have recently 

demonstrated that macrophages engulf mitochondria-containing microvesicles 

and microRNA-containing exosomes from MSCs thereby enhancing 

macrophage bioenergetics while inhibiting macrophage activation. Lee et al 

have demonstrated some antimicrobial effects of MSC-secreted keratinocyte 



 

growth factor and microvesicles on human monocytes [54, 55]. What is clear 

from these and our own studies is that MSC immune modulation of 

monocytes and macrophages is complex, likely not accomplished by a single 

secreted factor and represents a balance of pro- and anti-inflammatory 

stimulation.  

 

There are a number of limitations to these experiments. MSCs modulate 

macrophage function and bacterial killing by a variety of mechanisms 

unexamined in these studies, including transfer of mitochondria and 

regulatory microRNAs [51], and secretion of antimicrobial peptides [23]. We 

focused on PGE2, as it has an important role in MSC effects in sepsis, as well 

as macrophage polarisation [13]. We did not augment PGE2 secretion in our 

studies, which could serve as a mechanism to enhance MSC potency, 

although this approach is likely to have off-target effects. The timing of the 

effect also needs further evaluation: our in vitro experiments involved 48-72 

hours exposure of macrophages to MSCs, which may not reflect in vivo MSC-

macrophage interactions. Although our studies examined effects of MSCs on 

macrophages from healthy volunteers, as well as septic patients, we did not 

isolate macrophages from critically ill patients without sepsis. It is likely, 

however, that MSCs alter phagocytosis and ROS generation in a similar 

manner to healthy controls. Finally, future studies, using single cell RNA 

sequencing and bioinformatics approaches, could provide a more detailed 

characterization of the heterogeneous macrophage populations we have 

observed.  

 

The future of MSC therapy depends on the development of a potent, 

consistent cell-based therapeutic. While cell-free approaches, using MSC-

derived extracellular vesicles (EVs), have emerged as a promising treatment 

strategy, we have observed a synergy and crosstalk between MSCs and 

macrophages, which points to the need for the cell itself to achieve maximal 

therapeutic effect. Factors limiting the potential of MSCs as a therapy for 

sepsis include limited MSC persistence, insufficient and variable 

immunomodulatory potency and dependence on in vivo activation by host 

inflammatory mediators [56]. Detailed understanding of the host response to 



 

MSCs, as in this study and others [21, 51], is necessary in order to develop a 

consistent therapeutic and to identify patients most likely to benefit. Previous 

clinical trials of MSCs for other disease indications demonstrate the need to 

develop in vitro and in vivo models  that can predict successful host response 

to MSC therapy [57]. Our study identifies phagocytosis and ROS production 

as host factors during sepsis that could be rescued by MSC treatment.  
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FIGURE LEGENDS 

 

Figure 1. Effect of human MSCs on phagosomal ROS production in 

human macrophages (NBT assay) 

(A) Human blood-derived monocytes were cultured for 8 days with media 

containing serum (M0) or after 5 days the cells were cultured with bone 

barrow-derived MSCs in transwell (TW) or co-culture for 3 days. The cells 

were then incubated with 0.01 mg/ml serum-opsonized zymozan (SOZ) 

together with 0.125 mg/ml nitroblue tetrazolium (NBT) in the absence or 

presence of 10 M diphenyleneiodonium (DPI), as indicated. The cells were 

fixed and imaged by differential interference contrast microscopy. White 

arrows indicate cells that have phagocytosed SOZ that are devoid of 

formazan deposits. With MSC exposure numerous cells had clear evidence of 

phagosomal formazan, indicative of high phagosomal superoxide production 

(yellow arrows). Representative images shown for the various conditions. (B) 

The percentage of formazan positive cells was quantified (Mean ±SD, n=4 

independent experiments: M0, M0+MSC (TW), M2; n=3, M1. (*p<0.01, M0 vs. 

M0+MSC (TW); t-test). (C) M0 cells exposed to MSCs (TW) or M2 cells were 

incubated with SOZ and 2 mg/ml NBT for 30 min. The cells were then 

washed, fixed and imaged by DIC microscopy. Two phenotypes were 

observed; most round cells that phagocytosed SOZ had dark formazan 

deposits (yellow arrows), while elongated cells that phagocytosed SOZ had 

limited or no formazan deposits in phagosomes (white arrows in inset), similar 

to M2 cells (right panel). 

 

Figure 2. Effect of human MSCs on phagosomal ROS production in 

human macrophages (Luminol assay) 

Human blood-derived monocytes were seeded in a 96 well plate, cultured for 

8 days with media containing serum (M0) or after 5 days the cells were co-

cultured with bone barrow-derived MSCs for 3 days. A luminol assay was 

performed to monitor phagosomal ROS production as described in the 

Methods. Luminescence in RLU was monitored over time. A. Representative 



 

single experiment showing control macrophages not exposed to serum 

opsonized zymozan (SOZ), or control or MSC-exposed macrophages treated 

with SOZ. An increase in luminescence is only observed in macrophages that 

have been exposed to SOZ. B. Data normalized to RLU value at t=4 min (n=5 

independent experiments, * p<0.05). 

 

Figure. 3. Effect of human MSCs on phagosomal ROS production in 

isolated rat alveolar macrophages from an E. coli pneumonia model 

Alveolar macrophages were isolated from rats exposed to E. coli pneumonia, 

then either treated with PBS or MSCs for 48h as described in the Methods. An 

SOZ-NBT assay was then performed. (A) Representative images are shown. 

Phagosomal formazan deposits indicative of phagosomal ROS appear black. 

(B) Quantitation of formazan positive cells from n=4 experiments (Mean ±SD, 

*p<0.05, t-test). 

 

Figure 4. M1-like macrophages have increased phagosomal levels of the 

NADPH oxidase subunit p47phox 

Human macrophages were exposed or not to bone barrow-derived MSCs in 

transwell (TW) for 3 days. The cells were then incubated with serum-

opsonized zymozan (SOZ) together with 0.125 mg/ml NBT for 30 min. The 

cells were fixed and immunostained for p47phox. In control M0 cells with no 

detectable phagosomal superoxide production p47phox immunostaining was 

apparent in a clustered perinuclear region, in the cytosol and weak staining 

was observed in some cells surrounding internalized zymozan particles (white 

arrow).  In M0 exposed to MSCs (M0+MSC) many cells producing abundant 

phagosomal superoxide, as detected by dark formazan deposits, were evident 

(yellow arrows, bottom right panel). In general these cells had higher levels of 

p47phox immunostaining surrounding internalized zymozan particles (yellow 

arrows, bottom left panel). Size bar; 10 m. 

 

Figure. 5. MSC-induced production of M1-like macrophages requires 

PGE2 and PI 3-kinase 

 



 

Human blood-derived monocytes were cultured for 8 days with media 

containing serum (M0) or after 5 days the cells were cultured with bone 

barrow-derived MSCs in transwell (TW) for 3 days. To monitor PI3K activation 

in the macrophages exposed to MSCs, total cell lysates were subjected to 

Western blotting (A) with anti-phospho S(473)-Akt. To normalize for protein 

loading, membrane was probed with anti-total Akt (n=3, mean ±SD; **p<0.01). 

To confirm the role of PI3K activation, M0 cells were cultured with MSCs in 

transwell in the absence or presence of 1 M wortmannin PI3K inhibitor. Then 

cells were incubated with 0.01 mg/ml serum-opsonized zymozan (SOZ) 

together with 0.125 mg/ml nitroblue tetrazolium (NBT) for 30 min. The cells 

then were washed and fixed. the percentage of the formazan positive cells (B) 

and also the percentage of cells phagocytosed SOZ (C) were analyzed using 

disk spinning confocal microscope (n=3, mean ±SD, * M0 vs M0+MSC, p<0.05, 

## ctl vs Wortmannin, p<0.01, *** M0 vs M0+MSC, p<0.001). (D). Human blood-

derived monocytes were cultured for 5 days, followed with stimulation with 

vehicle or 100nM PGE2 for 24h. Levels of phospho S(473)-Akt and total Akt 

were analyzed by Western blotting (n=3, mean ±SD; *p<0.05). (E). Levels of 

PGE2 in culture supernatant of M0, MSC and M0 exposed to MSCs in 

transwell were analyzed by PGE2 ELISA kit (n=3, mean ±SD; *p<0.05). (F). 

Human blood-derived monocytes were cultured for 5 days, then co-cultured 

with MSCs in transwell (TW) for 3 days in the absence or presence of 10 M 

PGE2 synthase inhibitor CAY10526. NBT assay was performed as described 

above and the percentage of formazan positive cells was quantified (n=3, 

mean ±SD, ** M0 vs M0+MSC, ## ctl vs CAY10526, P<0.01). 

 

Figure 6. MSCs cause some human macrophages to adopt an M2-like 

morphology and phenotype 

(A) Human blood-derived monocytes were cultured for 8 days with media 

containing serum (M0) or after 5 days the cells were cultured with bone 

barrow-derived MSCs in transwell (TW) for 3 days. M2 cells were generated 

as described in the methods. The cells were fixed and observed by differential 

interference contrast microscopy. Many M2 cells adopt an elongated 

morphology, which were evident in the MO+MSC condition (white arrows), but 



 

not in the M0 condition. (B) The % of elongated cells was quantified. Data is 

mean ±SD from n=7 experiments. (C) Human blood-derived monocytes were 

cultured for 5 days then cultured with MSCs for 3 days (TW). Phagosomal pH 

was monitored in M2-like cells by ratio imaging using FITC-SOZ as outlined in 

the methods. In some experiments external non-phagocytosed FITC-SOZ 

particles were also imaged as a control. Data shown is from n=3-4 

independent experiments (mean 490nm /440nm ratio ±SD). (D) Macrophages 

were prepared as described in (A) then fixed and immunostained for CD163. 

Representative confocal images (25X magnification. Size bar; 20 m). (E) 

Cellular fluorescence intensity was measured using ImageJ and values were 

normalized to the levels in M0 cells (Mean ±SD from n=3 experiments) 

(*p<0.01, M2 vs M0+MSC). (F) Flow cytometry analysis of CD163 in the 

various conditions. Mean fluorescence intensity (MFI) of the positive cell 

population (n=4, *p<0.05, M2 vs M0+MSC). 

 

Figure 7. MSC exposure enhances E. coli phagocytosis and killing  

(A) Human blood-derived monocytes were cultured for 8 days with media 

containing serum (M0) or after 5 days the cells were cultured with bone 

barrow-derived MSCs in transwell (TW) or co-culture for 3 days. The cells 

were then incubated with live RFP-expressing E. coli which were spun down 

onto the macrophage cells. After 20 min the cells were washed with PBS, 

fixed, then imaged by light and fluorescence microscopy. Representative 

extended focus images of combined phase contrast and RFP fluorescence. 

Size bar; 10 m. (B) The % of cells that phagocytosed bacteria (n=4-5 

independents experiments, mean ±SE; *p<0.01). (C) The number of E. coli 

cells phagocytosed or bound per macrophage cell was quantified (n=4-5 

independent experiments, mean ±SE). p<0.05, M0 vs M0+MSC (TW or co-

culture); ANOVA and Tukey’s test. (D) Macrophage cells were prepared as 

described in (A) and assessment of phagocytic E. coli killing was performed 

as outlined in the Methods. n=6 independent experiments (M0, M0+MSC, 

M2); n=4 (MO+MSC; +10 M DPI); n=3 (M1). ANOVA followed by Tukey’s 

post-hoc test was to assess statistical significance. 

 



 

Figure 8. MSCs induce M1-like and M2-like phenotypes and enhance 

phagocytosis in macrophages derived from patients with sepsis 

(A) Human blood-derived monocytes were isolated from patients with sepsis 

and cultured for 8 days with media containing serum (M0) or after 5 days the 

cells were cultured with bone barrow-derived MSCs in transwell (TW) for 3 

days. An SOZ-NBT assay was performed as in Fig. 1A. The cells were fixed 

and imaged by confocal microscopy. Both M2-like cells (white arrows) and 

M1-like cells with detectable phagosomal formazan (yellow arrows) were 

observed. Result is representative of n=4 patients. Images are 25X mag. Size 

bar; 20 m. (B) Quantification of phagosomal formazan positive cells (n=4, 

Mean ±SD; *p<0.05). (C) Cells were prepared as in (A) and E. coli 

phagocytosis was monitored as described in the Methods. MSC exposed 

macrophages had increased levels of intracellular or bound E. coli. 

Representative images. Size bar; 10 m. (D) The number of E. coli cells 

phagocytosed or bound per macrophage cell was quantified (n=3 patients, 

mean ±SD, *p<0.05). 

 

Figure 9. Schematic showing the mechanisms by which MSCs alter 

macrophages function 

  

 

 

  



 

 

 

 

  



 

 

  



 

 

  



 

 

  



 

 

  



 

 

  



 

 

  



 

 

  



 

 



Online Data Supplement 

 

MATERIALS AND METHODS 

MSC isolation and culture 

Human bone marrow MSCs were obtained from the Center for the 

Preparation and Distribution of Adult Stem Cells 

(medicine.tamhsc.edu/irm/msc-distribution.html) at Texas A&M Health 

Science Center College of Medicine Institute for Regenerative Medicine 

(Temple, USA). The cells consistently differentiated into three lineages (bone, 

fat and chondrogenic cells) in culture, were negative for hematopoietic 

markers (CD34, CD36, CD117, and CD45) and positive for mesenchymal 

markers CD29 (95%), CD44 (>93%), CD49c (99%), CD49f (>70%), CD59 

(>99%), CD90 (>99%), CD105 (>99%), and CD166 (>99%) [1]. The cells from 

the same donor, at passage 3 and 4, were used in all experiments. MSCs 

were cultured in MEM- (Gibco, USA) media, supplemented with 10% Fetal 

Bovine Serum (FBS) (Gibco) and 1% antibiotics (streptomycin and penicillin) 

(Gibco), in 175 cm2 flasks at 37°C in a humidified atmosphere containing 5% 

CO2.  

Animal experiments were carried out using umbilical cord MSCs. Human 

umbilical cords were obtained from full-term, consenting donors undergoing 

caesarean section at Mount Sinai Hospital, Toronto, Canada according to a 

protocol approved by research ethics boards at both the University of Toronto 

and Mount Sinai Hospital’s Research Centre for Women’s and Infants’ Health 

(RCWIH). Human umbilical cord MSCs were non-enzymatically extracted by a 

proprietary methodology and provided by Tissue Regeneration Therapeutics 

(TRT) Inc., Toronto, Canada. Cells harvested by this process were cultured in 

Lonza TheraPEAK™ MSCGM-CD serum-free complete medium 

supplemented with antibiotics (28 µM Penicillin G, 104 µM Gentamycin, and 

324 nM Amphotericin B) and culture-expanded on fibronectin-coated flasks for 

three passages prior to cryopreservation in 2 ml cryovials using a controlled 

rate freezer. Routine flow cytometry on identically processed lots revealed 

highly positive expression of CD90, CD73, CD105, CD140b and CD166 and 

lack of CD31, CD34, CD45 and MHC-II. On the day of administration, cells 



were thawed in a 37oC water bath and serially diluted in Lonza TheraPEAK 

basal medium prior to centrifugation and resuspension in PBS vehicle for 

delivery. 

 

Human monocyte isolation, macrophage differentiation and culture 

Human peripheral blood mononuclear cells (PBMCs) were isolated from the 

blood of healthy adult donors or patients with sepsis using dextran/Ficoll (Fig. 

1, Fig. 3A-D, Fig. 5, Fig.6 & Fig. 7) or using Lympholyte cell separation media 

(Cedarlane Cat#CL5015) (Fig. 3E, and Fig. 4). Detailed protocols are 

provided in the Supplemental Materials. For defined macrophage polarization 

25 ng/mL GM-CSF (for M1 macrophages) or 25 ng/mL M-CSF (for M2 

macrophages) was added to the monocytes for 6 days. The macrophages 

were then treated for an additional 2 days with either LPS (500 ng/mL) plus 

IFN-γ (10 ng/mL) or IL-4 (15 ng/mL) for M1 and M2 macrophages, 

respectively, as reported previously [2-5].  

 

Critically ill adult patients (age 18yrs and older) admitted to the intensive care 

unit within the previous 72 h meeting the criteria for sepsis [6] or with new 

onset of sepsis in the previous 72 h were enrolled into our study. Patients 

receiving corticosteroids, immunosuppressive agents, or blood transfusion or 

those infected with HIV were excluded. The study protocol was approved by 

the Research Ethics Board of St Michael’s Hospital, and written informed 

consent was obtained from each subject or a surrogate.  

 

Dermal fibroblasts culture 

 

Normal Human Dermal Fibroblasts (NHDF) were purchased from Lonza 

(Mississauga, ON, Canada). The cells were seeded at a concentration of  6-

7,000/cm2 in 75 cm2 tissue culture flask and maintained in FGM™-2 

Fibroblast Growth Medium-2 supplemented with growth supplement kit 

(hFGF-B, Insulin, FBS, Gentamycin) from Lonza Canada. 

 

  



Preparation of serum-opsonized zymosan  

Dried Zymosan A (S. cerevisiae) Bioparticles (Life Technologies) were labeled 

with fluorophores (Alexa-555 or FITC) as reported previously [2]. Labeled 

zymosan was aliquoted and stored at −20°C. Prior to phagocytosis assays, 

fluorophore-conjugated zymosan was re-suspended in human serum at 2 

mg/mL and incubated at 37°C for 60 min with constant agitation. The serum-

opsonized zymosan was subsequently washed two times with PBS and used 

immediately.  

 

Nitroblue tetrazolium (NBT) assay  

NBT assays were performed as described previously [2]. Briefly, Alexa-555-

conjugated SOZ and nitroblue tetrazolium (NBT, Sigma Cat#N5514-25TAB) 

were added to cells growing on 18-mm coverslips in 12-well plates at the 

concentrations indicated in the figure legends. The 12-well plate was then 

centrifuged for 1 min (1500 rpm) to rapidly bring the SOZ in contact with the 

cells. The cells were then incubated at 37  C for 30 min. Excess particles were 

removed by three washes with PBS and the cells were fixed in 4% 

paraformaldehyde in PBS for 15 min. Cells were visualized by differential 

interference contrast microscopy on a Leica DM IRB microscope or by 

spinning disk confocal microscopy on a Zeiss Axiovert 200M microscope with 

a 63× objective and an additional 1.5× magnifying lens. The microscope is 

equipped with diode-pumped solid-state lasers (Spectral Applied Research) 

and a piezo focus drive. Images were acquired by a CCD camera (Hama-

matsu Photonics) driven by Volocity software. Dark formazan deposits were 

indicative of phagosomal superoxide production.  In some experiments after 

the NBT assay the cells were fixed in ice-cold methanol for 2 min at -20  C and 

processed for immunofluorescence microscopy. 

 

Luminol Assay 

The luminol assay was adapted based on previous publications [2, 7]. Human 

monocyte-derived macrophages were prepared using the Lympholyte 

procedure and plated onto a 96 well white-sided plate (15K/well) and co-

cultured or not with MSCs (5K) for 3 days. Prior to the assay, the cells were 

washed 1X with RPMI media without phenol red, then 100ul/ well of RPMI 



media (without phenol red) containing 0.01 mg SOZ and 8U/ml HRP was 

added. The plate was centrifuged for 45 sec, then placed in an incubator for 4 

min. The wells were washed 1X with 100 ul PBS and 100 ul of assay mixture 

was added (phenol red-free RPMI containing 8U/ml HRP, 50 U/ml SOD, 2000 

U/ml catalase and 50 uM luminol). The plate was placed in a SpectraMax 

Luminometer (Molecular Devices, Inc) set to 37 C and luminescence was 

measured every 4 min. 

 

Bacterial phagocytosis assay 

Cultures of Red Fluorescent Protein (RFP)-expressing E. coli (DH5a) or RFP 

expressing Burkholderia cenocepacia were started from glycerol stocks and 

cultured overnight in 5 mL LB with the appropriate antibiotic added. The next 

day the cells were spun down in a microfuge (1 min max speed) then washed 

in PBS. The cells were re-suspended in 1 mL PBS and OD600 was measured 

to determine bacterial concentration. The bacteria were re-suspended in 

DMEM media without antibiotics. The bacteria were then added to 

macrophage cells grown on 18 mm glass coverslips in a 12-well plate at the 

concentration indicated in the figure legends. The plate was spun down (1500 

rpm; 60 sec) then placed in a 37  C incubator for 20 min. The cells were then 

washed 2X with PBS and fixed in 4% PFA/BSA for 15 min. For experiments 

with serum-opsonized bacteria, the bacteria were re-suspended in human 

serum and incubated for 1h at 37  C with constant rotation, then washed once 

with PBS. Bacterial phagocytosis was monitored by spinning disk confocal 

microscopy. 

 

Bacterial killing assay 

Macrophage cells were cultured on 18 mm glass coverslips in 12 well plates 

in duplicate. The plates were washed 1X with PBS and unopsonized E. coli 

bacteria (~8.6 x 106 cells/mL) were re-suspended in serum-free DMEM media 

(without antibiotics) and added to the macrophage cells. For M1 cells the 

bacteria were opsonized with human serum for 1h, since M1 cells do not 

phagocytose unopsonized bacteria. The plates were spun down (1500 rpm; 

60 sec) then placed in a 37  C incubator for 20 min. The cells were then 



washed 3X with warm PBS and DMEM media (with 5% FBS and 100 g/mL 

gentamycin) was added for 25 min at 37  C. The cells were then washed 3X 

with PBS. The cells in plate #1 were then lysed with 100 L sterile 1%TX-

100/PBS for 5 min, then 400 L PBS was added and the lysates were plated 

onto LB plates. In plate #2 antibiotic-free DMEM media (with 5% FBS) was 

added and the plate was incubated for 1h at 37  C. Plate #2 was then lysed 

and the lysate plated onto LB plates as described above. The next day 

bacterial colonies were counted and killing was expressed by dividing the 

number of colonies in plate #2 by the number in plate #1 and expressing as a 

percentage. In some experiments diphenyleneiodonium DPI (10 M), a 

specific NADPH oxidase inhibitor [8], was added at the time of bacterial 

addition to the cells and was present throughout the experiment. 

 

Immunofluorescence microscopy 

Macrophage cells cultured on 18 mm glass coverslips were fixed in ice-cold 

methanol at -20  C for 2 min. The cells were washed 3 times in PBS then 

incubated in 2%BSA/PBS for 1 h. Primary antibodies were then added 

overnight at 4  C. The next day the cells were washed 3 times with PBS and 

Cy3 or Alexa488-conjugated rabbit anti-mouse secondary antibody was 

added for 1 h at room temperature. The cells were then washed with PBS and 

imaged by spinning disk confocal microscopy. Antibodies used: mouse 

monoclonal anti-CD163 (Clone 5C6-FAT, Novus Biologicals, Cat#BM4041); 

mouse monoclonal anti-NOX2 (gp91) (Clone 48, Abcam, Cat#ab139371); 

mouse monoclonal anti-human FcRII (CD32) (Clone IV.3). 

 

Phagosomal pH measurements 

Phagosomal pH was measured as described previously [2]. Briefly, 

macrophage cells cultured on 18-mm coverslips were transferred to a 

Chamlide holder then incubated with FITC-conjugated SOZ (0.02 mg/mL). 

The holder was centrifuged for 30 sec (1500 rpm) to sediment the SOZ and 

then incubated for 2 min at 37  C. The coverslip was washed gently 3 times 

with PBS and fresh media was added. The holder was then placed on a 

heated stage of a Leica DM IRB microscope and cells that had bound SOZ 



were identified. SOZ particles were outlined using MetaFlour software and 

ratio imaging was performed every min for 20 min. Briefly, the cells were 

excited sequentially with 440 nm and 480 nm light and fluorescence emission 

at 550 nm was recorded as described previously [2, 9]. 

 

Flow cytometry 

Macrophage cells were grown in 6-well plates and treated as outlined in the 

figure legends. The cells were then washed 2 times with PBS and 10 mM 

EDTA/ 0.1% BSA/ PBS was added and the cells were placed on ice for 20 

min. The cells were then gently scraped, transferred to Eppendorf tubes and 

centrifuged at ~500 xg for 4 min. The supernatant was gently removed and 

100 L 2%BSA/PBS was added and the cells were re-suspended. Human Fc 

block solution (BD Pharmingen, Cat#564220) (1 L) was added and samples 

were incubated on ice for 15 min. Fluorophore-labelled antibody was then 

added as per manufacturer’s directions and incubated on ice for 30 min in the 

dark. The cells were then washed 3 times with 2%BSA/PBS, re-suspended in 

PBS and analyzed using a BD LSRFortessa X-20 cell analyzer. Unlabelled 

samples were used to gate negative vs. positive cell populations and 

propidium iodide added just prior to analysis was used to gate out dead or 

ruptured cells. Antibody used: FITC mouse anti-human CD163, Clone GHI/61 

(BD Pharmingen, Cat#563697). 

 

  



Statistical Analysis 

All values reported are mean ±SD or ±SE as stated in the figure legends. An 

unpaired t-test assuming equal variance was used for two condition 

comparisons. ANOVA followed by Tukey’s post-hoc test were used for 

multiple condition comparison. p<0.05 was considered significant. 
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Supplemental data Figure Legends 

Supplemental Fig. 1.  

Effect of fibroblasts on phagosomal ROS production in human 

macrophages (NBT assay) 

(A) Human blood-derived monocytes were cultured for 8 days with media 

containing serum (M0) or after 5 days the cells were cultured with fibroblasts 

in transwell (TW) or co-culture for 3 days. The cells were then incubated with 

0.01 mg/ml serum-opsonized zymozan (SOZ) together with 0.125 mg/ml 

nitroblue tetrazolium (NBT). The cells were fixed and imaged by differential 

interference contrast microscopy. White arrows indicate cells with formazan 

deposits. Representative images shown for the various conditions. 

 

Supplemental Fig. 2. 

Some macrophage cells exposed to MSCs have low cell surface levels 

of the NADPH oxidase (NOX2) subunit gp91 

Human blood-derived monocytes were cultured for 8 days with media 

containing serum (M0) or after 5 days the cells were cultured with bone 

barrow-derived MSCs in transwell (TW) or co-culture for 3 days. The cells 

were then immunostained for the NADPH oxidase (NOX2) subunit gp91. Both 

cell surface and intracellular expression was detected in control M0 cells and 

in round M0 cells in the M0+MSC condition (A, B, white arrows). In addition 

cells expressing low levels of gp91 (yellow arrows) were observed in the 

MO+MSC conditions both in transwell (A) and co-culture (B). Size bar;10 m. 

(C) M0 cells co-cultured with MSCs were incubated with serum-opsonized 

Alexa555-conjugated zymozan together with 0.125 mg/ml NBT for 30 min. 

The cells were washed, fixed and immunostained for NADPH oxidase (gp91) 

(green). High gp91 levels were found in cells that were phagosomal formazan 

positive (white arrows) and relatively low levels in cells not producing 

phagosomal formazan (yellow arrow). (D) Total gp91 fluorescence intensity 

was quantified from cells in the various conditions. Only the round high 

expressing cells in the M0+MSC condition were used in the analysis. (E) 

Protein lysates were prepared from control M0 macrophages or M0 exposed 



to MSCs in transwell. Immunoblot showing levels of gp91 (NOX2) and loading 

control protein actin. 

 

Supplemental Fig. 3.  

M1-like cells produced in response to MSC exposure do not express the 

M1 marker protein CD40 

M1 macrophage cells were polarized as outlined in the Methods. Human 

blood-derived monocytes were cultured for 5 days then the cells were cultured 

with bone barrow-derived MSCs in transwell (TW) or co-cultured for 3 days. 

The cells were then incubated with serum-opsonized zymozan (SOZ) together 

with 0.125 mg/ml NBT for 30 min. The cells were fixed and immunostained for 

CD40. Extended focus, single confocal sections through the middle of the 

cells and light microscopy images are shown. CD40 was readily detected in 

most M1 cells with a primarily surface localization. Very low or no expression 

of CD40 was observed on MSC exposed macrophages, even in cells 

producing abundant phagosomal superoxide as detected by the NBT assay. 

Size bar; 10 m. 

 

 

Supplemental Fig. 4. 

MSC exposure enhances human macrophage phagocytosis of 

unopsonized Burkholderia cenocepacia 

Human blood-derived monocytes were cultured for 8 days with media 

containing serum (M0) or after 5 days the cells were cultured with bone 

barrow-derived MSCs or human skin fibroblasts in transwell (TW) or co-

culture for 3 days. The cells were then incubated with live RFP-expressing 

Burkholderia cenocepacia, (~4x106 cells/ml) that were spun down onto the 

macrophage cells. Top left image shows extended focus image of combined 

phase contrast and RFP fluorescence of live M0 cells ~5 min after bacterial 

addition. For all other images shown, the cells were incubated with bacteria 

for 20 min at 37 C, washed with PBS, fixed, and imaged by light and 

fluorescence microscopy. Extended focus images of combined phase contrast 

and RFP fluorescence (63X magnification). Size bar; 10 m. 





 
 
 
  



 
 
 

 
  



 
 
 

 


