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Abstract 28 

Human mesenchymal stromal cells (hMSCs) hold great promise in the treatment of inflammatory and 29 

immune diseases, due to their immunomodulatory capacity. Their therapeutic activity is often 30 

assessed measuring levels of expression of immunomodulatory genes such as indoleamine 2,3-31 

dioxygenase 1 (IDO1) and real-time RT-qPCR is most predominantly the method of choice due to its 32 

high sensitivity and relative simplicity. Currently, multiple strategies are explored to promote hMSC-33 

mediated immunomodulation, overlooking the effects they pose in the expression of genes commonly 34 

used as internal calibrators in real-time RT-qPCR analyses. However, variations in their expression 35 

could introduce significant errors in the evaluation of the therapeutic potential of hMSCs. This work 36 

investigates, for the first time, how some of these strategies - 3D encapsulation, the mechanical 37 

properties of the 3D matrix and inflammatory licensing - influence the expression of common 38 

reference genes in hMSCs. Both 3D encapsulation and inflammatory licensing alter significantly the 39 

expression of β-actin (ACTB) and Ubiquitin C (UBC), respectively. Using them as normalization 40 

factors leads to an erroneous assessment of IDO1 mRNA levels, therefore resulting in over or 41 

underestimation of the therapeutic potential of hMSCs. In contrast, the range of mechanical properties 42 

of the matrix encapsulating the cells did not significantly affect the expression of any of the reference 43 

genes studied. Moreover, we identify RPS13 and RPL30 as reference genes of choice under these 44 

particular experimental conditions. These results demonstrate the vital importance of validating the 45 

expression of reference genes to correctly assess the therapeutic potential of hMSCs by real-time 46 

RT-qPCR. 47 

 48 
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1. Introduction 54 

Mesenchymal stromal cells (MSCs) are multipotent cells that hold great clinical promise. Owing to 55 

their ability to differentiate into various mesodermal cell lineages (osteogenic, chondrogenic and 56 

adipogenic) 1,2, they have been extensively explored for tissue regeneration applications 3-5. In 57 

addition, MSCs are also promising candidates for the treatment of inflammatory and immune 58 

disorders, since they regulate innate and adaptive immunity via direct cell-to cell contact, or by the 59 

production of soluble factors, such as indoleamine 2,3-dioxygenase (IDO), prostaglandin E2 (PGE2) 60 

and interleukin-6 (IL-6), that mediate a paracrine immunomodulatory effect 6-8. 61 

The MSC secretome is highly dependent on the local microenvironment, since cells adopt an anti-62 

inflammatory and immunoregulatory phenotype in the presence of inflammatory conditions 9. 63 

Therefore, MSC activation with inflammatory cytokines, also known as inflammatory licensing, has 64 

been explored to enhance their immunomodulatory effects and ultimately, therapeutic potential 10. 65 

Treatment with interferon γ (IFN-γ) or tumor necrosis factor α (TNF-α) 11,12 has been widely employed, 66 

and the combination of both cytokines has a synergistic effect 13. Three-dimensional (3D) culture has 67 

also been suggested as a strategy to increase the anti-inflammatory phenotype of MSCs 14-16, as the 68 

natural microenvironment of a tissue is more closely mimicked than in 2D culture 17. In this regard, 69 

the combination of 3D culture and sustained inflammatory licensing has been proven to synergistically 70 

enhance the immunomodulatory potential of MSCs 18. Furthermore, the mechanical properties of 71 

hydrogels in which MSCs are encapsulated regulate intracellular pathways 19-21 and such biophysical 72 

signaling has been reported as a tool to tune the inflammatory activation of MSCs to control the innate 73 

immune system 22.  74 

The therapeutic potential of MSCs is usually assessed by exploring the expression of 75 

immunomodulatory genes such as IDO1 or prostaglandin-endoperoxide synthase 2 (PTGS2). Real-76 

time, reverse transcription, quantitative polymerase chain reaction (RT-qPCR) is widely employed for 77 

mRNA detection and quantitative gene expression analysis, because of its high sensitivity and 78 

specificity 23. However, variations in the amount of starting material, RNA recovery and integrity, 79 

efficiency of cDNA synthesis or reverse transcription may lead to inaccurate results 24. To minimize 80 
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the impact of these possible errors, target gene expression is normalized to that of so-called reference 81 

genes, under the assumption that the latter are constitutively expressed 25,26. However, multiple 82 

studies highlight the variability in the expression of many traditionally used reference genes under 83 

several experimental conditions, which in the particular case of MSCs include treatment with growth 84 

factors such as vascular endothelial growth factor (VEGF) 27, culture under differentiation conditions 85 

28 or obtaining cells from different species 29,30 or tissues 27,31,32. Such variability can lead to inaccurate 86 

results in real-time RT-qPCR analyses and flawed conclusions 33.  In 2009, the Minimum Information 87 

for Publication of Quantitative Real-Time PCR Experiments (MIQE) guidelines were published, which 88 

advise to validate reference genes to each experimental set-up in order to produce reliable real-time 89 

RT-qPCR data 34. Along with these guidelines, multiple software tools have been developed to 90 

analyze the stability of candidate reference genes in different experimental conditions 35-37. 91 

In the present study, our aim was to determine if inflammatory licensing of MSCs together with 3D 92 

culture in collagen-alginate hydrogels interfered in the stability of 10 widely employed reference genes 93 

(HMBS, UBC, GAPDH, OAZ1, RPL27, RPL30, RPS13, TBP, MAPK1 and ACTB). Moreover, the 94 

influence of the mechanical properties of the hydrogel was also explored by tuning the viscoelasticity 95 

and stiffness of the gels. This stability assessment was performed by means of BestKeeper, 96 

NormFinder and geNorm algorithms. The expression of the target gene IDO1 was normalized to the 97 

most dysregulated reference genes to detect possible misleading results due to incorrect 98 

normalizations, and the expression of these dysregulated housekeeping genes was further analyzed 99 

to evaluate the actual impact of cytokine stimulation, 3D encapsulation and mechanical properties. 100 

 101 

2. Methods 102 

2.1 Primary cell isolation and culture 103 

Primary human MSCs (hMSCs) were obtained from fresh bone marrow (Lonza). Cells were isolated 104 

by a density gradient employing Lymphoprep (StemCell Technologies) followed by adherent culture 105 

to tissue culture plastic. After 2 passages, cells were cryopreserved in complete media and 7.5 % 106 



5 
 

dimethyl sulfoxide (DMSO) (Thermo). Statistical analyses in this study reflect 3 independent 107 

experimental replicates with cells obtained from a single donor.  108 

For hMSCs culture, minimum essential medium α (α-MEM) (no nucleosides, +GlutaMax, Gibco) was 109 

supplemented with 20 % heat-inactivated fetal bovine serum (FBS) and 1 % penicillin/streptomycin 110 

(P/S) (Thermo). Cells were grown at 37 °C in a 5 % CO2 / 95 % air atmosphere and passaged at 70 111 

- 90 % confluence. Passage 2 - 4 hMSCs were employed for the experiments included in this paper. 112 

2.2 hMSCs inflammatory licensing and experimental conditions 113 

Control (unstimulated) hMSCs were cultured in α-MEM (20% heat-inactivated FBS, 1 % P/S). Cells 114 

were detached from the culture flaks and either encapsulated in collagen-alginate artificial 115 

extracellular matrix (aECM) hydrogels (3D), as described below, or seeded on tissue culture plates 116 

(TCP) at a density of 2.5 x 105 cells per well (2D), and maintained in culture for 3 days in α-MEM 117 

(10% heat-inactivated FBS, 1 % P/S). 118 

Stimulated hMSCs were licensed overnight by supplementing α-MEM (20% heat-inactivated FBS, 1 119 

% P/S) with IFN-γ (20 ng mL-1) and TNF-α (10 ng mL-1). After 12 - 16 h, cells were retrieved from the 120 

culture flasks and either encapsulated in aECM hydrogels (3D) or seeded on TCP at a density of 2.5 121 

x 105 cells per well (2D), and maintained in culture for 3 days in α-MEM (10% heat-inactivated FBS, 122 

1 % P/S). 123 

2.3 hMSCs encapsulation in aECM hydrogels 124 

aECM fabrication was performed as previously described 38. In brief, a collagen stock solution (Rat 125 

tail telo-collagen, Type I 8–11 mg mL-1, Corning) was incorporated in a buffer consisting of Hanks' 126 

balanced salt solution (HBSS) (without calcium and magnesium, with phenol red, Sigma-Aldrich), 127 

supplemented with N-2-hydroxyethylpiperazine- N-2-ethane sulfonic acid (HEPES) (Gibco) (20mM 128 

final concentration). 1M NaOH (∼ 1 % final concentration) was incorporated to achieve a pH of 5 – 129 

6.5. The same buffer (HBSS, 20 mM HEPES) was employed to prepare ultra-pure very low viscosity 130 

sodium alginates (UP-VLVG) solutions at a 5 % concentration. pH was adjusted to 7 with 1M NaOH. 131 

In the case of viscoelastic hydrogels, unmodified alginates were used, whereas for elastic gels a  132 
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Table 1. Formulation of the different types of aECM hydrogels. aECM, artificial extracellular matrix. Nb, 133 
norborene. Tz, tetrazine. VLVG, very low viscosity. GDL, glucono-delta-lactone. * from 38. 134 

            135 

mixture of unmodified and norborene and tetrazine modified alginates (Alg-Nb, Alg-Tz) were 136 

employed. The latter were modified as described in 39. Finally, a CaCO3 slurry (100 mg mL-1) was 137 

prepared by suspending precipitated calcium carbonate nanoparticles (nano-PCC, Multifex-MM, 138 

Specialty Minerals) in water for injection (Gibco). The resulting suspension was ultra-sonicated (70 139 

% amplitude, 15 s) immediately prior to gel manufacture. Finally, cells were retrieved from culture and 140 

suspended at 40 x 106 cells mL-1 in the buffered salt solution (HBSS, 20 mM HEPES).  141 

The process of hydrogel fabrication was carried out on ice and all the components were continuously 142 

mixed with micro-stir bars. As a first step, the calcium slurry was added to the collagen solution. Next, 143 

the appropriate volume of stock cell solution to obtain a final concentration of 2 x 106 cells mL-1 was 144 

included. Subsequently, alginates were incorporated into the mixture. In the case of viscoelastic 145 

hydrogels, the unmodified alginate solution was added, whereas for elastic hydrogels, Alg-Nb was 146 

included too (Alg-Tz was reserved to be added as a final step). Next, freshly dissolved glucono-delta-147 

lactone (GDL) (EMD Millipore. 0.4 g mL-1 in HBSS/HEPES) was incorporated to cause the rupture of 148 

the nanoparticles and release of calcium for gelation purposes. For the elastic gels, the reserved 149 

amount of Alg-Tz was incorporated as a final step. Final concentrations of each component in the 150 

hydrogels are detailed in Table 1.  151 

Hydrogel solutions were quickly transferred to non-tissue culture treated 12 well plates and incubated 152 

for 1 h at 37 °C for initial gelation. Once gelation had occurred, hydrogels were covered with 1 mL of 153 

buffered salt solution (HBSS, 20 mM HEPES) for equilibration, and incubated for an additional 1 h at 154 

 
VLVG 

alginate 
(% w/v) 

Nb-alginate 
(% w/v) 

Tz-alginate 
(% w/v) 

Total 
alginate 
(% w/v) 

Collagen 
(mg/mL) 

CaCO3 
(% w/v) 

GDL 
(mM) 

G’ 
(Pa)* 

G” 
(Pa)* 

Viscoelastic 
soft 

1.5 0 0 1.5 4 0.1 40 250 32 

Viscoelastic  
stiff 

1.5 0 0 1.5 4 0.3 120 2500 230 

Elastic soft 0.5 0.5 0.5 1.5 4 0.1 40 250 18 

Elastic stiff 0.5 0.5 0.5 1.5 4 0.3 120 2500 90 
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37 °C. The buffer was then replaced by fresh culture media (α-MEM 10 % heat-inactivated FBS, 1 % 155 

P/S) and gels were cultured in a 5 % CO2 atmosphere at 37 °C for 3 days. 156 

2.4. Compliance with Minimum Information for real-time RT-qPCR Experiments (MIQE) guidelines  157 

All gene expression analyses in this work adhered to the MIQE guidelines 34, which promote 158 

transparency and ensure result reliability. The MIQE checklist is detailed in Table S1. Experimental 159 

procedures were carried out in the investigators’ laboratory, with the exception of the RNA quality 160 

assessment, which was performed with Agilent TapeStation 4200 at the Bauer Core (Harvard 161 

University).  162 

2.5 RNA extraction, RNA quality assessment and cDNA synthesis 163 

After 3 days of culture, cells were retrieved for RNA extraction. For encapsulated hMSCs, α-MEM 164 

was replaced by 500 µL of a solution containing 34 U mL-1 alginate lyase (Sigma-Aldrich) and 300 U 165 

mL-1 collagenase type I (Sigma-Aldrich) and incubated for 40 minutes at 37 °C, when the remaining 166 

hydrogel was triturated with a pipet until total fragmentation.  TCP seeded hMSCs were treated with 167 

Accutase (Thermo) for 15 min at 37 °C and the total content of each well was transferred to a RNA-168 

se free low binding eppendorf tube and centrifuged at 400 g for 5 min at 4 °C. The supernatant was 169 

discarded and a set of 3 washes was performed with cold wash buffer (Dulbecco's phosphate-170 

buffered saline (DPBS) without Ca/Mg, 2mM ethylenediaminetetraacetic acid (EDTA) , 0.5% bovine 171 

serum albumin (BSA), followed by centrifugation to obtain a cell pellet.  172 

For RNA isolation and purification, PureLink RNA Micro Kit (Cat. 12183-016, Invitrogen) was 173 

employed following the manufacturer’s indications. Cell pellets were lysed in 300 μl lysis buffer 174 

provided in the kit, previously supplemented with 1 % β-mercaptoethanol (M6250, Sigma). DNAse 175 

treatment was carried out on-column by means of Purelink DNA-se set (12185010, Invitrogen). RNA 176 

was eluted in 15 µl nuclease-free water. Samples were stored at - 80 ºC and used within a month.   177 

For preliminary RNA yield and quality assessment, NanoDrop spectrophotometer was employed. 178 

RNA concentrations and A260/280 and A260/230 ratios are shown in supplementary Table S2.  RNA 179 

integrity was further analyzed in Agilent 4200 TapeStation (Agilent Genomics). In brief, samples were 180 
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diluted to a range of 30-500 ng µl-1. 1 µl of the resulting dilution was incorporated in 5 µl RNA Screen 181 

Tape Sample Buffer (5067-5577, Agilent Genomics) and denatured for 3 min at 72 ºC. After cooling 182 

for 2 min on ice, samples were run in RNA Screen Tape (5067-5576, Agilent Genomics). 28S/18S 183 

ratios and RNA integrity number (RIN) scores are reported in supplementary Table S2.  184 

For cDNA synthesis, RNA was defrosted on ice, and immediately reverse-transcribed by means of 185 

iScript Advanced Reverse Transcription Supermix for real-time RT-qPCR (172-5038 Bio-Rad). 186 

Reverse transcription (20 μl volume) was performed according to the following steps: 46 ºC for 20 187 

min, 95 ºC for 1 min, cool down to 4 ºC. cDNA was stored at - 20 ºC until real-time RT-qPCR analyses.   188 

2.6 Primer design  189 

Primers sequences for reference genes employed in this study are detailed in supplementary Table 190 

S3. We utilized the Primer Basic Local Alignment Search Tool (Primer BLAST) to design primer 191 

sequences that met the following criteria: amplicon size 75-200 bp, GC content 50-65%, ≤3 G or C 192 

repetitions, ≤4 base repetitions, melting temperature (Tm) 55-65°C. When gene targets had several 193 

splicing variants (including predicted variants), primer pairs were designed to amplify all at the same 194 

product length. Each primer pair was verified with Blast Tool (NCBI) to confirm its specificity for the 195 

desired target. Primers were synthetized and purchased from Sigma and purified by desalting. To 196 

detect IDO1, we used qHsaCED0044371 primer pair from BioRad. 197 

2.7 Real-time RT-qPCR analyses 198 

For each sample reaction, 10 ng of cDNA were mixed with 2 × AdvancedSSO SYBR Green Supermix 199 

(172-5274, Bio-Rad) and 0.5 µM of primers to a total volume of 20 μl. Reactions were loaded in 200 

duplicate on low profile, unskirted, clear 96-well plates (MLL9601, Bio-Rad) and run on a CFX96 201 

Touch real-time RT-qPCR detection system (BioRad) according to the following protocol:2 min at 202 

50°C, 2 min at 95°C, (15 sec at 95°C and 1 min at 60°C) x 40 cycles. Assessment of each gene was 203 

carried out in the same run for the totality of the samples to avoid inter-run variability. Moreover, a 204 

melt curve analysis was performed to confirm the single-product amplification. No amplification was 205 

detected in non-template (NTC) and non-reverse transcription (NRT) controls. Cq values were 206 
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determined with the Single Threshold mode in the CFX Manager software (BioRad). To determine 207 

primer efficiency (E), the slope of a linear regression of the Cq values obtained from a dilution series 208 

of the starting cDNA was employed and applied in the following equation: 𝐸 ൌ 10
ሺି

భ
ೞ೗೚೛೐

ሻ
. 209 

2.8 Candidate reference gene stability assessment 210 

The BestKeeper (BK) algorithm provides descriptive statistics of Cq values. By means of the BK Excel 211 

tool, a pair-wise correlation of raw Cq values for each sample was performed, obtaining standard 212 

deviation (SD) and coefficient of variance (CV) values. The most stable reference genes are those 213 

with the lowest SD and CV. The latter was calculated as the percentage of the Cq SD to the Cq mean. 214 

For data normalization, the algorithm provides the BK index: the geometric mean of the Cq values of 215 

all candidate reference genes that presented a SD < 1 35. 216 

NormFinder (NF) is an analysis of variance (ANOVA)-based model that provides each candidate 217 

reference gene with a stability value, considering both, intra and intergroup variation, and ranks them 218 

based on this parameter 36. For this analysis, Cq values were transformed to relative quantities by 219 

means of the following formula: E (lowest Cq - Cq), which considers E and uses the lowest Cq as a 220 

calibrator. The resulting relative quantities were employed as input data in NF to calculate stability 221 

values for the 10 candidate reference genes under analysis. The lowest stability value represents the 222 

lowest variation, and therefore, the best stability. Moreover, the software also provides the best 223 

combination of two reference genes for data normalization. 224 

The geNorm (GN) algorithm is based on the principle that the expression ratio of two ideal reference 225 

genes is identical in all samples, regardless of the experimental condition 37. Therefore, differences 226 

on ratios of two housekeeping genes means that one, or both, are not constantly expressed. For 227 

analysis of candidate reference genes with GN, the qbase+ software was employed. Each candidate 228 

reference gene was scored with the stability value M, which is based on the average pairwise variation 229 

of a particular gene with all other control genes. The lower the M value, the higher the reference gene 230 

stability. The software also provided the combination of the two housekeeping genes with the most 231 
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stable expression for data normalization purposes. Moreover, GN also generates a V value, which 232 

refers to the suitability of employing a particular number of reference genes in a study.  233 

2.9 Relative gene expression analyses 234 

The Livak method 40 was performed to calculate relative gene expression. As calibrator, either the BK 235 

index or the geometric mean of Cq values of two reference genes calculated by NF or GN algorithms 236 

was employed. Error was propagated by means of the formula: 237 

𝑬𝒓𝒓𝒐𝒓ሺ𝒂 ൅ 𝒃ሻ ൌ ඥ𝑬𝒓𝒓𝒐𝒓ሺ𝒂ሻ𝟐 ൅ 𝑬𝒓𝒓𝒐𝒓ሺ𝒃ሻ𝟐 238 

2.10 Statistical analysis of relative gene expression data  239 

For statistical analyses, ∆∆Cq values were employed to determine differences among the different 240 

candidate reference genes and ∆Cq data for the rest of studies. The normal distribution of the data 241 

was confirmed by the Shapiro-Wilk test. To detect statistically significant differences between two 242 

groups, a two-tailed t-test was performed. For multiple comparisons, one-way ANOVA was employed. 243 

In this case, the Levene test was used to determine the homogeneity of variances. If homogeneous, 244 

the Bonferroni post-hoc was applied and if non-homogeneous, the Tamhane test was selected. p 245 

values ˂ 0.05 were considered significant. All statistical computations were performed with SPSS 23 246 

(IBM SPSS, Chicago, IL). 247 

 248 

3. Results 249 

3.1 RNA quality and expression levels of candidate reference genes 250 

Primary hMSCs were isolated from fresh bone marrow of human donors by means of a density 251 

gradient. In order to study the influence of hMSCs licensing and encapsulation on the expression of 252 

candidate reference genes, non-stimulated control hMSCs or overnight IFN-γ / TNF-α stimulated 253 

hMSCs were used as starting materials, and either seeded in TCP (2D) or encapsulated in collagen-254 

alginate artificial extracellular matrix (aECM) hydrogels (3D) (Fig. 1A). Furthermore, to investigate the 255 
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effect of the mechanical properties (viscoelasticity and stiffness) of the local microenvironment on 256 

gene expression, hMSCs were encapsulated in four different types of aECM hydrogels: viscoelastic 257 

soft, viscoelastic stiff, elastic soft and elastic stiff. Viscoelasticity and stiffness were tuned by varying 258 

the mode and magnitude of alginate crosslinking, as indicated in Fig. 1B and C. Viscoelastic aECM 259 

hydrogels present a rapid stress-relaxation behavior as a result of the reversible ionic crosslinks 260 

between alginate and calcium. Reinforcement of these ionic crosslinks by permanent covalent 261 

crosslinking imparts more elastic properties to the hydrogels. In this case, we incorporated tetrazine 262 

(Tz) and norborene (Nb) groups to the alginate chains, which undergo bio-orthogonal inverse electron 263 

demand Diels-Alder reactions and “click” together the existing ionic crosslinks 38,39. The sequential 264 

ionic and covalent crosslinking used to fabricate the aECM hydrogels yields tunable viscoelasticity, 265 

without significantly affecting the modulus. This is because the click groups do not introduce a higher 266 

density of crosslinks but rather reinforce the existing ionic crosslinks. Formulations of aECM 267 

hydrogels are detailed in Table 1. Full characterization of the hydrogel system has been previously 268 

reported in 38. Gene expression was assessed by real-time RT-qPCR 3 days after hMSCs TCP 269 

seeding or encapsulation. A schematic representation of the experimental design is shown in Fig. 1D. 270 

To ensure reproducibility and reliability of the results, all experiments were performed in strict 271 

compliance with MIQE guidelines 34  (see checklist provided in supplementary Table S1). 272 

The samples included in the study met RNA quality criteria. A detailed list of RNA amount, quality 273 

and integrity (RIN values, 28S/18S, A260/280 and A260/230 ratios and RNA concentrations) is 274 

displayed in supplementary Table S2. Our selection of candidate reference genes is shown in Table 275 

2. We included ten of the most frequently used housekeeping genes in real-time RT-qPCR 276 

normalization 41 taking special care to include candidates with distinct cellular functions to minimize 277 

possible bias caused by co-regulated genes. As previously reported 42, ideal reference genes are 278 

expressed at relatively high and stable levels. Among our 10 candidate genes, the expression levels 279 

ranged between 18.65 ± 0.29 (GAPDH) to 27.88 ± 1.00 (UBC) as shown in supplementary Fig. S1. 280 

The primer pairs employed in the study were designed in house, and details are provided in 281 

supplementary Table S3. All the real-time RT-qPCR reactions produced single amplicons. The 282 
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efficiency of each primer pair was determined by serial dilution of the cDNA samples. Primer pairs 283 

demonstrated E values between 1.93 – 2.05 with correlation coefficients > 0.99 (Table S3). 284 

 285 

Fig. 1. hMSC encapsulation in aECM hydrogels. (A) Schematics of the structure and major components of aECM hydrogels. 286 

(B) In viscoelastic hydrogels, alginates are ionically crosslinked with calcium, whereas in elastic hydrogels (C) the ionic 287 

crosslinking is combined with covalent crosslinking between Norborene and Tetrazine groups. (D) Schematic representation 288 

of the experimental procedure. Human primary mesenchymal stromal cells (hMSCs) were stimulated overnight with IFN-γ and 289 

TNF-α. The following day, hMSCs were detached and encapsulated in four hydrogels with different mechanical properties (3D) 290 

or seeded in tissue culture plates (2D). The same procedure was followed with unstimulated control hMSCs. After 3 days of 291 

culture, RNA was extracted from the cells and real time RT-qPCR analysis of 10 different reference genes and the target gene 292 

IDO1 was performed. IFN-γ, interferon γ. TNF-α, tumor necrosis factor α. 293 
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Table 2. Selection of candidate reference genes for stability assessment in primary human mesenchymal 294 
stromal cells. 295 

 296 

3.2 Stability assessment of the candidate reference genes  297 

Candidate reference gene stability was first analyzed with BK (Fig. 2A). According to this algorithm, 298 

genes with Cq values showing a SD > 1 should be considered unacceptable for real-time RT-qPCR 299 

normalization and excluded from further analysis. Among our selection, all genes showed an 300 

acceptable range of variation (SD < 1). Therefore, the BK index, the normalization index the algorithm 301 

provides to normalize each sample, was calculated as the geometric mean of Cq values of all the 10 302 

genes. GAPDH scored as the most stable reference gene, with the lowest SD and CV values (0.24 303 

and 1.3, respectively), followed by OAZ1 (CV = 1.88) and TBP (CV = 2.26). On the contrary, ACTB 304 

(CV = 2.49), RPL30 (CV = 2.61), UBC (CV = 2.79) and MAPK1 (CV = 3.03) were the least stable 305 

candidate reference genes. SD and CV values for each gene are reported in supplementary Table 306 

S4. 307 

Protein function Gene ID Gene symbol Gene name 

Metabolic enzyme 

3145 HMBS Hydroxymethylbilane synthase 

7316 UBC Ubiquitin C 

2597 GAPDH Glyceraldehyde-3 phosphate dehydrogenase 

4946 OAZ1 Ornithine decarboxylase antizyme 1 

Translation 

6155 RPL27 Ribosomal protein L27 

852853 RPL30 Ribosomal protein L30 

6207 RPLS13 Ribosomal protein S13 

Transcription 6908 TBP TATA-box binding protein 

Signalling 5594 MAPK1 Mitogen-activated protein kinase 1 

Structural 60 ACTB β-actin 
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 308 

Fig. 2. Reference gene stability determination upon 3D encapsulation in aECM hydrogels with differing mechanical 309 

properties and inflammatory licensing. (A) C.V. and S.D. values determined by BestKeeper. (B) NormFinder stability 310 

values. (C) Average expression stability of reference targets determined by geNorm. (D) Determination of the optimal number 311 

of reference targets by geNorm. n = 3 samples per experimental condition.  312 

 313 

NF analysis is an ANOVA-based model that assigns each candidate reference gene a stability value, 314 

considering both intra and intergroup variation. According to this parameter, the algorithm provides a 315 

precise ranking from the most stable (presenting the lowest stability value) to the most variable (with 316 

the highest stability value) candidate reference gene (Fig. 2B). Here, RPL30 was ranked as the most 317 

stable housekeeping gene, with a stability value of 0.175. In accordance with the results obtained 318 

with BK, ACTB and UBC were defined as the least stable (with stability values of 0.35 and 0.36, 319 

respectively). All stability values are detailed in supplementary Table S5. Moreover, the analysis also 320 
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determines the combination of two reference genes that provides a lower stability value than any 321 

obtained for a single candidate. The combination of RPS13 and TBP provided a lower stability value 322 

(0.12) than RLP30 (0.17). Consequently, the optimal data normalization factor by this analysis would 323 

be calculated as the geometric mean of RPS13 and TBP.  324 

GN analysis also provides a ranking of the most stable candidate reference genes, but in this case, 325 

it is based on the M values that the algorithm assigns to each. The lower the M value, the most stable 326 

expression. As shown in Fig. 2C, in the present study, the most stable housekeeping gene was 327 

RPS13 (M = 0.27), closely followed by RPL30 (M = 0.271). Similar to NF, GN also provides a 328 

combination of two reference genes to obtain the best normalization factor. However, here, the 329 

suggested combination of RPS13 and RPL30 scored an M value of 0.27, the same stability value as 330 

RPS13 alone. The least stable candidate reference genes, UBC (M = 0.54) and ACTB (M = 0.60) 331 

scored the highest M values, in agreement with the results obtained with BK and NF.  M values of 332 

reference genes determined by geNorm are shown in supplementary Table S6. GN also calculates 333 

the pairwise variation (V), which provides information regarding the optimal number of reference 334 

genes to employ in a study. Starting with the combination of 2 genes, the algorithm provides V, a ratio 335 

based on the normalization factor values (normalization factor obtained with n reference genes / 336 

normalization factor obtained with n + 1 reference genes). If the obtained V factor is below the 337 

threshold of 0.15, n represents a sufficient number of housekeeping genes. In this case, the inclusion 338 

of 2 reference genes would be enough to obtain an optimal normalization factor (Fig. 2D). 339 

In sum, both NF and GN ranked UBC and ACTB as the least stable candidate reference genes, and 340 

these also scored poor stability values in BK.   341 

3.3 Effect of hMSCs encapsulation on the expression of candidate reference genes 342 

Once we assessed the stability of all selected candidate reference genes, we investigated whether 343 

the use of those with the least stable expression as real-time RT-qPCR calibrators (namely, UBC and 344 

ACTB), would lead to misleading expression levels of a target gene, under our specific experimental 345 

conditions. IDO1 was chosen as target gene as it is an important marker of hMSC immunomodulatory 346 
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potential, and widely employed in a wealth of studies regarding hMSC therapy in inflammatory and 347 

immune diseases 13,15. 348 

Real-time RT-qPCR data was analyzed following the 2-ΔΔCT method, also known as the Livak method 349 

40. First, the Cq of the target gene was normalized to that of the reference gene, obtaining the ΔCT. 350 

Next, the ΔCT of the sample group was normalized to the ΔCT of the calibrator group (ΔCT sample 351 

group - ΔCT calibrator group), obtaining the ΔΔCT, and finally, the normalized expression ratio was 352 

calculated (2-ΔΔCT). 353 

First, to explore if hMSC encapsulation had an impact on the expression of the reference genes, we 354 

normalized IDO1 Cq values to the Cq of different reference candidates: the BK index, the combination 355 

of reference genes suggested by NF (RPS13 + TBP), and the combination of reference genes 356 

proposed by GN (RPS13 + RPL30), ACTB or UBC. Next, using IDO1 ΔCT values of 3D encapsulated 357 

hMSCs as the sample group, and IDO1 ΔCT values of 2D cultured hMSCs as the calibrator group, 358 

we calculated the normalized expression ratio. As expected, the levels of IDO1 expression did not 359 

change when GN, NF or BK were used to normalize the data. However, when normalizing the data 360 

with ACTB or UBC, statistically different results were obtained in the four hydrogel types (Fig. 3 A-D). 361 

In particular, we determined an overestimation of IDO1 expression when normalizing to ACTB, versus 362 

an underestimation of IDO1 expression when normalizing to UBC.  363 

To confirm if ACTB and UBC expression varied depending on hMSC 2D or 3D culture, we used the 364 

most stable combination of reference genes, as proposed by NF, and normalized ACTB or UBC 365 

expression in 3D cultured cells (sample group) to their expression in 2D cultured cells (calibrator 366 

group). We performed the analysis in parallel with control and stimulated cells. Confirming our 367 

previous observations, ACTB was significantly downregulated in 3D encapsulated hMSCs (Fig. 3 E-368 

F).  UBC, on the contrary, was significantly upregulated in encapsulated hMSCs (Fig. 3 G-H). These 369 

results explained the over and underestimation of IDO1 observed when these genes were used as 370 

the reference gene (Fig. 3 A-D). Taken together, these results highlight the inadequacy of ACTB and 371 

UBC as reference genes when gene expression in 2D and 3D cultured cells is investigated. 372 

 373 
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374 
Fig. 3. Effect of 3D encapsulation on reference gene stability. IDO1 expression in cells encapsulated in (A) soft 375 

viscoelastic, (B) stiff viscoelastic, (C) soft elastic, and (D) stiff elastic gels. IDO1 expression was normalized to 2D cultured 376 

cells, using the reference gene combinations provided by GN and NF, the BK index or the reference genes UBC or ACTB. 377 

Data is normalized to 1 as fold increase. Values represent mean ± S.E. (n = 3 samples per experimental condition). Statistical 378 

significance: one-way ANOVA with Bonferroni multiple comparisons test: *p < 0.05, **p < 0.01 and ***p < 0.001 compared to 379 
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GN  ##p < 0.01 and ###p < 0.001 compared to NF and ++p < 0.01 and +++p < 0.001 compared to BK. NF, NormFinder. GN, 380 

geNorm. BK, BestKeeper. Evaluation of ACTB expression in all encapsulated conditions: (E) unstimulated cells and (F) 381 

stimulated cells. Evaluation of UBC expression in all encapsulated conditions: (G) non-stimulated cells and (H) stimulated 382 

cells, all normalized to their 2D controls. The reference gene combination employed was that recommended by NormFinder. 383 

Data is normalized to 1 as fold increase. Values represent mean ± S.E. (n = 3 samples per experimental condition). Statistical 384 

significance: one-way ANOVA with Bonferroni multiple comparisons test: **p < 0.01 and ***p < 0.001 compared to 2D. 385 

 386 

3.4 Effect of the mechanical properties of the matrix on the expression of candidate reference genes 387 

Next, the impact of the mechanical properties of the matrix in which hMSCs were encapsulated on 388 

reference gene expression was evaluated. The effect of both viscoelasticity and stiffness was 389 

analyzed. To determine the effect of viscoelasticity, we used IDO1 ΔCT values of hMSCs 390 

encapsulated in viscoelastic hydrogels as the sample group, and the IDO1 ΔCT values of hMSCs 391 

encapsulated in elastic hydrogels as the calibrator group (Fig. 4 A-B). To analyze the influence of  392 

393 
Fig. 4. Effect of the mechanical properties of aECM hydrogels on reference gene stability. IDO1 expression in cells 394 

encapsulated in (A) soft viscoelastic, and (B) stiff viscoelastic gels normalized to their elastic controls using the reference gene 395 

combinations. IDO1 expression when normalizing soft viscoelastic (C) and soft elastic (D) gels to their stiff controls. Error bars 396 

mean ± S.E. (n = 3 samples per experimental condition). Statistical significance: one-way ANOVA. NF, NormFinder. GN, 397 

geNorm. BK, BestKeeper. n.s.d, no significant difference. 398 
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matrix stiffness, we employed IDO1 ΔCT values of hMSCs encapsulated in soft hydrogels (sample 399 

group) and IDO1 ΔCT values of hMSCs encapsulated in stiff hydrogels (calibrator group) (Fig. 4 C-400 

D). In both cases, data normalization with all the different reference genes led to the same IDO1 401 

expression results, suggesting that their expression remained stable within the specific variations of 402 

the hydrogels’ mechanical properties tested here. 403 

3.5 Effect of hMSCs IFN-γ / TNF-α stimulation on the expression of candidate reference genes 404 

Finally, following the same analysis, we explored the influence of hMSC overnight stimulation with 405 

IFN-γ/TNF-α. In this case, we used the IDO1 ΔCT values of IFN-γ / TNF-α stimulated hMSCs as the 406 

sample group, and the IDO1 ΔCT values of control hMSCs as the calibrator group. Once again, data 407 

normalization with the reference genes proposed by the 3 different algorithms led to equal IDO1 408 

expression values. On the contrary, statistically different results were obtained when normalizing the 409 

data with ACTB or UBC, for all the four hydrogel types (Fig. 5 A-D). As in the 2D versus 3D 410 

comparison, IDO1 was over and underestimated when normalized to ACTB and UBC, respectively. 411 

However, the differences in mRNA levels were less striking than in the previous comparison. To 412 

confirm the observations above, we normalized ACTB and UBC expression in stimulated hMSCs with 413 

NF. As shown in Fig. 5 E, ACTB expression was downregulated in IFN-γ and TNF-α stimulated 414 

hMSCs, leading to an overestimation of target gene expression if used as a reference gene under 415 

these experimental conditions (Fig. 5 A-D). On the other hand, UBC upregulation was observed (Fig. 416 

5 F), explaining why when used as a reference gene, target gene expression resulted in an 417 

underestimation (Fig. 5 A-D).  418 

 419 

 420 

 421 

 422 

 423 
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 424 

Fig. 5. Effect of inflammatory licensing on reference gene stability. IDO1 expression in stimulated cells encapsulated in 425 

(A) soft viscoelastic, (B) stiff viscoelastic, (C) soft elastic, and (D) stiff viscoelastic gels. IDO1 expression was normalized to 426 

the non-stimulated controls using the reference gene combinations provided by GN and NF, the BK index or the reference 427 

genes UBC or ACTB. Data is normalized to 1 as fold increase. Values represent mean ± S.E. (n = 3 samples per experimental 428 

condition). Statistical significance: one-way ANOVA with Bonferroni multiple comparisons test: *p < 0.05, **p < 0.01 and ***p 429 

< 0.001 compared to GN #p < 0.05 and ##p < 0.01 compared to NF and +p < 0.05 compared to BK. NF, NormFinder. GN, 430 
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geNorm. BK, BestKeeper. ACTB expression in stimulated cells in the four gel types (E), and UBC expression in stimulated 431 

cells in the gel types (F), all normalized to their non-stimulated controls. Data is normalized to 1 as fold increase. The reference 432 

gene combination employed was that recommended by NormFinder. Values represent mean ± S.E. (n = 3 samples per 433 

experimental condition). Statistical significance: Student’s t-test: *p < 0.05, **p < 0.01 and ***p < 0.001 compared to the non-434 

stimulated control. Ctrl: control. 435 

 436 

4. Discussion 437 

The results of these studies demonstrate that experimental conditions intended to promote the 438 

immunomodulatory properties of hMSCs induce significant changes in the stability of commonly 439 

employed housekeeping genes. Here we explored the combination of both hMSC inflammatory 440 

licensing with IFN-γ and TNF-α, and encapsulation in four different types of alginate-collagen 441 

hydrogels with differing viscoelasticity and stiffness. To the best of our knowledge, this is the first 442 

study that evaluates reference gene stability in hMSCs across a pool of licensed or non-licensed 443 

control cells in either 2D or 3D culture in hydrogels with different mechanical properties. These studies 444 

are highly relevant considering the vast number of studies aiming to precondition hMSCs to enhance 445 

their anti-inflammatory potential. 446 

The results obtained with BK, NF and GN algorithms revealed the ribosomal proteins RPS13 and 447 

RPL30 as two of the most stable reference genes. This matches the results obtained in a meta-448 

analysis conducted by de Jonge et al 41, where RPS13 and RPL30 ranked as the first and fourth 449 

reference genes, respectively, in terms of stability among multiple cell types and a multitude of 450 

experimental conditions. Indeed, in our study, GN proposed the combination of RPS13 and RPL30 451 

as the most stable, whereas NF suggested combining RPS13 and TBP. Regarding the latter, TBP 452 

has been proposed as a stable housekeeping gene in previous studies evaluating MSC 3D culture in 453 

cancellous bone cube 43 and fibrinogen or fibrinogen-alginate scaffolds 44. In our case, TBP was 454 

ranked as the third most stable gene by BK, and was positioned in the middle by NF and GN. Despite 455 

not scoring as the most stable; it still presented adequate stability values. Importantly, one should 456 

consider, taking NF as an example, that stability values from the 1st to the 8th position only varied from 457 

0.17 to 0.27 (TBP scored 0.23). On the contrary, the last two candidates, namely ACTB and UBC, 458 

presented stability values of 0.35 and 0.36, differing significantly from the rest of housekeeping genes. 459 
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BK and GN also ranked UBC and ACTB among the least stable candidates. Although ACTB has 460 

been reported to be among the 12 most widely used reference genes 41; in agreement with our results, 461 

its instability upon different experimental conditions has previously been demonstrated in multiple 462 

publications 28,43,45. The differences we detected within the rankings provided by BK, NF and GN were 463 

expected, since each one of these tools is based on a different algorithm. Indeed, discrepancies 464 

among them have been previously reported 45. However, we demonstrated that choosing either one 465 

of them for IDO1 normalization resulted in the same relative expression values (Fig. 3 A-D, Fig. 4 A-466 

D, Fig. 5 A-D), supporting the significance of the results reported in this study. 467 

The poor stability of ACTB and UBC led to misleading results when studying the expression of the 468 

target gene IDO1 in these experiments. We observed important differences in the expression of these 469 

two candidate reference genes when comparing 2D to 3D cultured hMSCs. Normalization to ACTB 470 

resulted in an overestimation of IDO1, whereas when employing UBC, IDO1 expression was 471 

underestimated. This was caused by a downregulation of ACTB and an upregulation of UBC in 3D 472 

cultured hMSCs, when compared to 2D cultured cells. These results are consistent with previous 473 

studies, where geNorm and NormFinder analyses identified ACTB among the three least stable 474 

reference genes in 3D cultivated bone marrow MSCs 43. In addition, Liu et al. ranked ACTB as the 475 

least stable candidate housekeeping gene in MSCs under dynamic hydrostatic pressure and 476 

concluded that ACTB is not a suitable internal control gene for mRNA assay in mechanobiology 477 

studies 46. While the rigidity of the microenvironment 20,21 and the matrix stress-relaxation 19 have 478 

been reported to regulate intracellular pathways, the expression of ACTB and UBC was not 479 

significantly altered in hMSCs encapsulated in aECM hydrogels with varying viscoelasticity and 480 

stiffness. 481 

Significant differences were noted in ACTB and UBC expression when comparing IFN-γ / TNF-α 482 

licensed hMSCs to control, non-stimulated cells. ACTB expression was downregulated and UBC 483 

upregulated in IFN-γ / TNF-α stimulated hMSCs, in comparison to control, non-stimulated cells, 484 

although these effects was not as drastic as observed when comparing 3D versus 2D expression. In 485 

agreement with our results, a recent publication demonstrated the poor stability of some miRNA 486 

reference genes extensively employed to quantify the nucleic acid content of extracellular vesicles 487 
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produced by MSCs, upon cell inflammatory licensing with IFN-γ 31. Together, these results indicate 488 

that the utilization of ACTB and UBC is not advisable in studies that explore the immunomodulatory 489 

potential of hMSCs in 3D culture or via inflammatory licensing. 490 

 491 

5. Conclusion 492 

This work demonstrates that some of the current strategies employed to promote MSC-mediated 493 

immunomodulation can alter the expression of common reference genes, introducing significant 494 

errors in the assessment of the therapeutic potential of these cells. Here, we determined that widely 495 

used reference genes including UBC and ACTB are significantly altered upon hMSC 3D 496 

encapsulation in collagen-alginate hydrogels, as well as upon inflammatory licensing with IFN-γ/TNF-497 

α. Their use as housekeeping genes can lead to significant over and underestimation of target gene 498 

mRNA levels in real-time RT-qPCR studies, and therefore to an erroneous evaluation of the 499 

immunomodulatory capacity of MSCs. Moreover, under our particular experimental conditions, we 500 

identify the ribosomal proteins RPS13 and RPL30 as the most suitable reference genes. Together, 501 

these results highlight the importance of reference gene validation in studies employing pre-502 

conditioning strategies to enhance the immunomodulatory potential of hMSCs.  503 
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