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TNF and granulocyte macrophage-colony stimulating factor (GM-CSF) have proinflammatory
activity and both contribute, for example, to rheumatoid arthritis pathogenesis. We previously
identified a new GM-CSF—JM]D3 demethylase—interferon regulatory factor 4 (IRF4)—CCL17
pathway that is active in monocytes/macrophages in vitro and important for inflammatory pain,
as well as for arthritic pain and disease. Here we provide evidence for a nexus between TNF and
this pathway, and for TNF and GM-CSF interdependency. We report that the initiation of zymosan-
induced inflammatory pain and zymosan-induced arthritic pain and disease are TNF dependent.
Once arthritic pain and disease are established, blockade of GM-CSF or CCL17, but not of TNF,

is still able to ameliorate them. TNF is required for GM-CSF-driven inflammatory pain and for
initiation of GM-CSF-driven arthritic pain and disease, but not once they are established. TNF-
driven inflammatory pain and TNF-driven arthritic pain and disease are dependent on GM-CSF
and mechanistically require the same downstream pathway involving GM-CSF—CCL17 formation
via JM)D3-regulated IRF4 production, indicating that GM-CSF and CCL17 can mediate some of the
proinflammatory and algesic actions of TNF. Given we found that TNF appears important only
early in arthritic pain and disease progression, targeting a downstream mediator, such as CCL17,
which appears to act throughout the course of disease, could be effective at ameliorating chronic
inflammatory conditions where TNF is implicated.

Introduction
Even though anti-TNF therapies have been known to be quite successful for some time in many
patients with inflammatory disease, such as rheumatoid arthritis (RA), its mode of action is still unclear
(1) — such information would be quite useful in developing improved therapies and predicting patient
responses. Granulocyte macrophage-colony stimulating factor (GM-CSF) also has proinflammatory activi-
ty and there are promising signs that its blockade and that of its receptor are effective in RA trials, as well as
in preclinical models (2—4). For example, in a phase IIb trial, treatment of RA patients with mavrilimumab,
a neutralizing mAb targeting the GM-CSF receptor a chain, led to a rapid improvement in their assessment
of pain within 1 week of treatment (5). Whether or not the same or different patient populations respond
to the respective therapies targeting the action of TNF and GM-CSF is unknown and more needs to be
learned about the extent of the overlap or not between their respective biologies with implications for thera-
peutic strategies. There are differences with respect to the expression and mode of action of the 2 cytokines
(1, 6). Their receptors are not expressed on identical cell populations, with the TNF receptor expressed
widely and the GM-CSF receptor usually expressed on myeloid populations; the signaling pathways down-
stream of their receptors also vary with, for example, NF-«B being important for TNF signaling and JAK/
STAT pathways for GM-CSF responses (1).

In spite of these differences, there is evidence that there are links between the 2 cytokines (7-9). They
have also been used in partnership for the in vitro differentiation of dendritic cells from precursor cells (10).
In vitro studies, mainly with monocyte(s)/ macrophages, have shown that GM-CSF can upregulate TNF
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expression, at least at the mRINA level (11), while inversely TNF can induce GM-CSF formation and secre-
tion in a number of tissue cell populations, such as fibroblasts, endothelial cells, and chondrocytes (12-15);
in line with the latter type of studies, TNF neutralization of ex vivo RA synovial cell cultures led to reduced
GM-CSF levels (7). These findings gave rise to the concepts that TNF and GM-CSF may, in fact, be operat-
ing within a cytokine hierarchy (7, 8) or a cytokine network, the latter concept perhaps helping to explain
the chronicity of certain inflammatory lesions (2, 16—18).

Supporting the above-mentioned RA data, TNF and GM-CSF have both been found to be important
in the progression of a number of preclinical inflammation/autoimmune models, including arthritis and its
associated pain (14, 19). They have also been implicated in inflammatory pain models (20-22). Recently,
we found that Ab-mediated neutralization of GM-CSF receptor a chain and TNF depleted the inflamma-
tory cell populations differently in arthritis and peritonitis models (6). Also, a new GM-CSF- and IRF4-
dependent pathway leading to CCL17 formation in inflammation was proposed that appears to be separate
from the pathway(s) governing TNF formation in human and murine monocytes/macrophages (23).

Given the above literature, we explored further the relationship between TNF and GM-CSF in models
of inflammatory pain and arthritic pain/disease. We report that in the models tested, TNF and GM-CSF
are interdependent, both being required for the induction of inflammatory pain and arthritis development;
however, once arthritic pain and disease are established, TNF is no longer required, unlike GM-CSF. Fur-
thermore, TNF-driven inflammatory pain and a new TNF-driven arthritic pain and disease model require
mechanistically the same downstream pathway as GM-CSF—driven pain and arthritis, involving GM-CSF—
dependent CCL17 formation via JMJD3-regulated IRF4 production (23).

Results

TNF is also required in models of GM-CSF— and CCL17-dependent inflammatory pain and in models of GM-CSF—
and CCL17-dependent arthritic pain and disease. We have shown inflammatory pain following intraplantar
(i.pl.) zymosan injection, as well as arthritic pain and disease following intra-articular (i.a.) zymosan injec-
tion, to be dependent on GM-CSF, as well as on IRF4 and CCL17 (23). Tnfrl’~ mice are reported to show
reduced pain compared with WT mice following i.a. zymosan injection (24).

Using Tnf’~ mice we firstly determined that i.pl. zymosan-induced pain, as measured by a change in
weight distribution (using the well-validated incapacitance meter method (23, 25-27), was TNF dependent
(Figure 1A), with some reduced footpad swelling seen at 5-6 hours after injection (Figure 1B). Zymosan
injection (i.pl.) upregulated GMCSF (also known as Csf2), Ccl17, Il1b, and Tnf mRNA expression (by quan-
titative PCR [qPCR]) in WT mice (Figure 1C) (23). As some indication of the mechanism governing the
TNF dependence, in the absence of TNF, the increased expression of GMCSF and I/1b mRNA seen fol-
lowing zymosan injection in WT mice was reduced (Figure 1C). Ccll7 expression levels were lower in the
saline-injected footpad of Tnf’- versus WT mice (Figure 1C); following i.pl. zymosan injection, there was
an approximately 2-fold increase in Cc/17 expression in the footpads of both 7nf’- and WT mice (Figure
1C), thereby maintaining the difference in Cc/17 expression levels seen between the strains in the steady state.

Tnf’~ mice also developed significantly less zymosan-induced arthritis (ZIA) pain and disease (Figure
2A) and the increased GMCSF, Ccl17, and 1116 mRINA expression in the arthritic joints was also significantly
reduced in the absence of TNF (Figure 2B), noting that, unlike for the footpad, GMCSF mRNA expression
could not be detected in saline-injected joints from either WT or 7nf’~ mice and that there was no difference
in Ccl17 mRNA expression in the saline-injected joints from Tnf”’~ versus WT mice. Interestingly, prophylac-
tic (Figure 3A), but not therapeutic (Figure 3B), treatment with anti-TNF mAb was able to ameliorate pain
and disease (histology), whereas both prophylactic (Figure 3A) and therapeutic (Figure 3B) treatment with
anti-GM-CSF mAb was able to do so. Therapeutic treatment with anti-CCL17 mAb was also able to ame-
liorate pain and disease (Figure 3B), paralleling the prior findings seen using Ccl/17*/ mice (23).

Thus, in the zymosan-induced models studied, the effects of TNF deletion on inflammatory pain, as well
as on arthritic pain and disease, parallel those of GM-CSF and CCL17 deletion/neutralization (23), and indi-
cate a possible nexus. TNF blockade is able to prevent the onset of arthritic pain and disease but, in contrast,
once pain is established, TNF blockade is unable to reverse the pain and disease, unlike GM-CSF or CCL17
blockade. In both models, zymosan increased GMCSF and Ccl17 mRNA expression, with the degree of TNF
dependence being higher in the joint than in the footpad; unlike in the footpad, in the joint no GMCSF mRNA
was detected basally — the basal GMCSF mRNA levels in the respective tissues could contribute to the degree
of TNF dependence of the increased Cc/17 mRNA expression following zymosan administration.
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Figure 1. TNF is required for zymosan-induced inflammatory pain. (A-C) WT and Tnf”- mice received an intraplantar (i.pl.) injection of zymosan, and (A) pain
(incapacitance meter [ratio of weight bearing on injected relative to noninjected hindlimb]; a value < 100 indicates pain), (B) swelling, and (C) footpad mRNA
expression (6 hours zymosan or saline) were measured (n = 6-10 mice/group). Results are shown as mean + SEM. P values were obtained using a 2-way ANOVA.
*P < 0.05, ****P < 0.0001, WT versus Tnf”~ mice.
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We previously showed that i.pl. CFA-induced inflammatory pain, but not footpad swelling, was
also both GM-CSF and CCL17 dependent (23). Using Tnf’~ mice, we show that pain is also TNF
dependent in this model (Supplemental Figure 1A; supplemental material available online with this
article; https://doi.org/10.1172/jci.insight.99249DS1) and there is some reduction in the degree of
footpad swelling (thickness) in the absence of TNF (Supplemental Figure 1B).

GM-CSF-driven inflammatory pain is TNF dependent. We have previously demonstrated that exogenous
GM-CSF—driven inflammatory pain and exogenous GM-CSF—driven arthritic pain and disease are depen-
dent on CCL17, and that Cc//7 mRNA expression is highly induced by GM-CSF in these models and in
monocytes/macrophages in vitro (23). 7nf mRNA expression was also upregulated in the footpad of mice
following i.pl. GM-CSF injection and in the joints of mice given i.a. methylated BSA (mBSA) and s.c. GM-
CSF, i.e., in the so-called mBSA/GM-CSF arthritis model (23).

We firstly explored whether GM-CSF—induced inflammatory pain is dependent on TNF. Follow-
ing i.pl. GM-CSF injection, WT mice, as before (23), developed pain, whereas Tnf’~ mice did not
(Figure 4A). As part of the analysis of the underlying mechanisms, we also monitored cytokine gene
expression in the footpad both before and after GM-CSF injection. In the naive footpad, similar to the
saline-injected footpad (Figure 1C), Tnf’~ mice had significantly lower Cc/17 mRNA expression, but
similar GMCSF and 1116 mRNA expression, compared with WT mice (Supplemental Figure 2). Upon
i.pl. GM-CSF injection, we found previously that Cc/17, GMCSF, and Il1b mRNA expression in the
plantar tissue were all upregulated in WT mice (23). For Cc//7 mRNA there was an approximately
8-fold increase, while in Tnf’~ mice this relative difference was maintained after GM-CSF administra-
tion (Supplemental Figure 2); upregulation of GMCSF, but not of /b, mRNA expression following
i.pl. GM-CSF was dependent on TNF.

As for the Tnf’- mouse, i.pl. anti-TNF mADb, given at the same time as i.pl. GM-CSF, also blocked
the rapid pain induction (Figure 4B). Upon TNF blockade the increased GMCSF mRNA expression
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Figure 2. TNF is required for zymosan-induced arthritic pain and optimal disease. (A and B) WT and Tnf~- mice received an intra-articular (i.a.) injection
of zymosan; (A) pain and arthritis (histology, day 7) and (B) joint mRNA expression (day 7 zymosan or saline) were measured (n = 5-10 mice/group). For
histology images, original magnification x60. Results are shown as mean + SEM. P values were obtained using a 2-way ANOVA test for pain (weight distri-
bution) readings (A) and gene expression (B), and Mann-Whitney U test for histology (A). **P < 0.01, ****P < 0.0001, WT versus Tnf”- mice.
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was reduced and there was a partial reduction in Cc//7 mRNA expression; there was, however, no
effect on /16 or Tnf mRNA expression (data not shown).

These data indicate that GM-CSF—driven inflammatory pain, in addition to requiring CCL17 (23),
also requires TNF which is also necessary for the increased GMCSF mRNA expression observed upon i.pl.
GM-CSF administration. Naive-footpad Cc//7 mRNA levels appear to be partially dependent on TNF;
however, the similar fold increase in Cc//7 mRNA expression seen following i.pl. GM-CSF administration
in both WT and Tnf’~ mice indicates that GM-CSF is able to increase Cc//7 mRNA expression in a TNF-
independent manner.

Tnf’~ mice are resistant to GM-CSF-driven arthritic pain and disease. To explore whether TNF is also
required for GM-CSF—driven arthritic pain and disease development, we again took advantage of our
monoarticular mBSA/GM-CSF arthritis model (i.a. mBSA at day 0, s.c. GM-CSF days 0-2) (23, 25). As
for the gene-deficient Cc/17¢’ mice (23), Tnf’~ mice did not develop mBSA/GM-CSF-induced arthritic
pain or optimal disease (Figure 4C).

As a continuation of the mechanistic analysis we next determined whether joint Cc//7 mRNA expression
is dependent on TNF. Naive joints from 77#f”~ mice had similar, albeit low, Cc//7 mRNA expression compared
with WT mice (Supplemental Figure 3). Saline-injected (i.a.) joints (saline/saline in Supplemental Figure 3)
showed Cc/17 mRNA expression similar to that of naive joints in both strains. As fori.a. zymosan (Figure 2B),
mBSA-injected joints (mBSA/saline in Supplemental Figure 3) increased Cc/17 mRNA expression more in
WT mice compared with 7nf/~ mice (day 7; i.e., at termination) (Supplemental Figure 3). The addition of s.c.
GM-CSF led to a further increase in Cc/17 mRINA expression in the mBSA-injected joints (mBSA/GM-CSF
in Supplemental Figure 3) that, however, was similar in both strains, whereas it had no effect in the saline-
injected joints (saline/ GM-CSF in Supplemental Figure 3). Similar to the Figure 2B data, GMCSF mRNA
expression could not be detected in naive, saline-, or mBSA-injected joints from WT and Tuf’~ mice, with or
without the addition of s.c. GM-CSF (data not shown).
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Figure 3. TNF is not required for the maintenance of zymosan-induced arthritic pain and disease. (A and B) WT mice received an intra-articular (i.a.)

injection of zymosan and anti-TNF

mAb, anti-granulocyte macrophage-colony stimulating factor (anti-GM-CSF) mAb, 1gG1 or IgG2a isotype control mAbs

(150 pg i.p.), either (A) prophylactically (on days -2 and 0) (n = 4-5 mice/group) or (B) therapeutically (day 1) (n = 5-10 mice/group), and pain and arthritis
(histology, day 7) were measured. Mice were also treated (B) therapeutically with anti-CCL17 mAb (150 pg i.p.) (day 1) (n = 5 mice/group). For histology

images, original magnification x60

. Results are shown as mean + SEM. P values were obtained using a 2-way ANOVA test for pain (weight distribution)

readings, and a 1-way ANOVA test for histology. *P < 0.05, ***P < 0.001, ****P < 0.0001, anti-TNF versus IgG1isotype; #P < 0.05, ##P < 0.01, *##P < 0.001,

#H#ED < 0,0001, anti-GM-CSF versu

s IgG2a isotype; *P < 0.05, %P < 0.01, anti-CCL17 versus IgG2a isotype.

These data indicate that GM-CSF—driven arthritic pain and disease require TNF. The increased Ccl17
mRNA expression in mBSA-injected joints is partially dependent on TNF, similar to the naive footpad,;
however, the further increase in Cc/17 mRNA expression seen in mBSA-injected joints following s.c.
GM-CSF is independent of TNF.

GM-CSF—-induced CCL17 expression is not TNF dependent in murine monocytes/macrophages. Having
shown that GM-CSF—driven inflammatory pain and GM-CSF—driven arthritic pain and disease were
both TNF and CCL17 (23) dependent, yet paradoxically the GM-CSF—enhanced Cc/17 mRNA expres-
sion in both the footpad (Supplemental Figure 2) and the joint (Supplemental Figure 3) were not,
we next determined whether TNF was required for CCL17 production by GM-CSF-treated mono-
cytes/macrophages in vitro to assist in the mechanistic analysis. We have previously shown that GM-
CSF-stimulated murine macrophage and human monocyte populations upregulate both Cc//7 and
Tnf mRNA expression (23). GM-CSF treatment of thioglycolate-elicited peritoneal macrophages
from WT or Tnf’~ mice in vitro resulted in similar CCL17 secretion (Supplemental Figure 4A) and
anti-TNF mAb did not reduce such induced secretion from WT macrophages (Supplemental Figure
4B). Similarly, anti-TNF mAb treatment did not affect CCL17 secretion from GM-CSF-stimulated
CD115*CD11b* murine bone marrow monocytes (Supplemental Figure 4C); TNF itself did not lead
to Ccl17 induction in these populations (data not shown).
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Figure 4. GM-CSF-driven inflammatory pain, as well as GM-CSF-driven arthritic pain and disease, are TNF dependent. (A and B) Intraplantar (i.pl.) injec-
tion of granulocyte macrophage-colony stimulating factor (GM-CSF) (20 ng) or saline in (A) WT and Tnf~- mice (n = 4-6 mice/group) and in (B) WT mice
treated with anti-TNF or isotype control (2 pg/paw i.pl. at t = 0) (n = 12 mice/group). Pain was measured. (C) Methylated BSA (mBSA)/GM-CSF arthritis
(intra-articular [i.a.] mBSA [day 0] and GM-CSF or saline s.c. [days 0-2]) was induced in WT and Tnf~- mice. Pain and arthritis (histology, day 7) were mea-
sured (n = 4-6 mice/group). Original magnification, x60. Results are shown as mean + SEM. P values were obtained using a 2-way ANOVA. *P < 0.05, **P
< 0.01, ***P < 0.001, ****P < 0.0001, WT saline versus WT GM-CSF; #P < 0.05, ##P < 0.01, *##P < 0.001, **##P < 0.0001, WT GM-CSF versus Tnf’- GM-CSF.
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These data suggest that GM-CSF-induced CCL17 production in these murine monocyte/macrophage
populations is not dependent on autocrine/paracrine TNF production, consistent with our in vivo findings
above in the GM-CSF—driven models.

Prophylactic, but not therapeutic, treatment with anti-TNF mAb ameliorates GM-CSF—driven arthritic pain and
disease. Our GM-CSF—driven inflammatory and arthritic models are both TNF dependent (Figure 4), and
CCL17 dependent (23), yet GM-CSF-induced CCL17 formation in these models and in murine mono-
cytes/macrophages does not require TNF even though GM-CSF can increase its mRNA expression. We
therefore tested at what stage TNF might be required in the mBSA/GM-CSF model using timed neutral-
izing anti-TNF mAb administration. As for the ZIA model above, anti-TNF mAb, given prophylactically
(days —2 and 0, day 0 being the time of arthritis induction), was able to prevent onset of pain and disease
(Figure 5A); however, therapeutic anti-TNF mAb treatment (on day 4, once pain was evident) had no effect
on the pain and disease progression (Figure 5B). Therapeutic treatment with anti-CCL17 mAb (day 4), on
the other hand, ameliorated the pain and disease (Figure 5B).

These data indicate that TNF is required for GM-CSF to be able to induce detectable pain and enhance
disease in the mBSA-injected joint; however, once pain is established TNF is no longer required. In con-
trast, CCL17 is needed for the ongoing maintenance of pain and disease in this model.

GM-CSF is required for TNF-driven inflammatory pain. Having shown above that the initiation of GM-CSF-
driven inflammatory and arthritic pain are dependent on TNF, we next determined whether, inversely, TNF-
driven inflammatory pain requires GM-CSFE. TNF (i.pl.) has been shown to induce pain that is cyclooxygenase
dependent (21, 22). As for i.pl. GM-CSF-induced pain (23), we initially confirmed that i.pl. TNF-induced pain
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0.05, ***P < 0.001, ****P < 0.0001, saline versus GM-CSF + isotype; ####P < 0.0001, GM-CSF + isotype versus GM-CSF + anti-TNF; °P < 0.05, %P < 0.01, GM-CSF
+ isotype versus GM-CSF + anti-CCL17.
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could be reversed by the cyclooxygenase inhibitor, indomethacin (Figure 6A); the COX-2 inhibitor, SC58125,
also blocked TNF-driven pain, whereas the sympathetic amine inhibitor, guanethidine, did not (Figure 6B).

GMCSF~~ mice were resistant to i.pl. TNF-driven pain development (Figure 6C). TNF (i.pl.) led to the
upregulation of GMCSF, Ccl17, Il1b, and Tnf mRNA expression (measured at 4 hours) in WT mice (Supple-
mental Figure 5). As before (23), Cc/l17 mRNA expression was barely detectable in the saline injected footpad
of GMCSF~~ mice and was not significantly increased by i.pl. TNF injection in these mice (Supplemental
Figure 5); I/1b and Tnf mRNA expression, on the other hand, was similarly increased in GMCSF-~ mice and
WT mice following i.pl. TNF injection. Blockade of GM-CSF, using a neutralizing mAb given i.pl. at the
same time as i.pl. TNF, also inhibited TNF-induced pain (Figure 6D) and Cc/17 mRNA expression but not
that of /16 or TnfmRNA (data not shown).

These data indicate that in the footpad GM-CSF is required for TNF-driven inflammatory pain and
elevated Cc//7 mRNA expression.

GM-CSF is required for TNF-driven arthritic pain and disease. To assess whether GM-CSF is also
required for TNF-driven arthritic pain and disease, and to enable us potentially to determine pathways
downstream of TNF action in arthritic pain and disease, we substituted TNF for GM-CSF to establish
an mBSA/TNF arthritis model. In this monoarticular model (i.a. mBSA at day 0, s.c. TNF days 0-2)
pain was evident at 6 hours after mBSA 1i.a. injection, which is much earlier than in either the mBSA/

https://doi.org/10.1172/jci.insight.99249 7
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Figure 6. GM-CSF is required for TNF-driven inflammatory
pain. (A-D) Intraplantar (i.pl.) injection of TNF (20 ng) or saline
in (A) WT mice treated with/without indomethacin (12.5 pg/
paw i.pl. at 2 hours) (n = 10 mice/group), (B) WT mice treated
with/without the COX-2 inhibitor, SC58125 (5 mg/kg i.p. at

= -30 minutes), or guanethidine sulfate (25 mg/kg s.c. at
-60 minutes) for 4 hours (n = 5-8 mice/group), (C) WT and
GMCSF~- mice (n = 5-10 mice/group), and (D) WT mice treated
with anti-GM-CSF mAb or isotype control (2 pg/paw i.pl.
at t = 0) (n = 5 mice/group). Pain (incapacitance meter) was
measured. Results are shown as mean + SEM. P values were
obtained using a 1-way (B) or 2-way (A, C, and D) ANOVA test.
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, WT saline
versus WT TNF or TNF + isotype; #P < 0.05, *#P < 0.01, ¥##p <
0.001, ####P < 0.0001, TNF versus TNF + indo or TNF + COX-2
inhibitor; WT TNF versus GMCSF~- TNF; TNF + isotype vs.
TNF + anti-GM-CSF. GM-CSF, granulocyte macrophage-colony
stimulating factor.

GM-CSF (Figure 4C) or mBSA/CCL17 models (23), and lasted only until day 4 (Figure 7A). As for
the mBSA/GM-CSF and mBSA/CCL17 models (23), indomethacin treatment from 6 hours onwards
was able to reverse this pain within 2 hours (Figure 7A). There was also a significant reduction in

disease at day 7, although not to the level of that seen in mBSA/saline mice. Similar to these other

models (23), our mBSA/TNF model was also active in Rag/~’~ mice (Supplemental Figure 6), indicat-

ing T and B lymphocyte independence.
As for i.pl. TNF-induced pain, GMCSF~~ mice did not develop mBSA/TNF-induced arthritic pain
onset or disease (Figure 7B) and prophylactic treatment with an anti-GM-CSF mAb prevented arthritic pain
and disease development (Figure 8A). Anti-GM-CSF mAD treatment reduced the Cc//7 mRNA expression
in the mBSA-injected joints from mice receiving s.c. TNF to that seen in saline-injected joints at day 7, and

below that seen in mBSA-injected joints of mice receiving s.c. saline (Supplemental Figure 7), thus confirm-
ing the GM-CSF dependence of Ccl17 expression. Therapeutic treatment with an anti-GM-CSF mAb (day
2) was also able to ameliorate the mBSA/TNF—driven arthritic pain and disease (Figure 8B).

Thus, GM-CSF is required for TNF to be able to induce detectable pain and enhance disease in the

mBSA-injected joint; timed neutralizing mAb administration indicated that it is also needed for the ongo-
ing maintenance of pain and disease in the mBSA/TNF model. In this model GM-CSF is absolutely

required for any increase in TNF-driven Cc//7 mRNA expression.

IRF4 and CCL17 are also required for TNF-driven inflammatory pain and for TNF-driven arthritic pain
and disease. Seeing that TNF-driven inflammatory pain and TNF-driven arthritic pain and disease are
dependent on GM-CSF (Figure 6, C and D, Figure 7B, and Figure 8, A and B) and that GM-CSF—
driven inflammatory and arthritic pain are dependent on CCL17 via IRF4 (23), we next determined

whether TNF-driven pain utilizes the same GM-CSF-dependent pathway as a contributing mechanism.

Indeed Irf4’~ mice were resistant to i.pl. TNF-driven pain (Supplemental Figure 8A). Following i.pl.
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Figure 7. GM-CSF is required for TNF-driven arthritic pain and disease. (A and B) Methylated BSA (mBSA)/TNF arthritis (intra-articular [i.a.JmBSA [day 0]
and TNF or saline s.c. [days 0-2]) was induced in (A) WT mice treated with/without indomethacin (1 mg/kg, i.p. from 6 hours) (n = 7-10 mice/group), and
(B) GMCSF- mice (n = 8-10 mice/group). Pain and arthritis (histology) were measured. Original magnification, x125. Results are shown as mean + SEM. P
values were obtained using a 2-way ANOVA test for pain (weight distribution) readings, a 1-way (A) or 2-way (B) ANOVA test for histology quantification.
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, WT saline versus WT TNF; #P < 0.05, ##P < 0.01, #*##P < 0.001, *###P < 0.0001, TNF versus TNF + indo,
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TNF injection, the increased Cc/17 mRNA expression noted in WT mice (Supplemental Figure 5) was
significantly reduced in the plantar skin of Irf4’/- mice, whereas the increased GMCSF, Il1b, and Tnf
mRNA expression (Supplemental Figure 5) was not affected (data not shown). As for the Irf4/~ mice,
Ccl17FF mice were also resistant to i.pl. TNF-driven pain (Supplemental Figure 8B) and no differences
in GMCSF, I11b, and Tnf mRNA expression in their plantar skin were seen compared with WT mice
(data not shown).

To assess whether IRF4 and CCL17 were also required for TNF-driven arthritic pain and disease,
the mBSA/TNF arthritis model was once again utilized. Both /47~ mice (Supplemental Figure 8C) and
Ccl17%F mice (Figure 9A) mice were resistant to arthritic pain and disease development. As for the anti—
GM-CSF mAb (Figure 8B), therapeutic anti-CCL17 mAb treatment (day 2) ameliorated the pain and dis-
ease (Figure 9B).

These findings indicate that TNF-driven inflammatory pain and TNF-driven arthritic pain and disease
act via IRF4 and CCL17, similar to GM-CSF—driven inflammatory and arthritic pain and disease (23).

Inhibition of JMJD3 demethylase ameliorates TNF-driven inflammatory pain, and GM-CSF- and TNF-driv-
en arthritic pain and disease. We have previously shown that GM-CSF upregulates JRF4 mRNA expression
in human monocytes by enhancing JMJD3 demethylase activity and that blockade of JMJD3 activity
inhibits GM-CSF—driven inflammatory pain (23). To determine whether the same mechanism is true
for TNF-driven pain, particularly given its dependence on GM-CSF, IRF4, and CCL17, WT mice were
pretreated i.p. with the JMJD3 inhibitor, GSK-J4, or vehicle 30 minutes prior to i.pl. TNF injection.

https://doi.org/10.1172/jci.insight.99249 9
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Figure 8. Prophylactic and therapeutic treatment with anti-GM-CSF mAb ameliorates TNF-driven arthritic pain and disease. (A and B) Methylated

BSA (mBSA)/TNF arthritis (intra-articular [i.a.] mBSA [day 0] and TNF or saline s.c. [days 0-2]) was induced in (A) WT mice treated prophylactically with
anti-granulocyte macrophage-colony stimulating factor (anti-GM-CSF) mAb or isotype control (150 pg i.p. on days -2 and 0 i.p.) (n = 9-10 mice/group) and
(B) WT mice treated therapeutically with anti-GM-CSF mAb or isotype control (150 ug i.p. on day 2 i.p.) (n = 4-5 mice/group). Pain and arthritis (histol-
ogy) were measured. Original magnification, x125. Results are shown as mean + SEM. P values were obtained using a 2-way ANOVA test for pain (weight
distribution) readings, and a 1-way ANOVA test for histology quantification. *P < 0.05, ****P < 0.0001, saline versus TNF + isotype; *P < 0.05, ##P < 0.01,
#HIHD < 0.0001, TNF + isotype versus TNF + anti-GM-CSF.
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Similar to GM-CSF-driven pain, mice pretreated with GSK-J4 developed significantly less TNF-driven
pain compared with mice pretreated with vehicle (Figure 10A).

We next determined whether GSK-J4 could also inhibit mBSA/GM-CSF- and/or mBSA/TNF-
driven arthritic pain and disease development. Mice were treated daily with GSK-J4 (0.5 mg/kg i.p.)
or vehicle from day -2 to day 2, with mBSA/GM-CSF or mBSA/TNF arthritis being induced on day
0. As above, mice pretreated with vehicle developed pain in the mBSA/GM-CSF (Figure 10B) and
mBSA/TNF (Figure 10C) models, whereas mice treated with the JMJD3 inhibitor were resistant to
such pain development. Mice pretreated with GSK-J4 also developed significantly less mBSA/GMCSF
and mBSA/TNF arthritis (Figure 10D).

These data suggest that JMJD3 is required for the development of both GM-CSF- and TNF-driven
inflammatory pain, as well as for GM-CSF- and TNF-driven arthritic pain and disease.

TNF is not required for CCL17-driven inflammatory pain and CCLI7-driven arthritic pain and disease. We
showed above that TNF-driven inflammatory pain (Supplemental Figure 8B) and mBSA/TNF arthritic
pain and disease (Figure 9, A and B) require CCL17. In order to determine whether CCL17-driven inflam-
matory pain (23) requires TNF, 7nf’~ mice were injected i.pl. with CCL17. Pain in these mice was simi-
lar to WT mice receiving i.pl. CCL17 (Figure 11A). We have also established a CCL17-driven (mBSA/
CCL17) arthritis model (i.a. mBSA at day 0, s.c. CCL17 days 0-2), which enables us to explore pathways
downstream of CCL17 (23). As can be seen in Figure 11B, and as for GMCSF~~ mice (23), Tnf’~ mice
developed similar arthritic pain and disease to WT mice in this model.

https://doi.org/10.1172/jci.insight.99249 10
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These data demonstrate that, like GM-CSF (23), TNF does not lie downstream of CCL17, at least in
the models tested.

Discussion

We previously identified a new GM-CSF—JMJD3—IRF4—CCL17 pathway that is active in mono-
cytes/macrophages in vitro and important for the development in mice of inflammatory pain, as well
as of arthritic pain and disease (23). In the present study, in support of a nexus between TNF, GM-CSF,
and CCL17, initiation of zymosan-induced inflammatory pain and ZIA pain and disease are all TNF-,
GM-CSF-, and CCL17-dependent (23), as is CFA-induced inflammatory pain (23); however, once estab-
lished, ZIA pain and disease no longer require TNF, although there is still GM-CSF and CCL17 involve-
ment. In addition, we showed in support of the nexus concept that TNF is required for initiation of both
GM-CSF-driven inflammatory pain and GM-CSF-driven arthritic pain and disease, but not required
for the maintenance of the arthritic pain and disease once established. Intriguingly, even though CCL17
is also required for the initiation, as well as for the maintenance of the pain and disease, in these GM-
CSF-driven models, GM-CSF—-driven CCL17 expression in these models and in murine monocytes/
macrophages in vitro does not require TNF. These data suggest that TNF could also be contributing in
these particular models via another interacting pathway(s) perhaps involving neutrophils (28). We also
presented evidence that, on the other hand, TNF-driven inflammatory pain and TNF-driven arthritic
pain and disease are dependent on GM-CSF, both for their initiation and maintenance, and as a result

https://doi.org/10.1172/jci.insight.99249 11
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arthritis were induced in WT mice

Methylated BSA (mBSA)/granulocyte macrophage-colony stimulating factor (GM-CSF) arthritis and mBSA/TNF
treated with vehicle or GSK-J4 (0.5 mg/kg i.p. daily from day -2 to day 2). (B and C) Pain and (D) arthritis (histology)

were measured (n = 7-8 mice/group). Original magnification, x60. Results are shown as mean + SEM. P values were obtained using a 2-way ANOVA
test for pain and a 1-way (D) ANOVA test for histology quantification. *P < 0.05, ***P < 0.001, ****P < 0.0001, saline versus TNF or GM-CSF + vehicle;
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01, vehicle versus GSK-)4.

require mechanistically the same pathway as for GM-CSF-driven pain and arthritis, involving CCL17
formation via JMJD3-regulated IRF4 production (23).

Zymosan is a well-studied inflammogen used often to generate peripheral inflammatory pain in
rodents as well as joint hypernociception and arthritis (24, 29-33). TLR2/MyD88 signaling, complement,
neutrophils and eicosanoids, as well as a number of cytokines, have been implicated in these functions
(23, 24, 31-33). We reported recently that the GM-CSF—CCL17 pathway is critical for zymosan-induced
inflammatory pain, as well as ZIA pain and disease (23) — our findings above indicate that TNF is also
linked with this pathway in these models in both the paw and the joint. In ZIA, the mAb neutraliza-
tion data indicate that TNF, GM-CSF, and CCL17 are all required early to initiate the responses; how-
ever, unlike TNF, GM-CSF and CCL17 are still needed for the maintenance of pain and disease in this
lymphocyte-independent model (23). In line with these data, we have previously suggested that GM-CSF
is required for the maintenance of inflammatory peritonitis (34). Consistent with our data, in ZIA and
various arthritis models TNF is usually concluded to have early effects on arthritis onset, including in one
study on pain induction where delayed anti-TNF mAb had no effect (21, 35-37); also, interestingly, in RA
patients residual pain is often observed after anti-TNF therapy (38).

TNF-induced hyperalgesia upon i.pl. injection has been reported to be dependent on neutrophil migra-
tion to the hind paw and acts via TNF receptor type 1 (TNF-R1), but not through TNFR-R2 (22, 28);

https://doi.org/10.1172/jci.insight.99249 12
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Figure 11. TNF is not required for CCL17-driven inflammatory pain and CCL17-
driven arthritic pain and disease. (A) Pain (incapacitance meter) was measured in
WT and Tnf”- mice following intraplantar (i.pl.) injection of CCL17 (50 ng) or saline

(n = 5 mice/group). (B) Methylated BSA (mBSA)/CCL17 arthritis (intra-articular
[i.a.] mBSA [day 0] and CCL17 or saline [days 0-2]) was induced in WT and Tnf/
mice and pain (incapacitance meter) and arthritis (histology) were measured (n =
6-10 mice/group). Original magnification, x125. Results are shown as mean + SEM.
P values were obtained using 2-way ANOVA test. *P < 0.05, ***P < 0.001, WT
saline versus WT CCL17; #*P < 0.05, ##P < 0.001, Tnf”- saline versus Tnf”/- CCL17.

in addition to eicosanoids, a number of cytokines have been implicated

6 (21, 22, 39-42). We found above that such pain depends on GM-CSF and
CCL17 and with the increased Ccll17 expression being GM-CSF depen-
dent — in other words, GM-CSF and CCL17 form an essential part of the
TNF-driven cytokine cascade and appear to be linked mechanistically via
the activities of JMJD3 and IRF4. We thus propose from the data above
that our GM-CSF—CCL17 pathway (23) also plays a key role in TNF-
induced inflammatory pain.

OurmBSA/TNF arthritis model allowed us to demonstrate that system-
ically administered TNF can drive the GM-CSF—JMJD3—IRF4—CCL17
pathway (23) in the joints, leading to pain and disease. It is noteworthy
that the pain arising from exogenous TNF administration to the paw and
to the mBSA-injected joint is dependent on the same pathway as well as
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on a contribution from a COX-2—-dependent product(s). We have previous-
ly found that the mBSA/IL-1 arthritis model, which is driven by s.c. IL-1,
is also GM-CSF dependent (25, 43) but, unlike the mBSA/TNF model, is
T cell dependent (44), indicating that there are alternative pathways lead-
ing to a GM-CSF requirement. Interestingly, in the mBSA/TNF arthritis
model, pain development, as measured by the incapacitance meter, was
detected at 6 hours after s.c. TNF administration, which is faster than that
developed in the mBSA arthritis models driven by s.c. IL-1, GM-CSF, and
CCL17, in which it takes 2 to 5 days before pain can be detected using the
same method (23, 25).

CCL17-driven inflammatory pain and mBSA/CCL17 arthritic pain
and disease do not require TNF, as well as not requiring GM-CSF and
IRF4 (23); however, a COX-2 dependence for the pain induction was pre-
viously indicated (23). Why downstream CCL17 should be so pivotal to
the development of TNF- and GM-CSF—driven pain and disease is yet
to be determined. TNF now can be added to the list of cytokines — for
example, IL-4, IL-13, TSLP, and GM-CSF — able to enhance Cc/17
expression, albeit by an indirect mechanism involving GM-CSF in this
case (23). Traditionally, CCL17 has been considered a chemokine able to attract T cells (45, 46); however,
the arthritis models studied above are T cell independent, suggesting other CCL17 functions (23, 47-49).
CCL17 has been reported to be elevated in the sera or lesions of patients with many inflammatory disor-
ders (50-59). Elevated CCL17 expression has been reported in dendritic cells from RA patients (60), and in
Langerhans cells and keratinocytes in the skin of patients with acute and chronic atopic dermatitis (61). We
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again suggest that CCL17 can also be considered as a novel target for inflammatory pain management (23).

The cellular and molecular mechanisms governing inflammatory pain and disease are complex. TNF
and GM-CSF can be key players in driving these pathologies (1-4, 38). Based on the reduction in the levels
of proinflammatory cytokines, including GM-CSF, by neutralizing anti-TNF Abs in RA synovial cell cul-
tures, it was proposed that a TNF-driven cytokine hierarchy exists, rather than positive feedback loops (7,
8), although this concept has been questioned (36, 62). Interestingly, in the context of our findings, high lev-
els of circulating GM-CSF have recently been shown to correlate with responsiveness to anti-TNF agents
in RA patients (9); also, in inflammatory bowel disease, a reduction in macrophage numbers and GMCSF
gene expression correlated with a clinical response to anti-TNF mAb treatment (63). Despite GM-CSF
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being able to upregulate TNF expression in monocytes/macrophages, in particular at the transcript level
(11, 23), and a reported synergistic relationship between GM-CSF and TNF in the in vitro development of
dendritic cells (10), there have been no studies to our knowledge that have investigated any TNF dependen-
cy for the in vivo actions of GM-CSF. The in vivo data above suggest that a positive feedback loop involving
GM-CSF and TNF can occur, which is in line with a cytokine network proposed previously (2, 16—18), thus
making it difficult to determine whether GM-CSF is an upstream or downstream regulator of TNF in vivo.

It should be noted that we are not claiming that TNF is the only cytokine capable of linking up with
GM-CSF biology and potentially with that of CCL17, nor that GM-CSF-mediated inflammation always
involves TNF. IL-1, for example, can induce GM-CSF in a number of cell populations (15, 64), including
T helper cells (65), and the T cell-dependent mBSA/IL-1 arthritis model is also GM-CSF dependent (43).
T cells are often considered the important GM-CSF source in autoimmune and inflammation models (66,
67). Given that our mBSA/TNF model is T cell independent, a TNF-stimulated myeloid population(s) or
a resident cell(s) (for example, endothelial cell and fibroblast) may be a source(s) of GM-CSF (2, 12, 13,
15-18). The cellular sources and targets of the cytokines forming the proposed nexus need to be defined,
as does the link with COX-2 and its products. Type I interferon has been proposed to be linked importantly
to TNF signaling (68). It would appear from our studies above that both GM-CSF and CCL17 can also be
considered in this light.

In conclusion, we have shown here that in the models studied, TNF and GM-CSF act interdependently,
but both are required; however, in the ZIA and mBSA/GM-CSF models TNF is not needed after initiation,
unlike GM-CSF and CCL17. In spite of the differences between the biologies of GM-CSF and TNF, the
development of TNF-driven inflammatory pain, as well as TNF-driven arthritic pain and disease, require
the same downstream molecular pathway as GM-CSF—driven pain and arthritis, involving CCL17 forma-
tion via JMJD3-regulated IRF4 production (23). By no means are we implying that the nexus proposed is
the only mechanism to account for the biologies of the respective cytokines. What we are proposing, how-
ever, is that if either TNF or GM-CSF is expressed at sufficient levels in an appropriate environment, then
the nexus described might contribute significantly to the progression of an inflammatory reaction in that
tissue. We have suggested previously that CCL17 may be a therapeutic target in inflammatory conditions
where GM-CSF is important — we now suggest that this concept can be extended to include conditions in
which the clinically important cytokine, TNF, is also involved.

Methods
Mice. GMCSF-~ mice, originally provided by the Ludwig Institute for Cancer Research, were as previously
described (23, 25, 69, 70). Ccl17/F have been described previously (45). Irf4”~ mice were from Tak W. Mak (The
Campbell Family Institute for Breast Cancer Research, University of Toronto, Toronto, Canada) (71), and Tnf”’~
(72) and Ragl”’- (73) mice from The Walter and Eliza Hall Institute (WEHI). Mice were backcrossed onto the
C57BL/6 background (WEHI) for more than 10 generations. Mice of both sexes (8—12 weeks old) were used.

Inflammatory pain models. Inflammatory pain was induced by i.pl. injection (10 pl) of either murine
TNF (20 ng, R&D Systems), murine GM-CSF (20 ng, R&D Systems), murine CCL17 (50 ng, R&D Sys-
tems), zymosan (100 pg, Sigma-Aldrich), Complete Freund’s adjuvant (CFA, Difco), or saline into the left
hind footpad. Paw swelling was measured using spring callipers (Mitutoyo). Indomethacin (12.5 pg/paw,
i.pl., Sigma-Aldrich) was given 2 hours after the inciting stimulus injection. The COX-2 inhibitor, SC58125
(5 mg/kg, i.p., Tocris), and the JMJD3 inhibitor, GSK-J4 (25 mg/kg, i.p., Santa Cruz Biotechnology) were
given 30 minutes prior to the inciting stimulus injection. Anti-TNF mAb (MP6-XT22, Schering BioPhar-
ma), anti-GM-CSF mAb (22E9.11, Schering BioPharma) and isotype control mAbs were given i.pl. (2 pg)
at the same time as the indicated stimulus.

mBSA-induced arthritis models. Monoarticular arthritis was induced as before (23, 25) by i.a. injection of
100 pg mBSA in 10 pl saline into the right knee on day 0, the left knee being injected with saline, followed
by an s.c. injection, in the scruff of the neck on days 0-2, of either murine TNF (500 ng, R&D Systems),
murine GM-CSF (500 ng, R&D Systems), murine CCL17 (600 ng, R&D Systems), or saline. Mice were
sacrificed (day 7) and knee joints collected for histology. Indomethacin (1 mg/kg, i.p.) was given once pain
was evident. The JMJD3 inhibitor, GSK-J4 (0.5 mg/kg i.p.), was given daily from day —2 to day 2. Anti-
TNF mAb (MP6-XT22), anti-GM-CSF mAb (22E9.11), anti-CCL17 mAb (MAB529, clone 110904, R&D
Systems) and isotype control mAbs (150 pg i.p.) were given on days —2 and 0 (prophylactic treatment) or
once pain had developed (therapeutic treatment) (see Results section for treatment times).
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ZIA model. For the induction of the ZIA model (23, 74), mice were injected with 300 pg of sonicated
zymosan (Sigma-Aldrich) in 10 pl into the left knee joint, while the contralateral knee received saline as a
control. On day 7, arthritic joints were collected for gene expression analysis using qPCR and histological
analysis. Anti-TNF mAb (MP6-XT22), anti-CCL17 mAb (MABS529, clone 110904), and isotype control
mADbs (150 pg i.p.) were given prophylactically (days —2 and 0) and/or therapeutically (day 1).

Pain readings. As an indicator of pain, the differential distribution of weight over a 3-second period between
the inflamed paw or limb relative to the non-inflamed paw or limb was measured using the incapacitance meter
(IITC Life Science Inc). This technique has previously been validated for measurement of both paw and arthrit-
ic knee pain (23, 25, 27, 69). Mice were acclimatized to the incapacitance meter on at least 3 occasions prior
to the commencement of the experiment. Three measurements were taken for each time point and averaged.

Histology. At termination, the knee joints were removed, fixed, decalcified, and paraffin embedded
(23, 25, 69). Frontal sections (7 um) were stained with H&E. For the mBSA/TNF, mBSA/GM-CSF, and
mBSA/CCL17 models, cellular infiltration, synovitis (synovial hyperplasia), pannus formation, cartilage
damage, and bone erosions were scored separately from 0 (normal) to 5 (severe) as described previously
(23, 25). For ZIA, cell infiltration, proteoglycan loss (Safranin O/fast green stain), and bone erosions were
scored separately from 0 (normal) to 3 (severe) as before (23, 74).

gPCR. qPCR experiments were performed as described previously (23). Briefly, total RNA was extracted
using an Isolate I RNA Mini Kit (Bioline) and reverse transcribed using SuperScript III reverse transcrip-
tase (Life Technologies). gPCR was carried out using an ABI PRISM 7900HT sequence detection system
(Applied Biosystems) and predeveloped TagMan probe/primer combinations for murine GMCSF, Ccll7,
1116, Tnf, and ubiquitin C (Ubc) (Life Technologies). All samples were assayed in duplicate. Threshold cycle
numbers were transformed to ACt values, and the results were expressed relative to a reference gene, Ubc.

Isolation and culture of murine monocyte/macrophage cell populations. Bone marrow monocytes were iso-
lated by sorting CD115*CD11b* bone marrow cells from WT C57BL/6 mice, using anti-CD115 (ASF98)
and anti-CD11b (M1/70) (BD Biosciences) mAbs. Day 4 thioglycolate-elicited peritoneal macrophages
from WT and Tnf’~ mice were prepared as before (75). Cells were treated with either murine GM-CSF (20
ng/ml) or PBS, for the indicated time periods, in the presence or absence of anti-TNF mAb (MP6-XT22, 1
ng/ml) (Schering BioPharma) (76) or IgG1 isotype control mAb (1 ng/ml).

ELISA. Secreted murine CCL17 was measured by ELISA as per the manufacturer’s instructions (R&D
Systems).

Statistics. For mRNA expression, a 2-tailed Student’s ¢ test or a 2-way ANOVA was used. For pain
readings, a 1-way ANOVA or 2-way ANOVA was used, and for histologic scores, the Mann-Whitney
2-sample rank test, 1-way ANOVA, or 2-way ANOVA was used (Prism version 5.04, GraphPad Soft-
ware). Bonferroni’s post hoc test was used when appropriate. Data were plotted as mean + SEM with
significance P values as indicated. A P value less than 0.05 was considered significant.

Study approval. All animal experiments were approved by The University of Melbourne Animal Ethics
committee.
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