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Abstract  Therapeutic administration of mesenchymal stem cells (MSCs) by systemic delivery 

utilizes the innate ability of the cells to home to damaged tissues, but it can be an inefficient 

process due to a limited knowledge of cellular cues that regulate migration and homing.  Our lab 

recently discovered that a potent pro-inflammatory cytokine, macrophage migration inhibitory 

factor (MIF), inhibits MSC migration.  Because MIF may act on multiple cellular targets, an 

activating antibody (CD74Ab) was employed in this study to examine the effect of one MIF 

receptor, CD74 (major histocompatibility complex class II-associated invariant chain), on MSC 

motility.  CD74 activation inhibits in a dose-dependent manner up to 90% of in vitro migration 

of MSCs at 40 µg/ml CD74Ab (p < 0.001), with consistent effects observed among three MSC 

donor preparations.  A blocking peptide from the C-terminus of CD74 eliminates the effect of 

CD74Ab on MSCs.  This suggests that MIF may act on MSCs, at least in part, through CD74.  

Late-passage MSCs exhibit less chemokinesis than those at passage 2. However, MSCs remain 

responsive to CD74 activation during ex vivo expansion:  MSC migration is inhibited ~2-fold in 

the presence of 5 µg/ml CD74Ab at passage 9 vs. ~3-fold at passage 2 (p < 0.001).  Consistent 

with this result, there were no significant differences in CD74 expression at all tested passages or 

after CD74Ab exposure.  Targeting CD74 to regulate migration and homing potentially may be a 

useful strategy to improve the efficacy of a variety of MSC therapies, including those that require 

ex vivo expansion.  
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Introduction 

Mesenchymal stem cells (MSCs) exhibit a remarkable capacity to regenerate damaged tissue 

(Barrilleaux et al. 2006).  Therapeutic administration of MSCs by systemic delivery utilizes the 

innate ability of these adult stem cells to home to the injured site when infused into the 

bloodstream (Ortiz et al. 2003).  Systemic delivery facilitates delivering multiple doses of stem 

cell therapy to patients and avoids the possibility of further trauma to damaged tissue that can 

occur with site-specific delivery (Fox et al. 2007).  A disadvantage of intravenous infusion is that 

it can be an inefficient route of stem cell administration, resulting in low levels of MSC 

engraftment in targeted tissue (Zhang et al. 2008) with non-specific engraftment in healthy tissue 

(Barbash et al. 2003).  The inability to actively direct the cells to target tissues and retain them at 

the desired site reflects a limited knowledge of the cellular cues that regulate migration and 

homing.  Manipulating the innate homing ability of MSCs at the molecular level may improve 

the efficacy of MSC therapies through more efficient delivery of stem cells to the damaged 

tissue. 

 MSC homing is influenced by both positive and negative signaling factors that alter cell 

migration.  Research in this area has focused primarily on chemoattractants, such as monocyte 

chemotactic protein-3 (Schenk et al. 2007) and hyaluronic acid (Herrera et al. 2007).  In contrast, 

little is known about negative factors regulating MSC migration.  Within the last year, our lab 

discovered that a potent pro-inflammatory cytokine, macrophage migration inhibitory factor 

(MIF), inhibits MSC migration and that this migratory response could be counteracted with a 

small-molecule MIF antagonist for a variety of MSC donor preparations (Barrilleaux et al. 2009; 

Fischer-Valuck et al. 2009).  This was the first report of the effect of MIF on any type of stem 

cell or progenitor.  This pleiotropic cytokine may also regulate other MSC functions that have 
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yet to be investigated.  MIF has been implicated broadly in both trauma and disease, such as 

pulmonary fibrosis and rheumatoid arthritis (Tanino et al. 2002; Santos et al. 2008), and is likely 

to be elevated in injured tissue targeted by MSC therapy.  The signal transduction mechanism of 

MIF is poorly defined and may involve multiple pathways, given the pleiotropic nature of this 

cytokine (Calandra and Roger 2003).  Recently, CD74, the major histocompatibility complex 

(MHC) class II-associated invariant chain, was identified as a possible MIF receptor (Leng et al. 

2003).  CD74 is well known as a chaperone for MHC class II molecules, regulating antigen 

processing (Pierre and Mellman 1998), but its role as a signaling molecule is only now being 

elucidated.  CD74 signaling has been shown to alter dendritic cell motility (Faure-Andre et al. 

2008) and stimulate proliferation and survival of neoplastic cells (Starlets et al. 2006).  The 

present study demonstrates that activating CD74 inhibits the in vitro migration of MSCs at 

different passages and from multiple donors.   Our findings suggest that CD74 may have utility 

as a new molecular target to control the homing and efficacy of MSCs administered by systemic 

delivery.  

Materials and Methods 

Cell culture. For the research described herein, primary MSCs were harvested from 2 ml 

of iliac crest bone marrow aspirate from healthy adult volunteers according to a protocol 

approved by the Tulane Institutional Review Board (Sekiya et al. 2002).  Cell culture supplies 

were obtained from Invitrogen (Carlsbad, CA), except where noted.  Plastic-adherent cells were 

inoculated at 50 cells/cm2 and amplified in stem cell growth medium (SGM): α-Minimum 

Essential Medium with 2 mM L-glutamine, supplemented with 17% (v/v) FBS (Hyclone, Logan, 

UT) and an additional 2 mM L-glutamine.  Penicillin (100 U/ml) and streptomycin (100 µg/ml) 

were added to all media in this study.  MSCs were maintained at less than 50% confluence and 
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used at passage 2, unless otherwise indicated.  Human skin fibroblasts (CCD 1108Sk) and 

attachment-independent human Ramos B lymphocytes (RA 1) were obtained from ATCC 

(Manassas, VA) and cultivated in ATCC-formulated Iscove’s Modified Dulbecco’s Medium and 

RPMI-1640 Medium, respectively, each containing 10% (v/v) FBS.  Attachment-dependent cells 

were subcultured with 0.25% (w/v) trypsin/1 mM EDTA.  All cultures were maintained under 

standard incubation conditions with medium exchange every 3 days.  Cell viability was assessed 

by trypan blue staining and hemocytometer counting. 

 Colony-forming efficiency, multipotency, immunophenotype, and senescence. To 

determine colony-forming efficiency, MSCs were inoculated at 100 cells/plate in 10 cm tissue 

culture plates and cultivated in SGM for 14 days, followed by staining with 3% (w/v) crystal 

violet in methanol.  Multipotency and immunophenotype of MSCs were characterized as 

previously described (Barrilleaux et al. 2009; Fischer-Valuck et al. 2009).  Forward and side 

scatter of MSCs were determined for 10,000 cells per sample using a FACSCanto II flow 

cytometer (BD Biosciences, San Jose, CA).  For senescence-associated β-galactosidase (β-Gal) 

staining, MSCs were inoculated into 6-well plates, cultivated for 4 days in SGM, fixed and 

analyzed with a senescence β-Gal staining kit (Cell Signaling Technology, Danvers, MA).  As a 

positive β-Gal control, confluent MSCs were maintained in SGM for 8 days without feeding.  

 Real-time reverse transcription PCR. CD74 expression was quantified with real-time 

reverse transcription PCR (RT-PCR).  Total RNA was extracted with the RNeasy mini kit 

(Qiagen, Germantown, MD).  PCR reactions contained 25 µl iScript 2x RT-PCR Reaction Mix 

(Bio-Rad, Hercules, CA), 1 µl iScript reverse transcriptase, 900 nM forward primer, 900 nM 

reverse primer, 250 nM probe and 25 ng RNA in 50 µl.  Reactions were performed in a 7900 HT 

Sequence Detector (Applied Biosystems, Carlsbad, CA) with a cycling protocol of 1x (50 oC, 2 
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min; 60 oC, 30 min; 95 oC, 5 min), and 40x (95 oC, 15 s; 60 oC, 1 min).  Predesigned TaqMan 

gene expression assays Hs00959494_m1 and Hs99999905_m1 (Applied Biosystems) were 

employed to detect transcription of CD74 and glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH), respectively.  The assays contain preformulated primers and probe sets with 

proprietary sequences that span an exon junction.  Negative controls omitted RNA and reverse 

transcriptase from the PCR reaction.  

 Migration assay. For migration assays, CD74 activating antibody clone C-16 (CD74Ab) 

and matched isotype IgG control were purchased from Santa Cruz Biotechnology (Santa Cruz, 

CA) and dialyzed to remove sodium azide in 3 x 1 liter PBS.  Protein recovery in the dialyzed 

antibodies was verified with a Lowry total protein assay (Sigma-Aldrich, St. Louis, MO).  

Migration of MSCs was evaluated with membrane inserts (8-µm pore) in 24-well plates (Falcon; 

BD, Franklin Lakes, NJ) under conditions that we previously established (Barrilleaux et al. 

2009).  Briefly, MSCs were cultivated in serum-free SGM (SF-SGM) for 24 h.  After 

trypsinization, 6.6 x 104 MSCs/ml were pre-incubated for 5 min with 5 µg/ml CD74Ab or 

isotype control, unless otherwise specified.  Then the cells were inoculated into the upper 

chamber of the insert at 2 x 104 cells/well in 300 µl SF-SGM containing the same antibody 

concentration used for pre-incubation.  The lower chamber contained 900 µl of SF-SGM plus 

antibody.  For experiments using blocking peptide to CD74Ab (sodium azide-free formulation, 

Santa Cruz Biotechnology), a 5-fold excess of peptide was pre-incubated with the activating 

antibody overnight at 4°C before use.  Migration chambers were incubated at 37°C for 6 h, and 

MSCs were subsequently fixed and stained with crystal violet.  Cells remaining in the upper 

chamber were removed with a cotton swab before counting MSCs that migrated across the insert 
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by phase-contrast microscopy.  Negative and positive controls: MSCs in SF-SGM and SGM, 

respectively.  

 Statistical analysis. All experiments were performed at least three times.  For migration 

and β-Gal experiments, an average of 40 to 50 randomly selected cell images were examined per 

sample.  Results were analyzed using the Student’s t-test.  The criterion for significance was p ≤ 

0.05.  Numerical data are reported as means ± standard deviations. 

Results and Discussion 

 MSC preparations that were employed in this study were proliferative, multipotent 

progenitors.  Colony-forming efficiency is a standard measure of the proliferation potential of 

MSCs and is typically between 20% to 60% for these cells (Fischer-Valuck et al. 2009).  Our 

MSC preparations had relatively high colony-forming efficiencies of 52% ± 3%, and they 

exhibited adipo-, chondro- and osteogenesis as a measure of multipotency (Supplementary Fig. 

1).  The immunophenotype of our MSC preparations is consistent with their stromal origins 

(Barrilleaux et al. 2006): e.g., positive for CD44, CD90 and CD105 and negative for 

hematopoietic markers CD34 and CD45 (Supplementary Table 1).  The level of CD74 

expression in MSCs is intermediate between normal skin fibroblasts and the positive control, 

malignant Ramos B lymphocytes (Stein et al. 2004) and, for example, is ~30-fold higher than 

that of the fibroblasts (p < 0.001, Fig. 1), in agreement with previous findings by ourselves and 

others (Ishii et al. 2005; Fischer-Valuck et al. 2009).  For MSCs in their native environment of 

bone marrow, CD74 may participate in antigen presentation as a chaperone for MHC class II 

molecules (Chan et al. 2006) and/or in spatial control of osteogenesis during bone formation and 

remodeling as a MIF receptor (Onodera et al. 2006). 
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 Based on our earlier observations that MIF inhibits MSC migration (Barrilleaux et al. 

2009; Fischer-Valuck et al. 2009), we investigated whether CD74, a MIF receptor (Leng et al. 

2003), may have a role in this process.  Our strategy was to examine the migratory response of 

MSCs to an antibody that activates CD74 by binding the extracellular domain near the C-

terminus, to eliminate confounding factors introduced by potential CD74-independent pathways 

for MIF (Calandra and Roger 2003).  CD74 activating antibody has been employed, for example, 

to investigate the role of CD74 in the proliferation and survival of neoplastic cells (Starlets et al. 

2006; Binsky et al. 2007).  We found that CD74 activation inhibits in a dose-dependent manner 

up to 90% of MSC chemokinesis at 40 µg/ml CD74Ab (p < 0.001, Fig. 2A), which is in 

agreement with our previous data on MIF (Barrilleaux et al. 2009) and suggests that MIF acts on 

MSCs, at least in part, through CD74. This cellular response is not accompanied by up-

regulation of CD74 expression on MSCs (Supplementary Fig. 2).  A blocking peptide composed 

of a proprietary sequence (12-20 amino acids in length) from the C-terminus of CD74 eliminates 

the effect of CD74Ab on MSCs, indicating that the observed migration inhibition is due to 

specific interaction between the activating antibody and CD74 (Fig. 2B).  The CD74 response 

was consistent among the three MSC donor preparations examined: 5 µg/ml CD74Ab inhibited 

in vitro migration of MSCs by ~3-fold in all cases (p < 0.001, Fig. 2C).  This result is in 

agreement with our previous finding of uniform CD74 expression across a variety of MSC donor 

preparations (Fischer-Valuck et al. 2009).  It has recently been proposed that MIF activation of 

CD74 links antigen processing with cell motility in dendritic cells, allowing the cells to alter 

their migration in response to inflammatory conditions (Faure-Andre et al. 2008).  Considering 

the critical role of MIF in injury and inflammation (Tanino et al. 2002; Calandra and Roger 

2003), it is possible that MIF activation of CD74 may act to halt MSC migration at an inflamed 
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site.  CD74, then, may provide a molecular target to improve the therapeutic efficacy of MSC 

therapy by regulating MSC migration.  

 Generating therapeutic quantities of MSCs often requires extensive ex vivo expansion of 

the cells.  This amplification process can alter properties of the cells, including their 

differentiation potential (Bonab et al. 2006) and trophic activity (Briquet et al. 2009).  With 

respect to motility, late-passage MSCs exhibit less chemokinesis than those at passage 2, with a 

reduction from 1100 ± 130 cells/cm2 to 680 ± 140 cells/cm2 by passage 5 (p < 0.05, Fig. 3A).  

This parallels results obtained in vivo, in which late-passage MSCs exhibit reduced homing 

capacity (Kyriakou et al. 2008).  The reduced motility of amplified MSCs may be partly due to a 

less dynamic actin cytoskeleton (Kasper et al. 2009).  MSCs remain responsive to CD74 

activation during ex vivo expansion:  MSC migration is inhibited ~2-fold in the presence of 5 

µg/ml CD74Ab at passage 9 vs. ~3-fold at passage 2 (p < 0.001, Fig. 3A).  Consistent with this 

result, we observed no significant differences in CD74 expression at all tested passages 

(Supplementary Fig. 2).  The decrease in MSC chemokinesis from passage 2 to 9 is accompanied 

by an increase in forward and side scatter as a measure of cell size and granularity, respectively 

(p < 0.001, Fig. 3B) and a greater fraction of β-Gal positive cells (p < 0.001, Fig. 3C), as 

indicators of senescence.  Our finding that late-passage MSCs are responsive to CD74 activation 

suggests that targeting CD74 to manipulate migration and homing potentially may be an 

effective strategy for a variety of MSC therapies, including those that require ex vivo 

amplification of the cells. 

 The present study identified CD74 as a signaling molecule whose activation inhibits the 

in vitro migration of MSCs at different passages and from multiple donors.  These results may 

have application to systemic MSC therapy for regenerative medicine to repair injured tissue 
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(Herrera et al. 2007) and for oncological medicine to deliver suicide genes to tumors (Matuskova 

et al. 2009).  For both types of applications, the efficacy of systemic MSC therapies depends on 

successful delivery of these stem cells to a specific tissue and retention of the cells at that 

location long enough to produce a therapeutic effect.  Antagonizing CD74 signaling with a 

pharmacological adjuvant during systemic MSC therapy may enable a greater fraction of the 

stem cells to reach the desired site and, once there, activating CD74 may retain more MSCs at 

that position.  There is a potential advantage in targeting the CD74 receptor instead of its 

pleiotropic ligand, MIF.  By regulating CD74 signaling, it may be possible to selectively regulate 

a subset of MIF functions that includes migration as demonstrated in this study; whereas, 

targeting MIF will affect not only CD74-mediated pathways but also potential CD74-

independent pathways (Calandra and Roger 2003).  Understanding and utilizing the cellular cues, 

such as CD74 signaling, that regulate MSC migration will ultimately lead to more effective stem 

cell therapies.  
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Figure Captions 

 

Figure 1. Relative expression of CD74 mRNA in MSCs at passage 2, human Ramos B 

lymphocytes (control), and human skin fibroblasts (control). CD74 transcript levels were 

normalized to that of endogenous GAPDH using the comparative threshold cycle method and are 

relative to that of the fibroblast control.  All groups are significantly different from each other 

with p < 0.001. 

 

Figure 2. Migration of passage 2 MSCs in serum-free stem cell growth medium (SF-SGM) with 

anti-human CD74 activating antibody (CD74Ab) or IgG isotype control. (A) MSC response to 

doses from 0 to 40 µg/ml CD74Ab (open circles) or IgG (closed circles). (B) Neutralization of 

CD74Ab by 5-fold excess (by weight) blocking peptide (BP). (C) CD74Ab (5 µg/ml) inhibits 

migration of MSCs from three different donors. *p < 0.05 and **p < 0.001 vs. SF-SGM. 

  

Figure 3. Effect of ex vivo passaging on migratory response of MSCs to anti-human CD74 

activating antibody. (A) Migration of MSCs in SF-SGM (closed circles) at passage 2, 5, and 9 

that were exposed to 5 µg/ml CD74Ab (open circles) or IgG isotype control (closed triangles). 

(B) Mean values of forward (FSC, closed circles) and side (SSC, open circles) scatter of MSCs. 

(C) Percentage of MSCs that stained positive for senescence-associated β-galactosidase (β-Gal). 

*p < 0.05 and **p < 0.001 vs. passage 2 MSCs in SF-SGM (A) or in SGM (B,C). 
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Figure 1 
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Figure 2 
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Figure 3 
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Supplementary Figure 1 
 

 
 
Supplementary Figure 1. Trilineage potential of a representative MSC donor preparation 

evaluated after 21 days of differentiation.  (A) Osteogenesis was induced with low-glucose 

Dulbecco's Modified Eagle Medium supplemented with 10% (v/v) FBS, 100 nM dexamethasone 

(Sigma-Aldrich), 10 mM β-glycerophosphate (Sigma-Aldrich) and 50 µM L-ascorbic acid 2-

phosphate (Sigma-Aldrich) and detected with alizarin red staining. (B) Adipogenesis was 

induced with SGM supplemented with 0.5 µM dexamethasone, 0.5 mM isobutylmethylxanthine 

(Sigma-Aldrich) and 50 µM indomethacin (Sigma-Aldrich) and detected with oil red O staining. 

(C) Chondrogenesis was induced in micromass cultures with high-glucose Dulbecco's Modified 

Eagle Medium supplemented with 100 ng/ml BMP-2 (R&D Systems), 10 ng/ml TGF-β 3, 100 

nM dexamethasone, 50 µg/ml L-ascorbic acid 2-phosphate, 100 µg/ml pyruvate (Sigma-

Aldrich), 40 µg/ml proline (Sigma-Aldrich) and 10 µl/ml ITS+ (BD Biosciences) and detected 

with alcian blue staining. Negative controls (D, E, F) are MSC monolayers cultivated in SGM. 

Scale bars = 100 µm. 
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Supplementary Figure 2 
 

 
 
 

Supplementary Figure 2. Relative CD74 expression in MSCs is unchanged after CD74Ab 

exposure and after ex vivo passaging of the cells. MSCs were expanded to passage 2 (black), 5 

(white) and 9 (striped).  Then the cells were exposed to 5 µg/ml CD74Ab or IgG isotype control 

under the migration assay conditions depicted in Figure 2.   
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Supplementary Table 1. Representative immunophenotyping of MSCs 
 
      Antigen     Catalog # a       Percent positive 

CD34 IM1871U 0.67 ± 0.66 

CD36 IM0766U 0.50 ± 0.24 

CD44 IM1219U 95.14 ± 2.28 

CD45 IM3548U 0.39 ± 0.48 

CD49b IM1425 4.34 ± 3.47 

CD90 IM3703 98.34 ± 2.03 

CD105 A07414 97.93 ± 2.39 

CD166 A22361 98.28 ± 0.90 
 
a Fluorochrome-conjugated, anti-human monoclonal antibodies and  

  isotype controls were purchased from Beckman Coulter. 

 
 
 
 


