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Abstract: Entheseal spinal inflammation and new bone formation with progressive ankylosis may 

occur in ankylosing spondylitis (AS) and psoriatic arthritis (PsA). This study evaluated whether 

JAK inhibition with tofacitinib modulated the key disease associated cytokines, TNF and IL-17A 

and whether tofacitinib also modulated bone marrow stromal cell-derived mesenchymal stem cells 

(MSCs) function including osteogenesis, since post inflammation new bone formation occurs in 

these conditions. Methods: Conventional entheseal derived αβ CD4+ and CD8+ T-cells were inves-

tigated following anti-CD3/CD28 bead stimulation to determine IL-17A and TNF levels in Tofa-

citinib treated (1000nM) peri-entheseal bone (PEB) and peripheral blood mononuclear cells (PBMC) 

following ELISA. Bone marrow stromal cell-derived mesenchymal stem cells (MSCs) colony form-

ing unit (CFU-F) and multilineage potential was evaluated using tofacitinib (dosages ranging be-

tween 100, 500, 1000 and 10000nM).  Results:  Induced IL-17A and TNF cytokine production from 

both entheseal CD4+ T-cells and CD8+ T-cells were effectively inhibited by tofacitinib. Tofacitinib 

treatment did not impact on CFU-F potential or in vitro chondro- and osteogenesis. However, tofa-

citinib stimulation increased MSC adipogenic potential with greater Oil Red O stained area. Con-

clusion: Inducible IL-17A and TNF production by healthy human entheseal CD4+ and CD8+ T-cells 

was robustly inhibited in vitro by tofacitinib. However, tofacitinib did not impact on  MSC os-

teogenesis but stimulated in vitro MSC adipogenesis, the relevance of which needs further evalua-

tion given the adipocytes are associated with new bone formation in SpA.  
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1. Introduction 

The seronegative spondyloarthropathies (SpA) encompass AS, its non-radiographic 

predecessor and PsA including peripheral and axial disease.  Cytokines including TNF 

and IL-17A are pivotal in the pathogenesis of the seronegative SpA in both experimental 

settings and more importantly in humans, as demonstrated by the success of cytokine 

targeting in humans [1]. A peculiar aspect of AS therapy, especially under anti-TNF agents 

was progressive new bone formation in the initial phases. Short-term control of inflam-

mation appears insufficient to stop the progress of ankyloses especially in animal models 

[2].  

Skeletal tissue repair and remodeling responses are orchestrated by tissue-resident 

stromal cells including mesenchymal stem cells (MSCs) which have been identified in the 

synovium, periosteum, bone marrow and synovial fluid [3-7] and have been reported at 

the entheses which are the target sites of new bone formation [8,9]. MSC’s have been 
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closely studied due to their ability to differentiate into numerous lineages including oste-

ocyte, chondrocyte, and adipocyte [10]. In recent years it has been established that animal 

models of SpA have resident immune cell populations at the enthesis and in particular 

immune cells that produce abundant IL-17A and IL-22 [11,12], where both cytokines can 

modulate aberrant bone formation reactions. The human enthesis also contains both in-

nate and adaptive immune cell populations that are capable of inducible TNF and IL-17A 

production, such as Gamma Delta, CD4 and CD8+ T-cells [12,13]. Animal models of SpA, 

as well as showing new bone formation also  show decreased BMAT (Bone marrow adi-

pose tissue)[14].  

The JAK kinase inhibitors have emerged as important targets in the SpA group of 

diseases[15] and it is interesting that neither TNF nor IL-17A signal directly through the 

JAK pathways. Tofacitinib is a highly selective Janus kinase (JAK)-1 and JAK3 and also to 

a lesser extent, tyrosine kinase 2 (TYK2) inhibitor, licensed for rheumatoid arthritis (RA) 

[16-18] and PsA [19]. JAKs are integral to a number of cytokine and growth factor signal-

ing cascades [20] that may affect TNF and IL-17A production indirectly. The use of JAKi 

is expanding in the SpA arena and efficacy is as good as the anti-TNF agents [21].  It has 

previously been show that Tofacitinib inhibits T-cell derived IL-17A, but not previously 

at the enthesis[22].  

The impact of JAK inhibition with MSC differentiation could impact on tissue repair 

and new bone formation. For example, tofacitinib treatment inhibited bone-marrow de-

rived fibroblasts into myofibroblasts in vitro differentiation [23].  A recent study showed 

that tofacitinib augmented human MSC osteogenesis that was noted to be relevant for 

bone erosion in RA [24]. In the context of joint disease, the treatment of osteoarthritic 

MSCs with tofacitinib during chondrogenic differentiation in vitro suggested that it could, 

in part, rescue the reduction of glycosaminoglycan content [25]. Hence, JAK inhibition 

could theoretically affect stromal tissue responses in the joint organ in different chronic 

joint diseases in addition to its impact on immune cells.     

In this study, we evaluated the in vitro effects of tofacitinib on tissue responses in the 

enthesis including its impact on entheseal lymphocyte activation and MSC function. In an 

in vitro enthesitis model, we showed that it robustly suppressed conventional αβ CD4+ 

and CD8+ T-cell activation and attenuated entheseal derived IL-17A and TNF production. 

Our data suggests that tofacitinib had no direct effects on in vitro marrow MSC osteogen-

esis but stimulated adipogenesis, the latter observation being of interest given the role of 

fat in axial new bone formation in SpA [26]. 

2. Materials and Methods 

2.1. Patient Consent and collection of samples 

Written informed consent was given by all patients and research was carried out in 

compliance with the Helsinki Declaration. Ethics committee approval was obtained from 

the Leeds East Ethics Committee under permit number 06/Q1206/127. Bone marrow (BM) 

aspirates were taken from the Iliac crest of patients with acute trauma patients or under-

going elective orthopaedic surgery [27]. Entheseal samples collection was approved by 

the North West - Greater Manchester West Research Ethics Committee (REC: 

16/NW/0797) on 16 November 2016. 

2.2. Isolation of Primary Cells from Enthesis and Matched Blood 

Entheseal samples were separated into entheseal soft tissue (EST) and peri-entheseal 

bone (PEB) and both were enzymatically digested as previously described [11]. For both 

cell preparations, blood and entheseal cells, density gradient separation (Lymphoprep) 

was conducted to obtain peripheral blood mononuclear cells (PBMCs) and entheseal mon-

onuclear cells (EMCs), respectively, using methods previously described [28]. 

2.3. Magnetic Cell Separation 
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Following isolation of EMCs from digested entheseal samples and also PBMCs from 

processed blood, CD4+ and CD8+ T-cells were subsequently isolated using biotinylated 

anti-CD4 or CD8 antibodies (both from Miltenyi Biotech). Cells were isolated using mag-

netic separation (Miltenyi Biotech LS columns), according to the manufacturer’s instruc-

tions. 

2.4. Cell Preparation 

Following cell isolation, CD4+ and CD8+ T-cells were plated out in a 96-well-plate 

(minimum of 5x104 cells/well) in RPMI (GIBCO) containing 10% fetal calf serum (FCS) and 

1% penicillin/streptomycin.  

For inhibition studies, cells were incubated Tofacitinib 1000nM (Pfizer) and DMSO 

control (0.1%). Tofacitinib was diluted to maintain a final concentration of 0.1% DMSO. 

Cells were stimulated using anti-CD3/CD28 (GIBCO) for 48 hr. 

2.5. TNF and IL-17A Determination by ELISA in Entheseal Stimulated Cell Supernatants 

Following 48 hr stimulation, cells were removed by centrifugation and supernatant 

was frozen and stored at −80°C. Concentrations of TNF and IL-17A were quantified using 

sandwich ELISAs from eBioscience/ThermoFisher. ELISAs were carried out according to 

the manufacturer’s protocol. Following this, pg/mL and pg/cell were calculated. 

2.6. CFU-F Assay and Measurement of Colony Area 

The CFU-F assay performed was a modification of the method described by Galotto 

et al [29]. BM aspirate (100µl) was seeded, in duplicate, in 100mm diameter tissue culture 

dishes in StemMACS media (Miltenyi Biotec). Tofacitinib was added in concentrations of 

100nM, 500nM, 1000nM, and 10,000nM. Alternatively, Dimethyl sulfoxide (DMSO) was 

used as carrier control, an unstimulated control was also included. Assessment of colony 

number and measurement of colony size then proceeded as previously described [27].  

2.7. In Vitro Osteogenesis, Chondrogenesis and Adipogenesis 

Following the removal of erythrocytes, BM aspirates were seeded at a density of 

8x104 cells/cm2 into tissue culture grade flasks (Corning) with StemMACS media and in-

cubated in standard culture conditions (5%CO2, 37°C). Adherent cells were expanded to 

<80% confluence then passaged, re-seeded at 4.5x103 cells/cm2 and returned to culture, up 

to 3 passages were performed. Osteogenic differentiation and assessment of alkaline phos-

phatase activity, as well as matrix mineralization by measurement of calcium accumula-

tion, was measured as previously described [30,31] at 14 and 21 days after initiation of 

osteogenic conditions respectively. Osteogenic differentiation media was supplemented 

with 500, 1000 or 10,000nM tofacitinib or carrier control, DMSO. For assessment of chon-

drogenesis cell pellets were incubated in chondrogenic conditions for 21 days and gly-

cosaminoglycan (GAG) accumulation was visualized histologically as well as measured 

quantitatively as previously described [30,31]. Adipogenic differentiation was performed 

over 14 days and visualized by oil red staining as previously described [30,31], photomi-

crographs were captured using a CKX41 inverted light microscope and analyzed using 

image analysis software NIS elements (Nikon). Adipogenic differentiation and quantita-

tive measurement was performed over 14 days using nile red fluorescence and measured 

using a Mithras LB940 plate reader (Berthold) as previously described [32]. In all cases, 

differentiation media was supplemented with 500nM, 1000nM, or 10,000nM tofacitinib or 

DMSO carrier control. 

To further explore the effect of tofacitinib on adipogenesis, adipogenic differentiation 

was repeated over a period of 21 days and concentrations of 10nM, 50nM, 100nM, and 

500nM, as well as a DMSO control, were added to the differentiation media. 

2.8. Statistics 
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For the in vitro data sets, the Shapiro-Wilk normality test was used to assess distribu-

tion normality and to determine appropriate correlation and significance testing.  For 

data sets which contained fewer than 6 data points per group, a non-gaussian distribution 

was assumed. Statistical significance is defined as p<0.05: * indicates p<0.05, ** indicates 

P<0.01, *** indicates P<0.001. All statistics were calculated using SPSS® Version 25 or 

GraphPad Prism. Graphs were generated using GraphPad Prism® Version 8.01. For the 

in vitro experiments, box and whisker plots show median (line) interquartile range (box) 

and extreme values (whiskers). Error bars represent the standard error of the mean (SEM), 

refer to the results section for specific tests used per experimental procedure. 

3. Results  

3.1. Effect of Tofacitinib on Bone Marrow MSC CFU-F Potential 

We evaluated the colony-forming properties of the bone marrow cells after low-den-

sity plating using standard assays. Tofacitinib had no effect on bone marrow MSC CFU-F 

potential, overall colony area, or the average size of individual colonies at any of the con-

centrations tested (Figure 1A–C). 

3.2. The Effect of Tofacitinib on In Vitro MSC Trilineage Differentiation 

To study if tofacitinib affects the multi-lineage potential of MSCs, we studied its effect 

in osteogenic, chondrogenic, and adipogenic differentiation assays.  Treatment during 

osteogenic induction of MSCs had no noticeable effect on ALP activity after 14 days of 

differentiation (Figure 1D), and the accumulation of calcium was similarly unaffected 

(Figure 1E). We also evaluated the effect of tofacitinib on cartilage differentiation. Again, 

treatment with the JAK inhibitor did not induce a difference in the accumulation of GAGs, 

pellet formation, or GAG content in chondrogenic pellet cultures (Figure 1F). This was 

further confirmed with quantitative measurement of GAG production (Figure 1G). 

Tofacitinib treatment dose-dependently increased MSC adipogenesis as measured by 

oil red staining at day 14 (Figure 2A). The median proportion of area occupied by lipid 

vacuoles in the control was measured at 5.43%, which increased to 9.32% and 11.76% in 

the 1000nM and 10000nM (n=6, p<0.05) tofacitinib treatment, respectively (Figure 2B) fol-

lowing paired T-tests. These data suggest that JAK inhibition by tofacitinib in MSCs leads 

to an increase in adipogenesis. 
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Figure 1. Tofacitinib does not affect MSC colony-forming potential, osteogenesis or chondrogene-

sis.(A) The effect of tofacitinib on the ability of BM MSCs to initiate adherent colonies and expand 

in vitro. (B) The effect of tofacitinib on the rate of MSC expansion measured as the total area occu-

pied by colonies, or (C) as the mean area occupied by a single colony. Fast blue staining for ALP 

activity following osteogenic induction of MSC differentiation in the presence or absence of tofa-

citinib. Figure shows a single representative donor sample at day 14, in triplicate (D). The effect of 

tofacitinib on osteogenic differentiation assessed by accumulation of calcium at day 21 (E). The effect 

of tofacitinib on MSC chondrogenic differentiation, assessed by accumulation of GAGs at day 21. 

Toluidine blue staining of chondrogenic pellets (F). Quantitative assessment of GAG content in di-

gested chondrogenic pellets (G). 
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Figure 2. Tofacitinib stimulates adipogenesis of MSCs. Representative image showing the effect of 

tofacitinib treatment on adipogenesis, visualised with the uptake of oil red into lipid vacuoles (red) 

counterstained with haematoxylin (A). Measurement of oil red stained area of adipogenic cultures 

at day 14 (B). The median proportion of area occupied by lipid vacuoles in the control was measured 

at 5.43%, which increased to 11.76% in the 10000nM (n=6) tofacitinib treatment. Paired T-tests. * = 

p<0.05. 

3.4. Increased Adipogenesis is Linked to Cell Proliferation 

To obtain better insights into the effects of tofacitinib on adipogenesis, we further 

evaluated the differentiation cultures. Increased fat formation was also shown with Nile 

red staining (Figure 3A) with a 2.29-fold increase (n=6, p<0.05) in median fluorescence 

emission with 10000nM tofacitinib treatment, following Dunn’s post-hoc testing (Figure 

3B). Using lower concentrations of tofacitinib for 21 days showed a clear dose-dependent 

increase in fat formation (Figure 3C). A significant increase in Nile red fluorescence was 

seen for 100nM (n=7, p<0.05; 1.36-fold) and 500nM (n=7, p<0.0005; 2.10 fold) tofacitinib 

treatment relative to the control following Dunn’s post-hoc testing.  
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We then studied whether tofacitinib affects in vitro pre-adipocyte proliferation and 

subsequent fat accumulation [33]. Firstly, induction of adipogenesis resulted in a signifi-

cant increase in DAPI fluorescence reflecting cell numbers compared to control at day 14, 

for all tofacitinib concentrations (500nM; 1.44-fold, 1000nM; 1.40 and 10000nM; 1.69-fold. 

p=0.028) but with the biggest increase at the lowest 500 nM dose (Figure 4D). A day 21 

DAPI signal was significantly increased compared to control in all samples (50nM; 1.07-

fold, 100nM; 1.05-fold and 500nM; 1.10-fold p<0.05 for all concentrations) (Figure 3E) ex-

cept 10nM treatment.  Together with colony-forming assays in which no increases in un-

differentiated MSC proliferation were found (Figure 3B), this data suggests that tofacitinib 

has a positive effect on the proliferation of pre-adipocytes, even in low concentrations. 

 

Figure 3. Adipogenic differentiation of MSCs measured by Nile red fluorescence. Representative 

image showing Nile red uptake into lipid vacuoles (red), counterstained with DAPI (blue) (A). 

Quantification of Nile red staining at day 14 with high tofacitinib dose (B) 2.29 (n=6) fold increase 

in median fluorescence emission with 10000nM tofacitinib treatment and day 21 with lower tofa-

citinib treatment dose (C) significance seen in 100 (n=7) and 500nM (n=7) tofacitinib treatment rela-

tive to the control following Dunn’s post-hoc testing. Adipocyte hyperplasia during adipogenic dif-

ferentiation in the presence of tofacitinib Relative cell number measured by DAPI fluorescence at 

day 14 (D) (500nM; 1.44-fold, 1000nM; 1.40 and 10000nM; 1.69-fold) and day 21 (E) (50nM; 1.07-fold, 

100nM; 1.05 fold and 500nM; 1.10 fold). * = p<0.05, *** = p<0.001. 

3.5. Tofacitinib Inhibits Pro-Inflammatory Cytokine Production in An In Vitro Enthesitis Model 

Following the selection of T-cells via magnetic separation, we assessed if tofacitinib 

[1000nM] had any impact on pro-inflammatory cytokine production, specifically IL-17A 

and TNF production by ELISA. Following stimulation, tofacitinib [1000nM] effectively in-

hibited CD4+ and CD8+ T-cell IL-17A and TNF production with the latter showing the 

most effective inhibition of cytokine production when treated with tofacitinib (Figure 4).  
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IL-17A production after CD3/CD28 stimulation of CD4+ T-cells isolated from PBMC 

was significantly inhibited by tofacitinib treatment (n=11, p<0.01, Figure 4A), this inhibi-

tion was also seen in CD4+ T-cells isolated from the PEB (n=12, p<0.01, Figure 1A). Though 

no significant inhibition was seen from the CD8+ T-cell populations at either the PEB or 

PBMC.  CD4+ T-cells from PEB (n=12, p<0.01) and PBMC (n=11, p<0.01) showed signifi-

cant reductions in TNF secretion after tofacitinib treatment (Figure 4B), with CD8+ T-cells 

from both PEB (n=12, p<0.01) and PBMC (n=11, p<0.01) showing similar reductions in TNF 

secretion.  

 

Figure 4. Tofacitinib inhibits pro-inflammatory cytokine production in an in vitro enthesitis model. 

Following isolation of entheseal CD4+ or CD8+ T-cells, cells were stimulated with anti-CD3/CD28 

for 48 hrs with and without 1000nM tofacitinib. IL-17A and TNF secretion were quantified by ELISA 

with post-hoc Wilcoxon Signed rank testing. CD4+ T-cell from PEB (n=12) and PBMC (n=11) showed 

significant reductions in IL-17A secretion after tofacitinib treatment when stimulated. All cell pop-

ulations tested CD4+ T-cells PEB (n=12), PBMC (n=11) and CD8+ T-cells PEB (n=12) and PBMC 

(n=11) all showed significant reductions in TNF secretion induced by tofacitinib treatment after 

stimulation. * = p<0.05, ** = p<0.01. 

4. Discussion 

Adaptive immune cells present at the normal enthesis produce cytokines including 

TNF and IL-17A that are known to modify MSC function [34].  Accordingly, this work 

investigated the effect of tofacitinib, a JAK inhibitor, on the differentiation capacity of 

MSCs and on conventional αβ CD4+ and CD8+ T-cells in an in vitro enthesitis model and 

its effect on bone marrow MSCs. Tofacitinib completely blocked IL-17A and TNF protein 

production from CD4+ and CD8+ T-cells in an in vitro enthesitis model.  No effect was 

shown for MSC differentiation in osteogenic or chondrogenic conditions but tofacitinib 

did increase MSC adipogenic differentiation. 
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In adipogenic conditions, tofacitinib concentrations as low as 50nM were able to sig-

nificantly increase the lipid content and cellularity of MSCs undergoing in vitro adipo-

genic differentiation. This is surprising given that studies examining adipogenesis in 3T3-

L1 cells, a widely used model for adipogenic differentiation [35-37], suggested that 

STAT5A and STAT5B activation promoted adipogenesis, particularly in the early stages 

of differentiation, and it could be expected that a JAK inhibitor would antagonise this 

process [36,38]. Additionally JAK1-STAT3 activation has been implicated in the increased 

proliferation of pre-adipocytes before terminal differentiation [35,39]. However, pre-adi-

pocytes are responsive to several cytokines that have been shown to inhibit adipogenesis 

including IFN-γ [40], oncostatin M (OSM) [41], and neuropoietin [42], all of which are 

potent activators of JAK kinases and could suggest an explanation for the results detailed 

here. However, another cytokine that may explain our results is leptin, which has been 

identified in bone marrow derived mesenchymal precursors [43] culminating in adipo-

genesis and inhibition of osteogenic differentiation, interestingly pre-adipocytes from the 

bone marrow are leptin receptor positive (LepR+) which signals through JAK2/STAT3 [44].  

Further data has shown that adipose-specific disruption of JAK2 and STAT3 signal-

ing in vivo results in increased adipose mass associated with hypertrophy, and increased 

lipid content [45,46]. No such data appear available for JAK1 and JAK3, the preferred tar-

gets of tofacitinib. Shi et al found that adipocyte-specific JAK2 deficiency led to impaired 

lipolysis with aging, suggesting that JAK2 inhibition may cause excessive lipid accumu-

lation in mature adipocytes [46]. This is interesting since hyperlipidemia has been re-

ported as a side effect of tofacitinib treatment in patients with rheumatoid arthritis [17,18]. 

Further investigation is need to elucidate the mechanism by which tofacitinib induces ad-

ipogenesis, with respect to signaling pathways.  

 

The ability of tofacitinib to induce adipogenesis in vitro may also have important im-

plications for in vivo osteogenesis and chondrogenesis. The limited in vivo effect may also 

be understood in this context with JAK1/3 antagonism having an indirect impact on 

chondro- and osteogenesis. With increased expression of the master transcription factor 

for adipogenesis PPARγ, this suppresses the activation of the master transcription factor 

for osteogenesis RUNX2 [47]. Lineage of commitment towards adipogenesis requires sig-

nificantly more DNA histone modification, decreasing osteogenic and chondrogenic dif-

ferentiations which share an initial differentiation pathway [48]. 

With regards to the conventional αβ T-cells, the results support the idea that these 

entheseal T-cells can secrete pivotal disease-relevant cytokines such as TNF and IL-17A 

following CD3/CD28 stimulation, without the use of other exogenous cytokines such as 

IL-23, where in vitro tofacitinib treatment inhibits this production. These results have been 

reported in other studies showing effective blockade of IL-17A production following to-

facitinib therapy [49]. Through murine models and also clinical observations, both TNF 

and IL-17A have been heavily implicated in enthesitis-related pathology [50-52]. Whilst 

innate lymphocytes are major inflammatory cytokine producers in mice [53] these find-

ings also suggest that conventional T-cell populations that can express these cytokines are 

present at the normal enthesis. Given the MHC-I and -II associations with human SpA 

spectrum disorders, the findings presented here highlight the importance of the investi-

gation of entheseal T-cells in pathological conditions such as AS and PsA. This in vitro 

system may provide a model for testing the impact of JAK/STAT inhibitors on the adap-

tive immune system in pre-clinical work in SpA. 

IL-17A production has been extensively studied and can either be produced de-

pendently or independently of IL-23 signalling, where the latter involves unconventional 

innate-like T-cells including MAIT cells (Mucosal associated invariant T), γδ T cells, type 

3 ILC’S (innate lymphoid cells) and iNKT (invariant natural killer T) cells [54-56]. The SKG 

mouse model which carries a point mutation in the gene encoding the T cell receptor 

(TCR)-proximal signaling molecule ZAP-70, develops a T-cell-mediated autoimmune ar-

thritis, which clinically and immunologically resembles SpA in humans [57]. It has been 
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reported in previous studies utilising the SKG model that JAK inhibitors including tofa-

citinib, are effective at reducing pro-inflammatory cytokine production (IL-17A) and in-

creasing immunomodulatory cytokines (IL-10) [58-60]. Where the major arthritogenic T-

cell subset within the SKG model, Th17, had its differentiation inhibited by tofacitinib [58]. 

Interestingly the alternative isoform of the Th17 transcription factor, RORγ has been iden-

tified as a negative regulator of adipocyte differentiation when mediated by MMP3 (ma-

trix metalloproteinase 3) in both mice and humans [61]. Due to significant sequence and 

functional similarities, the ROR subtypes co-expressed in cells may exhibit functional 

overlap [62]. 

5. Conclusions 

In summary, JAK inhibition has a directly inhibited CD4+ and CD8+ T-cells induced 

IL-17A and TNF production and also MSC relevant transcript inhibition.  No impact on 

MSC osteogenesis was noted but it remains possible that indirect bone effects could occur 

via the adipogenic pathway. This suggests that clinical trials with JAK/STAT inhibitors in 

axial SpA should be carefully analyzed for effects concerning adipogenesis as indirectly 

measured by fatty corner lesions on spinal MRI. 
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