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Abstract  In adults, low differentiated stromal cells like fibroblasts, multipotent mesenchymal stromal cells, 

reticular cells etc. are important integrative components of tissue homeostasis and regeneration. The purpose of this 

study was to compare immunomodulatory activity and hematopoiesis-supportive capacity of two human stromal cell 

types: fetal fibroblasts (fFBs) and multipotent mesenchymal stromal cells (MMSCs) under different oxygen tension 

(20% vs. 5%). Surface immunophenotyping by flow cytometry revealed that MMSCs and fFBs were СD90, СD105, 

HLA-ABC positive and СD34, СD45, HLA-DR negative regardless of the О2 concentration. The percentage of T-

cells was relatively unchanged after 72 hours co-culture with stromal cells; the proportion of B- and NK-cells was 

increased, but the share of CD3
+
/HLA-DR

+
 cells was decreased when co-culturing with both MMSCs and fFBs. 

This reduction was statistically significant at 5% O2 in comparison with 20% O2 (p < 0.05). CD3
+
/CD25

+
 cells 

decreased after co-culture with both stromal cells in 20% O2. This effect was revealed only for MMSC at 5% O2. 

After 72 hours in co-culture with MMSCs, mononuclear cells from umbilical cord blood (CBMCs) maintained the 

same number of colony forming units (CFU) as compared with the initial CBMC suspension. The number of CFU 

was 30% higher at 5% O2 than in 20% O2 (p < 0.05). The CFU number in CBMCs after co-culture with fFBs 

decreased and a stimulatory effect of low oxygen was not observed. CBMCs that were adhered to MMSCs formed 

colonies of undifferentiated progenitors after 2 weeks of co-culture both at 20% and 5% O2. Colonies were not found 

on fFBs. The immunomodulatory potency and the hematopoiesis-supportive capacity of stromal cells can vary 

depending on their tissue origin and may be modified by the partial pressure of oxygen. 

Keywords: human multipotent mesenchymal stromal cells from adipose tissue, human fetal fibroblasts, peripheral 
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1. Introduction 

Stromal cells of mesenchymal origin such as fibroblasts 

(FBs) and multipotent mesenchymal stromal cells 

(MMSCs) play an important role of the physiological and 

regenerative microenvironment modifying certain 

properties of other cell types. MMSCs have generated a 

great deal of excitement and promise as a potential source 

of cells for cell-based therapeutic strategies due to their 

immunosuppressive properties and immunotolerance 

[1,2,3]. Recent studies have demonstrated that FBs can be 

functionally equivalent to MMSCs to some extent [4,5]. In 

addition, stromal cells constitute the basic structural and 

functional component of the highly specialized 

hematopoietic tissue niche where the cell-cell interaction 

is controlled by microenvironment factors, with partial 

pressure of oxygen being the leading one. Up to now, a 

large amount of data has been gathered on how changes in 

О2 levels modulate cell properties, with regard to MMSCs 

in particular [6,7]), which may affect their relationship 

with other cells. In the present paper we have analyzed the 

immunomodulating and hematopoiesis-supporting 

properties of two types of stromal cells: human MMSCs 

from adipose tissue and human fetal FBs. In addition, the 

effects of oxygen level on the interaction of human 

stromal cells and differentiated human MMSCs from 

adipose tissue and human fetal FBs is also investigated. 

Besides, the effects of oxygen level on the interaction of 

human stromal cells and differentiated and progenitor 

blood mononuclear cells was studied in vitro. 

2. Materials and Methods 

2.1. Cell Culture 

Multipotent mesenchymal stromal cells (MMSCs) were 

isolated from the stromal-vascular fraction of human 

adipose tissue as previously described [8] with some 

modifications [7]. Briefly, adipose tissue was obtained 

from elective liposuction procedures under local 

anesthesia from healthy patients after informed consent 

was obtained in the multidisciplinary clinic “Souz” 

(Moscow, Russia) and treated with 0.075% collagenase IA 

(Sigma-Aldrich, USA). After washing, cells were 

resuspended in DMEM low glucose (MP Biomedicals, 

USA), supplemented with 10% FBS (Hyclone, 

USA),250μg/ml amphotericin, 5μg/ml streptomycin, 
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5U/ml penicillin, and 2mM glutamine (MP Biomedicals, 

USA). 

Human fetal fibroblasts (fFBs) were kindly gifted by 

Prof. B.K.Gavriluk (Institute of Theoretic and 

Experimental Biophysics, Pushchino, Russia). Cells of 2-8 

passages were cultured in the same culture medium and 

gaseous conditions as mentioned above for MMSCs. 

Mononuclear cells from peripheral blood (PBMCs) of 

healthy volunteers were isolated by Ficoll-Нistopaque 

gradient (1,077), (Sigma, США) according to standard 

protocol. 

Cryopreserved samples of mononuclear cells from 

umbilical cord blood (CBMCs) were obtained from the 

Stem cell bank Cryocenter (Moscow, Russia). 

2.2. Permanent Expansion of Stromal Cells 

under Low Oxygen 

MMSCs after isolation and fFBs after thawing were 

divided into two parts. The first was further expanded at 

5% CO2 and 95% air (20% O2) in a CO2-incubator (Sanyo, 

Japan) (normoxia); the other at 5% O2, 5% CO2, 90% N2 

(hypoxia) in a multigas incubator (Sanyo, Japan). After 

reaching 70-80% confluence, cells were sub-cultured and 

2-4 passages of MMSCs and 5-10 passages of fFBs were 

used in experiments. 

2.3. Co-culture of PBMCs and Stromal Cells 

PBMCs were activated with PHA (10 µg/ml) and were 

seeded without stromal cells (monoculture) or on 

preformed layers of normoxic and hypoxic MMSCs and 

fFBs (70-80% confluence) at a ratio of 10:1 

PBMCs/stroma, and not less than 1x10
6
 PBMCs/ml. Cells 

were co-cultured in RPMI 1640 medium (MP Biomedicals, 

USA), supplemented with 10% inactivated FBS (Hyclone, 

USA), 250μg/ml amphotericin, 5μg/ml streptomycin, 

5U/ml penicillin, and 2mM glutamine (MP Biomedicals, 

USA) for 72 hours in normoxia (20% O2) and hypoxia 

(5% O2). Then, PBMCs were harvested by rinsing with 

PBS and stained for FACS analysis as described below. 

2.4. Co-culture of CBMCs and Stromal Cells 

1x10
6
/ml of CBMCs were added to preformed stromal 

layers and co-cultured for 72 hours in the same medium as 

PBMCs in normoxic and hypoxic conditions. Then, 

unattached CBMCs were carefully washed out and the 

suspension of CBMCs was examined for CFU-activity in 

colony-forming cell assay. Stromal cells with attached 

CBMCs were further cultured up to 14 days and then the 

formation of undifferentiated precursor colonies on 

stromal feeders was assessed after Crystal violet staining. 

Cell-cell interactions were monitored using Nikon 

Eclipse Ti-U microscope equipped with a Color Digital 

Camera DS-Ri1. Images were saved and later processed 

with NIS-Elements Auto Research software (Nikon 

Instruments, Japan). 

2.5. FACS Analysis 

For immunophenotyping of stromal cells, antibodies 

against the following antigens were used: CD34, CD45, 

CD54, CD90, CD105, CD106, CD117(c-kit) , HLA-ABC, 

HLA-DR and vimentin. 

To identify lymphocyte types, antibodies against CD3+ 

(Т cells), CD3-/CD19+ (В cells), CD3-/16+/56+ (NК cells) 

were applied. Activated lymphocytes were recognized 

with anti-HLA-DR and anti-CD25 antibodies. All 

antibodies were directly conjugated to FITC or PE (all BD 

Biosciences, USA). 

Fluorescence was measured with Epics XL 

cytofluorimeter using the manufacturer’s System II 

software for acquisition, analysis and for the creation of 

figures (Beckman Coulter, USA). 

2.6. Colony-forming Cell (CFC) Assay 

Freshly thawed CBMCs and cells after 72 hours co-

culture with stromal cells (50x10
3
 cells/ml) were cultured 

in methylcellulose-based

 

medium MetoCult Н4534 

(StemCells, USA) according to the manufacturer’s 

protocol at 20% and 5% O2. After 14 days, the number of 

CFCs was calculated.  

2.7. Statistical Analysis 

All data were derived from at least three independent 

experiments. Data are presented as mean ± standard error 

of the mean (M+m). Statistical comparisons were 

performed using the Student’s two-tailed t-test 

(unpaired/paired) in an Excel program. A P-value less 

than 0.05 was considered statistically significant.  

3. Results 

3.1. Immunophenotype of MMSCs vs. fFBs  

Adipose tissue-derived MMSCs used in this work met 

the criteria for immunophenotypic identification of 

MMSCs [9] (Table 1). The analysis of the fFBs phenotype 

with the same antibody panel showed the virtual identity 

of the CD profile (Table 1), although fFBs and MMSCs 

were isolated from different tissues. The vast majority of 

MMSCs and fFBs had MMSC markers СD90 and СD105. 

All cells were positive on class-I major histocompatibility 

complex (HLA-ABC) antigen and had no class-II antigen 

(HLA-DR); they also contained vimentin, an intermediate 

filament common to cells of mesenchymal origin. Cells 

with the hematopoietic cell markers (СD34, СD45, HLA-

DR) were few if any. It should be noted that reduced 

oxygen (5% vs. ambient 20%) in culture medium had no 

effect on the stromal cell immunoprofile.  

Table 1. Expression of mesenchymal stem cell/progenitor markers in 

stromal cells 

CD marker 
MMSCs fFBs 

Positively stained cells, % (min÷max) 

CD90 88.9 ÷ 98.1 93.3 ÷ 97.5 

CD105 95.9.3 ÷ 97.6 99.9 ÷ 100.0 

CD54 34.0 ÷ 70.2 24.9 ÷ 27.8 

CD106 11.9 ÷ 36.80 99.9 ÷ 100.0 

HLA-ABC 98.6 ÷ 99.5 99.6 ÷ 99.7 

vimentin 100.0 100.0 

CD34 1.7 ÷ 2.0 0 ÷ 2.6 

CD45 0.0 0.0 

CD117(c-kit) 1.6 ÷ 2.7 0.0 

HLA-DR 0.0 0.0 

Min and max values in three independent experiments are shown 



9 American Journal of Biomedical Research  

3.2. Immunomodulating Properties 

Human lymphocyte types and activation in co-culture 

with stromal cells. The distribution of human lymphocyte 

types (T, B and NK cells) and T cell activation were 

analyzed after 72 hours of co-culture of PHA-activated 

PBMCs with stromal cells. All effects were normalized on 

respective values for PHA-PBMCs in monoculture and 

presented as a fold changes (Table 2). Co-cultures with 

stromal cells either had no affect (in the case of fFBs) or 

caused a slight reduction of the T-cell share (in case of 

MMSCs). The percentage of B cells increased and was 

more pronounced in the presence of MMSCs. The 

proportion of NK cells increased also; in NK case this 

effect was more significant in co-culture with fFBs. The 

increase in B cells was more and in NK less pronounced at 

5% О2 as compared with the 20% O2, regardless of the 

stromal cell type. The activation of T cells was suppressed 

both in MMSC/PBMC and fFB/PBMC co-cultures. In 

case of CD3+/HLA-DR+ cells, the drop was more 

significant at 5% O2. The number of CD3+/CD25+ cells 

was similarly diminished in MMSC/PBMCs at 20% and 

5% О2, and this effect was more pronounced (up to 40%) 

than in fFB/PBMCs. The decrease in CD3+/CD25+cells 

was not revealed after fFB/MCs co-culture under hypoxia. 

Table 2. Lymphocyte types and activation after co-culture with 

stromal cells under different О2 conditions 

 

Fold change from the values for PHA-activated PBMCs 

 
20%О2 5%О2 

MMSCs fFBs MMSCs fFBs 

T cells 

(CD3+/CD19-) 
0.90.1 1.00.1 0.90.1 1.00.1 

B cells 
(CD3-/CD19+) 

1.50.3 1.30.3 1.80.3 1.40.6 

ЕK (CD3-

/CD16+/CD56+) 
1.90.5 2.20.5 1.80.3 2.00.3 

Т cells 

(CD3+/HLA-

DR+) 
0.90.2 0.90.1 0.70.2* 0.80.1* 

Т cells 
(CD3+/CD25+) 

0.60.1 0.80.1 0.60.1 1.00.1 

*Significant differences from values at 20% O2 (p < 0.05) 

Therefore, co-culture with stromal cells provoked the 

alteration in PHA-activated lymphocyte types as well as T 

cell activation. In the presence of fFBs, the percentage of 

NK cells was more and B cells less in comparison with 

same types in MMSC/MC co-culture. MMSCs and fFBs 

equally suppressed the population of HLA-DR-positive 

lymphocytes; however, the presence of fFBs had a little 

(20% О2) or no (5% О2) effect on CD25-expressing cells. 

3.3. Hematopoiesis-supporting Properties 

Colony forming cell (CFC) evaluation. To characterize 

the ability of stromal cells to maintain hematopoietic 

progenitors, in vitro colony forming activity was assessed 

in the initial cord blood MCs (CBMCs) and in the non-

attached fraction of these cells after 72 hours of co-culture 

with MMSCs and fFBs. Initial CBMCs formed 25% more 

colonies at 5% О2 (Figure 1 (1)). Following 72 hours of 

co-culture with MMSCs, CBMCs retained the CF-

potential, which was again more pronounced after co-

culture at 5% О2 (Figure 1 (2)). The CF-activity was 

attenuated in CBMCs after co-culture with fFBs. This 

effect was particularly evident after hypoxic co-culture 

(Figure 1 (3)). 

 

1. Initial CBMCs; 2. CBMCs after 72 hours of co-culture with MMSCs; 

3. CBMCs after 72 hours of co-culture with fFBs. White bar – co-culture 

at 20% O2; Grey bar – co-culture at 5% O2; * - P < 0.05 compared with 
fFBs 

Figure 1. Colony- formation efficiency of CBMCs in MetoCult H4534 

Formation of progenitor colonies on stromal layers. 

The part of CBMCs remained adhered to the stromal cells 

after 72 hours of co-culture (Figure 2 а-d). During the 

ensuing cultivation, these cells were able to form colonies 

of undifferentiated progenitors. 10 days later, these 

colonies were found on MMSCs and were not detected on 

fFBs (Figure 3 а-d), regardless of the О2 concentration in 

the medium.  

 

а, b – CBMCs/MMSCs; c,d - CBMCs/fFBs; а, c –20% О2, b,d - 5 %О2. 

Adhered CBMCs look as shiny rounded cells (marked with black 
arrows), some of them are well spreaded on stromal cell’s surface (white 

arrows), phase contrast, bars = 50um 

Figure 2. CBMCs adhesion on stromal cells after 72 hours of co-colture 

To sum up, umbilical cord blood hematopoietic 

progenitors retained the ability to form colonies in the 

semi-solid medium after co-culture with stromal cells. The 

CFU-activity after co-culture with fFBs was noticeably 
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less when compared with initial CBMCs and co-cultured 

with MMSCs. CBMCs adhered to the MMSCs formed 

colonies of undifferentiated progenitors both at 20% and 

5% О2; no colony was detected on the fFBs monolayer. 

 

а, b, d, e - CBMCs/MMSCs; c,f - CBMCs/fFBs; а-c - 20% О2, d-f - 5 % 

О2. CBMCs were co-cultured with stromal cells for 72 hours and then all 

floating CBMCs were removed. After 14 days from the start of 
experiments, undifferentiated precursor colonies were revealed on 

stromal feeders. White asterisks - precursor’s colonies, Black arrows - 
single CB-born cells. Bright field, Crystal violet staining, bars =100µm 

(a,d), bars = 50µm (b,c,e,f) 

Figure 3. Stromal monolayers after 14 days of co-culture with CBMCs 

4. Discussion 

In the present paper we have compared some aspects of 

immunomodulating and hematopoiesis-supporting activity 

of two types of human stromal cells: adipose tissue 

derived MMSCs and fetal FBs. These properties appeared 

to be different in MMSCs and fFBs to some extent despite 

the fact that both cell types are low differentiated cells of 

mesenchymal origin. 

The histogenetic relationship of FBs and MMSCs is 

still not fully elucidated. Stromal cells currently defined as 

MSCs were isolated by Friedenstein et al. [9] from bone 

marrow and termed “fibroblast-like cells”. The main 

features of these cells were the ability to adhere to 

substrate, to form colonies of progenitor cells (CFU-F) 

and to differentiate both in vivo and in vitro into other 

types of mesenchymal cells (adipocytes, osteoblasts, and 

chondroblasts). Later on, these cells were termed 

multipotent mesenchymal stem (stromal) cells (MMSCs) 

and much effort was spent to establish the “degree of 

kinship” between FBs and MMSCs [10,11]. Today, 

MMSCs and FBs can be isolated from a large variety of 

tissues [12,13]. It was found that, despite the diversity of 

sources, it is very difficult to distinguish MMSCs from 

FBs using the morphologic and immunophenotype criteria. 

All surface antigens used to identify MMSCs are also 

present on FBs [14,15]. This finding is supported by our 

results on similar immunoprofile of human adipose tissue-

derived MMSCs and human fetal FBs. The capacity for 

multilineage differentiation - a key MMSCs property, and 

immunosuppression are regarded as specialized functions 

arising from their low differentiated multipotent nature 

[14,16]. However, the ontogenetic studies [17,18] 

provided evidence suggesting that FBs are one of the most 

primitive cells of adult tissues. This gives a reason to 

suppose that FBs can share the same MMSC multipotent 

properties, particularly with regard to effects on the 

immune cells and hematopoietic progenitors’ maintenance. 

MMSC immunomodulation activity now is well 

recognized. Thus, there is a clear demonstration that co-

culture with MMSCs reduces allogenic T-lymphocyte 

proliferation, induces T-cell anergy and apoptosis, 

modulates cytokines production by immunocompetent 

cells, and inhibits T-cell activation and also maturation of 

dendritic cells. This immunomodulation is antigen-

nonspecific and mediated by several soluble factors such 

as TGF-β, PGE2 and tryptophan metabolites [1,2,3]. Data 

on FBs are less consistent. It has long been shown that 

these cells can take on the role of alternative antigen-

presenting cells activating or suppressing T-lymphocytes 

[4,19] and mediating indirect anti-proliferating effects 

[20]. Still, there exists an opinion that stromal cells like 

FBs do not possess the immunosuppressive activity [14]. 

Nonetheless, it can be surmised that the immunomodulation

 properties are common to the stromal cells. 

We have revealed an increase in NK and B cell 

percentages in suspensions of PHA-activated PBMCs 

after co-culture with both stromal cells. However, the 

increase in NK was more substantial in the presence of 

fFBs, whereas the increase of B cell proportion was more 

pronounced with MMSCs. In addition, the pattern of T-

cell suppression was also different. The percentage of 

HLA-DR-positive cells was equally reduced after co-

culture with MMSCs and fFBs. However, the fFBs impact 

on CD25-expression was weak (20% О2) or none (5% О2). 

That is, MMSCs suppressed expression T cells with both 

early (CD25) and late (HLA-DR) activation markers in 

normoxic and hypoxic conditions. In co-culture with fFBs, 

T cells with both activation markers were inhibited at 20% 

О2 and of late HLA-DR only at 5% О2. 

The case of the fluctuation in lymphocyte types during 

co-culture with stromal cells has not yet been fully 

resolved. It is well known that activated Т cells adhere to 

the stromal layer forming the high specific cell-to-cell 

contacts [21,22] and are even able to migrate into the 

space beneath the cells and back onto the stroma surface 

[21]. Recently we have shown that, in contrast to 

inactivated immune cells, PHA-activated PBMCs have 

effectively adhered to MMSCs and spread on their surface, 

and were able to transmigrate under stromal cells. This 

interaction involves at least one of the highly specific 

ligand-receptor paths mediated by ICAM-1 [23]. It can be 

assumed that the elevation of B and NK proportions in 

unattached PBMCs can be associated with the 

predominant adhesion of activated T cells. In addition, our 

data on the T cells’ suppression after co-culture with 

stromal cells may be also caused by peculiarities of 

activated lymphocytes’ «interplay» with MMSCs and 

fFBs. 

At present, the use of stromal cells as feeders for 

hematopoietic cell expansion ex vivo is the routine cell 

culture practice [24,25]. Initially, the feeder for 

hematopoietic cells consisted of a total population of 

adhesive marrow cells including stromal, endothelial and 

reticular cells, fibroblasts, pre-adipocytes, etc. This system 

was called “Dexter’s culture” [24]. Afterwards, HSC 

expansion on purified feeder cells such as FBs [26], 

stromal cells harvested from Dexter’s cultures MS-5 
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[27,28] and MS-K [27] came into use; finally, MMSCs 

became of the primary choice [29,30,31,32]).  

In the present study, we demonstrated that 

hematopoietic cells from human cord blood retain the 

CFC-activity in semi-solid medium after co-culture with 

stromal progenitors. We assayed the ability of CBMCs to 

form the colonies of progenitor cells on the stromal 

monolayers (MMSCs and fFBs) at different О2 

concentrations in culture medium. It was found that the 

number of CFCs among CBMCs co-cultured with 

MMSCs was slightly less than among initial CBMCs. 

Progenitor colonies were formed on the MMSC 

monolayer both at 20% and 5% О2. The CFC number after 

co-culture with fFBs was noticeably less in comparison 

with initial CBMCs and those co-cultured with MMSCs; 

no colony was detected on the fFBs monolayer. These 

data are in agreement with the earlier observations of 

Wagner et al. [30] who demonstrated the enhanced CD34
+
 

cells hematopoiesis-supportive capacity of human bone 

marrow MMSCs than FB HS68 cell line. Today, most 

protocols for ex vivo expansion of hematopoietic cells 

preferentially employ MMSCs. However, comparison of 

the data from different studies is very complicated. This is 

due in part to differences in the experimental design. For 

instance, some laboratories irradiate a stromal supporting 

layer [26,30,32]. In this study we used intact pre-

monolayer stromal cells as a feeder, as in [29]. Naturally, 

the profile of secreted biologically active substances will 

vary with the technique of supporting layer preparation. 

Besides, stromal and hematopoietic cells are co-cultured 

in a huge variety of media (i.e. with and without cytokines, 

chemokines and growth factors). The standard cocktail of 

stem cell growth factor (SCF), FL-3 ligand (FL3) and 

thrombopoietin (TPO) in addition to stroma feeder raises 

the effectiveness of hematopoietic cell expansion 

significantly [29,33]. Nevertheless, these expensive 

growth media are not economical for clinical needs; 

therefore, preference can be given to intrinsic biologically 

active mediators produced by stromal cells. Using the 

conventional culture medium for stromal cell expansion 

(low glucose DMEM with standard supplements) in a 14-

day experiment, we observed a better potential of MMSCs 

but not fFBs for maintaining hematopoietic cells from 

human umbilical cord blood. It is possible that the 

addition of growth factors or the extension of the 

experiment duration could help to reveal hematopoiesis-

supportive potential of fFBs. It can be assumed that 

hematopoiesis-inducing capacities of stromal cells can 

vary in extent and time of realization and depend on 

microenvironmental parameters. 

5. Conclusions 

In conclusion, the stromal cells from different sources 

like human MMSCs from the stromal-vascular fraction of 

adipose tissue and fetal FBs have similar but not identical 

properties which can be considered a manifestation of 

their stromal and immunosuppressive potential. In 

addition, the partial oxygen pressure is an important 

physical factor that also modifies the results of cell-cell 

interactions and, therefore, should be taken into account 

when defining methodical approaches with regard to the 

use of stromal cells for the needs of regenerative medicine. 
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