






rapidly decreased aft er stimulation (Figure 4B). M(IFNγ+TNFα) had signifi cantly higher 
gene expression levels of TNFA, IL6 and IL1B, than the other macrophage phenotypes. 
M(IL4) expressed the highest levels of CCL18 and CD206. M(IL10) expressed signifi cantly 
more CD163 than M(IFNγ+TNFα) (Figure 4C). Although not signifi cant, IL6 protein 
was the highest in culture medium of M(IFNγ+TNFα), CCL18 was the highest in M(IL4) 
and sCD163 in M(IL10) (Figure 4D).
To examine whether the analysed pSTATs in synovium are diff erentially activated in 
diff erent macrophage phenotypes, we analysed pSTAT1, 3, and 6 in diff erent in vitro 
obtained macrophage phenotypes. Samples were taken at diff erent time points aft er 
stimulation since STAT activation can be very dynamic.
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Figure 4. Diff erences in macrophage phenotypes in OA synovium and characterization of primary hu-
man macrophage phenotypes, stimulated with IFNγ and TNFα (M (IFNγ + TNFα)), IL4 (M(IL4)) or IL10 
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Figure 4. Differences in macrophage phenotypes in OA synovium and 
characterization of primary human macrophage phenotypes, stimulated with 
IFNγ and TNFα (M (IFNγ + TNFα)), IL4 (M(IL4)) or IL10 (M(IL10))
A) Immunohistochemistry for markers indicating different macrophage phenotypes in 
OA synovium. B) Western Blot analysis of in vitro differentiated macrophages, at 
three time points after the start of differentiation. C) Gene expression corrected for 
GAPDH in the differentiated macrophages 24 hours after the start of stimulation, and 
D) Protein production by differentiated macrophages after 24 hours of IL6, CCL18 
and sCD163 corrected for amount of DNA. Data is shown as mean (indicated by line) 
for n=3 donors analysed in 3-fold.

DISCUSSION

In the current paper, we show that STAT1 and STAT3 phosphorylation levels differ 
among the OA synovial donors and that pSTAT6 is only detectable in presence of 
corresponding stimuli. Although NSC118-218 is the known STAT1 inhibitor, STAT1 
phosphorylation was only inhibited by AS1517499 (known as STAT6 inhibitor) in 
presence of synovial fluid and resulted in a significant decrease of IL1B and IL6 gene 
expression levels. In absence of synovial fluid, the STAT3 inhibitor S3I-201 inhibited 
STAT3 phosphorylation and resulted in more TNFA, and less IL6 and CD163. Since 
macrophage phenotypes had specific STAT1, 3, and 6 phosphorylation levels and 
presence of the macrophage phenotypes was confirmed in OA synovium, the 
targeting of phosphorylated STAT proteins within macrophage phenotypes might be 
a potential new approach to modulate synovial inflammation. 
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Figure 4. Differences in macrophage phenotypes in OA synovium and characterization of primary hu-
man macrophage phenotypes, stimulated with IFNγ and TNFα (M (IFNγ + TNFα)), IL4 (M(IL4)) or IL10 
(M(IL10))
A) Immunohistochemistry for markers indicating different macrophage phenotypes in OA synovium. B) Western 
Blot analysis of in vitro differentiated macrophages, at three time points after the start of differentiation. C) Gene 
expression corrected for GAPDH in the differentiated macrophages 24 hours after the start of stimulation, and D) 
Protein production by differentiated macrophages after 24 hours of IL6, CCL18 and sCD163 corrected for amount 
of DNA. Data is shown as mean (indicated by line) for n=3 donors analysed in 3-fold.

DISCUSSION

In the current paper, we show that STAT1 and STAT3 phosphorylation levels differ among 
the OA synovial donors and that pSTAT6 is only detectable in presence of corresponding 
stimuli. Although NSC118-218 is the known STAT1 inhibitor, STAT1 phosphorylation 
was only inhibited by AS1517499 (known as STAT6 inhibitor) in presence of synovial 
fluid and resulted in a significant decrease of IL1B and IL6 gene expression levels. In 
absence of synovial fluid, the STAT3 inhibitor S3I-201 inhibited STAT3 phosphorylation 
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and resulted in more TNFA, and less IL6 and CD163. Since macrophage phenotypes 
had specific STAT1, 3, and 6 phosphorylation levels and presence of the macrophage 
phenotypes was confirmed in OA synovium, the targeting of phosphorylated STAT 
proteins within macrophage phenotypes might be a potential new approach to modulate 
synovial inflammation.
Nowadays, many anti-inflammatory compounds are being tested as potential new 
strategies for OA, focusing on complete suppression of inflammation, either via 
macrophages or via directly inhibiting cytokines. However, this approach may be too 
aspecific as sometimes a certain level of inflammation is required for a proper healing20 
and the composition of macrophage phenotypes in the synovium can differ at different 
stages of OA3 and even between patients12. Many cytokines use JAK-STAT signaling 
pathways to transduce intracellular signals. As phosphorylated STAT proteins are found 
in the synovial membrane of patient with rheumatoid arthritis9, 34, 36, modulation of 
intracellular signaling pathways have shown to be a promising intervention2. Compounds 
used in the current study share a comparable mechanism of action, as NSC-118218 and 
AS1517499 are known to inhibit tyrosine phosphorylation and S3I-201 binds to SH2 
binding sites6, 13, 21, 26. This prevents STAT proteins to get phosphorylated and detached 
from its receptor. Ultimately resulting in an inability to form STAT dimers and therefore 
an inability to bind DNA recognition sequences. To our knowledge, this is the first study 
showing modulation of the inflammatory phenotype of osteoarthritic synovial tissue 
using STAT phosphorylation inhibitors.
Different culture set-ups were used when testing the effect of the inhibitors. Since 
pSTAT6 was only detectable when stimuli were present, we cultured synovial explants 
with synovial fluid while adding the three STAT-inhibitors. Here surprisingly enough 
only AS1517499, chosen as STAT6 inhibitor, decreased the phosphorylation of STAT1 
but not STAT6. When the synovial explants were cultured in medium without synovial 
fluid, no STAT6 was detectable and thus no STAT6 inhibitor was tested. Without the 
presence of synovial fluid, NSC-118218 decreased STAT1 phosphorylation, but without 
changing expression of the analysed genes and S3I-201 decreased STAT3 phosphorylation 
in 4 of the 5 synovial explants donors in the presence of S3I-201. Upregulation of TNFA 
in response to inhibition of STAT3 phosphorylation may be explained by the action of 
different STATs: selective blockade of one STAT molecule might be compensated by 
more activation of another STAT molecule7, although we did not see this for the analysed 
STATs. Another explanation for the increase of TNFA when STAT3 phosphorylation is 
inhibited might be that inhibition of anti-inflammatory markers abolishes a more pro-
inflammatory response, as has been shown in previous work30. The loss of inhibitory 
function of NSC-118218 and S3I-201 in the presence of synovial fluid might be explained 
by a continuous presence of JAK-STAT pathway-activating stimuli in the synovial fluid24, 
such as the STAT1 activators IL-1β and IL-6 or the STAT3 activator IL-10.
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Our study showed that different macrophage phenotypes had specific STAT 
phosphorylation patterns in vitro. Presence of these corresponding macrophage 
phenotypes in OA synovium was confirmed and in line with previous reports12, 28. The 
levels of phosphorylated STAT proteins that could be detected in OA synovium appeared 
to be strongly donor dependent. This suggests that the stage of inflammation of the 
synovial tissue and possibly also the different macrophage phenotypes residing in the 
synovium varies among patients. Differences in the response to treatment with STAT-
inhibitors might be explained by these findings.
A potential approach to modulate synovial inflammation might be via modulation of 
macrophages with high STAT1 phosphorylation levels, as these phosphorylated proteins 
are predominantly found in pro-inflammatory macrophages. On the other hand, one 
should avoid the modulation of macrophages with high pSTAT3 or pSTAT6 levels, 
since these phosphorylated STATs are associated with macrophages that have an anti-
inflammatory phenotype. Therefore, modulating synovial inflammation by targeting 
phosphorylated STAT proteins in macrophages might be a suitable approach to delay the 
progression of OA.
To quantify the effect of the compounds on STAT phosphorylation we semi-quantitated 
the Western blot data. Besides, using total protein measurements to load an equal amount 
of protein per sample, we used α-tubulin as an extra control for normalization. We 
specifically chose to use α-tubulin for this purpose because we were interested in the 
total amount of pSTAT1, 3, and 6 irrespective of how much unphosphorylated STAT was 
present in the cell.Moreover, since phosphorylation of STATs might result in an altered 
ratio between STAT and pSTAT, unphosphorylated STATs cannot be used as control 
protein for equal loading.
In conclusion, different macrophage phenotypes have specific STAT phosphorylation 
levels. OA synovium contains these macrophage phenotypes but has varying STAT 
phosphorylation levels among the donors. This suggests that the composition of synovial 
macrophages and herewith the degree of synovial inflammation is strongly donor 
dependent. In addition, this study shows that inhibition of STAT phosphorylation 
in OA synovium modulates its inflammatory phenotype. Considering the varying 
STAT phosphorylation levels in OA synovium among patients, inhibition of STAT 
phosphorylation is a potential personalized therapeutic approach to direct the synovial 
inflammation seen in OA.
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