Mesenchymal stem cells promote neutrophil activation by inducing IL-17 production in CD4+ CD45RO+ T cells 
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Abstract 

Mesenchymal stem cells (MSCs) are multi-potent with numerous mesenchymal-lineage differentiation potential and immunomodulatory capabilities. However, the immunoregulatory properties of MSCs are not clearly defined. The objective of the present study was to elucidate the role(s) of MSCs in IL-17 production and the subsequent effect(s) on neutrophil activation. We have demonstrated that human bone marrow-derived MSCs (BM-MSCs) instruct anti-CD3/anti-CD28 antibody-activated CD4+ CD45RO+ memory T cells, but not other CD4+ subsets or CD8+ T cells, to produce IL-17 after cell-cell contact. After the addition of IL-17, neutrophil phagocytic activity was increased. This is the first report on the ability of BM-MSCs to induce IL-17 production in memory CD4+ T cells that, in turn, promotes enhanced phagocytic activity of neutrophils. These results suggest that MSCs regulate the functional activation of neutrophils via their role in modulating IL-17 from CD4+ CD45RO+ memory T cells.  



Introduction 

Mesenchymal stem cells (MSCs) are multi-potent cells that can differentiate into the osteogenic, chrondrogenic and adipogenic lineages. They are non-hematopoietic stem cells that represent 0.01% - 0.001% of bone marrow cells (Chamberlain et al., 2007). The interaction of MSCs with cells of both the innate and adaptive immune systems can modulate several effector functions (Uccelli et al., 2006; Uccelli et al., 2008). Compelling evidence has shown that MSCs exert immunosuppressive effects on T (Aggarwal and Pittenger, 2005; Glennie et al., 2005; Sato et al., 2007; Zappia et al., 2005), B (Corcione et al., 2006), NK (Sotiropoulou et al., 2006; Spaggiari et al., 2008), and dendritic cells (Aggarwal and Pittenger, 2005; Chen et al., 2007; Ramasamy et al., 2007). Several studies have shown that the immunosuppressive properties of MSCs have therapeutic benefits in autoimmune (Rafei et al., 2009; Zappia et al., 2005; Zhang et al., 2011) and graft-versus-host diseases (Le Blanc et al., 2004) in clinical settings. However, conflicting results have also been reported by independent research groups regarding the effect of MSCs on collagen-induced arthritis (Chen et al., 2010; Djouad et al., 2005) and graft-versus-host diseases (Sudres et al., 2006). These studies do not support the notion that MSCs have sufficient immunosuppressive potential in vivo for clinical applications. Although the underlying reasons for these contradictory results are at present unexplained, they may be due to the heterogeneous nature of the MSC populations that have been studied. 
IL-17 is recognized as an inflammatory cytokine. It is believed that IL-17 is mainly secreted by Th17 cells. The biological functions of IL-17 have been widely studied since its identification. Accumulating evidence has shown that IL-17 plays a central role in the cytokine networks that coordinate innate and adaptive immunity (Weaver et al., 2007; Xu and Cao, 2010). It has been clearly shown that the combination of TGF- and IL-6 is critical for the differentiation of activated T lymphocytes into Th17 cell lineage in mice, whereby the regulation of IL-17 production from cellular interactions between T and non-T cells remains unclear. A better understanding of how IL-17 production is regulated by Th17 cellular interactions may significantly impact our ability to clinically modulate immunity. 
As part of the bone marrow stromal microenvironment, MSCs closely interact with hematopoietic stem cells (HSCs) and support their growth and differentiation. There is a general consensus that MSCs are one of the main cell types that contribute to the bone marrow HSC niche (Ehninger and Trumpp, 2011). MSCs can facilitate the expansion of Th17 cells and up-regulate IL-17 production (Guo et al., 2009). In addition, IL-17 has been shown to increase neutrophil counts via the induction of granulocyte colony-stimulating factor (Forlow et al., 2001; Schwarzenberger et al., 1998). Thus, we hypothesized that the modulation of IL-17 production by MSCs could have a marked impact on neutrophil maturation and activation. 
The objective of this study was to elucidate the role(s) and effect(s) of human bone marrow-derived MSCs (BM-MSCs) on IL-17 production. Our results demonstrate that direct cell contact of BM-MSCs with activated CD4+ CD45RO+ memory T cells, but not with other CD4+ or CD8+ T-cell subsets, induces the production of IL-17. Induction of IL-17 can further activate neutrophils to enhance their phagocytic ability. These findings suggest that MSCs play an important role in bridging adaptive and innate immune responses. 


Materials and Methods 

Culture of human BM-MSCs 
Isolation of human MSCs from bone marrow was performed using a previously reported protocol (Lee et al., 2004). Human MSCs were cultured in an expansion medium consisting of Iscove’s modified Dulbecco’s medium (IMDM, Sigma-Aldrich, St. Louis, MO, USA) and 10% fetal bovine serum (FBS, Hyclone, Logan, UT, USA), supplemented with 10 ng/mL bFGF (R&D Systems, Minneapolis, MN, USA), 100 U/mL penicillin, 100 μg/mL streptomycin, and 2 mM L-glutamine (Sigma-Aldrich). Human BM-MSCs at passages 7-10 were used for the experiments. Approval from the Institutional Review Board of Yuan-Ze University was obtained prior to the commencement of this study. 

Isolation of human T lymphocytes
Human T lymphocytes were prepared from peripheral blood mononuclear cells (PBMCs) by Ficoll-Paque density gradient centrifugation. CD3+ T lymphocytes were purified using a human CD3+ isolation kit (Dynabeads® CD3, Dynal Biotech, Oslo, Norway) following the manufacturer’s instructions. To evaluate the capability of different subsets of T lymphocytes to produce IL-17, purified CD3+ T cells were stained with anti-CD4-FITC, anti-CD8-PerCP, anti-CD45RA-APC, and anti-CD45RO-PE antibodies (BD Biosciences, Bedford, MA). CD4+ CD45RA+, CD4+ CD45RO+, CD8+ CD45RA+, and CD8+ CD45RO+ T cells were sorted using a FACS Aria cell sorter (BD Biosciences). The purity of individual human T-cell subpopulations was greater than 95%. 

Co-culture experiments
Purified human T cells (5x105 cells) from different subpopulations were co-cultured with BM-MSCs (5:1) in 0.5 mL of MSC-maintaining medium in 24-well culture plates. After three days of co-culture with or without 5 µg/mL of anti-CD3 (OKT3, eBioscience, San Diego, CA, USA) and 5 µg/mL of anti-CD28 antibodies (eBioscience), T cells were sorted and subjected to real-time PCR analysis. IL-17 secretion was measured in the supernatants from different culture groups by ELISA. 

Analysis of IL-17 production
Culture supernatants were collected, and IL-17 concentrations were determined using a commercial ELISA kit according to the manufacturer’s protocol (R&D systems). In transwell (Millicell®, Millipore system, Billerica, MA, USA) experiments, human BM-MSCs were seeded in the basolateral compartment and CD3+ T lymphocytes were cultured in the apical compartment in the presence of 5 µg/mL anti-CD3 and 5 µg/mL anti-CD28 antibodies for three days. Supernatants were then collected for IL-17 measurement. 

Phagocytosis assay
Human peripheral blood was collected and mononuclear cells were separated following Ficoll-Histopaque density gradient centrifugation. The supernatant was discarded, and the red blood cell/neutrophil pellet was resuspended in 20 mL of a cold 0.2% sodium chloride (Sigma-Aldrich) solution for 30 sec at room temperature to lyse the red blood cells. Isotonicity was restored by adding an equal volume of a cold 1.6% sodium chloride solution. The cells were centrifuged at 300xg for 20 minutes at 20°C. The cell collection and resuspension steps were repeated three times to enrich for neutrophil purity of up to 99% as judged by CD11b-PE and CD15-FITC (eBioscience system) surface staining. Neutrophils (1x105/well) were incubated in a 96-well microtiter plate with either recombinant human IL-17 (10 ng/mL) or supernatants collected from BM-MSCs co-cultured with activated T cells with the addition of 1 µg/mL anti-IL-17 monoclonal antibody (Peprotech, Princeton, NJ, USA) or its corresponding isotype control (Peprotech) to the different culture groups. The level of IL-17 in the supernatants from BM-MSCs/activated T cell co-cultures after neutralization with anti-IL-17 antibodies was reduced to approximately 20% of its initial value, as determined by ELISA (data not shown). Their phagocytic ability was assessed after adding Alexa Fluor 488 (Invitrogen)-conjugated Lactobacillus fermentum and analyzing neutrophil-associated fluorescence intensity by FACS analysis. Fluorescence images were observed with a Leica confocal microscope (Leica TCS SPII, Leica Camera AG, Solms, Germany) and captured using a Leica TCS SP5 camera. 

RNA isolation and real-time PCR analysis
Total RNA was extracted with TRIzol (Invitrogen), and cDNA was synthesized using a ReverTra Ace kit (Toyobo Life Science, OSAKA, JAPAN), according to the manufacturer’s instructions. Real-time PCR was performed using an ABI Prism 7900 system (Applied Biosystems, Foster City, CA, USA). Intron-spanning primers specific for each gene were designed, and their sequences are as follows: glyceraldehyde-3-phosphate-dehydrogenase (GAPDH), GAGTCAACGGATTTGGTCGT (forward primer, F), TTGATTTTGGAGGGATCTCG (reverse primer, R); IL-17 F, CCGCCACTTGGGCTGCATCA (F), GGGCAGTGTGGAGGCTCCCT (R). The levels of mRNA expression in different cell groups were analyzed by subtracting the average threshold cycles of each gene with that of the housekeeping gene GAPDH.

Statistical analyses 
Statistical analyses were performed using GraphPad Prism, version 5.02 (GraphPad Software, Inc.). Statistical significance of the differences between the groups was assessed using a one-tailed Student’s t-test. Differences with a p value of less than 0.05 were considered statistically significant. 



Results 

Production of IL-17 is markedly increased in the co-cultured supernatants of mesenchymal stem cells and activated T cells 
Levels of IL-17 mRNA were determined by real-time PCR from co-cultures of human BM-MSCs and human peripheral blood purified CD3+ T cells stimulated with or without anti-CD3/anti-CD28 antibodies. The presence of anti-CD3/anti-CD28 antibodies increased the level of IL-17 mRNA produced from mixed MSCs/T cell co-cultures by more than 10-fold (Fig. 1A). To investigate the effect of T-cell receptor signaling on IL-17 production, we analyzed the secretion profile of IL-17 in the supernatants of co-cultured BM-MSCs and T cells that were stimulated with anti-CD3 or anti-CD28 antibodies in different dose combinations. The results obtained from two donors are shown in figure 1B. CD28 signaling alone could not trigger IL-17 secretion, and the levels of IL-17 in the supernatant were barely detectable without anti-CD3 stimulation. Interestingly, combining anti-CD3 and anti-CD28 antibodies had a synergistic effect on stimulating IL-17 production. We chose 5 µg/mL of anti-CD3 and 5 µg/mL of anti-CD28 antibodies as optimal activation conditions for use in all further studies. In additional co-culture experiments, the production of IL-17 was dramatically increased in the supernatants of BM-MSCs mixed with activated T cells but not in the cultures of BM-MSCs or T cells alone. The mean level of IL-17 from mixed cell cultures was 3343.1±1752.9 pg/mL (Fig. 1C), and only minimal amounts of IL-17 were detected in the absence of T-cell activation. These results clearly indicate that the combination of MSCs, T cells and CD3/ CD28 signaling was necessary to stimulate IL-17 secretion. 
We next examined whether cellular interactions between MSCs and activated T cells were required for IL-17 secretion. To accomplish this, we prevented direct cell-to-cell contact with a transwell culture system. As shown in figure 2, levels of IL-17 production were reduced 10-fold when cell-to-cell contact was prohibited. These results suggest that MSCs interact directly with activated T cells to promote the induction of IL-17 secretion. 

Mesenchymal stem cells instruct activated CD4+ CD45RO+ memory T cells to produce IL-17 
IL-17 was secreted in high amounts in the supernatants of BM-MSCs co-cultured with activated T cells. Therefore, we next set out to determine which T-cell subset was responsible for IL-17 production. To this end, we separated non-adherent T cells from adherent BM-MSCs and determined IL-17 mRNA levels using RT-PCR. The results from one of the three representative experiments are shown in figure 3A. IL-17 mRNA was not detected in BM-MSCs alone or BM-MSCs that were previously co-cultured with T cells. In contrast, IL-17 mRNA levels were dramatically increased (10-fold) in T cells that were co-cultured with BM-MSCs compared with T cells that were cultured alone. These results suggest that IL-17 was essentially produced by T cells from mixed cell cultures but not by MSCs. 
IL-17 can be secreted by both CD4+ (Aggarwal et al., 2003) and CD8+ (Liu et al., 2007) T cells. Therefore, a separate set of experiments was performed to elucidate which subsets of T cells were the major contributors to IL-17 production. Different human T-cell subpopulations were purified by FACS and co-cultured with BM-MSCs in the presence of anti-CD3/anti-CD28 antibodies. Levels of secreted IL-17 were determined by ELISA from the cultured supernatants. CD8+ T cells that were co-cultured with BM-MSCs were not able to secrete IL-17, whereas high levels of IL-17 were detected in the supernatants of CD4+ T cells that were co-cultured with BM-MSCs. Most interestingly, IL-17 was produced by the CD4+ CD45RO+ memory T-cell subset rather than by the CD4+ CD45RA+ naïve T cells (Fig. 3B). Indeed, purified CD4+ CD45RO+ T cells, purified CD4+ CD45RA+ T cells and CD4+ CD45RO+-depleted CD4+ T cells were obtained from CD4+ T cell-enriched populations by cell sorting and subsequently activated with anti-CD3/anti-CD28 antibodies in the presence of BM-MSCs. High amounts of IL-17 (7460.9±4334.0 pg/mL) were produced only in CD4+ CD45RO+ T-cell co-cultures and was not present in the supernatants of the other T-cell subset cultures (Fig. 3C). These results support the conclusion that BM-MSCs stimulate activated CD4+ CD45RO+ memory T cells to produce IL-17.

The effect of IL-17 on neutrophil activation 
IL-17 is one of the growth factors of MSCs (Huang et al., 2006) that were first isolated from bone marrow. Memory T cells are also significantly present in bone marrow niches (Su et al., 2010). In addition, neutrophils are produced in the bone marrow (Borregaard, 2010). To evaluate whether IL-17, which derived from MSCs contacted memory T cells, influences the phagocytic function of neutrophils, granulocytes were isolated and incubated with FITC-labeled bacteria. Phagocytosis of neutrophils for FITC-labeled bacteria is shown in figure 4A. The potency of phagocytosis was assessed by measuring the fluorescence intensity of neutrophils following a one-hour incubation. The results from one representative experiment are shown in figure 4B. The phagocytic activity of neutrophils was significantly enhanced in the presence of recombinant human IL-17. Similar findings were obtained with IL-17 that was produced by the activated T-cells that were co-cultured with BM-MSCs. Five-fold diluted co-culture supernatants and FITC-labeled bacteria were co-incubated with neutrophils in the presence of either anti-IL-17 antibody or its isotype control. Neutrophil-associated fluorescence intensity was partially decreased in the presence of the anti-IL-17 antibody compared with its isotype control (Fig. 4C). The results from seven independent experiments are summarized in figure 4D. These results show that IL-17 plays an important role in activation of neutrophil phagocytosis. 


Discussion 

Following T-cell receptor engagement with peptide-MHC complexes, T cells proliferate and perform effector functions, such as cytokine secretion. The interaction of MSCs with T cells can modulate their effector functions. For the first time, we have unambiguously demonstrated that human BM-MSCs stimulated IL-17 production in activated CD4+CD45RO+ memory T cells but not in other CD4+ subsets or CD8+ T cells (Fig 3B and 3C). This observation is in agreement with the finding that IL-17 is secreted by long-lived effector memory Th17 cells (Liu and Rohowsky-Kochan, 2008). Furthermore, cell-cell contact between BM-MSCs and T cells is a prerequisite for IL-17 secretion (Fig. 2).
Numerous studies have shown that MSCs can inhibit the proliferation of T lymphocytes in the presence of various stimulatory agents (Aggarwal and Pittenger, 2005; Glennie et al., 2005; Sato et al., 2007; Zappia et al., 2005). However, the effects of MSCs on Th17 cells remain controversial. Human MSCs were found to inhibit human Th17 cell differentiation and function (Ghannam et al., 2010). In addition, MSCs have been shown to improve experimental autoimmune encephalomyelitis in mice (Rafei et al., 2009) and experimental autoimmune uveoretinitis in rats (Zhang et al., 2011) by inhibiting Th17 cell function. Conversely, human fetal bone marrow-derived MSCs have been shown to promote the expansion of Th17 cells and decrease IFN-γ-producing Th1 cells (Guo et al., 2009). Another report revealed that the administration of MSCs aggravated arthritis in a collagen-induced arthritis mouse model by up-regulating IL-6 secretion and Th17 differentiation (Chen et al., 2010). Although the underlying mechanisms for these discrepancies are still unclear, they might be due to different states of T-cell activation (Carrion et al., 2011). In the present study, we have demonstrated that T-cell receptor signaling was essential for the induction of IL-17 (Fig. 1). Although co-stimulatory signaling synergized with T-cell receptor engagement, it was not necessary to stimulate IL-17 production. These results suggest that the activation status of T cells is a critical factor for determining the levels of IL-17 production when BM-MSCs contact human T lymphocytes.
The IL-17 receptor is constitutively expressed on circulating human neutrophils (Dragon et al., 2008). In addition, IL-17 produced by T cells is a key cytokine for the recruitment, maturation and activation of neutrophils (Gaffen, 2008; Ley et al., 2006; Silva, 2010). Expanding these findings, our results show that IL-17 is able to promote neutrophils activation and to enhance their phagocytic activity (Fig. 4B). We hypothesized that IL-17 derived from activated T cells after contact with BM-MSCs could maintain or augment the activation of neutrophils. We found that the supernatants obtained from the co-cultures of BM-MSCs and activated T cells contained high levels of IL-17 (Fig. 1C). Depletion of IL-17 in MSCs/T-cell co-cultured supernatants by the addition of a neutralizing antibody inhibited neutrophil phagocytic activity, thereby demonstrating the role of IL-17 in neutrophil phagocytosis (Fig 4B-D). Taken together, these results show that IL-17 secretion induced by BM-MSC-stimulated T cells is critical to maintain or augment the functional activation of neutrophils.    
MSCs have been shown to redistribute among a wide range of tissues after infusion, including sites of injury or inflammation (Caplan, 2007; Devine et al., 2003; Gao et al., 2001; Mouiseddine et al., 2007). Recently, several reports have provided concrete evidence that MSCs are a functional component of the bone marrow HSC niche (Adams et al., 2007; Calvi et al., 2003; Mendez-Ferrer et al., 2010). The invasion of hosts with pathogens activates T cells and rapidly evokes CD4+ CD45RO+ memory T-cell generation. These activated memory T cells may contact MSCs at the sites of injury, inflammation, or in the bone marrow microenvironment where they recirculate. As a result of these encounters, activated memory T cells produce large amounts of IL-17, which can further activate neutrophils. We propose that MSCs regulate the functional activation of neutrophils via their role in orchestrating IL-17 secretion from CD4+ CD45RO+ T cells (Fig. 5). In summary, our results provide evidence supporting the notion that this immunoregulatory function of MSCs plays a significant role in linking adaptive and innate immunity. 
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Figure Legends 

Figure 1. IL-17 production is induced in co-cultures of human BM-MSCs and human CD3+ T cells activated with anti-CD3/anti-CD28 antibodies. BM-MSCs and peripheral blood purified CD3+ T cells were co-cultured with or without anti-CD3/anti-CD28 antibody activation for 3 days. The antibody concentration of both anti-CD3 and anti-CD28 antibodies was 5 µg/mL, unless otherwise indicated. (A) The cells were harvested and IL-17 mRNA levels were analyzed by real-time PCR. Levels of human IL-17 secretion in the supernatants were determined by ELISA. (B) Supernatants (n=2) were collected from co-cultured BM-MSCs and CD3+ T cells stimulated with different dose combinations of anti-CD3 or anti-CD28 antibodies. (C) Supernatants (n=9) were obtained from various co-culture conditions as indicated.  

Figure 2. Direct cell-to-cell contact involves in IL-17 production. BM-MSCs were directly or indirectly co-cultured with peripheral blood purified CD3+ T cells using a transwell system to separate the BM-MSCs from the CD3+ T cells. Cells were co-cultured with anti-CD3/anti-CD28 antibody activation for 3 days. Levels of human IL-17 secretion in the supernatants were determined by ELISA. The means and standard deviations obtained from six donors are shown. Significant differences were determined using Student’s t test, and the p values are indicated. 

Figure 3. IL-17 is mainly secreted by activated CD4+ CD45RO+ memory T cells. (A) BM-MSCs and T cells were harvested from individual cultures or from co-culture systems with anti-CD3/anti-CD28 antibody activation. IL-17 mRNA levels were determined by real-time PCR. (B) Various human T-cell subsets from human peripheral blood mononuclear cells were purified by fluorescence-activated cell sorting. Human BM-MSCs were co-cultured with different T-cell subsets in the presence of anti-CD3/anti-CD28 antibodies for 3 days. Supernatants were collected, and human IL-17 levels were determined by ELISA. (C) Individual group of CD4+ CD45RO+, CD4+ CD45RA+, and CD4+ CD45RO+-depleted whole CD4+ T cells was isolated from total CD4+ T cell populations and each T-cell subset was sorted out by FACS aria cell sorter. BM-MSCs were co-cultured with different T-cell subsets and stimulated with anti-CD3/anti-CD28 antibodies for 3 days. Supernatants (n=3) were collected, and IL-17 levels were determined by ELISA.

Figure 4. IL-17 promotes the functional activation of neutrophils. (A) The determination of phagocytytic activity of neutrophils by confocal microscopy. Neutrophils were incubated alone or feed with Alexa Fluor 488 -conjugated Lactobacillus fermentum at room temperature for 2 hours then fixed onto microscopy slide covered with ProLong Gold antifade reagent. The Fluorescence images were observed with a Leica confocal microscope. Neutrophils: neutrophils alone; Neutrophils + Bacteria: neutrophils incubated with Alexa Fluor 488 -conjugated bacteria (Lactobacillus fermentum). (B) The effect of IL-17 on the phagocytic activity of neutrophils that were isolated from peripheral blood mononuclear cells was measured by incubating the cells with FITC-labeled bacteria and analyzing the fluorescence intensity of the internalized particles in neutrophils by flow cytometry after a one-hour incubation. (C) The effect of IL-17 supernatants from BM-MSC-activated T cell co-cultures on the phagocytic activity of neutrophils was further evaluated in the presence of an anti-IL-17 neutralizing antibody or its isotype control. (D) The means and standard deviations obtained from seven donors are shown. Significant differences were determined using Student’s t test, and the p values are indicated.

Figure 5. Illustration of the proposed mechanism by which MSCs bridge the adaptive and innate immune responses. CD4+ CD45RO+ memory T cells are rapidly evoked when hosts are invaded by pathogens. A large amount of IL-17 can be produced by activated CD4+ CD45RO+ T cells after contact with MSCs. IL-17 plays an important role in mediating neutrophil functional activation.

28

