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RHEUMATOID ARTHRITIS

Inflammatory but not mitogenic contexts prime
synovial fibroblasts for compensatory signaling
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responses to p38 inhibition
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Rheumatoid arthritis (RA) is a chronic inflammatory disorder that causes joint pain, swelling, and loss of function.
Development of effective new drugs has proven challenging in part because of the complexities and interconnected
nature of intracellular signaling networks that complicate the effects of pharmacological interventions. We charac-
terized the kinase signaling pathways that are activated in RA and evaluated the multivariate effects of targeted in-
hibitors. Synovial fluids from RA patients activated the kinase signaling pathways JAK, JNK, p38, and MEK in synovial
fibroblasts (SFs), a stromal cell type that promotes RA progression. Kinase inhibitors enhanced signaling of “off-target”
pathways in a manner dependent on stimulatory context. Inhibitors of p38, which have been widely explored in clini-
cal trials for RA, resulted in undesirable increases in nuclear factor kB (NF-kB), JNK, and MEK signaling in SFs in inflam-
matory, but not mitogenic, contexts. This was mediated by the transcription factor CREB, which functions in part
within a negative feedback loop in MAPK signaling. CREB activation was induced predominately by p38 in response
to inflammatory stimuli, but by MEK in response to mitogenic stimuli; hence, the effects of drugs targeting p38 or
MEK were markedly different in SFs cultured under mitogenic or inflammatory conditions. Together, these findings
illustrate how stimulatory context can alter dominance in pathway cross-talk even for a fixed network topology,
thereby providing a rationale for why p38 inhibitors deliver limited benefits in RA and demonstrating the need for
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careful consideration of p38-targeted drugs in inflammation-related disorders.

INTRODUCTION

Rheumatoid arthritis (RA) is an autoimmune disease characterized by
inflammation and swelling of synovial joints, systemic complications,
and significant morbidity and mortality (I1-3). At the cellular level,
autoantibodies and autoreactive T cells are believed to be responsible
for the initiation of RA (4, 5), although increasing evidence suggests
that synovial fibroblasts (SFs)—the resident fibroblast-like cells of the
synovial membrane—play a critical role in perpetuating disease (6, 7).
In healthy tissue, SFs form a one- to two-cell-thick layer at the lining of
the synovium, function to maintain the synovial membrane architec-
ture, and produce lubricating molecules for the joint (8, 9). In RA,
however, SFs have been described as transformed cells, in which they
display morphologic features similar to cancer cells such as hyperplasia
and resistance to apoptosis (6, 10). They also secrete various inflam-
matory cytokines and matrix-degrading proteases (9, 11), including
many of the most abundant cytokines in synovial fluids of RA pa-
tients (12). In addition, SFs from RA patients (RA SFs), but not SFs
from normal or osteoarthritis (OA) patients, are capable of invading
and degrading human cartilage in immunodeficient mouse models
of RA (13-15). The activated SF phenotype persists for several pas-
sages ex vivo, but RA SFs eventually adopt a more quiescent state af-
ter a few weeks in culture. Exposure to inflammatory cytokines such
as interleukin-1 (IL-1) or tumor necrosis factor-a (TNFa) can restore
the activated state, suggesting that SF activation in RA is dynamic
and dependent on inflammatory factors in the RA joint (10).
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Biologic drugs targeting cytokines such as TNFa, IL-6, and IL-1,
which mediate proinflammatory communication among the cells of
the RA synovium, have improved disease management (16-20). How-
ever, resistance to treatment is a significant challenge, and fewer than
50% of patients remain in remission for 1 year (21). The U.S. Food and
Drug Administration’s (FDA) approval of tofacitinib (Xeljanz), a
small molecule inhibitor of the Janus kinases (JAKSs), for RA demon-
strates the therapeutic potential for targeting the kinases that regu-
late cytokine signaling and has brought promise for effective new
therapies (22). However, drugs targeting other kinase pathways such
as p38, mitogen-activated protein kinase (MAPK)/extracellular signal-
regulated kinase (ERK) kinase (MEK), and spleen tyrosine kinase (Syk)
have been met with limited success in clinical trials (23, 24). In partic-
ular, p38 inhibitors received considerable interest from the pharma-
ceutical industry for their ability to reduce inflammatory cytokine
secretion in preclinical models, but they failed to show meaningful
efficacy in clinical trials (23, 25). Drugs targeting p38 are no longer
being developed for RA, but remain of interest for other inflammation-
related disorders (25). Much of the negative clinical trial data for RA
has not been published publicly (25), which limits the ability to both
fully understand the reasons for their lack of clinical efficacy and ap-
ply this learning to ongoing exploration of p38 inhibition in other
inflammatory disorders. Their failure in RA, however, is thought to
be based at least in part on an incomplete understanding of the effects
of kinase-targeted drugs on complex, interconnected intracellular
signaling networks, particularly as influenced by the complex inflam-
matory microenvironment in RA.

Here, we combined high-throughput experimentation and data-
driven modeling to explore inflammatory signaling responses of SFs
and to evaluate the multivariate effects of specific kinase inhibitors
on these inflammatory responses. Given the limited quantities of RA
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synovial fluids that we could obtain from an individual patient, we
first developed an understanding of the effects of recombinant cyto-
kine stimuli and kinase-targeted drugs on inflammatory responses
of SFs, and then conducted a series of focused studies using synovial
fluids from RA patients. We found that RA synovial fluids potently
activated multiple stress-activated and inflammatory signaling path-
ways in SFs, such as the JNK, p38, and JAK/signal transducer and
activator of transcription (STAT) pathways. This response was con-
sistent across SFs from healthy and RA tissues, suggesting that both
normal and RA SFs are similarly capable of activation by inflamma-
tory factors in the RA microenvironment. We also found that drugs
targeting p38 significantly increased activation of pathways linked to
RA progression specifically in the presence of inflammatory factors,
such as TNFo and IL-10, but not for the mitogenic stimulus epider-
mal growth factor (EGF). To identify such context dependencies from
our large-scale data, it was necessary to control for the confounding
effects of multiple simultaneous perturbations (such as combinations
of stimulatory cytokines and kinase-targeted inhibitors) by incorpo-
rating information about the experimental design into our statistical
modeling analyses. Together, our findings characterize pathways ac-
tivated in SFs by the inflamed synovial environment, provide evi-
dence that negative regulatory cross-talk by p38 limited the clinical
benefit of targeting p38 for RA, and demonstrate the utility of a broad
perturbational framework for providing insight into multivariate
drug effects.

RESULTS

Characterization of signaling pathways activated in RA SFs
SFs from RA patients display uniquely aggressive properties that are
not observed in cells from normal or OA donors (14, 15). To charac-
terize pathways activated in RA, we measured the effects of disease-
related inflammatory stimuli on intracellular signaling pathways
believed to be involved in inflammatory cytokine signaling or SF biolo-
gy (Fig. 1A) (7, 26, 27). Given their strong connection to RA, the stimu-
liincluded TNFo, IL-10, and IL-6 (28, 29). We additionally included
EGF as a stimulus due to its presence at high levels in the RA synovium
(30) and as a positive control for the activation of phosphatidylinositol
3-kinase (PI3K)/AKT and MEK/ERK pathways, two canonical path-
ways of the EGF receptor. To compare potential differences in respon-
siveness between normal and RA SFs, we evaluated responses of SFs
from four healthy and four RA human tissues. The primary human
SFs were propagated in culture and then individually exposed to the
stimuli for 10 or 30 min. Cells were then fixed and immunostained to
measure phosphorylation or nuclear localization of the intracellular
signaling nodes using high-throughput immunofluorescence micros-
copy and image analysis (fig. S1 and table S1). Cells were exposed to
stimuli in biological quadruplicate (biological duplicates within exper-
iments conducted on two separate days) to result in a compendium of
~5000 data points quantifying the immediate-early signaling responses
across multiple normal and RA SF samples (fig. S2 and, for SF sample
information, table S2). Correlation of experimental replicates was gen-
erally high and consistent across SF samples and signaling nodes, indi-
cating a high-quality data set (average Pearson correlation >0.75 across
experimental replicates for 11 of 13 nodes; fig. S3). An exception to
this was phosphorylated JNK (p-JNK), whose correlation between the
two experiments varied across the SF samples (correlation ranged
from 0.51 t0 0.86, payg = 0.69; fig. S3). This may have been due to mod-
erate anti-p-JNK antibody quality because p-c-Jun, a transcription
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factor downstream of JNK, was tightly correlated across experiments
for all SF samples (p = 0.97 + 0.02). The other exception was p-AKT
(p = 0.55 + 0.2). Its poor correlation across experiments appeared to
result from activation of AKT primarily only by EGF in this data set.
This activation was additionally highly transient, peaking at 10 min
and returning near to baseline levels by 30 min (fig. S2). Notably, these
dynamics differed both from that of ERK activation, which was in-
creased at both 10 and 30 min after EGF stimulation (fig. S2), and
from AKT signaling in cancer cell lines exposed to EGF, which gener-
ally exhibit more sustained AKT activation through 90 min (31). Over-
all, we conclude that this is a high-quality data set for exploring SF
activation in response to factors associated with RA.

To score pathways activated by each stimuli, we analyzed the data
using multiple linear regression (MLR; figs. S4 and S5; see also Mate-
rials and Methods), a useful method for determining input-output
relationships between perturbations and cellular responses (32). This
resulted in MLR models for each SF donor sample and time point in
which the MLR B coefficients represented a model of the effects of
each stimulus on a given signaling node. More sophisticated analyses
are possible, but previous studies have shown that MLR performs well
for data such as ours (32, 33), and we found MLR to be an interpretable
and statistically rigorous approach to score pathway activities across
multiple donor samples and stimuli. The MLR B coefficients were con-
sistent across donor samples, with 93.5% of inferred connections oc-
curring in at least six of the eight SF donor samples. IL-6 was the only
stimulus to consistently induce JAK/STAT pathway activity across
multiple SF donor samples (Fig. 1B and fig. S5). TNFa, IL-1a, and
EGF each activated the MAPK pathways MEK, p38, and JNK, whereas
TNFa and IL-10 additionally activated the nuclear factor kB (NF-kB)
pathway [Benjamini-Hochberg (34) false discovery rate (FDR; ggn) <
0.01; Fig. 1B]. The p38 and JNK pathways are key “stress” pathways
involved in responses to stress stimuli, including inflammatory cyto-
kines. Consistent with this function, we found that activation of p38
and JNK signaling by EGF was much lower than that for TNFo or IL-1a
(fig. S6). Notably, however, whereas activation of the MEK/ERK path-
way, which is involved in cell proliferation and cell cycle progression, is
usually low or absent for inflammatory stimuli as compared to mito-
genic factors such as EGF (35), we found that maximal activation of the
MEK/ERK pathway by TNFo and IL-1a approached similar levels to
that of EGF (fig. S6).

To more broadly explore correlations among the measured signal-
ing nodes, we visualized the B coefficients for each cytokine and SF
sample in a reduced dimensional space using principal components
analysis (PCA). The resulting PCA coefficients reflect the covariance
of the measured signaling nodes across stimuli, time points, and SF
samples and are consistent with our understanding of kinase signaling
network architecture. For example, projections of components within
the same canonical pathway are largely aligned [namely, JNK pathway:
p-JNK and p-c-Jun; p38 pathway: p-p38, p-Hsp27 (phosphorylated
heat shock protein 27), and p-MK2 (phosphorylated MAPK-activated
protein kinase 2; also known as MAPKAPK2); and JAK/STAT path-
way: p-STAT1 and p-STAT3], and the projection of the transcrip-
tion factor FoxO3a (forkhead box O3) is approximately antiparallel to
p-AKT and p-ERK, which is consistent with the negative regulation of
FoxO3a by the PI3K/AKT and MEK/ERK pathways (Fig. 1C). For a
given time point, the projection of p-CREB [phosphorylated cyclic aden-
osine monophosphate (cAMP) response element-binding protein] is
largely orthogonal to that of p-ERK and p-p38 (Fig. 1C). This would typ-
ically suggest independence from the MEK/ERK and p38 pathways,
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fests as the p-CREB coefficients bisecting

| K | | K | | o | |MEK1/2| | PI3K | | JAK | the p-ERK and p-p38 coefficients. Nota-
bly, the PCA scores of the MLR coeffi-

| KB | | MK2 ||MSK1 /2| |ERK1 /2| | AKT | glg:;?ng cients c1u§ter accordipg to stimulatory
context, with no clear divergence between

l l / normal and RA SFs (Fig. 1D). Among in-

] dividual stimuli, the eight SF samples also

» displayed consistent activation and dy-

|NF—1<B| |c—Jun | |CREB| |Fox03a| |STAT-1 | |STAT-3| fTarcatgfgnptlon namics between both normal and RA SFs
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Principal component 1
(54% explained)

Fig. 1. Consistent responses of normal and RA SF to inflammatory cytokines. (A) Simplified signaling network
topology showing measured nodes and their relevant canonical signaling pathways. Activation was evaluated after
10 and 30 min of stimulation with epidermal growth factor (EGF), interleukin-6 (IL-6), tumor necrosis factor-o, (TNFa),
orIL-1a (100 ng/ml each) in biological duplicate in four normal and four rheumatoid arthritis (RA) synovial fibroblast
(SF) samples; a full experimental replicate was performed on separate days for a total of four replicates for each stim-
ulus. (B) Summary of the activation of network proteins (columns) by the stimuli (rows) was categorized as positive
or negative based on MLR B coefficients merged across experiments and time and counted across the eight SF sam-
ples (four normal and four RA). (C and D) Principal components analysis (PCA) of MLR B coefficients for the network
proteins. PCA coefficients (C) for different time points of a given signaling protein are shown in the same color. PCA
scores (D) for MLR coefficients for a given stimuli and SF sample in the two experimental replicates are connected by

aline.

but a closer inspection suggests a more complicated interpretation.
The strong activation of p-ERK by EGF at both 10 and 30 min post-
stimulation results in the p-ERK coefficients projecting toward the
EGF scores (compare in Fig. 1, C and D), whereas the strong activation
of the p38 pathway by IL-1a and TNFa results in the p-p38 coeffi-
cients projecting toward the IL-1o and TNFa scores (compare in
Fig. 1, C and D). CREB is regulated by the MEK and p38 pathways
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Principal component 1
(54% explained)

cific p38 inhibitors [SB202190 (36) and
PH-797804 (37)] on p38 and JNK signal-
ing. Both p38 inhibitors not only reduced
p38 pathway activity (as monitored by
p-Hsp27) but also elevated JNK pathway
activity in a dose-dependent manner (as
monitored by p-c-Jun) specifically at a
late time point (90 min after stimulation)
but not at an early/intermediate time point
(30 min after stimulation; Fig. 2, A to C).
To systematize this analysis, we needed
to incorporate context into our analytical
framework. For example, in considering
the opposite effects of the p38 inhibitor
SB202190 on p-Hsp27 and p-c-Jun at the 90-min time point (Fig. 2B),
one might expect that the data for these two signaling nodes are nega-
tively correlated. Such a correlation, however, does not reach a level of
statistical significance (P = 0.087; Fig. 2D) due to the confounding ef-
fect of IL-1a, which activates both nodes. As shown above, we can
control for the effect of IL-1a on these signaling nodes using MLR by
regressing the data for each signal against the presence or absence of
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Fig. 2. Enhancement of JNK signaling by p38 inhibition. (A to C) Perturbational strategy and dose-response data for evaluation of two specific p38 inhibitors on c-Jun
and Hsp27 phosphorylation (and thus, activation) after 30 or 90 min of stimulation with IL-1a (100 ng/ml). Serial fivefold dilutions of inhibitor (0.00096 to 3 uM) were
performed in biological duplicate in RA SF sample RA2159. Data are means + SD. (D) Pearson correlation between p-Hsp27 and p-c-Jun for the 90-min time point and p38
inhibitor SB202190. (E) Partial correlation analysis of p-c-Jun and p-Hsp27: correlation between the p-c-Jun and p-Hsp27 residuals after controlling for the effect of IL-1a
on p-Hsp27 and on p-c-Jun using multiple linear regression (MLR). (F and G) The correlation and partial correlation frameworks in (D) and (E) were applied to the data for
both p38 inhibitors at the 30-min (F) or 90-min (G) time points. Partial correlations in (F) and (G), with ggy > 0.05 were set to 0. A.U., arbitrary fluorescence units.

IL-1a. The unexplained effect of each signal (that is, the MLR model
residuals) should contain information about the inhibitor, which rep-
resents an experimental perturbation that was deliberately unaccounted
for in the model. Removal of the IL-1a dependency in this manner
highlights the significant negative correlation between p-Hsp27 and
p-c-Jun (P=2.1x 1075 Fig. 2E). This analysis is referred to as partial
correlation (38) because it analyzes the correlation between two vari-
ables (in this case, p-Hsp27 and p-c-Jun) that is not explained by a
third variable (IL-1a stimulation). Applying this partial correlation
analysis framework to the full data set (Fig. 2, A and B) revealed that
this negative partial correlation is consistent for both p38 inhibitors
(partial correlation at 90 min = —0.8 to —0.9; P < 0.0001), a relationship
that is not detectable by traditional correlation analysis (Fig. 2, F and
G). Thus, when evaluating relationships from multiperturbation ex-
periments (for example, stimulus and inhibitor combinations), explic-
itly including aspects of the experimental design in the analytical
framework can help control for effects of individual perturbations and
uncover significant associations in the data.

To explore multipathway effects of inhibitors against each of
the three MAPK pathways, we measured the effects of specific p38
(PH-797804), INK (JNK-IN-8) (39), or MEK (PD184352) (36, 40) inhib-
itors on signaling in SFs after 90 min of incubation with IL-1a (Fig. 3A
and, for additional inhibitor information, table S3). We selected phos-
phorylation of ¢-Jun, Hsp27, and ERK, which are downstream nodes
of INK, p38, and MEK, respectively, as activity readouts for these path-
ways (Fig. 3A). We performed independent experimental replicates
on separate days (Fig. 3B) and then analyzed each experimental repli-
cate using partial correlation as described above (Fig. 3C). We then
merged the P values from the independent experimental replicates
using a modified Fisher’s method (41, 42). This analysis reproduced
the negative partial correlation between the p38 and JNK pathways in
the presence of p38 inhibition (partial correlation = —0.72, ggg < 10°%;
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Fig. 3D). The increased significance observed here compared to above
results from the increased statistical power by merging inferences across
experimental replicates using Fisher’s method. This analysis additional-
ly revealed a significant negative partial correlation between the p38 and
MEK pathways (partial correlation = —0.80, gy < 10719 Fig. 3D),
demonstrating increased activation of both the MEK and JNK pathways
by p38 inhibition. The positive partial correlation between p-CREB
and p-Hsp27 (Fig. 3D) is the result of at least partial regulation of these
nodes by p38 in SFs. This positive partial correlation for p38 inhibition
coupled with the lack of a positive partial correlation between p-CREB
and p-ERK for MEK inhibition (Fig. 3D) suggests that, although CREB
is activated by both the p38 and MEK/ERK pathways (Fig. 1), CREB ac-
tivity is primarily driven by the p38 pathway in SFs activated with IL-1a.
The JNK inhibitor and the MEK inhibitor each enhanced p38 pathway
activity; however, this effect was weaker than the converse effect of in-
creased JNK and MEK pathway activity by p38 inhibition discussed
above (Fig. 3, D and E). We did not detect cross-talk between JNK and
MEK (Fig. 3D), despite such cross-talk being reported in other cell types
(43-45). A traditional correlational analysis that does not control for
the effect of IL-1a is dominated by the positive effect of IL-10. on MAPK
signaling and fails to accurately characterize the presence or absence
of multivariate inhibitor effects for the MEK, JNK, or p38 inhibitors
(fig. S7). Overall, we conclude that the p38 pathway exhibits greater
multipathway control in SFs than the other MAPK pathways MEK and
JNK and that the inhibition of p38 results in significantly increased MEK
and JNK signaling due to relief of this negative regulatory cross-talk.

Context dependence of pathway cross-talk

To further explore the relationship between stimulatory context and
multipathway effects of p38 inhibition, we examined SF signaling re-
sponses on the background of the diverse signaling network states
induced by IL-1a, TNFa, EGF, or IL-6. After 90 min of stimulation in
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A Perturbational strategy to evaluate MAPK cross-talk
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Fig. 3. Dominantrole for p38 in cross-talk between the MAPK pathways p38, JNK,
and MEK in SFs. (A) Perturbational strategy for evaluating mitogen-activated protein
kinase (MAPK) cross-talk. (B) Dose-response data for specific p38, JNK, or MEK inhibitors
after 90 min of stimulation with IL-10: (100 ng/ml). Titration was performed in biological
quadruplicate on SF sample RA2159, and a full experimental replicate was repeated on
a separate day (left versus right). A.U.,, arbitrary fluorescence units. (C) Experimental
replicates were individually evaluated for partial correlation between inhibitor effect
(rows) and MAPK signaling (columns) while controlling for the primary effect of IL-1c.
Relevant proximal signaling measurements were used as a proxy to monitor canonical
signaling downstream of a given inhibitor (for example, p-c-Jun was used as a surro-
gate for JINK pathway activity in the presence of the JNK inhibitor, p-ERK for MEK inhibi-
tion, and p-Hsp27 for p38 inhibition). “Self” partial correlation was excluded from the
analysis (such as partial correlation between p-Hsp27 and p-Hsp27) and is shown in
gray. (D) P values and partial correlations from the independent experiments were
merged using a modified Fisher’s method to allow for meta-analysis of two-sided
P values (41, 42); partial correlations with ggy (for the merged Fisher P values) > 0.05 are
set to 0. (E) Network summary of inferred inhibitor effects on MAPK signaling.
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the presence or absence of the p38 inhibitor PH-797804, we measured
the activation of 10 signaling proteins and transcription factors within
the NF-«B, p38, MEK/ERK, PI3K/AKT, JNK, or JAK/STAT pathway
using high-throughput microscopy (schematically depicted in fig.
S8A). The experiment was repeated in the same SF donor sample on
separate days, with one experimental replicate comprising titration of
the p38 inhibitor in biological duplicate and the second experimental
replicate comprising at least four biological replicates with the p38 in-
hibitor at a concentration above its 90% maximum inhibition (ICg,
0.6 uM; fig. S8, B and C). We performed the partial correlation analysis
as described above to evaluate the correlation between the effects of the
p38 inhibitor on the p38 pathway (through p-Hsp27) and the alterna-
tive pathways when controlling for the primary effects of each individ-
ual stimulus. The two experimental replicates were analyzed separately,
and P values were merged using the modified Fisher’s method (41).
We found that inhibiting the p38 pathway increased MEK, JNK, and
NEF-«B signaling within the context of IL-1a and TNFa stimulation
[as evidenced by their negative partial correlation to p-Hsp27 for these
stimuli (Fig. 4A)]. In the context of EGF stimulation, however, only
JNK signaling was increased by p38 inhibition (Fig. 4A). To further
examine cross-talk by p38, we evaluated additional p38 inhibitors, in-
cluding four that were tested in phase II clinical trials for RA. The in-
creased activation of IL-10- and TNFo-induced NF-xB, JNK, and
MEK pathways was consistent across all six p38 inhibitors (Fig. 4B). It
was also consistent across TNFo and IL-10 concentrations ranging
from 0.1 to 100 ng/ml (Fig. 4C), suggesting that such effects would be
relevant in the face of variations of TNFa or IL-1a across patients or
disease status. Together, this demonstrates that p38 inhibition elevates
the activities of multiple alternative pathways, and these multipathway
effects are most pronounced for inflammatory stimuli such as TNFa
orIL-1o.

Notably, the enhancement of MEK signaling by p38 inhibition
does not appear to propagate downstream to CREB (Fig. 4A). To ex-
plore this in more detail, we reanalyzed the data for MEK and p38
inhibition (from Fig. 3). We did not observe a significant pairwise cor-
relation between MEK pathway activity (through p-ERK) and p-CREB
(P = 0.66; Fig. 4D). However, controlling for the positive correlation
between p-CREB and p38 pathway activity (through p-Hsp27; Fig. 4E)
identified a significant positive relationship between MEK signaling
and p-CREB (P = 2.2 x 10 Fig. 4F). This suggests that the increased
MEK/ERK signaling is propagated downstream to CREB, despite
CREB activity in response to IL-1a stimulation being dominated by
the p38 pathway. Moreover, these findings demonstrate the strength of
combining broad perturbational experiments with multivariate analy-
ses to identify network connections in the face of multiple confound-
ing factors.

CREB as a key regulator of context-dependent cross-talk

To further evaluate the relationship between stimulatory context and
multipathway effects of p38 inhibitors, as well as the relative absence
of such effects for JNK and MEK inhibitors, we explored potential
mechanisms of cross-talk by the p38, JNK, and MEK/ERK pathways.
One method of cross-talk involves the regulation of phosphatases
that act on neighboring pathways. The p38 and MEK/ERK pathways
(through CREB) and JNK (through c-Jun) can each activate dual-
specificity protein phosphatase 1 (DUSP1; also called MAP kinase
phosphatase 1 or MKP-1), which provides negative feedback regula-
tion to the p38 and JNK pathways (Fig. 5A) (25, 43, 46-48). A relative-
ly specific inhibitor of DUSP1 (49) strongly elevated both p38 and JNK
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Fig. 4. Network-wide analysis of cross-talk by p38. (A) Partial correlation between p-Hsp27 (as a handle for p38 pathway activity; rows) and network proteins (columns)
conferred by p38 inhibition. Signaling network activity was evaluated after 90 min of stimulation with EGF, IL-6, TNFa, or IL-10. (100 ng/ml each). Two experiments were
performed on separate days on SF sample RA2159, with experiment 1 comprising titration of p38 inhibitor PH-797804 in biological duplicate and experiment 2 com-
prising four to six replicates of a single concentration of PH-797804 (0.6 uM). P values for the independent experimental replicates were merged using the modified
Fisher's method (41, 42), and partial correlations with ggy > 0.05 were set to 0. (B) Enhancement of nuclear factor kB (NF-xB), ERK, and c-Jun activation in SF sample RA2159
after 90 min of stimulation with IL-1a or TNFa (100 ng/ml each) by each of six p38 inhibitors, including four that were unsuccessfully evaluated in clinical trials for RA
(BIRB-796, LY2228820, PH-797804, and VX-702). A.U., arbitrary fluorescence units. (C) Multipathway effects of PH-797804 across a concentration range (0.1 to 100 ng/ml)
of IL-1a. and TNFa. (D to F) Reanalysis of MEK- and p38-inhibitor (MEKi and p38i) data from Fig.3; univariate (D and E) and multivariate (F) analyses of correlations between

p-ERK or p-Hsp27, and p-CREB.

pathway activities (Fig. 5B). In addition, SB747651A, which is a spe-
cific inhibitor of mitogen- and stress-activated protein kinases 1 and 2
(MSK1/2) and ribosomal protein S6 kinases 1 and 2 (RSK1/2), two struc-
turally homologous upstream regulators of CREB (50, 51), increased
p38 and JNK signaling in SFs (Fig. 5B). Combination of SB747651A
with p38 inhibition, however, did not further augment IL-10~induced
JNK signaling relative to p38 inhibition alone (Fig. 5C). Together,
these observations suggest that feedback regulation by DUSP1 at least
partially mediates the p38-dependent pathway cross-talk that we ob-
serve in SFs. These data also underscore a role for CREB in feedback

Jones et al., Sci. Signal. 11, eaal1601 (2018) 6 March 2018

regulation by p38 and are consistent with our observations above sug-
gesting that p38 signaling plays a dominant role in CREB signaling in
activated SFs.

The question remains, however, that if phosphatases that are regu-
lated by JNK, p38, and ERK pathways mediate pathway cross-talk in
SFs, why do p38 inhibitors show dominant multipathway effects in
SFs, whereas JNK and MEK inhibitors are much more modest? We
reasoned that context-dependent regulation of CREB signaling may
play a role in the differential multipathway effects. To further explore
this context dependence, we reanalyzed the SF network activation data
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Fig. 5. Exploring MAPK regulation and cross-talk in SF. (A) Schematic depicting MAPK signaling and cross-talk. Phosphatases are shown as gray ovals, and negative
regulatory feedback is shown as gray lines. (B) Effects of specific inhibitors of MSK/RSK (MSK/RSKi and SB747651A; 3 uM) or DUSP1 (DUSP1i and BCl; 3 uM) on MAPK sig-
naling after 90 min of stimulation with TNFa (100 ng/ml). MSK1/2 and RSK1/2 are, respectively, p38- and MEK-dependent proximal upstream regulators of CREB. The p38
inhibitor PH-7978004 (p38i; 0.6 uM) was used for comparison. (C) Effects of the combination of MSK/RSKi and p38i on c-Jun and Hsp27 phosphorylation after 90 min of

stimulation. A.U., arbitrary fluorescence units.

(from Fig. 1) by averaging the MLR B coefficients across time and RA SF
sample and plotting as a node-edge graph in which the width of the edge
is proportional to the strength of the averaged P coefficients (Fig. 6A).
Although many of the same pathways are activated by the inflammatory
stimuli IL-10 and TNFo, and the mitogenic stimulus EGF, these stimu-
li differ strongly in their magnitude of activation: IL-1a and TNFo more
strongly activate the NF-xB, JNK, and p38 pathways, whereas EGF
more strongly activates the MEK/ERK pathway (Fig. 6A). We further
reanalyzed the kinetics of p38 and MEK activation by TNFa, IL-10, and
EGF and found that although these stimuli induced different dynam-
ics for MEK/ERK and p38 signaling, they nevertheless converged to
consistent signaling at the level of CREB (Fig. 6B). We conclude that
CREB acts as an integrator of p38 and MEK/ERK pathway activities and
itsactivation is dominated by p38 signaling in response to TNFo and
IL-10, but by MEK/ERK signaling in response to EGF.

To explore a role for CREB in context-dependent cross-talk in SFs,
we evaluated the multipathway effects of MEK and p38 inhibitors un-
der mitogenic and inflammatory contexts. Notably, whereas MEK in-
hibition minimally affected p38 pathway activity within the context of
IL-1o stimulation (Fig. 3), it strongly increased EGF-induced p38 ac-
tivity (as assayed by p-Hsp27) (Fig. 6C). These relationships are re-
versed from that of the p38 pathway: p38 inhibition minimally affected
EGF-induced MEK/ERK pathway activity (Fig. 6B), in contrast to its
strong enhancement of IL-1a- or TNFo-induced MEK/ERK activity
(Fig. 4, A to C). The more limited multipathway effects of p38 inhibi-
tion for EGF stimulation as compared to IL-10 or TNFa stimulation
were consistent across four normal and four RA SF samples (Fig. 6D and
fig. S9) and across dermal fibroblast and mammary epithelial cell lines

Jones et al., Sci. Signal. 11, eaal1601 (2018) 6 March 2018

(Fig. 6E), suggesting that the context dependence characterized in this
study is a general feature of p38 signaling. Overall, these data reveal
a critical role for CREB signaling in context-dependent multipath-
way cross-talk by the MEK/ERK or p38 pathways and demonstrate how
stimulatory environment influences which pathways dominate cross-
talk even within a fixed signaling network topology (Fig. 6F). This in turn
results in marked differences for the effects of drugs targeting MEK or
p38 depending on whether the context is inflammatory or mitogenic.

Decoupling pathway cross-talk and pathway inhibition

To assess whether inhibiting additional pathways could decouple the
multipathway effects of p38 inhibition, we evaluated combinations
of JNK or MEK inhibitors with p38 inhibition. Titration of the JNK
inhibitor JNK-IN-8 in the presence of IL-10 and the p38 inhibitor
PH-797804 blocked the enhanced activation of the JNK pathway in
a dose-dependent manner as expected, but did not mitigate that of
NF-xB or MEK signaling by the p38 inhibitor (fig. S10A). Similarly,
titration of the MEK inhibitor PD325901 in the presence of IL-1a and
PH-797804 specifically blocked cross-talk to the MEK pathway. This
combination did, however, result in further enhancement of NF-xB
nuclear translocation beyond that of p38 inhibition alone (fig. S10B).
Notably, MEK inhibition in the absence of the p38 inhibitor did not
affect NF-xB nuclear translocation (fig. S10C), suggesting coordinate
down-regulation of NF-kB signaling by p38 and MEK signaling.

We further evaluated whether inhibitors against nodes upstream
or downstream of p38 could also decouple the desirable inhibition
from the pathway cross-talk. Transforming growth factor B-activated
kinase 1 (TAKI; also known as MAP3K?7) lies upstream of p38, JNK,
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Fig. 6. Inflammatory versus mitogenic stimulatory context dependence of p38 and MEK inhibitors. (A) Node-edge graph of selected B coefficients from Fig.1 (and
fig. S5) showing relative magnitudes of pathway activation by TNFa, IL-1a, or EGF. Edge thickness is proportional to strength of MLR B coefficients that were averaged across

time and RA SF sample for each node. (B)

B coefficients of p-ERK, p-CREB, and p-p38 for RA SF samples plotted as a time course. Coefficients were scaled to a maximum of

1 for each node across all time points, SF samples, stimuli, and experimental replicates. (C) Effects of p38 or MEK inhibition on EGF-induced signaling in SF sample RA2159
[after 90 min of incubation with EGF (100 ng/ml)]. (D) Partial correlation to p-Hsp27 across four normal or four RA SF samples; showing consistent context-dependent
multipathway effects for p38 inhibition across SF samples. Nuclear translocation (for NF-kB) or phosphorylation was measured after 90 min of stimulation with EGF, IL-1qa,
or TNFa (100 ng/ml each). (E) Partial correlation to p-Hsp27 for EGF, IL-10, or TNFa stimulation (100 ng/ml each for 90 min) in Hs68 dermal fibroblasts (left) or MCF10A
mammary epithelial cells (right), showing similar context dependence to that observed in SF samples. Hs68 or MCF10A cells were treated in biological quadruplicate, and
the full experiment was repeated across separate days. P values for the independent experimental replicates were merged using the modified Fisher's method (41, 42), and
partial correlations with ggy > 0.05 were set to 0. (F) Schematic summarizing p38 and MEK inhibitor effects in inflammatory versus mitogenic contexts.

and NF-xB signaling (Fig. 5A) and regulates much of the inflamma-
tory cytokine secretion by activated SF in RA (12). The TAK1 inhib-
itor (5z)-7-oxozeaenol (5Z0) inhibited both the primary activation of
NEF-xB, JNK, p38, and MEK/ERK signaling induced by TNFa and
IL-1a (fig. S11A) and blocked the increased signaling conferred by
p38 inhibition (fig. S11B). Known polypharmacology of 520 toward
MEK]1/2 (International Centre for Kinase Profiling, www.kinase-screen.
mrec.ac.uk/kinase-inhibitors) likely contributes to the inhibition of
ERK activation that we observe here. MAPKAPK2 (or MK2) lies
downstream of p38 and promotes inflammatory cytokine production
(23). In contrast to direct p38 inhibition, MK2 inhibition did not ex-

Jones et al., Sci. Signal. 11, eaal1601 (2018) 6 March 2018

hibit multipathway effects (fig. S11C). We conclude that combinations
of MAPK inhibitors or inhibition of nodes upstream or downstream
of p38 can decouple multipathway cross-talk to result in more effective
suppression of inflammatory signaling in SFs.

Activation of SFs by RA synovial fluids

On the basis of the understanding of the SF signaling network developed
above, we examined pathways activated in SFs by the disease-relevant
context of RA synovial fluids. SFs from one RA donor were exposed
to serially diluted RA synovial fluids, and signaling activation was
measured using high-throughput immunofluorescence microscopy.

8of 14

8T0Z ‘8 Yose uo /610 Bewasualos a)is//:dny woiy papeojumod


http://www.kinase-screen.mrc.ac.uk/kinase-inhibitors
http://www.kinase-screen.mrc.ac.uk/kinase-inhibitors
http://stke.sciencemag.org/

SCIENCE SIGNALING | RESEARCH ARTICLE

Because of limited quantities of RA synovial fluids, we pooled equal vol-  individuals were, thus, not available for comparison due to challenges
umes of fluids from two RA patients and diluted them in basal SF medi-  in collecting such material (52). The pooled RA synovial fluids signifi-
um (pooled RA Fluidscp; information on synovial fluids is in table S4).  cantly activated the JNK, MEK, and p38 pathways (through p-c-Jun,
Synovial fluid naturally functions as a joint lubricant and is present in  p-ERK, and p-Hsp27, respectively; Student’s  test, P < 10™°) and reached
only very small amounts in healthy patients; synovial fluids from healthy  similar levels of activation as saturating doses of TNFo. (Fig. 7A). Up to
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Fig. 7. Activation of SF signaling by RA synovial fluids. (A) Activation of signaling in SFs by serial twofold dilution of pooled RA synovial fluids into basal SF media (1:4 to
1:1024 dilution series of an equal volume mixture of RA fluid samples C and D); serial twofold dilution of TNFo. (0.4 to 100 ng/ml) was used as a positive control for NF-xB
(nuclear translocation), p-c-Jun, p-Hsp27, and p-ERK. Data are means + SD. (B) Serial twofold dilution of individual RA synovial fluid samples A, B, and C (1:2 to 1:2048 dilu-
tion series). (C) Consistency of signaling activation across two normal and two RA SF samples (as determined by MLR analyses) by 1:4 dilution of pooled RA synovial fluids
(equal volumes of RA fluid samples A, B, and C) or pooled osteoarthritis (OA) synovial fluids (equal volumes of OA fluid samples A, B, and C). (D) Partial correlation analysis
for p38 inhibition augmenting signaling induced by pooled RA synovial fluids. (E) Effects of tofacitinib (1.5 uM) or 5ZO (1.0 uM) on signaling induced by 1:4 dilution of
pooled RA synovial fluids (30 min of stimulation with equal volume mixture of RA synovial fluid samples C and D). TNFa (100 ng/ml) was used as a positive control. Data are
means * SD. Signals were measured in biological duplicate after 30 min (A to C and E) or 90 min (D) of stimulation in SF sample RA2159 (A, B, D, and E) or samples N2586,
N2759,RA2159, and RA2708 (C). Significance was determined by an unpaired two-sample Student’s t test (synovial fluid dilutions versus unstimulated signal; A and B); false
discovery rate was controlled using the Benjamini-Hochberg-Yekutieli method for positive dependence (ggny) (69).
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64-fold dilution of the pooled RA synovial fluids continued stimulat-
ing activation of these pathways to at least twofold above unstimulated
levels (Fig. 7A). The RA synovial fluids also significantly activated
p-STATI (P < 10™**), with up to 16-fold dilution of the pooled RA
fluids, resulting in p-STAT1 activation to at least twofold above the as-
say background (Fig. 7A). We detected statistically significant nuclear
translocation of NE-kB (P < 107%), but the effect size was smaller than
activation of MAPK or JAK/STAT signaling (Fig. 7A). Individual eval-
uation of RA synovial fluids from three separate patients resulted in
nuclear translocation of NF-xB (up to 1.5-fold assay background)
in one of the RA synovial fluid samples and increased activation of
p-STAT3 by the same sample, suggesting that RA synovial fluids from
different donors can variably activate SF signaling (Fig. 7B). Moreover,
this demonstrates that RA synovial fluids can activate both proinflam-
matory (STAT1; Fig. 7A) and antiapoptotic, pro-proliferative (STAT3;
Fig. 7B) branches of the JAK/STAT pathway in SFs (53), which would
support both the proinflammatory and hyperplasia phenotypes of ac-
tivated SFs in RA. The pathways activated by RA synovial fluids were
consistent across SFs from two normal and two RA donors (Fig. 7C and
fig. S12A). Notably, pooled OA synovial fluids exhibited similar ac-
tivity to RA synovial fluids on both normal and RA SFs (Fig. 7C and
fig. S12A). We conclude that inflammatory factors in RA and OA synovi-
al fluids strongly activate intracellular kinase signaling in SFs, and this
signaling response is consistent across SFs from normal and RA donors.

Because synovial fluids activate many of the pathways that are reg-
ulated by TAK1 in activated SFs or increased by p38 inhibitors in
inflammatory contexts, we investigated the effects of p38 or TAK1
inhibition on the activation of SFs by RA synovial fluid. Because of lim-
ited quantities of RA synovial fluids, we examined a single concentra-
tion of the p38 inhibitor (PH-797804 at 0.6 uM) in biological duplicate
(fig. S12B). Inhibition of p38 increased the activity of both MEK and
JNK pathways induced by the RA synovial fluids, consistent with our
previous observations for stimulation with IL-1o or TNFo (partial
correlation = —0.77 and —0.79, ggy < 0.1; Fig. 7D). We then compared
the effects of the TAK1 inhibitor 5Z0 with the FDA-approved JAK
inhibitor tofacitinib. Whereas tofacitinib inhibited only JAK/STAT
signaling, 5ZO significantly inhibited activation of the JNK, p38, and
MEK/ERK pathways induced by RA synovial fluids and not the JAK/
STAT pathway (Fig. 7E). Together, this demonstrates that p38 inhibi-
tion elicits compensatory signaling responses within the complex en-
vironment of RA synovial fluids. By comparison, 520 is capable of
normalizing SF activation in a manner that is complementary to exist-
ing treatment options for RA.

DISCUSSION

Here, we used a systematic approach to analyze the multivariate effects
of kinase inhibitors on inflammatory signaling responses. The effects
of the inhibitors were complex and challenged traditional approaches
for evaluating intracellular signaling. We therefore applied an analyti-
cal framework that controlled for multiple confounding factors while
identifying statistically significant associations within the data. We
found that p38 functioned as a uniquely central node that regulated
the activity of multiple other pathways specifically in inflammatory,
but not mitogenic, contexts, and its inhibition strongly increased
NF-«B, JNK, and MEK/ERK activity. Such an effect is clinically unde-
sirable given the connections of these pathways to inflammation and
RA progression (7, 54, 55) and likely played a role limiting the clinical
benefit of p38 inhibitors for RA.
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A characteristic feature of RA is a self-sustaining inflammatory
microenvironment in affected joints. Our findings suggest that SFs
function in a positive feedback loop to help sustain this microenviron-
ment. RA synovial fluids provoked a strong inflammatory signaling
response in ex vivo cultures of SFs and induced the activation of the
p38,JNK, and MEK pathways to similar levels as saturating amounts
of TNFo. Whereas RA SFs display a uniquely aggressive phenotype
(7, 9), we observed similar activation of both normal and RA SFs by
RA synovial fluids. These findings suggest that soluble factors from
the RA microenvironment prime the resident SFs toward the aggres-
sive, activated phenotype observed in RA. We have previously re-
ported that cytokines secreted by ex vivo cultures of activated SFs are
enriched in the synovial fluids of RA patients (12). Activated SFs are
also capable of presenting arthritogenic peptides to T cells, further
promoting RA pathogenesis (56). Together, these observations sup-
port a complex relationship between SFs and their environment in
RA, in which SFs are directly activated by the inflamed RA micro-
environment and activated SFs further perpetuate this inflammation
and autoimmunity.

Intracellular signaling pathways are highly interconnected, and in
this study, we found a critical role for stimulatory context in determin-
ing which signaling pathway dominates negative regulatory cross-talk.
Such a context dependence resulted in marked differences in drug ef-
fects depending on stimulatory context and has strong implications
for understanding how successful versus unsuccessful therapeutic
interventions may be biologically conditioned. For example, we found
contrasting effects of drugs targeting p38 or MEK depending on whether
the context was primarily inflammatory or mitogenic: p38 inhibi-
tors exhibited greater multipathway effects in proinflammatory envi-
ronments, whereas multipathway effects of MEK inhibition were more
prominent for mitogenic than inflammatory contexts.

CREB emerged as a key nexus for these context-dependent inhibi-
tor effects. It is activated by both the MEK and p38 pathways, and
upon activation, it regulates expression of phosphatases that down-
regulate MAPK activity (47, 48). CREB thus functions in part within a
negative regulatory feedback loop for MAPK signaling. We found that
stimulatory context strongly influenced the regulation of CREB by the
MEK or p38 pathways: For the inflammatory stimuli TNFa and IL-10,
CREB activity is dominated by the p38 pathway, whereas for the mito-
genic stimulus EGF, CREB activity is dominated by the MEK/ERK
pathway. We reason that feedback via a MEK/CREB axis is suppressed
in inflammatory contexts due to the dominance of p38 on CREB activ-
ity. For mitogenic contexts, the converse is true: The dominance of MEK
signaling on CREB activity suppresses potential negative regulatory
feedback from a p38/CREB axis. The p38 pathway can provide addi-
tional negative regulatory feedback through its activation of protein
phosphatase 2A (PP2A), which negatively regulates JNK and MEK/
ERK activity (57, 58), and through negative regulatory feedback to
TAKI1, an upstream regulator of p38, JNK, and NF-«B signaling (Fig. 5A)
(59, 60). For stimulatory contexts that strongly activate p38, these ad-
ditional mechanisms of cross-talk would further strengthen the role of
p38 in down-regulating activated intracellular signaling.

Although p38 inhibition is no longer under clinical investigation
for RA, it has generated interest for a range of disorders involving dys-
regulated inflammation such as multiple sclerosis (61), chronic ob-
structive pulmonary disorder (62), atherosclerosis (63, 64), diabetic
cardiomyopathy (65), and neuropathic pain (66, 67). Our findings ar-
gue for careful analysis of the effects of p38 inhibitors on multiple
potential compensatory pathways and on the background of multiple
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disease-relevant contexts to understand the full effects of drugs target-
ing p38 in inflammation-related disorders. We found that cross-talk
by p38 could be decoupled through combinations of inhibitors or by
targeting nodes upstream or downstream of p38, such as TAK1 or
MK?2. This suggests that alternative therapeutic strategies can maintain
at least part of the benefits of direct p38 inhibition while limiting the
undesirable effects of relieving negative regulatory cross-talk by p38.
More broadly, our work suggests that a more systematic analysis of
potential multipathway effects of drug candidates should be included
as part of a clinical development program. Such experimentation and
analysis can help clarify the risks of developing drugs targeting nodes
believed to be involved in multipathway cross-talk.

MATERIALS AND METHODS

Antibodies and reagents

TNFo (cat. no. 300-01A), IL-10: (cat. no. 200-01A), IL-6 (cat. no. 200-06),
and EGF (cat. no. AF-100-15) were purchased from PeproTech. Chem-
ical inhibitors from the following sources were dissolved in dimethyl
sulfoxide (DMSO) to 10 mM stock concentrations: TAK1 inhibitor 5Z0O
(cat. no. 3604), p38 inhibitor EO 1428 (cat. no. 2908), and MSK/RSK
inhibitor SB747651A (cat. no. 4630) were purchased from Tocris Bio-
science; p38 inhibitors PH-797804 (cat. no. S2726), SB202190 (cat. no.
$1077), VX-702 (cat. no. S6005), BIRB-796 (cat. no. S1574), and
1Y2228820 (cat. no. S1494), MEK inhibitor PD184352 (also referred to
as CI-1040; cat. no. $1020), and JAK inhibitor tofacitinib (also referred
to as CP-690550; cat. no. S2789) were purchased from Selleck Chemi-
cals; DUSP1/6 inhibitor BCI [(E)-2-benzylidene-3-(cyclohexylamino)-
2,3-dihydro-1H-inden-1-one] was purchased from Axon Medchem
(cat. no. 2178); MK2 inhibitor III (cat. no. 475864) and inhibitor IV
(cat. no. 475964) were purchased from EMD Millipore; JNK inhibitor
JNK-IN-8 was provided by the Nathanael Gray Laboratory, Dana-
Farber Cancer Institute (DFCI). Antibodies to p-p44/42 MAPK (ERK1/2)
ThrZOZ/Tyr204 (cat. no. 4370), p-Hsp27 Ser®? (cat. no. 9709), p-c-Jun Ser”®
(cat. no. 3270), p-STAT1 Tyr701 (cat.n0.9167), p-STAT3 Tyr705 (cat. no.
9145), p-S6 Ser?*>2% (cat. no. 4858), p-CREB Ser'®® (cat. no. 9198),
p-AKT Ser*” (cat. no. 4060), p-MK2 Thr** (cat. no. 3007), p-JNK
Thr'®/Tyr'® (cat. no. 9251), p-p38 Thr'®/Tyr'®? (cat. no. 4511), FoxO3a
(cat. no. 2497), and NF-«xB p65 (cat. no. 8242) were purchased from
Cell Signaling Technology. Antibody to NF-xB p65 (cat. no. sc-8008)
was purchased from Santa Cruz Biotechnology. Fluorescently labeled
secondary antibodies donkey anti-mouse immunoglobulin G (IgG)
polyclonal antibody (pAb) Alexa 488 conjugate (cat. no. A21202) and
donkey anti-rabbit IgG pAb Alexa 647 conjugate (cat. no. A31573)
were purchased from Thermo Fisher Scientific. RA synovial fluids were
purchased from Analytical Biological Services Inc. and provided by
J. Swantek at Boehringer Ingelheim Inc. (table S4).

Tissue culture

Normal primary human SFs [human fibroblast-like synovioctyes
(HFLS), cat. no. 408-05a] and RA SFs (HFLS-RA, cat. no. 408RA-05a)
were purchased from Cell Applications Inc. (table S2). The nomencla-
ture used for SF samples denotes lot number (for example, N2586 is
Cell Applications HFLS lot no. 2586, RA2159 is Cell Applications
HFLS-RA lot no. 2159, etc.). Cells were cultured according to the sup-
plier’s recommendations using Synoviocyte Growth Medium (Cell
Applications Inc., cat. no. 415-500), and Synoviocyte Basal Medium
(Cell Applications Inc., cat. no. 414-500) was used for serum starva-
tion before experimental treatments. Cells were provided at passage 2,
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and all experiments were conducted at passages 3 to 6, in line with
published recommendations (68).

Signaling response seeding and treatments

Signaling responses of cultured SF were examined as previously de-
scribed (12). Briefly, SFs were seeded (600 cells per well) into 384-well
plates; after ~24 hours of incubation in full growth medium, cells were
starved in basal medium overnight (~16 hours) followed by a refresh of
basal medium approximately 4 hours before exposure to stimulatory
factors. For experiments involving inhibitors, cells were pretreated
with inhibitor or DMSO control for ~2.5 hours before stimulation
with TNFa, IL-1a, IL-6, or EGF (100 ng/ml each) (diluted into basal SF
medium containing 0.1% bovine serum albumin) at a final volume
of 50 ul per well; DMSO was maintained at a constant concentration
for all experimental treatments (for example, for experiments with a
maximum inhibitor concentration of 3 uM, DMSO was maintained
at a 1:3333 dilution for all treatments in the experiment, which cor-
responds to the amount of DMSO in 3 uM inhibitor diluted from a
10 mM stock concentration). To support reproducibility, all inhibitor
and stimulus treatments were performed using automated liquid han-
dling instruments (Biomek FX by Beckman Coulter or ID STARlet by
Hamilton) at the Harvard Medical School Longwood Screening Facility.

Immunofluorescence microscopy and analysis

Measurement of signaling intensity by immunofluorescence micros-
copy was conducted as previously described (12). Briefly, cells were
fixed in 2% paraformaldehyde for 10 min, washed three times for 5 min
in 1x phosphate-buffered saline with 0.1% Tween 20 (PBST), permea-
bilized with 100% methanol for 10 min, washed three times with PBST,
and blocked with Odyssey Blocking Buffer (OBB; LI-COR) for 1 hour.
Cells were stained overnight at 4°C with 25 ul of primary antibodies
diluted in OBB (see table S1 for dilution ratios for each antibody). Cells
were washed three times with PBST and stained with 25 ul of appropri-
ate secondary antibodies diluted at 1:2000 in OBB and incubated 1
hour. Cells were washed once in PBST and once in PBS and incubated
with Hoechst 33342 (0.25 ug/ml; Invitrogen, cat. no. H3570) and Whole
Cell Stain Green or Blue (1:1000 dilution; Thermo Fisher, cat. nos.
8403202 and 8403502) in PBS for 30 min. Cells were washed twice in
PBS and imaged using a 10x objective on an Operetta high-throughput
microscope using Harmony software (PerkinElmer Inc.).

Data were extracted from images using Columbus software
(PerkinElmer Inc.). Briefly, Hoechst 33342 and Whole Cell Stain
Green (or Whole Cell Stain Blue) signals were used to segment the
nuclear and cellular boundaries. These segmented boundaries were
then used to define nuclear, cytoplasmic, and whole-cell “regions” that
were more narrowly defined than the segmented boundaries to ac-
commodate potential errors by automated segmentation (see fig. S1).
We defined “ring regions” for each cell to control for fluctuations in
the local background (for example, because of dust, bubbles, or nonflat
illumination). The ring regions comprised the 5 to 12 pixels beyond
the cellular segmented boundary that was devoid of neighboring seg-
mented cells. Cell-specific local background intensity was quantified
from the individual ring regions and used to normalize signals for nu-
clear, cytoplasmic, and whole-cell regions. To quantify NF-kB nuclear
translocation, nuclear/cytoplasmic ratios were calculated for each cell.
For other signals, single-cell intensities were extracted for the appro-
priate cellular region; for example, nuclear intensity was used for phos-
phorylated transcription factors such as p-c-Jun, p-STAT1,and p-STATS3,
whereas whole-cell or cytoplasmic intensity was used for p-ERK1/2
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and p-HSP27 (see table S1 for cellular regions for each measured sig-
naling protein). Median values of single-cell distributions within an
individual well were used for all subsequent analyses.

MLR of signaling network responses

An MLR framework of the form y = Xp + € was used to infer connec-
tions between stimuli and signaling network proteins from perturba-
tional data. The predictor matrix X encodes an experimental design
matrix, with the columns denoting the presence (1) or absence (0) of a
given stimulus and the rows denoting individual experimental condi-
tions; unstimulated background was denoted as a column of 1s. The
response matrix y comprises the measured signal intensities for the
experimental conditions (rows) across each measured signaling pro-
tein or transcription factor (columns). B is a vector of regression coef-
ficients relating the effects of the stimuli in X to the signals in y; and &€
is a vector of model residuals. We used MLR to solve for the B coeffi-
cients using the Matlab regstats.m function. This approach was used
for each donor sample, time point, and independent experimental
replicate.

For a multivariate analysis of inhibitor effects, MLR B coefficients
for each signaling network protein were scaled to a maximum of 1
for the maximum value observed across all stimulatory contexts, SF
samples, experimental replicates, and time points. Scaled MLR co-
efficients were then compiled across all conditions (4 stimuli x 8 SF
samples x 2 experimental replicates = 64 rows) and all signaling net-
work proteins and times points (13 signaling proteins x 2 time points =
26 columns). The matrix of compiled MLR coefficients was mean-
centered (column-wise) and then analyzed by PCA using the Matlab
pca.m function.

Consistency of network activation across donors

To evaluate consistency of network activation across SF samples, we
first merged the P values of the independent experimental replicates
for a given time point and SF sample using a modified Fisher’s method,
which allows the use of two-sided P values (41, 42), and controlled for
the FDR of the resulting merged P values using the Benjamini-Hochberg
method (34). To account for dynamics of a given signal, which may be
active at one time point, but not another, a connection between a given
stimulus and a given signal was taken to be present if the FDR-corrected,
merged P value was less than 0.01 at either time point (10 or 30 min
after stimulation; see fig. S3). The strength of a connection was deter-
mined by merging MLR coefficients across experimental replicates
and time. The consistency of connections was summed across the
eight SF samples (from four normal and four RA).

Partial correlation

Partial correlation is useful for evaluating correlations between
pairs of variables while controlling for the variance explained by a third
variable. We used this approach to evaluate correlations induced by
specific pathway inhibitors using data from multiperturbational ex-
periments. Briefly, data were log;o-transformed and basal signal (no
stimulus and no inhibitor) was set to 0 for each signaling network pro-
tein, and then the variance explained by stimuli was controlled using
the MLR framework described above. The residuals of this model (€)
contain information about the effect of inhibitors. Data for a down-
stream signaling node were used as a handle for monitoring the effect
of inhibitor titrations on pathway activities: p-Hsp27 was used as a
handle for p38 pathway activity with the p38 inhibitor; p-c-Jun was
used for JNK pathway activity with the JNK inhibitor; and p-ERK was
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used for MERK/ERK pathway activity with the MEK inhibitor. The
residuals for each stimulus and inhibitor context were partitioned
along with a randomly selected subset of the control replicates (basal
levels and stimulus in the absence of inhibitor) to avoid repeated use of
control samples. Finally, for each stimulus and inhibitor context, we
calculated the correlation between residuals of the respective proximal
pathway target and other signaling network proteins using the Matlab
corr.m function. These correlations between residuals are the reported
partial correlations. P values for independent experimental replicates
conducted on separate days were merged using a modified Fisher’s
method (41, 42), and FDR from multiple hypothesis testing was con-
trolled using the Benjamini-Hochberg method (34).

Statistical analysis of serial dilutions and tofacitinib

and 5Z0 effects

Data were log;o-transformed to stabilize variance. Significance of stim-
ulated response data in comparison to the unstimulated signal was
evaluated using an unpaired two-sample Student’s ¢ test with equal
variance using the Matlab ttest2.m function. FDR for the RA synovial
fluid serial dilutions was controlled using the Benjamini-Hochberg-
Yekutieli method for positive dependence (69). Significance of to-
facitinib or 5ZO inhibitor effects in comparison to the uninhibited
stimulated signal was evaluated using an unpaired two-sample Student’s
t test with equal variance using the Matlab ttest2.m function.

SUPPLEMENTARY MATERIALS
www.sciencesignaling.org/cgi/content/full/11/520/eaal1601/DC1

Fig. S1. Quantitative analysis of signaling response using high-throughput microscopy.
Fig. S2. Signaling responses in four normal and four RA SF samples.

Fig. S3. Consistency of SF signaling responses across the experiments.

Fig. S4. MLR B coefficients for four normal SF samples.

Fig. S5. MLR B coefficients for four RA SF samples.

Fig. S6. Time course of signaling activation in the four normal and four RA SF samples.
Fig. S7. Inability of traditional correlation to identify MAPK cross-talk.

Fig. S8. Perturbation data for network-wide cross-talk by p38.

Fig. S9. Multipathway effects of p38 inhibition across four normal and four RA SF samples.
Fig. S10. Decoupling multipathway effects of p38 inhibition in SFs by combination with MEK or
JNK inhibitors.

Fig. S11. Decoupling multipathway effects of p38 inhibition by targeting upstream or
downstream signaling.

Fig. S12. Activation of SFs by synovial fluids and the effects of p38 inhibition.

Table S1. Antibodies used in this study.

Table S2. SF donor samples.

Table S3. Small-molecule inhibitors used in this study.

Table S4. Synovial fluid samples.
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Context complicates network models

In rheumatoid arthritis (RA), inflammation is driven by the increased activity of the kinase p38 MAPK. However,
p38 MAPK inhibitors are ineffective in patients. Using synovial fibroblasts and synovial fluid from RA patients, Jones et
al. found that unlike cells in proliferative conditions, such as those in which cancer cells are grown (from which many
network models have been built), p38 MAPK was a critical inducer of negative cross-talk to the MAPK-related, JNK
pathway in cells grown in the inflammatory context associated with RA. Thus, inhibiting p38 facilitated JNK activity and
the perpetuation of inflammatory cytokine production. Culturing the same cells under proliferative conditions switched the
dominant point of negative cross-talk between the MAPK pathways to the kinase MEK. Inhibitors of the upstream kinase
TAK1 curbed the activity of both the p38 and JNK pathways in the cells and, hence, might be effective in RA patients.
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